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Cross sections and analyzing powers for ( �p,np) reactions of 2H, 6Li, and 12C at 296 MeV
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We report measurements of cross sections and analyzing powers for nucleon-knockout ( �p,np) reactions of 2H,
6Li, and 12C at 296 MeV using the RCNP NPOL3 neutron detector and large acceptance spectrometer. The 1s

and 1p knockout reactions were successfully separated with a separation-energy resolution of approximately 6
MeV. The resulting data were compared with plane-wave and distorted-wave impulse approximation calculations
employing the nucleon-nucleon t matrix in free space. No significant differences were identified in the case
of the present analyzing power data, in contrast to the significant reductions observed in ( �p,2p) values. The
conventional Pauli blocking and nuclear binding effects with the g matrix and the relativistic effect of nucleon
mass reduction in the nuclei are also discussed.
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I. INTRODUCTION

The data acquired from (p,p′) and (p,n) reactions provide
a means of studying the effects of the nuclear mean field
on nucleon-nucleon (NN ) interactions through polarization
observables [1,2]. At present, modifications of NN interac-
tions in a nuclear medium through Pauli blocking and nuclear
binding effects are typically investigated using the relativistic
Dirac-Brueckner-Hartree-Fock (DBHF) theory [3–6]. The
DBHF approach is known to account for the three-nucleon
force effects that are crucial to nuclear saturation [7]. However,
polarization observables for quasielastic scattering [8] and
the excitation of unnatural-parity states [9–12] cannot be
explained based on these conventional medium effects. As
an example, the data for the stretched 6−, T = 1 state in 28Si
show a larger spin-orbit contribution to the tensor interactions
as well as some changes in the tensor interactions [12].
For this reason, the nonconventional effects resulting from
the reductions of both the hadron mass and the coupling
constant with increasing nuclear density have been discussed
as a signature of the partial restoration of chiral symmetry in
nuclear matter [13–15]. Sammarruca et al. [16] investigated
the effects of density-dependent meson mass reductions on
these data, and concluded that these effects are essentially
absent, because the average densities are low for the stretched
transitions. It should be noted that, in the case of nucleon
knockout (p,2p) and (p,np) reactions, a significant contri-
bution can be expected from high-density nuclear interiors
[17].

The analyzing power, Ay , for the (p,2p) reaction shows a
reduction compared with the relevant value for proton-proton
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scattering. The reduction of Ay was first observed at TRIUMF
for the 1s knockout (p,2p) reaction of 16O at a proton
incident energy of T0 = 500 MeV [18]. The extended studies
involving many target nuclei at T0 = 392 MeV performed
at RCNP subsequently demonstrated that the Ay values are
systematically reduced as a function of either the separation
energy or effective mean density [19]. This reduction in
analyzing power can be explained theoretically, at least in
part, as a result of the lower nucleon mass in the strong scalar
part of the relativistic nuclear potential [20]. Other factors
leading to the reduction can be determined by considering
modifications of the meson mass and coupling constant in
nuclei [21]. It is necessary to point out, however, that there
are significant uncertainties and correlations in these modified
values, since the Ay data alone do not exclusively determine
the NN interaction.

In contrast to the (p,2p) reaction, the Ay data for the (p,np)
reaction at T0 = 200 MeV [22] and 392 MeV [23,24] show
no significant reduction relative to the values obtained from
proton-neutron scattering. This difference between the (p,2p)
and (p,np) reactions suggests that the medium effects of the
NN interaction vary with the isospin. Thus, further systematic
investigations of the (p,np) reaction are required to assess the
isospin dependence of these effects.

In this paper, we present the cross sections and analyzing
powers for neutron knockout (p,np) reactions of 2H, 6Li,
and 12C at T0 = 296 MeV. The nucleon knockout reaction
mechanism is expected to be relatively simple within this range
of incident energies [20,25], thereby enabling us to assess the
nuclear medium effects on the NN interaction. Herein, the
data from these reactions are compared with the results of
plane-wave and distorted-wave impulse approximation (PWIA
and DWIA) calculations employing the NN t matrix in free
space. No significant differences were observed between our
(p,np) data and the theoretical results, thereby demonstrating
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the isospin dependence of the medium effects of the NN
interaction.

II. EXPERIMENTAL METHODS

Measurements were performed using the West-South Beam
Line (WS-BL) [26] at the Research Center for Nuclear Physics
(RCNP), Osaka University. The beam line configuration and
the doubly achromatic beam properties have been reported
previously [26]. Therefore, the following text discusses solely
the experimental details unique to the present experimentation.

A. Polarized proton beam

A polarized proton beam generated by a high-intensity
polarized ion source (HIPIS) [27] was accelerated to T0 = 53
and 296 MeV using an azimuthally varying field (AVF) [28]
and ring [29] cyclotrons, respectively. The beam polarization
direction was reversed every 5 s by selecting rf transitions
so as to minimize false geometric asymmetries. During the
(p,n) experiments, one out of nine beam pulses was selected
for injection into the ring cyclotron, resulting in a beam
pulse period of 584 ns. This pulse selection reduced the
wraparound of slow neutrons from preceding beam pulses.
In contrast, pulse selection was not performed throughout the
(p,np) measurements in order to obtain reasonable statistical
accuracy. The beam pulse period was kept constant by
implementing single-turn extraction from the ring cyclotron
during the measurements. Multiturn extracted protons were
found to account for less than 1% of the single-turn extracted
protons.

The beam polarization was continuously monitored using
the BLP1 beam-line polarimeter [26]. This device consisted
of four pairs of conjugate-angle plastic scintillators, and
determined the beam polarization via 1H( �p,p)1H scattering.
A self-supporting polyethylene (CH2) target with a thickness
of 1.1 mg/cm2 was used as the hydrogen target, and both
elastically scattered and recoiled protons were detected with
kinematical coincidence using a pair of scintillators. The beam
polarization magnitude had a typical value of approximately
0.40. The systematic uncertainty of the analyzing power data
was estimated to be approximately 2% based on the uncertainty
of the beam polarization [30].

B. Targets and dipole magnet

The proton beam bombarded self-supporting CD2 (deuter-
ated polyethylene), enriched 6Li (�99% 6Li), and natural C
(98.9% 12C) targets with thicknesses of 16.7, 15.4, and 16.8
mg/cm2, respectively. Protons downstream of the targets were
transported to a graphite beam dump (a Faraday cup), at which
point the beam current was measured. Typical beam currents
used for the (p,n) and (p,np) measurements were 25 and
130 nA, respectively.

A dipole magnet made of permanent NEOMAX magnets
[31] was installed 10 cm downstream from the target. This
magnet had a magnetic rigidity of Bρ = 0.95 Tm, which was
sufficient to sweep charged particles from the target in order
to prevent them from entering the neutron detector system.

n

CPV
(Charged Particle Veto)

HD (Hodoscopes)

FIG. 1. Schematic view of the NPOL3 neutron detector system.

C. Neutron and proton measurements

The two outgoing nucleons (a neutron and a proton) from
the target were measured simultaneously using the NPOL3
neutron detector system [32] and the Large Acceptance
Spectrometer (LAS) [33].

Neutrons were detected with a 20 m flight path length at
θn = 22◦. As shown in Fig. 1, the neutron detector system
(HD1 and HD2) consisted of 20 sets of one-dimensional
position-sensitive plastic scintillators (BC408) with a size of
100 × 10 × 5 cm3. Thin plastic scintillation detectors (CPV)
placed in front of HD1 were used to distinguish charged
particles from neutrons.

The momenta of protons were determined by the LAS at
θp = 65◦. The LAS consisted of quadrupole and dipole mag-
nets and was designed to realize a large solid angle (�20 msr)
and a wide momentum acceptance range (±15%). The angle
setting and the central energy of the LAS corresponded to the
kinematic conditions for free p + n scattering. The solid angle
was restricted to 9.0 msr using a copper collimator positioned
at the entrance to the LAS, and the horizontal and vertical
angle widths were ±50 and ±45 msr, respectively. At the
focal plane of the LAS, a one-dimensional position-sensitive
plastic scintillator with a size of 200 × 15 × 0.6 cm3 was
used, such that the positions of the detected protons could
be reconstructed. The energy resolution was determined by
measuring the p + p elastic scattering obtained with a CH2

target with a thickness of 16.8 mg/cm2. Using this method,
the resolution was found to be 4 MeV with regard to the full
width at half maximum (FWHM).

III. DATA REDUCTION

A. Neutron detection efficiency and energy resolution

The neutron detection efficiency was determined using the
quasielastic 12C(p,n) reaction at θlab = 22◦, for which the
cross section at T0 = 296 MeV is known [34]. The resulting
efficiency was 0.073 ± 0.004, with the overall uncertainty
primarily arising from uncertainties in the cross section and
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FIG. 2. Neutron kinetic energy Tn values measured by the NPOL3
versus proton kinetic energy Tp values determined by the LAS for the
(p,np) reaction of CD2 (deuterated polyethylene) at T0 = 296 MeV.
The color scale (gray scale) is logarithmic.

thickness of the 12C target. The energy resolution was deter-
mined by assessing the 12C(p,n)12N(4−; 4.2 MeV) reaction,
and the resulting value was 4 MeV at FWHM.

B. Neutron and proton coincident measurements

Figure 2 presents the neutron energy Tn and proton energy
Tp spectra for the CD2(p,np) reaction at 296 MeV. In the case
of a A(p,np)B reaction with a target nucleus A and a residual
nucleus B, the separation energy ES is given by

ES = T0 − (Tp + Tn + TB) = Ex − Q, (1)

where TB is the kinetic energy of the residual nucleus, Ex

is the excitation energy, and Q is the reaction Q value. The
separation-energy spectrum up to 60 MeV is shown in Fig. 3.
True and chance coincident events were distinguished by the
neutron and proton time-of-flight (TOF) difference determined
by the NPOL3 and LAS systems, and the contribution from
the chance events is indicated in this figure by the shaded
histogram. A prominent peak related to the 1s knockout
2H(p,np) reaction is observed, with an overall energy reso-
lution of approximately 6 MeV at FWHM. The yield from
the 1p knockout 12C(p,np) reaction is also evident, at ES

� 15 MeV.

IV. THEORETICAL MODELS

The experimental data were compared with the results
of theoretical calculations to investigate the nuclear medium
effects on the NN interaction. These calculations were
performed using the THREEDEE computer code [35]. In order
to compare the experimental results with the theoretical
predictions, the theoretical calculations were averaged over
the angular and momentum acceptances of the NPOL3 and

FIG. 3. Separation-energy spectrum for the (p,np) reaction of
CD2 (deuterated polyethylene) at T0 = 296 MeV. The shaded area
corresponds to the background from chance coincident events. See
text for details.

the LAS. Since the formalism for the theoretical calculations
has been presented in Refs. [35,36], only a brief description
relevant to the present analysis is provided herein.

A. Structure model

The bound-state wave function for 2H was obtained by
calculating the Argonne v18 high-quality NN potential [37],
which reproduces the deuteron properties very well. The
single-particle wave functions for 6Li and 12C were generated
using Woods-Saxon (WS) potentials. The WS geometrical
parameters, r0 and a, and the depths of the spin-orbit potentials,
Vso, were taken from the parametrization by Elton and Swift
[38]. The depths of the WS potentials have been adjusted
to reproduce the empirical separation energies of the bound
nucleons.

B. Reaction model

The NN t matrices were parameterized based on the
solution to Arndt’s phase-shift analysis [39], and the effective
two-body kinetic energy and scattering angle were obtained
with the so-called final energy prescription [40]. The con-
ventional medium effects were also investigated using the
g matrix obtained by solving the Bethe-Goldstone equation
[41,42]. The effects of nonlocal potentials were included on
an approximate basis by applying the Perey correction factor of
β = 0.85 fm [43]. It should be noted that the absolute values of
the cross sections are sensitive to this factor. The calculations
for 2H were performed applying the PWIA, whereas those for
6Li and 12C were carried out with the DWIA. The distorted
waves for incident and outgoing particles were calculated using
global optical potentials based on Dirac phenomenology [44].
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FIG. 4. (a) Cross sections and (b) analyzing powers for the 1s

knockout 2H(p,np) reaction at T0 = 296 MeV as functions of both
the neutron energy Tn and the recoil momentum pB . The solid curves
represent the results of PWIA calculations. The shaded area represents
the fitting uncertainty of the cross sections. See text for detail.

C. Spectroscopic factor

The triple-differential cross section in the laboratory frame
can be written as

σ (ES,Tn) = d3σ

d�nd�pdTn

, (2)

where d�n and d�p represent the NPOL3 and LAS solid
angles, respectively. Herein, the spectroscopic factor S is
defined as

σ exp(ES,Tn) = Sσ calc(ES,Tn), (3)

where σ exp(ES,Tn) and σ calc(ES,Tn) are the experimental
and theoretical cross sections, respectively. Note that the
theoretical cross section σ calc(ES,Tn) is the single-particle
cross section for a single target neutron.

FIG. 5. Separation-energy spectra for (a) 6Li(p,np) and (b)
12C(p,np) reactions at T0 = 296 MeV. The dashed curves represent
the fits to the individual peaks and the solid curve shows the sum of
the peak fitting.

V. RESULTS AND DISCUSSIONS

A. 2H

Figure 4 shows the cross sections and analyzing powers
obtained for the 1s knockout 2H(p,np) reaction as functions
of both the neutron energy Tn and the recoil momentum pB .
Note that the recoil momentum pB corresponds to the proton
momentum in the target nucleus at the plane-wave limit. Since
the nucleon momentum distribution in a nucleus is related
to the orbital angular momentum, L, the recoil-momentum
distribution of the cross section will clearly vary with L. The
cross-section data exhibit a maximum at pB � 0 MeV/c in
the recoil-momentum distribution, which is characteristic for
the 1s (L = 0) knockout reaction. The solid curves in Fig. 4
show the results of the theoretical calculations, from which it
can be seen that the calculations for the analyzing power are
in good agreement with the experimental data. In contrast, the
theoretical results for the cross section must be normalized by a
factor of N = 0.64 ± 0.15. A similar overestimation resulting
from PWIA calculations has been reported for the 2H(p,np)
reaction at T0 = 200 MeV with N = 0.4–0.9 [45]. It should be
noted that Witała et al. [46] have successfully reproduced these
data in the framework of the Faddeev calculations by including
relativistic effects. Since the relativistic effects would be sig-
nificantly greater at higher energies, further detailed theoretical
investigations including the present data are required to assess
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FIG. 6. Cross sections (upper panels) and analyzing powers (lower panels) for (a) 1p and (b) 1s knockout 6Li(p,np) reactions at T0 =
296 MeV as functions of both the neutron energy Tn and the recoil momentum pB . The solid, dashed, and dotted curves show the results of
DWIA calculations using the free NN t-matrix, whereas the dot-dashed curves are the DWIA results employing the effective NN g-matrix.
The shaded areas represent the fitting uncertainties of the cross sections. See text for detail.

the relativistic effects on the deuteron breakup 2H(p,np)
reaction.

B. 6Li and 12C

Figures 5(a) and 5(b) show the separation-energy spectra
acquired from the (p,np) reactions of 6Li and 12C, respectively.
The contributions from the chance coincident events have been
subtracted based on the neutron and proton TOF difference.
Here, 1p and 1s states are clearly observed in both spectra.
The dashed curves represent the fits to the individual peaks
while the solid curve represents the peak fitting sums. In the
case of 6Li, the tail components [47] in both 1p and 1s states
have been taken into account using the asymmetric function Y
as in

Y (x) = exp

(
− x2

2σ 2

)
+

[
1 − exp

(
− x2

2σ 2

)]
· H (x)

· exp
(
−k

x

σ

)
, (4)

with

x = ES − ĒS, (5)

where H is a Heaviside step function, ĒS is the peak position,
σ is the width parameter, and k is the parameter for the
tail component. For 12C, the 1p peak was assumed to be

the sum of three narrow states at excitation energies of
Ex = 0.0, 2.0, and 4.8 MeV with Jπ = 3/2−, 1/2−, and 3/2−,
respectively [48]. The relative strength was fixed equal to that
of the corresponding proton S factors [49] assuming isospin
symmetry. An asymmetrical Gaussian energy distribution was
assumed for the deep-hole 1s state [50,51], the FWHM � of
which depends on ES as [52]

�(ES) = (24 MeV) · (ES − EF )2

(500 MeV2) + (ES − EF )2
, (6)

where EF is the Fermi energy. All peaks were convoluted with
a resolution function based on the width of the narrow peaks,
and the peak fittings were satisfactory with regard to extracting
the 1p and 1s yields.

Figures 6 and 7 show the cross sections and analyzing
powers for 1p and 1s knockout (p,np) reactions of 6Li
and 12C, respectively, as functions of both the neutron
energy, Tn, and the recoil momentum, pB . In both cases, the
recoil-momentum distribution of the cross section for the 1s
knockout reaction has a characteristic feature with a maximum
located at approximately the minimum pB value, whereas the
distribution for the 1p knockout reaction has a maximum at a
finite momentum of pB � 70 MeV/c. It should be noted that
the recoil-momentum distributions for both the 6Li and 12C
targets are significantly broader than that for the 2H due to
their larger Fermi momenta. The solid curves in Figs. 6 and
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FIG. 7. The same data as in Fig. 6, but for (a) 1p and (b) 1s knockout 12C(p,np) reactions.

7 present the results of DWIA calculations. In the case of
the 1p knockout of 6Li, the contribution from the S-wave
component has also been taken into consideration since a
significant contribution was observed for the relevant proton
knockout reaction in 6Li(e,e′p) [47]. The contributions from
the 1p and 1s components were determined to reproduce the
experimental data, and are indicated by dashed and dotted
curves, respectively.

The S factors of the cross sections were determined to
reproduce the experimental data when using Eq. (3), and
the results are summarized in Table I. The first type of
uncertainty in the S(p,np) values corresponds to the statistical
uncertainties associated with the data, and is shown by the
thicknesses of the curves in Figs. 6 and 7. The second
type represents the uncertainties estimated from the fitting
quality, and is indicated by the shaded areas. The neutron
S factors were found to be significantly larger than the
corresponding proton S factors determined from the (e,e′p)
data. The reduction of S in the (e,e′p) reaction relative to
the independent particle-shell model (IPSM) limit is primarily
due to the short-range and long-range correlations [53]. In
the range of PB = 300–600 MeV/c, the tensor interaction
primarily generates spin-1 and isospin-0 neutron-proton pairs
[54–56] with large relative and small center-of-mass mo-
menta [57–60]. This np-pair dominance causes a greater
fraction of protons than neutrons to have high momenta
in asymmetric neutron-rich nuclei [61,62], which in turn
results in different proton and neutron S factors. However,
in the present symmetric nuclei, the neutron S factors are

expected to be similar to the corresponding proton S factors.
At T0 = 200 MeV, the results were similar for 1p3/2 and
1p1/2 knockout (p,np) reactions of 12C [63]. In contrast, at
T0 = 505 MeV, the neutron S factors for the 1p3/2 and 1p1/2

orbits of 16O were consistent with the corresponding proton S
factors [64].

Figure 8 summarizes the S factor ratios between the (e,e′p)
and (p,np) values as a function of T0. The deviation from
unity decreased with increases in the incident energy, T0, and
the factor ratio was consistent with unity at T0 � 500 MeV. It
should be noted that the proton S factors obtained from the
(p,2p) reaction at T0 � 200–500 MeV were consistent with
the corresponding (e,e′p) values within approximately 15%
[18,65–67]. Part of the observed deviation can be attributed
to the ambiguities in the nonlocal corrections and optical
potentials in the DWIA calculations, which are estimated to be
on the order of 20% in the case of the S factors. However, these
effects will depend significantly on the kinematical condition,
whereas the present data only relate to a specific condition.
Therefore, further theoretical and experimental investigations
are required to resolve the discrepancies between the experi-
mentally observed proton and neutron S factors.

In the case of the analyzing powers, the 1s data for
both 6Li and 12C are consistent with the 2H data. This
outcome contradicts previously reported (p,2p) results [17–
19,22,69,70], in which a distinct reduction of Ay from the
free �p + p value has been observed for nuclear targets. It is
also clear that the conventional medium effects are small and
that the results of DWIA calculations shown as the solid and
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TABLE I. Spectroscopic factors determined from (e,e′p) and
(p,np) reactions.

Target Orbit S(e,e′p) Ref. S(p,np)

6Li 1p 0.79 ± 0.10 [47] 1.39 ± 0.03 ± 0.30
1s 0.83 ± 0.08 [68] 1.67 ± 0.02 ± 0.21

12C 1p 2.18 ± 0.11 [49] 3.94 ± 0.09 ± 1.02
1s 2.32 ± 0.07 ± 0.37

dot-dashed curves in Figs. 6 and 7 reasonably reproduce the
data for both 1s and 1p knockout reactions.

The reduction of Ay in the case of the (p,2p) reaction
has often been discussed in connection with the effective
mean density ρ̄ [17,71–73]. In general, the (p,2p) and
(p,np) reactions primarily occur in the peripheral region of
the target nucleus due to the strong absorption effects on
both incident and outgoing nucleons. However, the deeply
bound 1s knockout reaction offers an exceptionally useful
means of investigating a high-density region in which ρ̄ is
greater than 40% of the saturation density. It was found that
the Ay reduction increases monotonically as a function of
ρ̄, suggesting the density dependence of the effective NN
interaction in the nuclear field. For comparative purposes, our
1s data are presented in Fig. 9 as a function of ρ̄. Note that ρ̄ for
6Li is significantly smaller than that for 12C due to its α + d [or
α + (p-n) pair] cluster structure. In contrast to the (p,2p) data,
the present (p,np) data do not decrease with ρ̄. The DWIA and
PWIA predictions based on the free NN t matrix are indicated
by solid and dashed lines, respectively, and the DWIA results
obtained using the effective NN g matrix are also indicated
by the dot-dashed line. Both the distortion and conventional
medium effects were evidently not significant, and the DWIA
calculation employing the free NN t matrix reproduces the

FIG. 8. Ratios of the neutron spectroscopic factors S(p,np)
determined from the (p,np) reaction relative to the relevant proton
spectroscopic factors S(e,e′p) obtained from the (e,e′p) reaction as
a function of incident energy T0. The shaded boxes represent the
uncertainties of S(e,e′p).

FIG. 9. Analyzing power for the 1s knockout (p,np) reactions at
T0 = 296 MeV and (θn,θp) = (22.0◦,65.0◦) as a function of effective
mean density ρ̄. The solid and dashed lines represent the DWIA
and PWIA predictions based on the free NN t-matrix, whereas the
dot-dashed line denotes the DWIA prediction based on the effective
NN g-matrix.

present data fairly well. Therefore, we conclude that there is
no reduction in the analyzing power of a (p,np) reaction of
a nuclear target in the case that the outgoing neutrons are
measured at forward angles.

The remarkable Ay reduction in the case of inclusive (p,p′)
quasielastic scattering was first predicted by the relativistic
model as the result of nucleon mass reduction in a relativistic
strong scalar field [74]. A significantly smaller effect was
subsequently predicted for the charge-exchange (p,n) reaction
[75], which suggests the isospin dependence of the relativistic
effect. We have previously investigated the effect of nucleon
mass reduction in nuclei using the Horowitz-Love-Franey
(HLF) representation of the NN amplitudes [76]. The linear
density dependence of the effective nucleon mass M∗

N is given
by

M∗
N = [1 − C(ρ̄/ρ0)]MN, (7)

where MN is the free nucleon mass, ρ0 = 0.18 fm−3 [19] is
the nuclear saturation density, and C = 0.18 [77]. Figure 10(a)
compares our data with the HLF calculation employing M∗

N ,
which corresponds to the PWIA prediction for the (p,np)
reaction. A comparison of the (p,2p) data at T0 = 392 MeV
and forward proton angle θ1 = 25.5◦ [17] is also shown in
Fig. 10(b). Here, the unfilled boxes denote the data for free
NN scattering [78], while the dot-dashed and dashed lines
correspond to the results obtained with the free mass MN and
effective mass M∗

N , respectively. Note that the ρ̄ dependence
of the free MN is due to the finite Q values for nuclear targets.
The effective mass correction is very small for (p,np) but
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FIG. 10. Comparison of the data for (a) the present (p,np) reaction and (b) the (p,2p) [17] reaction with the PWIA predictions based on
the free nucleon mass MN (dot-dashed) and effective nucleon mass M∗

N (dashed). The solid lines represent the predictions employing both M∗
N

and medium modified meson masses m∗ and coupling constants g∗. The unfilled boxes denote the data for free NN scattering [78]. See text
for detail.

is significant for (p,2p), and reasonably reproduces the ρ̄
dependence of both (p,np) and (p,2p) data.

Finally, in order to investigate the nonconventional medium
effects in (p,np) and (p,2p) reactions, we employed the
Brown-Rho scaling conjecture [13] as applied by Krein et al.
[79], given by

m∗

m
= g∗

g
= 1 − C

ρ̄

ρ0
, (8)

where (m,g) and (m∗,g∗) are free and medium-modified meson
masses and coupling constants, respectively. Note that the
pion mass and coupling constant are not affected due to the
Goldstone nature of the pion. The scaling conjecture was
implemented based on the relativistic HLF model [76], and the
results obtained with C = 0.18 [77] are shown in Fig. 10 by the
solid lines. The m∗ and g∗ corrections were relatively small
compared with those generated by M∗

N , and better describe
the (p,2p) data. It should be noted that the polarization
transfer DNN for (p,2p) reactions cannot be explained by
calculations based on the Brown-Rho scaling conjecture [80].
Furthermore, the Ay reduction for inclusive (p,p′) quasielastic
scattering has been explained in the nonrelativistic model by
the conventional medium effects of the NN interaction as well
as the distortion effects [81]. Therefore, further theoretical
investigations are needed in order to assess the isospin and
density dependences of the nuclear medium effects on the NN
interaction.

VI. SUMMARY AND CONCLUSION

We have presented the cross sections and analyzing powers
for (p,np) reactions of 2H, 6Li, and 12C at T0 = 296 MeV. The
1s and 1p knockout reactions were successfully separated, and
recoil-momentum distributions of the associated cross sections
clearly varied with the corresponding single-particle orbitals.

These data were compared with the results of PWIA and DWIA
calculations employing a free NN interaction. The angular
distributions of the cross sections were found to be reproduced
reasonably well by the calculations, and the S-wave component
appears to make a sizable contribution to the 1p knockout
of 6Li. In contrast, the neutron S factors were significantly
larger than the corresponding proton S factors determined from
the (e,e′p) data. Part of this difference could be due to the
ambiguities in the nonlocal corrections and optical potentials
in the present DWIA calculations, although further theoretical
and experimental investigations are required to resolve the
discrepancy.

The results of DWIA and PWIA calculations agree reason-
ably well with experimental values for analyzing powers, in
contrast to the (p,2p) data, which are significantly reduced
relative to the calculation values. Part of the difference in
the medium effects between the (p,np) and (p,2p) reac-
tions can be explained by the relativistic effect of nucleon
mass reduction in the nuclear field. The present findings,
in conjunction with further experimental studies based on
polarization transfer measurements, should provide valu-
able insights into the nuclear medium effects on the NN
interaction.
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