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Polarization transfer and spin response functions in quasielasti¢p,n) reactions at 346 MeV
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A complete set of polarization transfer coefficients has been measured for quasigiasficefactions on
2H, SLi, 1?C, “°Ca, and?*%b at a bombarding energy of 346 MeV and a laboratory scattering angle of 22°
(dap=1.7 fm™1). The spin-longitudinaR, and spin-transversB; response functions are extracted within a
framework of a plane-wave impulse approximation with eikonal and optimal factorization approximations. The
theoretically expected enhancementRpf/R+ is not observed. The observ&] is consistent with the pionic
enhanced?, expected by random-phase approximatiB®PA) calculations. On the contrary, a large excess of
the observedR; is found in comparison withR; of the quasielastic electron scattering as well as of RPA
calculations. This excess masks the effect of pionic correlatio® itR;. 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 oR;. [S0556-28139)02306-1

PACS numbd(s): 25.40.Kv, 24.70+s

[. INTRODUCTION transfej of the spin-longitudinal response functiéh with
respect to the free-response function in the quasielastic re-
The role of the pion ) and rho mesong) in the nuclear gion for g>1 fm™L On the contrary, the repulsive spin-
spin-isospin response functions is one of the most interestingansverse interaction should induce a quenching and a hard-
subjects of nuclear physics. The spin-isospin-dependent rening (shift toward higher energy transjeof the spin-
sidual interaction is often given by the+p+g’ model[1].  transverse response functid®: in the same region. The
In this model with a standard value gf =0.6—0.7, the enhancement dR, has attracted much interest in connection

spin-longitudinal ¢ q) interaction becomes moderately at- With both the precursor phenomena of the pion condensation
tractive forq>0.8 fm™%, while the spin-transverseos(x q) [1] and the pion excess in the nucles-6.

) forg=9. P pin q The Saclay[7-9] and Bates[10—13 groups have re-
interaction remains repulsive for the wide rangegdfL].

In 1982, Albericoet al. [1] theoretically pointed out that ported Ry of the quasielastic electron scattering at several

the attractive spin-longitudinal interaction should induce anmomentum transfers. The quasielastic electron scattering is a

enhancement and a softenirighift toward lower ener good probe for the study dR; because electrons can pen-
9 9y etrate the entire nuclear volume with little distortion. How-

ever, it cannot probd, in a one-photon-exchange plane-

. . wave Born approximatioPWBA).
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of R_. However, interpretation of these results is problem- TABLE I. Direction of beam polarization produced by the su-

atic [14,15 since the p,p ') reaction could not distinguish Perconducting solenoid magnets SOL1 and SOL2.
between the isoscalar and isovector spin-response functions:.

Recently, measurements of a complete set of polarization  5¢2m polarization SOLL SOL2
transfer coefficients for quasielastip,f) reactions onH, S off on
12C, and “%Ca atT,=494 MeV and scattering angles of N off off
12.5°, 18°, and 27° were performed at LAMPEL-23. L on off

These measurements yielded pure-isoveRtoandR; sepa-
rately, which shows no evidence for an enhancemen,of o
relative toR;. The conclusion of these measurements is that "€ nuclear polarization state was toggled between the nor-
there is a strong enhancementRf which masks the effect ™Mal, reverse, and unpolarized states gvérs in order to

of pionic correlations in the rati®,_ /Ry . However, there are ¢&ncel out any geometrically associated false asymmetries
uncertainties in the extraction &_ andR;, such as ambi- that might be present in the experimental instruments. The

guities associated with distortion effects and the &g t polarized proton beam extracted from HIPIS was injected
matrix. into the AVF cyclotron and was accelerated upTip=59.7

In this paper, we present the measurements of a complefd€V- The RF frequency of the AVF cyclotron was 16.244

set of polarization transfer coefficients for quasielasﬁcﬁq MHz, which yielded a beam-puilse period of 61.6 ns.
reactions orPH, °Li. 2C. “Ca. and?®Pb atT, =346 MeV The beam pulsing device is positioned in the injection line

and a laboratory scattering angle @f,=22° which corre- from the AVF to ring cyclotrons. The beam pulse selection
= 1 ab <2 enables us to reduce the wraparound of slow neutrons from

sponds t00ay= 1'7. fm™ at the quasielastic peﬁali. The mo- preceeding beam pulses. In the present measurement, the
mentum transfer is very close to that of thp,|{") and  peam pulses were selected to 1/9, which yielded a beam-
(p,n) experiments performed at LAMPF16,17,21-23 pulse period of 554.1 ns.
However, the distortion in the nuclear mean field becomes The pulse-selected beam was injected into the main ring
minimum around a nucleon kinetic energy of 300 MeV. Fur-cyclotron and was accelerated up Tg=346 MeV. The
thermore, the free&NN tmatrix components relevant to the single-turn extraction was maintained during the experiment
measurement al,=346 MeV are significantly different so as to keep the beam-pulse period as well as to prevent the
from those afl ;=494 MeV. depolarization of the horizontal component of the polariza-

The measured polarization transfer coefficients and croson vector coming from the multiturn extraction. The ratio
sections are used to separate the cross sections into nonspfi, multiturn extracted protons relative to single-turn ex-
spin-longitudinal, and spin-transverse polarized cross sedracted protons was typically less than 0.1%. Thus the effects
tions. The spin-response functions can be deduced from thenf the multiturn extraction were negligibly small.
within a framework of a plane-wave impulse approximation
(PWIA) with eikonal and optimal factorization approxima- B. Proton spin precession magnets
tions. The spin-transverse response function is compared to

that of the quasielastic electron scattering, which enables us ;—vé%faet[sz 4?: supgrcc;n;ljugt!n%hsqle_nolq mlfignchQL%h
in part to assess the assumption of the reaction mechanis n were instalied in the injection liné from the

The comparison of the experimental andR; to the theo- VF to ring cyclotrons. Each magnet can rotate the direction
retical ones with random-phase approximatT(EtPA) corre- of the polarization vector from the normal into sideways di-
lations is also performed. Finally, the polarized cross Sec[ect:onsf. Agjefhe sc:Lenomlll matg?]neés If’”e se??r:atsd by ta tl?]end
tions, the cross sections associated with longitudinal angny'e o » thus they allow e delivery ot the beam lo the

transverse spin transfers, are compared to those calculatedTif'" N9 cyclotron with two different directions of the po-

a distorted-wave impulse approximatid@WIA) employing Iarlzlatlpn ve(;:_torlln the hortlzo!:';]al pljlsnf'bTh% sp|n|pr¢ces§|or:
RPA response functions. angle in a dipole magnet with a end angle is abou

85.8° for 59.7 MeV protons. In this manner, we can provide

a beam whose polarization axis is eith@r(sideway$, N

(normal, or L (longitudina) direction at the exit of SOL2 as
The data presented here were obtained with the neutroghown in Table I.

time-of-flight (NTOF) facility [24] at the Research Center for

Nuclear Physic§RCNP), Osaka University. These data rep- C. Beam-line polarimeter

resent the measurement of a complete set of polarization The single-turn extracted beam from the ring cyclotron

trarjsfer coefﬁuen;s with the NTO'.:. facility. Detailed de- was transported to the neutron experimental hall along the
scriptions concerning the NTOF facility and the neutron de'NqS beam line. The beam polarizatiorS, (N, L) were moni-

tection system can be found in Ref24-24. In the follow- tored with two beam-line polarimeters BLP1 and BLP2.

ing subsections, therefore_, we present a brief desgrlpnon l_Pl is located in th& ¢ beam line and BLP2 is positioned
the detector system and discuss experimental details relevan h ; Ih . h lari
to the present experiment at the neutron experimental haflee Fig. 1. These po arim-

' eters are separated by a bend angle of 98°, thus the horizon-
tal and vertical components of the polarization vector can be
determined simultaneously.

A polarized proton beam was provided by the newly con- Each polarimeter consists of four arms of collimated pairs

structed high intensity polarized ion sour¢dIPIS) [27]. of conjugate-angle plastic-scintillator telescopes. The polar-

II. EXPERIMENTAL METHODS

A. Polarized proton beam
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used for the measurement of cross sections and analyzing
powers. These target thicknesses correspond to about 1 MeV
energy loss of incident protons which is slightly smaller than
the intrinsic energy resolution of about 1.3 MeV of the
NPOL2 system[24]. In the measurement of polarization
transfer coefficients, thicker targets with areal densities of
662 mg/cns for CD,, 376 mg/cm for SLi, 682 mg/cnt for

12C, 669 mg/crh for 4°Ca, and 1337 mg/chfor 2°%Pb were
used to achieve reasonable statistical accuracy for the polar-
ization transfer coefficients. These target thicknesses corre-
spond to about 2 MeV energy loss of incident protons. Data
for the ?H(p,n) reaction were obtained from the cross-
section weighted difference between the .Cahd C re-
sults.

Beam Swinger System

F.C.

FIG. 1. Schematic layout of the neutron time-of-flight facility at
RCNP (not to scalg F. Neutron spin rotation magnet

In order to measure the longitudinal component of the
imetry is based on the analyzing power of thel(p,p)'H  neutron polarization vector, a dipole magiISR magnet
scattering. The elastically scattered and recoil protons artor rotating the direction of the neutron polarization vector
detected in coincidence with a conjugate-angle pair of plastigvas installed in the movable concrete shielding wall with a
scintillators. The thicknesses of forward and backward plasthickness of 1.5 m positioned at the entrance of the TOF
tic scintillators are 10 and 2 mm, respectively. The solidtunnel(see Fig. 1 In the NSR magnet, th8' component of
angle covered by a pair of scintillators is restricted to 2.1 msthe neutron polarization vector is not affected, while tHe
by using a brass collimator installed in front of the backwardcomponent is precessed into thé component. In the mea-
scintillator. Both polarimeters use self-supporting £idr-  surement of thd.’ component of the neutron polarization,
gets with a thickness of 2.5 mg/émas a hydrogen target.  the NSR magnet was excited so that the precession angle

The analyzing powers of BLP1 and BLP2 include thebecame 90° for the neutron corresponding to the quasielastic

contribution of the quasielastiqp(2p) reaction on C whose Peak. Because the precession angle in the magneticHield
analyzing power might be different from that of the fpge IS proportional to 18, so that the lower energy neutrons were
scattering. Thus the effective analyzing powers of BLP1 ang@verprecessed (99.8° a,=195 MeV) and the higher en-
BLP2 were calibrated as described in detail in R2€]. The  ergy neutrons were underprecessed (84.5%,at315 MeV).
effective analyzing power af,=346 MeV is 0.430. The Corrections for those over- and underprecessions were per-
statistical uncertainty is negligible and the systematic one i§ormed to account for the small amount of mixing between

estimated to be- 0.003. theN’ andL’ components.
This NSR magnet was also used for the measurement of

the induced polarizatioR. In this case thé&l’ component of
the neutron polarization vector was precessed intolthe

) . ) component.
The beam swinger consists of two 45° bending C-shaped

magnetgSW1 and SW2with an orbit radius of 2.0 nisee

Fig. 1). The gap and width of the pole are 10 and 40 cm,
respectively. The neutron detector/polarimeter NPOLZb] consists of

six planes of two dimensionally position sensitive neutron
repositioning a target along the beam traiectory inside théietectors: four de.tectc_Jrs'of liquid scmtlllator'BC.SlQIar?d two
porl)e gap, Q\’Nhile ?he pos?tion of the nJeutror¥ detector/detectors of plastic scintillator BC408. The liquid scmt|llator_

polarimeter NPOL2 remains fixed along a 100 m neutrorPC219 has a moderately high hydrogen-to-carbon ratio
time-of-flight (TOF) tunnel. Therefore, both the reaction (H/C) of 1.7. This high H/C value is useful for neutron po-

angle and the flight path length depend on the relative posiarimetry where then+p scattering in the scintillator pro-

D. Beam swinger system
G. Neutron detector/polarimeter NPOL2

The reaction angle of thep(n) reaction can be varied by

tions of the target and NPOL2 in the TOF tunnel. vides the reaction to analyze the neutron polarization. All of
the six neutron detectors have dimensions sflix 0.1 nv.
E. Targets The position resolutions are about 6—10 cm and about 4-8

T . cm for liquid and plastic scintillators, respectively, depend-

A complete set of polarization transfer coefficients wasing on positions. Thin plastic scintillation detectors placed in
measured for {§,n) reactions on CR enriched °Li front of each neutron detector are used to distinguish charged
(=99% °Li), natural C (98.9% *°C), natural Ca(96.9% particles from neutrons.
40Ca), and enriched®Pb (=99% 2°%Pb). For the present  An incident neutron energy is determined by the time-of-
purpose, the natural carbon and calcium can be regarded #ight to a given neutron detector with respect to the cyclo-
12C and “Ca, respectively. Targets with areal densities oftron RF stop signal. A prominent-ray peak from the decay
338 mg/cm for CD,, 181 mg/cr for °Li, 260 mg/cnt for  of #° produced in the target provides a time reference for the
12C, 359 mg/crf for “°Ca, and 634 mg/chifor 2°Pb were  absolute timing calibration. Neutron kinetic energies are de-
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termined from the flight time. The overall energy resolutions L, Do 0 Do D 0
in full width at half maximum, including target energy-loss S 'S S’ s
contributions of about 1 Me\Mfor cross sectionsand of pf\u = 0 Dnv O Pn|+| P
about 2 MeV (for polarization transfer coefficientsare p Di's O Dy pL 0
about 2 and 3 MeV for the cross section measurement and -
the polarization transfer measurement, respectively. 1

In the polarimetry mode of NPOL2, one of the five neu- Xm' @

tron detectorgall except for the last oneserves as a neutron

polarization analyzer, and the following neutron detector act§hjg relation involves the complete set of polarization trans-
as a catcher of doubly scattered neutrons or recoil protonger coefficients allowed by parity conservation. The sideways
Time, position, and pulse-height information from both ana-(s) normal (N), and longitudinalL) coordinates are defined
lyzer and catcher planes are used to kinematically discrimim, terms of the proton momentuk,, and the neutron mo-
nate theﬁ+ p events from theﬁ—i—C events. This kinematical mentum kI,ab in the laboratory frame ak = Rlabr (= Rllab’
selection also provides a _hlghly efficient filter against back-,_ g/ = (KiaoX Ko/ KiapX Ko 5=RNxC, and &=N'
ground events from cosmic rays, targetays, or the wrap- i

around of slow neutrons from preceding beam pulses. Neu- ~ *

tron polarization is determined from the azimuthal

distribution of then+p events.
The magnitude and energy dependence of the effective The measurement with thie-type beam provide®,

analyzing powers of NPOL2 were determined wittype  andDg/ , while the measurement with tl&type beam pro-

polarized neutrons produced by tRel(p,n)pp reaction at VidesDgsandD,s. In the present experiment, the and

T,=146, 228, 296, 346, and 392 MeV. The results are deStype beams have smalandL components, respectively.

scribed in detail in Ref[26]. For example, the effective ana- Thus we have obtained the polarization transfer coefficients

lyzing powers of NPOL2 atT,=291 ,MeV are 0.223 associated with the sideways and longitudinal polarization

n .

- - components as follows.
+0.010 and 0.1320.004 for (1,n) and (,p) channels, re- When the SOL1 magnet is on, we assume the three or-

spectively, where the uncertainties are the statistical ONe$hogonal components of the polarization vector of protons

The systematic uncertainties come from the uncertaintie§ng neutrons at the target positionpas- (pss, 0, p;.) and

both of incident proton polarization~<1%) and of polariza- p'1=(p’ 0, p/..), respectively. The component of the
lsll L] 1L! ) .

tion transfer coefficients for théH(p,n)pp reaction (1-  polarization vector in the.-S plane can be rotated by an
2 %). angle of 85.8° by switching off SOL1 and on SOL2. The

The neutron detection efficiency was determinedresulting polarization vectors of protons and neutrons at the
by normalizing to neutron yIE|dS from the target position arq:)zz(pzs, 0, p2L) and p,2:(p£su 0,

AT 7 i i
Li(p,n) "Be(g.s+0.43 MeV) reaction, which shows al- , y ‘respectively. The components of the polarization vec-
most constant center-of-masée.m) cross section of 2o related t@;; according to

o.m(0°)=27.0=0.8 mb/sr over the wide energy range of
Tp=80— 7_95 MeV[28]. This reaction was used at bombard- pis,: P1sDss+P1 Dy, (2a)
ing energies ofT, =146, 228, 296, 346, and 392 MeV,

which is sufficient to estimate the efficiencies spanning the

B. Data reduction

neutron energy range necessary for the present data analysis. P1/=P1sDrstPuDur, (2D)
It is found that the detection efficiencies are almost indepen-
dent of neutron kinetic energy, with a value of approximately Pos = P2sDs st P2 Dt s (20

0.15 by combining all of the six neutron detectors. In the
present analysis, the averaged value of the neutron detection
efficiencies is used to deduce the cross section. A systematic
uncertainty of the cross section normalization is estimated to o o
be about 6% by considering the uncertainties both oftie ~ Thus, the polarization transfer coefficienBss, Ds ,
cross section and of the target thickness. Dyrs, andD,,_are obtained as

Po =PasDi st PaDyry . (2d)

! !
plS’ P2 — pzsl P1L

Ill. DATA REDUCTION AND RESULTS Dss= P1sPaL — PasPiL | (33
A. Coordinate system
pigr P2s— pés/ Pis
The three orthogonal components of the outgoing neutron Dg=— D1eP —PacPiL | (3b)
polarizationp’ = (pg, , Py, P,,) are related to the compo-
nents of the incident proton polarizatigr=(ps, Py, PL) , ,
through a set of polarization transfer coefficieridg; (i D, s= P1-PoL™ P Pau (30)

=S',N’,L’, j=S,N,L) according to  PisPaL— PasPi
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FIG. 2. Cross sections fop(n) reactions on CB (thin curve,
12C (dashed curve and ?H (thick curve obtained with theN-type

polarized beam. A dashed vertical line marks the energy transfer for 2
the freenp scattering.
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FIG. 3. Cross section, analyzing power, and induced polariza-

Because the component of the polarization vector inltf®  tion spectra for the?H, SLi, 12C, “°Ca, 2°%Pb(p,n) reactions at
plane can be rotated by an angle of 85.8°, the efficiency of ;=346 MeV and6,,,=22°. The cross section is binned in 0.5
measuring the polarization transfer coefficients is almost th&leV steps. The analyzing power and induced polarization are
same as that with pur& andL-type beams. binned in 5 MeV steps. The dashed vertical lines mark the energy

The analyzing poweA, , induced polarizatiof, and po-  transfer for the freap scattering. The solid curves shown from 30
larization transfer coefficienDyy are obtained with the to 120 MeV represent the optimal-frame values with the phase-
N_type beam. An independent measuremer® e also per- shift solution of Bugg and Brya{129]. The dashed curves are the
formed with the unpolarized beam. The valuegadbtained ~ Values with thesposphase-shift solution of Arndi30].
with polarized and unpolarized beams are consistent with
each other within their statistical uncertainties.

.In the actual experiment with th8 and L-type beams DZH:(DCDz_fCDC)/(l_fC)a (5)
using the SOL1 and SOL2 magnets, tRd¢ype component
of the polarization vector was not zero and took a value
typically less that 0.01. Likewise a minor component in thewhereD represents one of the polarization observablgs
L-S plane of the polarization vector was observed for thep, orA,, andfc= (Tc/ffcoz is the carbon fraction of the GD

measurement with this-type beam. The effects of these mi- ¢rqs5 section. The carbon fraction was estimated by using the
nor components have been accounted for in all of the valuegoss sections based on the target thicknesses and integrated
reported here. beam current. The relative normalization was then adjusted
to produce the best subtraction of the prominent peak corre-
sponding to the 4 state atE,=4.2 MeV in *2N. The nor-
C. Observables for the2H(p,n) reaction malization factor varies its value from 0.99 to 1.01 for dif-
- - ) ferent polarization observabl&s This variation might come
Observables for théH(p,n) reaction were extracted by from the uncertainty of the integrated beam current which is
means of a cross section weighted subtraction of thig1Q(  estimated to be about 2%.
observables from the Giop,n) observables. Figure 2 shows
a representative set of cross section spectra as a function of
laboratory-frame energy transfes,. The 2H(p,n) cross
section was obtained from the G[@,n) and CQ,n) reac- The cross section, analyzing power, and induced polariza-
tions as tion for (p,n) reactions on?H, °Li, 2C, “°Ca, and®*&%b
are presented in Fig. 3. Note that the analyzing power and
induced polarization fofH are in fairly good agreement
o2y=(0cp,~ 0c)/2. (4 with each other around the quasielastic peak. This suggests
that the quasielastic scattering Gl can be assumed as
almost freenp elastic scattering with little distortiofshad-
Polarization observables were obtained from owing) effect. The quasielastic distributions féfC, “°Ca,

D. Observables for quasielastiqp,n) reactions
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FIG. 5. Same as Fig. 4 but for tf&i( p,n) reaction.

0,.=22°. The notations of the curves are the same as those in Fig.

3.

and 2°%Pb peak atw,,;~80 MeV, which is more than 20
MeV larger than that for the freep scattering.

The solid curves in Fig. 3 represent the corresponding fre
np values in the optimal frame with the phase-shift solution
of Bugg and Bryar{29]. The dashed curves correspond to
the values with thespog phase-shift solution of Arndt30].
The optimal factorization approximatigB1] was adopted to

deduce these values. This approximation is valid only around & -0.4F

the quasielastic peak. Thus optimal-frame frgevalues are
shown only in the range ab,,=30—120 MeV. Note that
the freenp values correspond to the values in PWIA calcu-
lations without correlations. These optimal-frame frep

values reproduce the experimentally obtained analyzing

power reasonably well around the quasielastic peak.
The polarization transfer coefficienBs 5, Dyns D/,

Dg,., andD, g are presented in Figs. 4—8. The data here are g oof
binned in 5 MeV intervals. The uncertainties in the polariza- & -o2f
tion transferDyy around the quasielastic peak are about
0.014 per 5-MeV bin, which should be compared to the un-

certainties(0.024 per 10-MeV bipin the similar measure-
ment at LAMPF atT,=494 MeV[21-23. The dotted ver-
tical lines mark the energy transfer for the fiep scattering.
The solid curves represent the optimal-frame fngevalues
with the phase-shift solution of Bugg and Bryg20]. The
dashed curves correspond to the values withstresphase-
shift solution of Arndt[30]. Around the quasielastic peak,
these optimal-frame freep values can reproduce the experi-
mentally obtained;; values for nuclear targets fairly well
except forDyy . In the following, we deduce the experimen-

them to the spin-transverse response function of the quasi-
elastic electron scattering and to the RPA response functions.
The data for*Ca presented in Figs. 3 and 7 are tabulated
in Tables Il and Ill, respectively. The data for all five targets
shown in Figs. 3—8 are available with the Physics Auxiliary
Publication Service of the American Institute of Physics
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tal spin-response functions from these data, and compare FIG. 6. Same as Fig. 4 but for tH&C(p,n) reaction.
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0.0 F m T T TABLE II. The cross sectiofflaboratory, analyzing power, and
—0.2 o4 400, induced polarization for thé°Ca(p,n) reaction at 346 MeV and
@ ou 0.2 : 0.ab=22°. The uncertainties are from statistical uncertainty only.
‘S -06 o0 *ML‘%J’“\MW’% 4 Wiab Tlap Ay P
> —02f T T (MeV)  (mbsFiMev)
o 08 . ' Dg.p
2 10 Bl SV U TN I 25.0 0.2606:0.0007  0.258:0.004  0.256:0.020
° o4 oab 1T 30.0 0.313%0.0008  0.233:0.003  0.24%0.018
G oz o Y. B S ser e ety
s b ' + . . . . . . .
% 0.0 0.0F +W**+++++ f 45.0 0.5968 0.0011 0.21%0.003  0.263%0.013
5 oz ; —02f 1T E 50.0 0.6746:0.0012  0.2180.002  0.232-0.012
_— ! oub Dps 55.0 0.735#0.0012  0.216:0.002  0.231#0.011
S oo 5 S N TN T 60.0 0.7818:0.0012  0.2020.002  0.21%0.011
= ! 0 50 100 150 =200 65.0 0.817#0.0013  0.1980.002  0.22#0.010
N T0EF Y 70.0 0.840%#0.0013  0.19#0.002  0.209-0.010
504k ity 4 75.0 0.8553:0.0013  0.196:0.002  0.213:0.010
D _oph Hud E 80.0 0.8624:0.0013  0.1850.002  0.226:0.010
o ; 85.0 0.8595:0.0013  0.17#0.002  0.2110.010
-08F | Dpy 90.0 0.8536:0.0013  0.1720.002  0.2130.010
“1.0 T 95.0 0.8369-0.0013  0.1740.002  0.2230.010
0 50 100 150 200 100.0 0.8156:0.0013  0.16%0.002  0.21%0.010
energy transfer w,, (MeV) 105.0 0.78850.0012  0.1680.002  0.226:0.010
_ .. _ 110.0 0.7588:0.0012  0.1620.002  0.20%0.010
FIG. 7. Same as Fig. 4 but for tHeCa(p,n) reaction. 115.0 0.72840.0012  0.158:0.002  0.203:0.010
IV. DEFINITION OF EXPERIMENTAL SPIN-RESPONSE 120.0 0.6932:0.0012  0.156:0.002  0.227-0.011
FUNCTIONS 125.0 0.6576:0.0011  0.15¥0.002  0.216:0.011
130.0 0.6242-0.0011  0.14#0.002  0.199-0.011
A. Coordinate system 135.0 0.594¢:0.0011  0.13¢0.003  0.199:0.012
The momentum transfer in the nucleon-nucle@¢s) 1400 0.56580.0010  0.1320.003  0.21#0.012
center-of-mass$c.m) system is given by 145.0 0.5409:0.0010 0.119:0.003 0.211*+0.013
150.0 0.5186:0.0010  0.11#0.003  0.194:0.013
q=k’'—k, (6)  155.0 0.4988:0.0010  0.1030.003  0.19%0.013
160.0 0.48130.0010  0.092:0.003  0.226:0.014
00T ol T 165.0 0.46850.0010  0.086:0.003  0.214:0.014
] S N ++++++f ; R08p, 1 170.0 0.4536:0.0009  0.0780.003  0.17@:0.015
B o4k +W++++ b 4 R T E 175.0 0.446%0.0009  0.0680.003  0.1840.015
= | oof i, . 180.0 0.4398:0.0009  0.063:0.003  0.19%0.015
O S T 0zf ATV 185.0 0.43320.0009  0.0530.003  0.1950.016
5 -o8f | Dgs i T Dgy # 190.0 0.4324:0.0009  0.0480.003  0.1430.016
B okt AT 195.0 0.427€0.0009  0.0320.003  0.156:0.017
0 oafF U T s T T 200.0 0.42880.0009  0.046:0.003  0.166:0.018
3 0.2 E 0.2 i 'E
G e TF Y g o et i
g 00F ”?“._':'”'”W"‘ 00F ‘Hf:t‘b\t** t i wherek andk’ are the momenta of the incident and outgoing
5 -o2p | q-02F ! h e nucleons in theNA c.m. frame, respectively. Then theA
o o4l Dyy 3 oab Dps ] c.m. coordinate systeng(n,p) can be defined as
NP FEPE EPEPEPE I N S bew v by by gyl d
-§ 0.0 T 0 50 100 150 200
S _o2f i 4 R
E i ““,1;%** q:i, (79)
g ~04F V™ N lal
S _ogf o =
Q. i
-08f Dy ~ kXK’ 7b
I ] ] n= ,
19950 100 150 200 [k xk'| (7o
energy transfer w,,, (MeV)
FIG. 8. Same as Fig. 4 but for tf8Pb(p,n) reaction. p=qxn. (70
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TABLE IlIl. Polarization transfer coefficients for th‘@Ca(f),ﬁ) reaction at 346 MeV and,,,=22°. The
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uncertainties are from statistical uncertainty only.
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@)ah
(MeV) Dnn Dsis Du Durs DsL
25.0 0.072-0.029 —0.413+0.047 —0.559+0.032 —0.034+0.047 —0.159+0.032
30.0 0.0720.026 —0.450+0.044 —0.557+0.030 0.0690.044 —0.138:0.030
35.0 0.062-0.022 —0.253+0.038 —0.543+0.026 0.03%0.038 —0.122+0.026
40.0 0.091%0.020 —0.352:0.034 —0.564+0.023 0.043%0.034 —0.138+0.023
45.0 0.05¢:0.018 —0.388-0.031 —0.560+0.021 0.0630.031 —0.092+0.021
50.0 0.0550.017 —0.334:0.029 —0.551+0.020 0.05720.029 —0.113£0.020
55.0 0.04%*0.016 —0.315:0.027 —0.5280.019 —-0.029+0.027 —0.127+0.019
60.0 0.0530.015 —-0.402+0.026 —0.543+-0.018 0.011*+0.026 —0.089+0.018
65.0 0.06:0.015 —0.396+0.026 —0.521+0.018 0.025:0.026 —0.065-0.018
70.0 0.04%0.014 —0.342+0.025 —0.493+0.017 0.006:0.025 —0.092+0.017
75.0 0.05¢:0.014 -0.370:0.025 —-0.517+0.017 0.04%#0.025 —0.123+0.017
80.0 0.0570.014 —0.329-0.025 —0.530+0.017 0.00#0.025 —0.120+0.017
85.0 0.062-0.014 —0.360+0.025 —0.504+0.017 0.0230.025 —0.059+0.017
90.0 0.06:0.014 —-0.387+0.025 —0.491+0.017 0.026:0.025 —0.078:0.017
95.0 0.056:0.014 —-0.381+0.025 —0.465-0.017 —0.005+0.025 —0.092+0.017
100.0 0.0720.014 —-0.375£0.026 —0.424-0.018 —0.001+0.026 —0.083+0.018
105.0 0.0620.014 —0.367£0.026 —0.484+0.018 0.02&0.026 —0.102t0.018
110.0 0.08530.014 —0.371+0.027 —0.446:0.019 0.0490.027 —0.094+0.019
115.0 0.0760.015 —0.359+0.028 —0.411+0.019 0.06@:0.028 —0.120+0.019
120.0 0.07&0.015 —0.370:£0.029 —0.400+0.020 0.07%20.029 —0.130+0.020
125.0 0.07%30.015 —-0.386-0.030 —0.399+-0.021 0.0830.030 —0.107£0.021
130.0 0.0540.016 —0.367+0.031 —0.405+0.021 0.086:0.031 —0.112+0.021
135.0 0.04%0.016 —0.294+0.032 —0.394+0.022 0.1140.032 —0.125-0.022
140.0 0.046:0.017 —0.270:0.034 —0.323+0.023 0.036¢:0.034 —0.111+0.023
145.0 0.0490.018 —0.308:0.035 —0.372+0.024 0.06&0.035 —0.074:0.024
150.0 0.052:0.018 —0.344+0.036 —0.371+0.026 0.067£0.036 —0.058+0.026
155.0 0.0640.019 —0.225-0.038 —0.346-0.027 0.1320.038 —0.124+0.027
160.0 0.00x0.019 —0.279+0.040 —0.334+0.028 0.02%0.040 —0.117+0.028
165.0 0.02x0.020 —0.292+0.042 —0.331+0.030 0.0480.042 —0.158+0.030
170.0 —0.014+0.021 —-0.240+0.044 —0.366-0.031 0.095%0.046 —0.240+0.033
180.0 0.0140.022 —0.198:0.049 —0.293+0.035 0.056:0.048 —0.181+0.035
185.0 0.026:0.023 —0.165-0.050 —0.345-0.036 0.176:0.050 —0.177+0.036
190.0 0.0040.023 —0.200+0.053 —0.345+-0.038 0.201*0.052 —0.147+:0.038
195.0 —0.054+0.024 —0.145£0.055 —0.300+0.040 0.077#0.054 —0.186:0.041
200.0 —0.010£0.025 —0.203t£0.058 —0.266+0.042 0.0160.057 —0.227+0.043

B. Optimal factorization in PWIA ID,=8CK(2J5+ 1) Neg(| F’7|2R; +| D57|2R;), (9d)

The (p,n) unpolarized double differential cross section

in the NA laboratory frame can be separated into four polarWhereC is the transformation factor defined beloi,s the
ized cross sectiontD; as kinematical factorJ, is the target spinN. is the effective

neutron numberA7—F7 are the components of the optimal-
framet matrix, andR; are the nuclear response functions
defined in the next subsection. The formalism to derive Eq.
where D; are the polarization observables introduced by(9) is given in Ref.[31]. The isospin degree of freedom
Bleszynskiet al. [33]. In PWIA with eikonal and optimal neglected in Refl31] is properly accounted for in E¢9).
factorization approximationsD; are expressed as The transformation facto€ in Eq. (9) is required to ob-
tain R, defined by the intrinsi¢interna) states of the target
and the residual-body system. It is given b{34]

I=1Dg+IDq+IDy+1D,, 8

IDo=8CK(2Ja+1)Nes(|A”|?Ry +[CHI°R;), (92

~ dQdo  dopy  Sinfcm VSya
- dQdw, do SN, M*

ID,=8CK(2Jx+1)Neg(|B"|?R; +|C7I°Ry),  (9D) (10

IDq=8CK(2J5+ 1)Net(|E"?R; +|D7|?R;), (99  with
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win=M*—Mr, (12) TABLE IV. Effective bombarding enerqie?,‘f.i and eﬁef:tl\/e
c.m. NN scattering anglegt" for the °C(p,n) and “°Ca(p,n)
whered() and dQ,,, (dw and dwy,) are the solid angles reactions ail,=346 MeV andf,,=22°.
(energy transfepsin the NA ¢.m. and laboratory frames, re-

spectively, . , and 6,,, are the scattering angles in the 2C(p,n) “0ca(p,n)
c.m. and laboratory frames, respectivedyj, is the Mandel- o, T o™, T ot
stam parameter of thBA system, andM; and M3 are the  (MeV) (MeV) (deg (MeV) (deg

invariant masses of the target and of the resididlody

system, respectively. 30.0 372 46.2 373 46.1
The kinematical factoK is given by[31] 60.0 340 47.8 341 47.8
90.0 302 51.1 301 51.1
wims K| 1 120.0 259 56.4 259 56.5
= —— , 12
(2m? K 2235+ 1) 12
whereu; and u; are the relativistic reduced energies of ini- JOCR_# dwees1 for o 1
tial and final states, respectively. (0, 0in) dwig— q—>. (17)
The optimal-framé matrix t” has the form
tn:(t(7)1+tr:]0'0n+tgo'0q+thOp)TO' . (13 D. NN t matrix in optlm-al fram-e
. The charge-exchangdN t matrix tNN in the NN c.m.
with components frame is expressed 485]
tg:An_'—Cgo-ln! (14a tNN:(A+ B(TontTln+ C(O’on+ (Tln)+E(Toq0'1q
t7=B%0,+C7, (14b) +F0o0p01p) 70" 71 (18
t7=E"014+Dloy,, (149  The optimal-frame matrix t” is related tat" by the trans-
formation[31]
tg:Fna'lp+D£]O'lq, (14d)

T _ t7=3(mR(t"Y, (19
whereo; andoy; are the Pauli spin matrices for the projec-

tile and target nucleons projected onto the directjcand =,
and =, are the isospin of the projectile and target nucleons
respectively.

whereJ(7) is the JacobiariMoller facton andR(7) is the
relativistic spin rotation matrix.
The optimal-frameN N t matrix obtained from Eq(19) is
a function of the Mandelstam parametegg andtey;. The
effective laboratory bombarding energ'y"g{)(=seﬁ/2m,\‘
Thenormalizedspin-response function is theoretically de- —2m,) and the effective c.m. scattering angigfm are de-
fined by the intrinsic states of the targéit)) and the residual  termined from these parameters. Some typical values for the

A-body system |F)) as 12C(p,n) and *°Ca(p,n) reactions in the present cases are

C. Theoretical definition of spin-response functions

1 1 shown in Table 1V, in which the effective laboratory bom-
Riﬂ(q,wim):wm > barding energies vary about 110 MeV. This variation gives
A ! rise to important consequences if tN& t matrix is strongly

2 energy dependent. The squareghatrix components in the

optimal frame are displayed in Fig. 9 for tH&C(p,n) case.
The mixing betweeR, andR, seen in Eq(9) is negligible

)

A
2, H(op)iexp =18 )

x;’<F

X S(wim— (EE,—EL ). (15y  because the componerily’ andD7 are very small. For the

present case|D7|?/|E”|?>~|DJ|?/|F7|?<0.01. Note that
N depends on the isospin operatdgf as bothID, andID,, in Eg. (9) are insensitive to the spin-scalar

response functiorR, because of A”|?<|CJ|? and |C7|?

( _ T <|B7|2. Inversely, it is very hard to obtailR, reliably.

2N for rff=r= 2 Therefore, we will evaluate only the spin-dependent re-
sponse functions.
N={ N+Z for r'=7=1, (16)
7-?<+ i TJy E. Definition of “experimental” spin-response functions

\ for 7=, V2 The relationship betweelD; andR;” in Eqg. (9) can be

simplified by considering the relative magnitude between the
whereN andZ are neutron and proton numbers of the targeti-matrix components in the optimal frame.
nucleus, respectively. First, the polarized cross sectioh®, and 1D, are di-
The spin-response functid®® is normalized as rectly related toR, andR , respectively, as
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I TTT I
_ ID, (239
2 n— 712 2y C
00 | 187 i 8CK(2Ja+ 1)Neg(|B7|2+|C7]?)
P
P V. EXTRACTION OF EXPERIMENTAL SPIN-RESPONSE
FUNCTIONS
I The experimental spin-response functions can be ex-
o 101 | o - - - -
s T tracted by using Eq.23). For this purpose, the experimental
} polarization transfer coefficientd;; should be transformed
g PRI into the polarization observablé€s;, and the effective neu-
~ 7 T tron numbemM . should be calculated. Furthermore, it is very
“;_ important to select a reliable fré¢N t matrix which is used
S 1072 E to obtain the optimal-frame matrix by using Eq(19).
e S A. Polarization observables
The polarization observables; are related to theNA
10-3 L J Iaboratory-frame polarization transfer coefficierils; ac-
7R * cording to[31]
IDlgIz | | | | 1
0 20 40 60 80 100 120 Do=7[1+Dnn+(DsistDyr)cosa;

energy transfer w,, (MeV) _
+(D|_,S—D5,|_)Sln0z1], (24a
FIG. 9. Squared-matrix components in the optimal frame with

the Bugg and Bryafi29] phase-shift solution. The components are 1

derived according to the optimal-frame kinematics for tf@(p,n) Dnzz[lﬂL Dun—(Dsist Dy )cosay

reaction afT ;=346 MeV andf,,=22°.
_(DLIS_DS/L)SinCEl], (24b)

IDq=8CK(2J5+ )Nt E7|R; (209

1
Dy,=-[1-Dynt(Dgs—Dyr )cOS

ID,=8CK(2Jp+1)Nei F7I 2R, , (20 ¢=7[1~Dnnt(Dgs—Dyr)cosa,
I —(D/gt+Dg)sinas], 249
where the small contributions @7 andD7 are neglected. (DustDs)sina] (249

Second, from Eq(9), ID,, can be written as 1
Dp:Z[l_DNN_(DS’S_DL’L)Cosa2
ID ,=8CK(2Ja+ 1)Ney(|B7[?+|C7|?)
|CI’|2 RO_—RI: Ri 21 +(DL/S+D81L)S|na2], (240)
IB72+|C7|? R, ne @1 where a;= 0, and a,=260,— 00— ). The angled,

represents the angle between the incident beam direction and

For example,|C7|%(|B7|2+|C7|?) is typically about 0.05 the unit vectorp defined in Eq(7), and the relativistic spin
for the 12C(p,n) reaction in the present kinematical condi- "otation angle() is given by[36]
tion (see Fig. 9 Furthermore, the absolute magnitude of
(Rg - R,)/R, is expected to be less than 1. Thus the second tan 0. — Orap— Q) =
term in the braces in Eq421) can be neglected. As a result, Y
ID, is directly related tR, as

SiN6G; .
(coSOcm+ Bl Bem)’

where 8. ., is the velocity of theNA c.m. frame relative to
ID.=8CK(2Jx+ 1Nl |B712+|C72)R- . 22 that of theNA laboratory frame,8 is the velocity of the
3 (204 DNet [B7"+CEORy 22 outgoing nucleon in th&lA c.m. frame, andy=1/\/1— 2.

(25

From Egs.(20) and (22), the experimentakpin-response
functions can be defined as B. Effective neutron number

The effective neutron numbet.+ acts as an overall at-

tenuation factor which is given in the eikonal approximation

- D,
(233

Ry = ,
8CK(2Ja+ 1)N4 E”|?

N [ ~
D, Ner(Tia) = | 277 db r(b)exst ~n(0)Fun( T
R, = - (23b) 0
8CK(2J 5+ 1)Nog| F7| (26)
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FIG. 10. Effective neutron numbers for the quasielasfin] 0.0 bl ] I PO O S
reactions on°Li, ?C, “%Ca, and?*Pb atT,=346 MeV andf, 0 20 40 60 80 100 0 20 40 60 80 100 120
=22°. energy transfer w,,, (MeV)

FIG. 11. Polarization observables for tﬁd(ﬁ,ﬁ) reaction com-
whereT,y, is the nucleon kinetic energy in tiéA laboratory  pared to optimal-framenp values. The solid and dashed curves

frame, b is the impact paramete&NN(Tlab) is the totaINN represent the optimal-framep values with the Bugg and Bryan

cross section in the nuclear medium, and phase shiff29] and with thespagphase shiff30], respectively. The
dashed vertical lines mark the energy transfer for the frpescat-
® tering.
n(b)=f dzpa(VZ2+b?). (27

The nuclear density, is taken from Ref[37]. The in-  will be given in Sec. IX. The calculations were performed for
medium total cross section is calculated by the method of°C and “°Ca with the RPA response functions employing

Smith and Bozoian a38] (9. 9ha» 94a)=(0.6, 0.3, 0.5 and m* (r=0)=0.7my
~ 2my, [see Eq(36)]. The results ar®l4=2.7 and 5.2 for'?C and
ONN(Tap) = T X 0.6T |4p- (28)  for °Ca, respectively, around the quasielastic peak. Thus the

uncertainty ofﬁeﬁ is estimated to be about 10%. In the fol-
Nes, in principle, depends on both the incident proton andowing discussions, we USEeff for Ngg .
the outgoing neutron kinetic energies. Thus we account for
this energy dependence by taking an average value as
C. Comparison to 2H(p,n) data

N _ Neff(Tp) + Neff(Tn)

eff 2 ’ (29)

The data of théH(f),ﬁ) reaction provide a valuable
o _ check on the accuracy of the fré&N t matrix derived from
whereT, and T, are incident proton and outgoing Neutron 4o ;s phase-shift solutions as demonstrated in [,
kinetic energies, respectl\(ely._ The polarization observables féH are plotted in Fig. 11

The results are shown in Fig. 10 for the the present quasL,;1|0ng with the corresponding fraep values in the optimal
e - 6i 12~ 40 20
e_lastlc @.n) reactions on Li, '2C, “*Ca, and®*Pb atT,  frame derived from the phase-shift solution of Bugg and
=346 MeV andf,y=22°. Around the quasielastic peak at gryan[29] and from thespes phase-shift solution of Arndt
%ab”SO MeV, theNe; values are 2.6 and 5.6 f3fC and for  [30]. In the region around the quasielastic peak, both solu-

Ca, respectively. Note that the use of the free total crosgons agree fairly well with the experimentally obtained ob-

section of 32.5 mb af ;=400 MeV gives smalleNe(T;)  servablesD, andD,,. However, the solution of Bugg and

values of 2.1 and 3.8 fol’C and *Ca, respectively39]. Bryan reproduces better the observalilgsand D, which
The effective neutron number may aI;o be estimated from .o connected witR= and Ry , respectively. The difference
the results of DWIA and PWIA calculations §40] between these two phase-shift solutions can be further as-
ow sessed by taking the rat,/D,~|E”|?/|F7|2, and the re-
N 1) = NM (30) sults are shown in Fig. 12. The ratios obtained from the Bugg
T and Bryan solutior(solid curve are close to the experimen-

tally deduced ratios, while the values from the Arndt solution
whereN is the target neutron number, atid” andI®™ are  (dashed curveare larger than the corresponding experimen-
the unpolarized cross sections in DWIA and PWIA calcula-tal values. Thus we have employed the Bugg and Bryan so-
tions, respectively. A brief description of DWIA calculations lution to extract the spin-response functions.
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FIG. 14. The experimental spin-transverse response funBfon
(filled circles for the 2H(p n) reactions afl ;=346 MeV andf,y,
=22° (Qp=1.7 fm1). The open circles arﬁo of the quasielastic
electron scattering orfH at Eq=233.1 MeV and 6,,,=134.5°
Qay~1.8 fm™Y) [42]. The solid curves are the theoretical predic-
tions from Itabashi, Aizawa, and Ichimuf41].

FIG. 12. Ratio of polarization observable® /D, for
the 2H(p,n) reaction afl ,= 346 MeV andd;,,=22°. The solid and
dashed curves represent the ratio of the optimal-frarpevalues
with the Bugg and Bryan phase shit9] and with thespogphase
shift [30], respectively. The dashed vertical line marks the energ
transfer for the freep scattering.

V. RESULTS OF EXPERIMENTAL SPIN-RESPONSE correspondin@R, values, which shows the high reliability of

FUNCTIONS our measurements as well as of the optimal-frammaatrix
used in the present analysis. In this paper we set the spin-
A. Spin-response functions for’H longitudinal R_ and spin-transversB; response functions
Figure 13 shows the spin-response functi®ys, R, , 25
— 2 _ _
and R, for “H. We have used Eq23) to deduce these RO =R, (313

response functions in PWIA witiN.z=1 (no absorption

Two spin-transverse response functidds andR, can be R-4+R-
_n_ v

independently determined experimentally. Becausentde L= (31b)
rection is identical to the direction,R, should be equal to 2
Rp - The experimentaR, values are consistent with the _ . N
The result ofR; is also shown in Fig. 13.
Y P— e (e S Recently, Itabashi, Aizawa, and Ichimtﬁ@llcalculated
o~ [ R- 2y 1l R~ the response functions associated with2Hép,n) reaction,
':> L e : P including the final-state interaction between two protons.
o 004r 1r P y The results are shown in Fig. 13 with the solid curves. The
\% theoretical calculation reproduces both the magnitude and
o 002 the shape of the spin-longitudinal response function fairly
X - well, while the magnitude of the spin-transverse response
g [ functions is somewhat underestimated.
o 0.00 — —— . The spln-transve.rse response funcﬂRﬂﬂof the quasielas-
8 R- R tic electron scattering orfH at E,=233.1 MeV and6,y,
2 [ “'n ] T =134.5° (Q.p~1.8 fm1) has been reported by Dytman
o 04T P 1r et al. [42]. The definition ofR$ of the quasielastic electron
g @ scattering is described in detail in Sec. VII. The result is
& 0.0z L compared with the presenﬁ,(ﬁ) spin-transverse response
Z i functionR; in Fig. 14, in which the theoretical calculations
& P ¢ by Itabashi, Aizawa, and Ichimura @f,~1.7 and 1.8 fm?
0.00 e .

are shown by the solid curves. Note that the contribution

from the meson exchange curréMEC) to R? of the (e,e’)

scattering, which is neglected in the theoretical calculation,
FIG. 13. The spin-response functioR§ , R, , R, , andRy for 'S expected to be small by about 3%2]. The (e,e’) spin-

the 2H(p,R) reaction atT,=346 MeV and 0|ab—22 The solig  fransverse response function agrees fairly well with the the-

curves are the theoretical predictions from Itabashi, Aizawa, an@retical calculation. On the contrary, thep,) spin-

Ichimura[41]. The dashed curves represent the calculations renoftransverse response function is systematically larger than

malized byN;=1.06, 1.19, 1.17, and 1.18 f&, , R, , R, , and both the €,e’) one and the theoretical calculation.

R7 , respectively. We introduce the normalization factd\; in Eg. (23) as

220 0 20 40 60 80 —20 O 20 40 60 80 100
mass difference w;,, (MeV)
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FIG. 15. The spin-longitudinaR, and spin-transversB; re- mass difference w;,, (MeV)

?rpingjefl:\;lgllogrs]df(;rr(,:n)zgfactlons orfLi, '2C, #°%Ca, and®®®Pb at FIG. 16. The ratioR; /R; for the oLi, 2C, 40C‘.’j1‘ 208, R)
P lab : reactions afT,=346 MeV and 6,,,=22°. The solid and dashed
curves are the ratios of the RPA and free response functions, re-
IDg spectively.

(32a

R- 1
9 Ng 8CK(2J5+1)Ngg E?|?’ .
cients. The close agreement in magnitude from*@&{p,n)
1 D, through 2°8b(p,n) results indicates that the target-mass de-
N (32b pendence has been properly accounted for in calculations of
the effective neutron numb@ty .
There are some sources of systematic uncertainties in the
R‘—i ID, (320 absolute magnitude of the experimental spin-response func-
"N, 8CK(2Ja+ 1)Ngi(|B72+|C7|2) ' tions. In the present analysis, the absorption effect of nuclear
distortions is treated by the effective neutron numigf.

The N; values have been adjusted so that the experimentéﬁhere is' the 'uncertainty of about 1Q% in the calculation of
spin-response functions are reproduced by the theoreticdlert» Which directly affects the magnitude of the experimen-
ones around the quasielastic peak. They are 1.06, 1.19, aff§ SPin response functions.
1.17 forNg, N,, andN,, respectively. _ _ _

There might be some origins &f, . The experimentadlD C. Ratio of spin-response functions
has uncertainties coming both from the cross section normal- Much of the uncertainty associated with calculations of
ization (6%) and from the polarization observablBs (2%). N4 might be removed by taking the ratio of spin-response
The ambiguity of the magnitude of the optimal-framena-  fynctions. The ratiofR, /R; are displayed in Fig. 16. For

trix is estimated to be about 10%. Furthermore, there are2c 5,d49Ca. the solid curves are the theoretical ratios of the
uncertainties for the reaction mechanisms such as the shagpa response functions wittg(y, Gia, 9as)=(0.6, 0.3

owing effect since we deduceld; on the assumption of 0.5 and m*(r=0)=0.7my, and the dashed curves repre-
Ne=1. Thus the obtained\; values can be explained by gent the ratios of the free response functions with(r

P Np 8CK(2J4+1)NegF 72’

considering these uncertainties. =0)=my [see Eq.(36)] [43,44. A brief description of the
RPA calculations will be presented in Sec. VIIl. The ob-
B. Spin-response functions for nuclear targets served ratios show no evidence for the theoretically expected

The spin-longitudinalR;” and spin-transvers®; re- enhgncement oR_ /Ry . To within the e_xp_erlmental uncer-
sponse functions fofLi, 12C, %°Ca, and?°®b have been tainties of about+ 0.07 per S-L\/Ie\i(statlstlca] and iO..03
deduced by using Eq32), and the results are shown in Fig. P€r 5-MeV (systematig, the R, /R; values are consistent
15. The results fof?C, %°Ca, and®%®Pb are very similar to With or smaller than unity. _ _
each other. This is not surprising if we consider the remark- The present results foR_ /Ry are consistent with the
able similarity between their polarization transfer coeffi- previous experimental studies of quasielaspgy(’) [16,17]
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and (p,n) [21-23 reactions. The lack of the enhancement of 0.020 =TT o
R /Ry has been considered as evidence against the en- 0.015 es®e,, C 3
hancement of the pionic mod¢45—47. However, as dis- i Joo *Cee]
cussed below, this is too early to draw such a conclusion o010 ..' 40099000, r
. . . . — — r o
since signatures of the pionic enhancemenRjVR; are 0.005 - V\%g
masked by the excess &; . This excess oR; will be TE o° ]
revealed by comparison &; of the (p,n) reaction toRY of 0.000 bbb b L
the quasielastic electron scattering as well as to the RPA —~ ¢ * By at RONP 40
: ~ so015F © RC at Saclay Ca
response function. ' . s
% 0 Rp atBates.....o......
S ooiof —RPA  ° o n
VIl. COMPARISON TO ELECTRON SCATTERING ~ r .'@oq,o%°% %°%°%o<i
) . e, 0.005F go —
The spin-transverse response function deduced from the 'S ; 0&33‘8 ]
(p,n) reaction can be compared to that of the quasielastic 0.000 el b Lo Lo
electron scattering. In a one-photon-exchange PWBA, the E 208py
laboratory-frame inclusive cross sectidif of the quasielas- 0.015 _ eose0e,,
tic electron scattering can be described with the longitudinal 0.010 .o °e
(charge S, and transverséspin and currentS; response ‘ o 982985888823
; r . gahbm
functions by the Rosenbluth formula 48] 0.005 [ %00t
L ggDD
4 2\ 2 P o)+ L Pl AU IPEFP I I PP
/ ™ Q 0 20 40 60 80 100 120
¢ = —— omou7C| | =5~ | SL(0 @in) :
My Mo 2 P mass difference w;;; (MeV)
T lab int

, (33

Q: O
+ ( qub"'tanz%) ST(Qawint)

whereM+ is the target massry is the Mott cross section,
7 is the recoil factor given in Ref49], C is the transforma-
tion factor given in Eq.(10), and Qi is the 4-momentum
transfer squared. The transverse response fun&iaran be

converted toR$ of the quasielastic electron scattering per

nucleon according to

4m Al g \? 22 /210
M_TST(qywim)ZE 2m (pn— tp)“Gp(QL)RT(d, winy),
(34)
whereu,=2.79, u,= —1.91, andGy, is the empirical dipole
form factor given by[50]
2 -2
Qy

_— 35
0.71 (GeV/c)? 39

Gp(Q2)= ( 1+

FIG. 17. The experimental spin-transverse response funBgon
(filled circles for the 2C(p,n) (top pane), “°Ca(p,n) (middle
pane), and?*%Pb(p,n) (bottom panel reactions afl,=346 MeV
and 6,,,=22° (Qy=1.7 fm™1). The open circles and the open
boxes areR$ of the quasielastic electron scattering by Sa¢lay9]
and Bateq[11,17 groups, respectively. The solid curves are the
RPA response functions.

The (e,e') spin-transverse response functions deduced
from the Saclay results are about 10% larger than those de-
duced from the Bates results for botfiCa and?°%Pb. The

(p,n) spin-transverse response function agrees very well in
shape with the corresponding,€&’) one, but it is larger in
magnitude by factors of 1.5, 1.4, and 1.6 f8€, “°Ca, and

208pp | respectively. The excess of thef) spin-transverse
response functions is significantly large beyond their uncer-
tainties of about 10%. The origin of this excess will be dis-
cussed in Sec. IX by considering both the spin-direction de-
pendence ofN.; and the two-step contribution.

The solid curves in Fig. 17 are the RPA response func-

Note that Eq.(34) ignores isospin-mixing effects and the tions with @y, 9\ QLA)j(O-Q 0-(?, 0.5 andm* (r=0)
small contributions both of the isoscalar magnetic moment 0.7my [43,44). For both **C and “°Ca, the €,e’) spin-

and of the convection currepbl].

transverse response function is larger than the corresponding

For 12C’ 40Ca’ ZOSPb, and238U, there are measurements RPA one. The discrepancy would be due to MEC and
which are closely match the present experiment for the mohuclear correlations beyond RPA such as tipf2 configu-

mentum transfer. The Saclay group has reported ¢he’)
spin-transverse response functions f6€ [7], “°Ca [8],
and?%®Pp[9] at q,,=1.8, 1.7, and 1.8 fm' (350, 330, and

350 MeVic), respectively. We compared them with our
(|5,ﬁ) spin-transverse response functions in Fig. 17. The

Bates group has also reported theed) spin-transverse re-
sponse functions fot%Ca [11] at qgu,=1.7 fm* (330
MeV/c) and?%®U [12] at q,,=1.5 and 2.0 fm* (300 and
400 MeV[c). They are also shown in Fig. 17. TFRQ values
of 2%%J averaged over those &t,,=1.5 and 2.0 fm? are
shown in the open boxes fGPb.

ration mixing [51-55. The differences betweenp(n),
(e,e’), and RPA spin-response functions will be discussed in
Sec. X.

VIll. COMPARISON TO RPA RESPONSE FUNCTIONS

The implication of the present data can be further empha-
sized by comparing to the theoretical response functions. The
spin-response functions are calculated in a framework of
RPA[43,44, in which the continuum RPA methd86] with
the orthogonality conditio57,58 is used to treat nuclear
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0.020 In the spin-longitudinal mode, the theoretically expected
_l.’\ f enhancement is clearly observed for bétg and*°Ca. The
> 0015¢ observed enhancement Bf from the free-response func-
g i tion is beyond the uncertainty of the experimental response
~— 0.010¢ functions of about 10%. The experimental response function
'Q; [ for 1C is in fairly good agreement with the RPA result in
0.005¢ shape, while that for*°Ca is substantially hardened com-
8 [ ol ] pared to the RPA result. The position of the quasielastic peak
'-.(5)' 0.000 is affected bym*. In a Fermi gas model, the peak position is
o [ given byg?/2m* . Furthermore, as discussed in the next sec-
& oo1sf tion, the shape of the experimental response function is af-
o r fected by using the spin-dependent effective neutron number.
2 0.010f Thus it is very difficult to conclude whether the theoretically
& [ predicted softening is observed experimentally or not.
' 0.005 | In the spin-transverse mode, for botfC and “°Ca, the
= C ] experimental response functions are significantly larger than
0.000 bnlvna bbb L P — the RPA results and even larger than the free-response func-

0 20 40 60 80 100 0 20 40 60 80 100 120

. tions, namelyRt is enhanced contradicting with the theoret-
mass difference w;,; (MeV) Wy g

ical prediction, i.e., quenching. This large excessRgf
FIG. 18. The experimental spin-longitudinR[ (left panely ~ Masks possible signatures of the pionic enhancement in
and spin-transverseR; (right panel$ response functions for R./Ry.
the 12C(p,n) (upper panelsand“°Ca(p,n) (lower panelsreactions
at T,=346 MeV andf,,=22° (Qip~1.7 fm™*). The solid and IX. COMPARISON TO DWIA CALCULATIONS
dashed curves are the RPA and free response functions, respec-

tively. The open circles represent the spin-response functions from The most important effect of nuclear distortions is the

the LAMPF data[22,23. absorption. Up to the previous section, this effect has been
treated by the effective neutron numbig; independent of

finite-size effects. The virtual excitation dfis included, and  the spin direction. The spin-direction-dependéite is

the m+p+g’ model [1] is adopted for thep-h and A-h evaluated by comparing the results of DWIA and PWIA cal-

residual interaction. The calculations are performed withougulations ag40]

the commonly used universality ansa@gy(=9ns=9Aa)

namely we treat all of thg’s independently. The mean field DPY(wie)

of the finite nucleus is represented by a Woods-Sax8) Nieft( @iap) =N D™ | (i=q or p), (37

potential. The nonlocality of the mean field is treated by an ! lab

effective massn* with radial dependence of

whereN is the target neutron number, ahd P and 1DV

Fus(F) are the polarized cross section; in DWIA and PWIA calqu-
m* (1) =my— ﬂ[mN_ m* (0)], (36)  lations, respectively. The formalism of DWIA calculations is
fws(0) described in Refs[15,59,6Q. The calculations were per-
formed for 1°C and *°Ca.
in which f\ys is the WS radial form factor. The spreading  Figure 19 compares the experimental polarized cross sec-
widths of the particle and of the hole states are taken inta@ions ID4 and 1D, with the DWIA+RPA calculations. The
account by the imaginary potential and by the complex bindsolid curves are the results of DWIA calculations with the
ing energy, respectively. ' _ ~ RPA response functions employingd{(y, 9ta. Oia)
_Flgure 18 compares ”]e experimental s_pm-longltudlnalz(o_@ 0.3, 0.5andm*(0)=0.7my . The dashed curves are
R_ and spin-transvers®; response functions for'’C  the DWIA results with the free-response functions employ-
and“°Ca with the theoretical spin-response functions. Theéing m*(0)=my. These results have been normalized by
solid curves are the results of RPA calculations widh, 1.06 and 1.17 fotD 4 andID ,, respectively. These normal-
Onas 9aa)=(0.6, 0.3, 0.5 and m*(0)=0.7my, and the ization factors are the same as those required to reproduce
dashed curves represent the free response functions withe experimental spin-response functions fét by the the-
m* (0)=my . Theseg’s andm* have been determindd0]  oretical calculations.
by DWIA calculations to reproduce the experimental spin- In the energy-transfer region @b,,=40—120 MeV, if
longitudinal cross section fot’C deduced from the LAMPF we use the results with RPA correlations, the spin-direction-
data[22,23. The spin-response functions extracted from thedependentN;.. values obtained from EQ(37) become
LAMPF data are also shown by the open circles in Fig. 18Ng.e5=2.4—2.6 and N,.o.4=2.7—3.2 for 12C, and Ng:eff
The present spin-response functions fC are slighty =3.9-4.3 andN, = 5.9—-7.1 for 40Ca. Note that the spin-
larger than those of the LAMPF measurement, while thedirection dependence of thi¢.; values comes from both the
spin-response functions fot’Ca are consistent with each effects of the spin-orbit part of the optical potential and the
other. Since experimental spin-response functions have thdifference of the radial dependence between the spin-
uncertainty of about 10%, the difference f&C is not sig- longitudinal and spin-transverse response functions. The
nificant. spin-direction dependence fot?’C is rather small with
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0.20 e [T T T T T more important than that fdD ;. The two-step contribution
ID, 120 11 1D, 126 ] for ID, would be partly responsible for the discrepancy of
0-151 *oe0e s 3 the (ﬁ,ﬁ) spin-transverse response function from the corre-
— Y ] sponding €,e’) and RPA ones.
'T'> 0.10f -
Y Losh : ~JE X. REMARKS ON COMPARISON OF VARIOUS
_‘2 ’ h RESPONSE FUNCTIONS
';_‘ 0.00 PN TN VN TRV VIR TP TP . . N
n N —— . . At the end we discuss the differences betweennj,
Q ID 4004 L ID 400, (e,e )_, and RPA_spm-response fu_nctlons in more detail. The
\E/ o3fF ¢ 1F P - experimental spin-response functions represent not only the
- | — DWIA+RPA RPA correlation treated here, but also the effects of the
Q ] [~ DWIA+free 3 higher-order(such as p2h) configuration mixing, etc. Fur-
y _ o ] g g g
- _ .0“’0 *%eoey ther the €,e’) spin-transverse response function includes the
I 0 1 N
~AF ka\.\—( contribution of MEC which is absent in thep(n) one. Carl-
1 o° 3 son and Schiavill§54] estimated the contribution of MEC to

the (e,e’) spin-transverse response functiﬁﬁ to be more
than 20%, while Suzukj52] predicted it to be only a few
percents. Albericcet al. [51] and Adams and Cast¢b5]
FIG. 19. The spin-longitudinalD, (left panel$ and spin- claimed that the @2h contribution significantly increases

transverse ID, (right panel$ polarized cross sections for R% around the quasielastic peak. However, Takayaffgji

the 2C(p,n) (upper panelsand“°Ca(p,n) (lower panelsreactions ~ Cfiticized the calculation of Albericet al. [51] because it

at T,=346 MeV andfj,,=22° (Qip~1.7 fm?). The solid and does not exhaust all of the second-order perturbation dia-
dashed curves represent the results of DWIA calculations with RPArams, and showed that the full second-order processes re-
and free response functions, respectively. The results of DWIA calduce the response functions around the quasielastic peak at
culations have been normalized by factors Nf=1.06 andN, the present momentum-transfer region. Considering these
=1.17 forID, andID,, respectively. See text for details. situations, we must say that it is still an open question
whether the difference between the,¢’) and RPA spin-
nfransverse response functions can be understood by taking
N;. values are close to the spin-direction-independént account of the higher-order configuration mixing and MEC.

values of 2.5—-2.7 obtained in the eikonal approximation. On Here we seta simple model an(_j con5|der_the two extreme

the contrary, the spin-direction dependence #€a is sig- cases. We first assume the experimental spin-response func-
e ' . o ; : tions are expressed as

nificantly larger with 31-43%. Th8l.¢ values in the eiko-

nal approximation are 5.4—5.8 in this region. Thus, if we use

the spin-direction-dependentN;..; values, the spin-

longitudinal response function fot’Ca becomes 27-48 %

0.0
0 20 40 60 80 100 O 20 40 60 80 100 120
energy transfer w,, (MeV)

p:

9-22% in this region, and the spin-direction-depende

Rf(ﬁiﬁ):RE;RPA+ RE;2p2h+ RE;Z_Step, (383

larger than that shown in Fig. 18, while the spin-transverse R; (p,n)=R; RPAL Ry 2PN RUiZSier (38
response function becomes 2—-23 % smaller.
The DWIA+RPA calculations could reprodutB , fairly R(e,e’)=RYRPAL R$:292h+ RI/MEC, (380

well for both *C and “°Ca at the low-energy-transfer region
of w,<60 MeV, while they fail to reproducéD, at the  \yhere R#RPA, Rei2P2N  R-i2step ang RYMEC denote the

high-energy-transfer region a@b,,>60 MeV. The calcula-  Rpa; 2p2h, two-step, and MEC contributions, respectively.

tions:_unde'restimatED_p by a factor of 2 or so in th'e quasi- \ye neglect the isospin-transfer dependenie £ Rio) and
elastic region. The disagreement between experimental ar}ﬂrther assume thaR ™~ 2PN~ R-i2p2h _ROi202h  Ag \vas
theoretical results at the high-energy-transfer region might' .-~ " "\ re\L/ious sec¥i oR’;Z'S‘e"\TNouI d be small
suggest the importance of the two-step contribution in this Previ L . .
reg?ign P P around the quasielastic peak and we set it to zero in the
' . resent model.
Recently, Nakaok§61] has pointed out that the two-step P ) . .
contribution forID, would be significantly larger than that The first extreme case is that the difference between

for ID4. In the two-step process, the momentum transfers o#e’el) and RPA spin-transverse response functions is only
-4 PP ! : e to MEC, namely the@h configuration mixing is neg-

the first and second steps share the experimentally observgé'_ ' i L " RPA

momentum transfeq~1.7 fm L. Thus the two-step contri- ligible. Then we could directly compai®,_(p,n) o R,

bution can be represented as a coherent sum of the contrib@s We did in this paper. We confirmed the enhancement of

tions with various combinations of the first and second stegiL_in this limiting case. _ _

momentum transfers. In the momentum-transfer region from The second extreme is that the difference is only due to

0 tog~1.7 fm™, the spin-longitudinal interaction changes the 2p2h contribution, and hencBy ™"~ is negligible. Then

its sign at around 0.7 fit, while the spin-transverse inter- it may be useful to consider the difference

action remains positivérepulsive. Thus the coherent sum

for ID4 is partly destructive, while that folD, is wholly  R_(p,n)—Ri(e,e') =R R*A-RyFPAS R IRPA-RLRPA,

constructive. As a result, the two-step contributionHor, is (39
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0.008 | | | | | ] framework of PWIA with eikonal and optimal factorization
0.006 approximations. The experimentally obtained/R; values
show no evidence for the theoretically expected enhance-
0.004 ment. The observed values are consistent with or smaller
~ 0002 than unity -Wi.thin the uncertainties of abou!tO.Q? per
| 5-MeV (statistical and =0.03 per 5-MeV(systematit. The
% 0.000 present results fdr, /Ry confirm the results of the previous
2 —0.002 studies of quasielastiq(p ') and (p,n) reactions which re-
O & veal no evidence for an enhancemenRpf/R; at a momen-
Clq 0.008 tum transfer where the enhancement should be largest. How-
I ever, the lack of the enhancement Bf /R; does not
A 0.004 necessarily mean the absence of the pionic enhancement of

R .

The spin-transverse response function of tﬁeﬁ{ reac-
tion agrees well in shape with that of the,€’) reaction, but
it is significantly larger in magnitude by factors of 1.5, 1.4,
and 1.6 for*°C, “°Ca, and?°®Pb, respectively. The uncer-

tainty of the (ﬁ,ﬁ) spin-response functions associated with
FIG. 20. The difference between thg, (i) spin-longitudinaR_ the effective neutron numbeM is estimated to be about

and the €,e') spin-transvers&? response functions fo?C (upper ~ 10%. Thus the deviation between the,if) and (,e’) re-

pane} and“’Ca (lower panel. The solid and dashed curves are the Sults is substantially larger than this uncertainty. This appar-

results of the RPA and free response functions, respectively. ent excess oR; is responsible for masking possible signa-
tures of the pionic enhancementi® /Ry .

in order to see the RPA contributions exclusively. The spin-response functions féfC and “°Ca are com-

Figure 20 compares the experimental observabldared to RPA response functions. In the spin-longitudinal
Rf(ﬁ,ﬁ)— R?(e,e’) to the theoretical values @R — Ry . mode, the theoretically expected enhancement is clearly ob-

Here the Saclay data are used R¥(e,e’). The solid and served for both?C and “°Ca. The observed enhancement of

dashed curves, respectively, denote the RPA results arﬁf from the free—responsg function is significantly Iarge

those of the free-response functions shown in Sec. VIII. compared to t_he uncertainty of the experlmental spin-
A reasonable agreement between the experimental ar§sponse f“”C“‘?”S of f‘bOUt 10%: In the_ spm-trans_verse

RPA results is obtained fo’C, but the experimental values Mode, the experiment&; agrees fairly well in shape with

are smaller than those of RPA féfCa. However, if we use the RPA result which predicts the hardening Rf with
the spin-direction-dependeNt. o for “°Ca shown in the pre- eSpect to the free response function. However, it is substan-

et ; ; 40,
vious sectionR; (p,R) becomes larger by 30-54 %, and we tially larger than the RPA calculation for botiC and“°Ca.

N -« The Ngg values depend on the spin direction because of
get better agreement. The contribution of MEC and the dif both the effects of the spin-orbit potential and the difference

ference be.tweeRL’szh(p,n) andR_.?’ZPZh(e,e’), which are  f the radial dependence between the spin-response func-
negle_cted in the present model, might also be responsible fQjons. The spin-direction dependenceNy; is examined by
the disagreement. _ comparing the results of DWIA and PWIA calculations with
Th_e observed agreemen_t supports t_he_conclusmn that ogsp response functions. The spin-direction-dependient
e>§p('ar|mgntal data strongly imply the pionic enhancemenF OBecomeNq;efF 2.4-2.6 andN,..¢=2.7—3.2 for2C, and
R, in this second extreme, too. Of course, the theorgtlcaNq;eﬁ:3_9_4_3 andN,,.¢=5.9—7.1 for *®Ca in the energy-
works for the spin-response functions with the full contribu-transfer region ofvp= 40— 120 MeV. These values should
tions of the higher-order configuration mixing and MEC andpe compared to the spin-direction-independbigf in the
reliable estimation of the contribution of the two-step pro-gjkonal approximation of 2.5-2.7 fol’C and 5.4-5.8 for
cesses%srlould be called for to understand the difference beec in the same region. The spin-direction-dependence for
tween (,n), (e,e’), and RPA spin-response functions quan- *2C is rather small with 9—22 %, while that f4PCa is large
titatively. with 31-43 %. Thus, by using the spin-direction-dependent
Ni.ef» R_ for “%Ca is more enhanced by 27-48 %, wtie
becomes small by 2—23 %.
In the (p,n) reaction, the two-step contribution is ex-
In summary, the cross section, analyzing power, inducegected to be more important for the spin-transvéig po-
polarization, and polarization transfer coefficients for quasi{arized cross section than for the spin-longitudital, one.
elastic ,n) reactions on?H, °Li, *%C, “%Ca, and?®Pb  Thus the excess of the(n) spin-transverse response func-
have been measured &,=346 MeV andf,,=22° (4 tion compared to the corresponding€’) one would be due
~1.7 fm™Y). to both the two-step contribution 1® , and the overestima-
The experimental spin-longitudinalR_ and spin-  tion of Ry originating from the use oN; independent of
transverseR; response functions are extracted within athe spin direction. The present RPA spin-response function is

0.002

0.000

-0.002
0

mass difference w;, (MeV)

Xl. SUMMARY
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