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Wolfenstein parameters for s1/2 proton knockout ( p, 2 p) reactions
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A complete set of Wolfenstein parameters (Di′j ), induced polarizations (P ), and analyzing powers (Ay) have
been measured for (p, 2p) reactions on 6Li, 12C, and 40Ca targets in order to investigate possible nuclear medium
effects on the nucleon-nucleon (NN ) interaction. Most of these observables show significant reductions from the
values for proton-proton scattering as monotonic functions of the nuclear density relevant to these reactions. The
reductions of these Di′j are reasonably reproduced by nonrelativistic plane-wave and distorted-wave calculations
based on the impulse approximation, demonstrating that these suppressions are attributed to changes of the
two body kinematics due to the finite separation energies of these reactions, while the reductions of Ay and P

are much more prominent than the calculations. The relativistic calculations, which partly explain the Ay and
P reductions, cannot reproduce the Di′j data, but all the data are consistently reproduced when the parameters
of the NN interaction in a meson exchange model are renormalized, suggesting possible modifications of the
NN interaction by the surrounding nuclear medium.
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I. INTRODUCTION

Exclusive measurements of nucleon knockout reactions
by nucleons, e.g., (p, 2p) reactions, give a direct means to
study the effect of the nuclear field on the nucleon-nucleon
(NN ) interaction due to Pauli blocking and Fermi motion. In
addition to these effects, nontrivial nuclear medium effects at
the hadron level are theoretically predicted. An enhancement
of the lower components of Dirac spinors is predicted in
the framework of quantum hadrodynamics (QHD) [1,2] and
reductions of hadron masses are predicted in the context of
QCD [3–13]. Since the NN interaction is well described
by theoretical models based on meson exchange forces, it is
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natural to consider that such modifications of hadron properties
also influence the NN interaction [14]. At incident nucleon
energies of several hundred MeV, the reaction mechanism
of nucleon knockout reactions is expected to be relatively
simple [15,16]. In addition, a significant contribution from
the nuclear interior, where the nuclear density is considerably
high, is expected in these reactions [17]. Therefore, knockout
reactions should be ideal probes for investigating the NN

interaction in the nuclear medium, which in turn may reflect
on medium effects at the hadron level.

In several experiments it has been observed that the
analyzing power (Ay) for quasifree proton scattering is
significantly suppressed from values which are given by
theoretical predictions based on the NN interaction in free
space. The suppression of Ay in (p, 2p) reactions was first
observed at TRIUMF for proton knockout from the 1s1/2 orbit
of 16O target at an incident energy of 500 MeV [18,19]. This
work was extended to 1s1/2 knockout from many target nuclei
at RCNP at an incident energy of 392 MeV [17,20]. The results
show that the Ay values are systematically suppressed as a
monotonic function of either the separation energies or the
effective mean densities, except for very light target nuclei
such as He isotopes. At PNPI, in addition, a similar kind of
suppression has been observed for the induced polarization (P )
at an incident energy of 1 GeV and for a wide range of outgoing
proton energies [21,22]. The latter experimental evidence
strongly suggests that these suppressions are not caused
by contamination from multi-step processes, but rather are
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attributed to some nuclear medium effect, since the effective
mean densities amount to about one-third of the saturation
density in the highest case.

At present, there are no theoretical models which describe
these suppressions quantitatively. The TRIUMF data were
compared to a number of theoretical predictions, namely
the nonrelativistic distorted wave impulse approximation
(DWIA) with empirical density-dependent modifications and
relativistic effective-mass corrections, as well as predictions
based on the full relativistic DWIA. A conclusion of these
works were that all of these calculations failed to reproduce
the Ay [19,23]. The RCNP data were also compared to
similar types of calculations [20,24,25]. One of the important
points shown by these comparisons is that the suppression
of Ay is clearly observed even for kinematical conditions
where the recoil momentum of the residual nucleus is zero.
Calculations show that nonrelativistic distortion effects to Ay

are exceptionally small for those kinematics and, therefore, the
Ay suppressions are not attributed to nuclear diffraction and
absorption effects. In addition, suppressions are consistently
observed for a wide energy range. These results support the
idea that the spin dependence of the NN scattering amplitude
is modified in the nuclear field. For further investigation of
this view point, experimental data on polarization transfer
coefficients are expected to give new tests for theoretical
models.

Polarization transfer coefficients (Wolfenstein parameters
Di ′j ) in nucleon quasifree scattering have been extensively
studied only for inclusive (p, p′) and (p, n) reactions. These
data were measured at LAMPF and at RCNP in order to
examine the possible enhancement of the spin longitudinal
responses caused by pion correlations in the nuclear field
[26–30]. Against the theoretical predictions, however, clear
enhancements were not observed and the ratios of spin
longitudinal and transverse responses were close to values
theoretically predicted without correlations. In addition, the
LAMPF (p, p′) data have been compared with a prediction
based on the relativistic PWIA [31] and it was shown that
almost all of the polarization transfer data, except Ay and P ,
were close to a prediction with a free nucleon mass in the Dirac
spinors, which is equivalent to nonrelativistic predictions with
NN interactions in free space. A measurement of complete sets
of polarization transfer observables for the inclusive reaction
was also performed at TRIUMF [32]. Comparison of the latter
with a DWIA calculation again showed that the polarization
transfer coefficients are reasonably predicted by a Fermi gas
model with free NN interactions in contrast to the Ay case. For
polarization transfer coefficients in exclusive proton quasifree
scattering, only a limited number of spin observables, namely
Ds ′l and Ds ′s , have been measured [19]. The Ds ′s data show
a meaningful deviation from the DWIA prediction, but due
to ambiguities caused by distortion effects this is not clear
enough for these data, since a wide energy region is integrated
to obtain the data. Recently, polarization transfer coefficients
for 4He(�e, e′ �p) were measured at Mainz [33] and Jefferson
Lab [34] in order to investigate medium modifications of
the proton form factors. The result favors the inclusion of
a medium effect predicted by a quark-meson coupling model,
though it is not conclusive enough.

In this article, we present our measurements of polarization
transfer coefficients, Dnn,Ds ′s , Dl′l , Ds ′l , and Dl′s , as well as
Ay and P , for (p, 2p) reactions. These are the first data of
polarization transfer coefficients for the zero-recoil kinemat-
ical condition being employed. In particular, these are first
data of a complete set of the Wolfenstein parameters for this
reaction. It is well known that different spin observables are
sensitive to different model ingredients and hence, complete
sets of polarization transfer observables provide extremely
stringent tests for theoretical models. In this paper we exploit
this discriminatory nature in order to identify observables
which allow one to extract information regarding the role of
the nuclear medium in modifying the NN interaction relative
to its value in free space.

As described above, the Ay suppression at 392 MeV and
higher energies has not been quantitatively explained by any
theoretical models. However, at 202 MeV, the dynamical
relativistic model has succeeded in reproducing the Ay data
for 208Pb(p, 2p) reaction, which is significantly reduced
compared to nonrelativistic predictions [35,36]. Indeed, this
relativistic model consistently accounts for about half of the
reduction at both of 392 MeV and 1 GeV [25], while non-
relativistic medium effects completely fail to reproduce this
phenomenon [24]. In addition, Krein et al. have demonstrated
that the inclusion of medium-modified meson masses and
coupling constants via a relativistic one boson exchange model
cause a drastic reduction of Ay [37]. In this paper, therefore, the
experimental data are compared with theoretical calculations
based on both of the nonrelativistic and relativistic models and
we examine the sensitivities of the spin observables to various
model ingredients, especially those related to the relativistic
treatment.

The experimental detail is described in the next section,
and the relevant theoretical models are described in Sec. III.
In Sec. IV we compare model predictions to our data, and we
summarize and conclude in Sec. V.

II. EXPERIMENTAL DETAILS

A. Polarized proton beams

The exclusive (p, 2p) experiment was performed using the
cyclotron complex at RCNP, Osaka. The energy of the beam,
392.2 ± 1.4 MeV, was determined [38] from the momentum
ratio of elastically and inelastically scattered protons from a
carbon target, which was precisely measured using the high
resolution spectrometer, Grand Raiden [39].

In order to measure a complete set of Wolfenstein parame-
ters, polarized proton beams with three different polarization
directions are required. Polarized protons were produced in
an atomic beam polarized ion source [40] and were first
accelerated by the injector AVF cyclotron. The polarization
axis of the beam in this cyclotron was normal to the
accelerating plane. The beam was re-accelerated by the main
ring cyclotron and transported as a vertically polarized beam
to the target chamber for spectrometer experiments. Two kinds
of horizontally polarized beams were prepared by activating
either of two solenoid magnets in the injection beam line to the
ring cyclotron. The proton spins were rotated from the vertical
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direction to the horizontal direction which was perpendicular
to the beam line at the magnet. The bending angle of the
beam line between these solenoid magnets was 45◦, which
corresponds to a spin precession angle of 86.2◦ relative to
the beam direction at the injection energy of 64.2 MeV. The
polarization direction of these beams were not necessarily
parallel nor perpendicular to the beam direction at the target
position, but the relative angle was almost conserved even after
acceleration by the ring cyclotron.

All three components of the beam polarization were
monitored using two sets of beam-line polarimeters (BLP)
in the WN-beam line between the ring cyclotron and the
target chamber. The bending angle of the beam line between
these BLPs was 50◦ and proton spins precess by 127.1◦, again
relative to the beam direction, due to this bending. The beam
line had no bending elements between the downstream BLP
and the target chamber. At each polarimeter, proton-proton
scattering using a polyethylene target was observed employing
a coincidence method. The detection angle of the forward
outgoing protons was 17◦ and the effective analyzing power
was 0.45 ± 0.01. The actual beam polarization ranged between
0.65 and 0.75.

B. Spectrometer system

Two outgoing protons from CH2,
6Li (and 6LiO for contami-

nation subtraction), natC, and natCa target foils were momentum
analyzed in coincidence using the two-arm spectrometer
system, consisting of the Grand Raiden (GR) spectrometer
[39] and the Large Acceptance Spectrometer (LAS) [41]. A
schematic view of the system is given in Fig. 1. The setting
angles and the central energies of the spectrometers correspond
to the kinematic condition where the recoil momentum is
zero for each target with different separation energies for the
s1/2 orbits. In a plane wave limit, this condition corresponds
to knockout of bound protons with zero Fermi momentum.
These settings are similar to those employed in Ref. [20],
but slightly different from those in Ref. [17], where angle
settings of both spectrometers and the energy settings of
forward outgoing protons were the same as those for free p-p
scattering. The actual recoil momenta range up to 25 MeV/c in
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FIG. 1. The two-arm spectrometer system at RCNP: D, D1, and
D2 denote dipole magnets, Q, Q1, and Q2 quadrupole magnets, SX
a sextupole magnet, while MP is a multipole magnet for aberration
correction. See the text for polarization transfer measurements using
the DSR and the FPP.
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FIG. 2. Separation energy spectra for (p, 2p) reactions. Each
vertical axis is a linear scale in arbitrary units. The shaded areas
are used for determining the Di′j values. In the case of the 6Li target,
the contribution from 12C and 16O contaminations, included in the
shaded regions, are subtracted by using experimental data for 6LiO
and natC targets.

the standard deviation because of finite acceptance angles and
finite momentum bites. The solid angles were 4.3 msr and
20 msr, which were the maximum acceptances and corre-
sponded to ±20 mr and ±50 mr in the horizontal angle widths,
for the GR and the LAS, respectively. The momentum bite
of the GR was limited to ±2.2% of the central momentum,
while that for the LAS was large enough to accept all of the
corresponding protons.

At the focal plane of each spectrometer, two sets of vertical
drift chambers (VDC’s) were used and the positions and
incident angles, in both of horizontal and vertical directions,
of the detected protons were reconstructed. Using this in-
formation, the proton separation energies were calculated.
Figure 2 shows separation-energy spectra for the three targets
of interest. The overall energy resolution of the system is
350 keV FWHM for the 40Ca(p, 2p) measurement. For this
target, an adjacent peak of 7/2− is not separated from the 1/2+
peak, but a nonrelativistic DWIA calculation estimates that the
yield leading to this state is negligible.

C. Focal plane polarimeter and polarization transfer
measurement

The polarization of protons at the focal plane of GR was
measured using a focal plane polarimeter system (FPP) [42]
following the VDC’s. When incident protons for a nuclear
reaction are polarized, the polarization vector of outgoing
protons is described by



Ps ′

Pn′

Pl′


 = 1

1 + AyPn




 0

P

0


 +


Ds ′s 0 Ds ′l

0 Dn′n 0
Dl′s 0 Dl′l





 Ps

Pn

Pl




,

(1)
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where Ps (Ps ′ ), Pn (Pn′ ), and Pl (Pl′ ) are the three components
of the polarization vector in the incident (final) channel, Ay

is the analyzing power, P is the induced polarization, and
Di ′j (i, j = s, n, l) represents the Wolfenstein parameters or
the polarization transfer coefficients. This paper deals with
(p, 2p) reactions where two protons are ejected. We treat
the forward ejected protons as the outgoing protons in the
above equation and we adopt the Madison convention [43]
for defining the coordinate system, namely, the directions of
l and l′ are taken to be in the same directions as the momenta
of the incident proton �pa and that of the forward outgoing
proton �pc, respectively, both the n- and n′-directions are the
same as �pa × �pc, and the third directions are taken so that
(s, n, l) and (s ′, n′ = n, l′) form a right handed coordinate
system. Since the vertical direction is the same for both
incoming and outgoing channels, including the coordinate
system downstream from the spectrometers, we omit the prime
“ ′ ” for the n direction hereafter.

The polarization vector of the outgoing protons is precessed
by the dipole field of the GR and only the two components of
the vector perpendicular to the momentum vector of protons at
the FPP are actually measurable. For complete measurements
of all three components, a dipole magnet for spin rotation
(DSR) was prepared for Grand Raiden. This magnet is a
bending magnet of either +18◦ or −17◦, and the total bending
angle of the central rays for the GR including the DSR is either
α(+) = 180.0◦ or α(−) = 145◦. The spin precession angles
caused by these bendings are given by the expression

χ (±) = γ
(g

2
− 1

)
α(±), (2)

where g is the proton g-factor and γ is a Lorentz factor defined
by γ = (Mpc2 + Tp)/Mpc2. Owing to these precessions, the
polarization vectors of the outgoing protons are rotated and
become


P

(±)
s ′′

P (±)
n

P
(±)
l′′


 =




cos χ (±) 0 sin χ (±)

0 1 0

− sin χ (±) 0 cos χ (±)







Ps ′

Pn

Pl′


 (3)

at the FPP. From measurements of P (+)
n or P (−)

n using a
vertically polarized beam, consisting of spin-up and spin-down
modes, values for Ay, P and Dnn were deduced and, from
measurements of P

(+)
s ′′ and P

(−)
s ′′ using the above mentioned

two horizontally polarized beams, all of the other Wolfenstein
parameters were determined.

The FPP consists of a 4–12 cm thick carbon-slab analyzer,
two sets of multiwire proportional chambers (MWPC’s), and
two layers of scintillator hodoscopes. The polarization is
calculated from left-right or up-down asymmetry of proton
scattering from the carbon-slab employing raytracing with the
MWPC’s. Trigger signals for the data taking were coincidence
signals of these hodoscopes and a scintillation counter located
just downstream from the VDC’s. Small-angle scattering
events from the carbon analyzer were rejected by a fast
second-level trigger system using position information from
the MWPC’s in order to reduce the trigger rate. The sizes
of the MWPC’s and the hodoscopes were large enough to cover
the scattering angle θc up to 20◦ and all azimuthal angle φc of

the p-C scattering for the momentum bite of the GR mentioned
above.

The effective analyzing power of the FPP is given by

Aeff
y =

∫
σ inc(θc)Ainc

y (θc) cos φcd�c∫
σ inc(θc)d�c

, (4)

where σ inc(θc) and Ainc
y (θc) refer to the cross section and the

analyzing power for inclusive p-C scattering, respectively.
Angular integration was performed over polar angles of
8◦ � θc � 20◦ and azimuthal angles of |φc| � 60◦ for the
measurements of the vertical polarization, and 6◦ � θc � 20◦
and the same φc region for measurements of the horizontal
polarizations. The difference between the θc regions for
these two kinds of measurements is caused by different
settings of the second-level triggering. The Ainc

y was measured
for this experiment in a wide incident energy region from
130 MeV to 392 MeV and it was confirmed that the result was
consistent with an empirical formula proposed by a TRIUMF
group [44]. The latter formula was actually employed for the
present data analysis. Numerical values of the experimental
data are summarized in Table I.

III. THEORETICAL MODELS

The experimental data are compared to theoretical calcu-
lations based on the relativistic and nonrelativistic DWIA,
respectively. In all the cases, we adopt a zero range approxi-
mation for the two-body interactions. Since the formalisms for
the relativistic and nonrelativistic distorted wave models have
been presented in Refs. [25,35,36,45–47] and Refs. [25,48],
respectively, we only briefly allude to the most important
aspects of each model in this section.

A. Relativistic model

Let us consider a quasifree knockout reaction A(a, cd)B,
where A = b + B. The relativistic transition matrix element
in a zero-range approximation is given by

TLJMJ (sa, sc, sd )

=
∫

d�r[�̄(−)
c (�r, �kcB, sc) ⊗ �̄

(−)
d (�r, �kdB, sd ) ]

× F̂NN

(
T lab

eff , θ c.m.
eff

)
[�(+)

a (�r, �kaA, sa) ⊗ 	LJMJ (�r )], (5)

where ⊗ denotes the Kronecker product, �i(�r, �kiB, si) is the
four-component distorted wave function of the particle i (=
a, c, d) with momentum �kiB and spin projection si,	LJMJ (�r )
is the four-component bound-state wave function of particle
b, and F̂NN (T lab

eff , θ c.m.
eff ) is the NN scattering matrix element

which depends on the effective two-body kinetic energy T lab
eff

and scattering angle θ c.m.
eff , taken with the so-called final

energy description [49]. Note that the recoil corrections to
the relativistic DWIA are excluded in this article, even though
they are expected to play a significant role for light target
nuclei such as 6Li and 12C [23].

The relativistic bound-state wave function 	LJMJ (�r ) is
obtained via a self-consistent solution to the Dirac-Hartree
field equations, of the relativistic mean field approximation,
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TABLE I. Experimental polarization transfer coefficients, Di′j , analyzing powers, Ay , and
induced polarizations, P , for exclusive proton knockout from the 1s1/2 states in 6Li and 12C
as well as the 2s1/2 state in 40Ca for an incident laboratory kinetic energy of 392 MeV and
for kinematics corresponding to zero recoil momentum. Experimental data of p-p scattering
corresponding to the same detection angle of 25.5◦ for forward outgoing protons are also given.

Target
(orbit)

p-p 6Li(1s1/2) 12C (1s1/2) 40Ca (2s1/2)

θc 25.5◦ 25.5◦ 25.5◦ 25.5◦

θd −60.0◦ −54.3◦ −51.6◦ −58.1◦

Tc 307.4 MeV 281.0 MeV 268.0 MeV 298.0 MeV
Td 84.6 MeV 86.5 MeV 88.0 MeV 85.7 MeV
P 0.336 ± 0.022 0.245 ± 0.019 0.191 ± 0.030 0.364 ± 0.021
Ay 0.359 ± 0.009 0.217 ± 0.008 0.127 ± 0.009 0.335 ± 0.011
Dnn 0.593 ± 0.028 0.526 ± 0.028 0.527 ± 0.042 0.561 ± 0.033
Ds′s 0.403 ± 0.028 0.375 ± 0.041 0.343 ± 0.036 0.331 ± 0.034
Ds′ l 0.214 ± 0.021 0.173 ± 0.046 0.150 ± 0.037 0.172 ± 0.031
Dl′s −0.284 ± 0.031 −0.199 ± 0.047 −0.175 ± 0.035 −0.319 ± 0.033
Dl′ l 0.260 ± 0.020 0.227 ± 0.042 0.098 ± 0.038 0.207 ± 0.032

using the computer code TIMORA [50]. The distorted wave
functions �i(�r, �kiB, si) are extracted by solving the Dirac
scattering equation with spherical scalar and time-like vector
proton-nucleus optical potentials. A global Dirac optical
potential parameter set, compiled by the Ohio group [51] is
used in calculations for 12C and 40Ca targets. On the other
hand, we employed microscopic optical potentials based on
the relativistic impulse approximation [50], which is consistent
with the relativistic bound state wave function mentioned
above, for the 6Li calculations, since the global potential
parameter set is not applicable for such a light nucleus.

For the NN scattering matrix linking the initial and final
channels in the transition matrix element, we adopt the
impulse approximation which assumes that the form of the
NN scattering matrix in the nuclear medium is the same as
that for free NN scattering. In particular, we employ the so-
called IA1 representation, which parametrizes the five on-shell
NN scattering amplitudes in terms of scalar, pseudoscalar,
vector, axial-vector, and tensor invariants. In this represen-
tation, the parameters are determined from experimental
NN scattering data. In particular, we utilize the SP07
phase-shift solution [52] for extracting the experimental p-p
scattering amplitudes.

One of the aims of this paper is to study the sensitivity of
complete sets of polarization transfer coefficients to density-
dependent corrections to the NN matrix. For this purpose, we
employ the Rho-Brown scaling conjecture [7] as applied by
Krein et al. [37] to study nuclear medium effects in (p, 2p)
reactions, namely,

m∗
σ

mσ

= m∗
ρ

mρ

= m∗
ω

mω

≡ ξ, (6)

g∗
σN

gσN

= g∗
ωN

gωN

≡ χ, (7)

where the medium-modified and free meson masses are
denoted by m∗

i and mi , with i ∈ (σ, ρ, ω), respectively. Meson-
nucleon coupling constants, with and without nuclear medium

modifications, are denoted by g∗
jN and gjN , where j ∈ (σ, ω),

respectively: see Sec. IV for typical values of ξ and χ .
For implementing the above conjecture, we adopt the

relativistic Horowitz-Love-Franey (HLF) meson exchange
model [53], whereby the direct and exchange contributions
to the NN scattering amplitudes are parameterized separately
in terms of a number of Yukawa-type meson exchanges in
the first-order Born approximation. In this paper we employ
Maxwell’s parametrization (with energy-independent form
factors) of the HLF amplitudes between 200 and 500 MeV
[54]. Note that for relativistic predictions excluding density-
dependent corrections to the NN interaction, we employ the
experimental SP07 p-p scattering amplitudes as described
above.

B. Nonrelativistic model

In the nonrelativistic framework based on the dynamical
Schrödinger equation, the zero-range transition matrix element
is given by

T NR
LJMJ

(sa, sc, sd )

=
∫

d�r[ψ∗(−)
c (�r, �kcB, sc) ⊗ ψ

∗(−)
d (�r, �kdB, sd )]t̂NN

× (
T lab

eff , θ c.m.
eff

)
[ψ (+)

a (γ �r, �kaA, sa) ⊗ ϕLJMJ (�r)], (8)

where ψi(�r, �kiB, si) is the two-component scattering wave
function of the incident (i = a) or outgoing (i = c, d) proton,
ϕLJMJ (�r ) is the wave function of the bound proton to be
knocked out, t̂NN (T lab

eff , θ c.m.
eff ) is the NN t-matrix connecting

the incident and the final channels, and γ = A/(A + 1) with
A being the target mass number. The meanings of the other
parameters and suffices are the same as those in Eq. (5).

For consistency with the relativistic calculations, we adopt
similar input as far as possible for both models. The distorted
waves are solutions to the Schrödinger scattering equation with
Schrödinger-equivalent potentials [55] generated from the
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same relativistic global potentials employed in the relativistic
calculations described above. As for the bound state wave
function, we employ the upper component of the relativistic
bound state wave function 	LJMJ (�r ). The t-matrix used is again
that deduced from the SP07 phase-shift solution.

In addition to conventional nonrelativistic calculations
based on the equation above, calculations with an effective-
nucleon-mass correction, where a relativistic dynamical effect
is taken into account within the nonrelativistic framework,
are performed following a procedure similar to that proposed
by Horowitz and Iqbal [56]. For this calculation, the rela-
tivistic transition amplitude (5) is expressed in a Schrödinger-
equivalent form (SE) as

T SE
LJMJ

(sa, sc, sd )

=
∫

d�r[ψ∗(−)
c (�r, �kcB, sc) ⊗ ψ

∗(−)
d (�r, �kdB, sd )]

×〈ŪcŪd |F̂NN

(
T lab

eff , θ c.m.
eff

) |UaUb〉[ψ (+)
0 (γ �r, �kaA, sa)

⊗ ϕLJMJ (�r)], (9)

whereby the four component wave functions, �i (i = a, c, d)
and 	 in Eq. (5), have been approximated by Uiψi and Ubϕ,
respectively: ψi and ϕ are the two-component nonrelativistic
wave functions in Eq. (8), and Ui is given by

Ui(M
∗) =

(
I
�σ ·�k

E∗+M∗

)
,

where �σ denotes the usual Pauli matrices, and I is a 2 × 2
unit matrix. The momentum operator in the lower component
has been approximated by the relevant asymptotic value,
�k,E∗ = √

k2 + M∗2, and M∗ is the reduced effective mass of
a proton caused by an attractive relativistic scalar potential.
Then the quantity 〈Ūc(M∗ = M)Ūd (M∗ = M)|F̂ |Ub(M∗ =
M)Ua(M∗ = M)〉, with nucleon mass M in free space, is
simply related to the free NN t-matrix in the nonrelativistic
Schrödinger framework. In this way one can incorporate
relativistic M∗ corrections to the NN scattering matrix. Note
that F̂NN refers to the relativistic NN scattering matrix
excluding medium corrections. Hence, the inclusion of the
nucleon effective mass is taken into account via Ui , while
F̂NN is assumed to be independent of the nuclear density.

All of calculations based on the nonrelativistic framework
described above are performed using the code THREEDEE [48].
Note that, even though this code is based on the Schrödinger
equation, the kinematics are taken to be relativistic.

IV. RESULTS AND DISCUSSIONS

We now compare our relativistic and nonrelativistic pre-
dictions to experimental data. In Fig. 3, the measured data
presented in Table I are plotted as functions of the effective
mean density ρ̄—estimated using the procedure described in
Ref. [17]—probed by the knockout reactions from selected
s-orbitals in various nuclei. The values of ρ̄, in units of
the nuclear saturation density ρ0, are 0.069ρ0, 0.216ρ0, and
0.311ρ0 for knockout from the 2s1/2 state in 40Ca, and the
1s1/2 states in 6Li and 12C, respectively.

First we look at general features of the experimental data
and compare these to a prediction based on the nonrelativistic
plane-wave impulse approximation (the thin solid lines). As
shown in Fig. 3, all the experimental (p, 2p) data change
monotonically as a function of density. In addition, their
magnitudes are more or less suppressed compared to the
corresponding p-p scattering data, which can be considered to
be a (p, 2p) reaction in a zero density and zero binding-energy
target. However, the suppressions for most of the Di ′j data are
reasonably well reproduced by the calculation, while those for
Ay and P are not. This is a similar feature observed for the
inclusive data described in Sec. I. Namely the suppressions
of Di ′j are interpreted to be mostly caused by changes of
the two-body kinematics due to finite reaction Q-values. At
the same time, such different features amongst Ay, P , and
Dnn suggest that simple contaminations of spin-independent
processes do not explain these data and that some theoretical
corrections are required. One of the main aims of this paper
is to identify observables which are sensitive to density-
dependent corrections to the NN interaction. However, we
first need to quantify the influence of the nuclear medium on
the scattering and bound state wave functions. Also, we need
to understand the roles of nonrelativistic versus relativistic
dynamical processes.

We start by studying the effect of the lower components
of the relativistic bound state wave function. For this purpose
we compare relativistic to nonrelativistic predictions at the
plane wave level, denoted by the thick and thin solid curves
in Fig. 3, respectively. Note that owing to the construction
of the IA1 representation, the replacement of relativistic
scattering and bound state wave functions with positive-
energy Dirac plane waves, yields the same values of the free
NN transition matrix elements as the corresponding nonrel-
ativistic plane wave matrix elements. Hence, any differences
between the relativistic and nonrelativistic plane wave models
are attributed to the contribution of the lower components
of the four-component relativistic bound state wave function,
which are absent in the nonrelativistic two-component wave
functions. For the nonrelativistic predictions we employ the
upper component radial wave functions of the relativistic
bound state wave function as described in the previous section.
In general, most observables for the nuclei of interest, with the
exception of P , are sensitive to different dynamical treatments
of the bound state wave function, thus stressing the important
role played by the lower component wave functions inherent
to Dirac relativity.

Next we study the effect of distorting optical potentials on
the scattering wave functions by comparing both relativistic
and nonrelativistic distorted wave predictions to the corre-
sponding plane wave predictions. The nonrelativistic distorted
wave results are indicated by thin dashed lines, whereas the
relativistic distorted wave predictions are denoted by thick
dashed lines in Fig. 3. For the zero recoil kinematics of interest,
we observe that nonrelativistic distortion effects are negligible
for all polarization transfer coefficients, i.e., the thin solid
and dashed lines are essentially the same. On the other hand,
by comparing the thick solid and dashed lines, we see that
Ds ′s and Dl′l are sensitive to relativistic distortion effects.
The large effect of relativistic distortion is associated with
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FIG. 3. Comparison of theoretical predictions to experimental data for polarization transfer coefficients, Dnn,Ds′s , Ds′ l , Dl′s , Dl′ l , analyzing
powers, Ay , and induced polarizations, P , for exclusive proton knockout from the 1s1/2 states in 6Li and 12C as well as from the 2s1/2 state in
40Ca at an incident energy of 392 MeV and for kinematics corresponding to zero recoil momentum as specified in Table I. The data, shown by
closed circles, are plotted as functions of the effective mean density (in units of the nuclear saturation density, ρ0). The closed squares denote
the data for p-p scattering. The thin dashed and solid lines respectively denote the nonrelativistic distorted wave and plane predictions, whereas
the thick dashed and solid lines respectively represent the relativistic distorted wave and plane wave results. The thin solid lines are connected
to p-p scattering points, which are given by the SP07 phase shift solution. The dotted lines represent the nonrelativistic DWIA including
relativistic M∗ corrections (see text). For 1s1/2 knockout from 12C, the open circles correspond to Rho-Brown corrections to the relativistic
distorted wave model for ξ = χ = 0.85, whereas the open squares denote the relativistic distorted wave results with modified meson-nucleon
coupling constants. The open triangles show results when only the gσ value is reduced by 4% from parameters used in the calculation denoted
by the open squares.

contributions of the lower components of the four-component
relativistic scattering wave functions. Note that both relativistic
and nonrelativistic distorted wave models fail to consistently
describe all polarization data, the most serious discrepancy
being for 1s1/2 knockout from 12C. This failure is most likely
attributed to the exclusion of density-dependent corrections
to the NN interaction in both relativistic and nonrelativistic
models. Indeed, as already indicated, the effective mean
densities for 1s1/2 knockout from 12C is estimated to be about
30% of the saturation density, ρ0. Consequently, we expect
density-dependent corrections to invoke the largest observable
effect for 12C, which we now consider.

Regarding density dependent corrections, we first study
relativistic effective mass M∗ type corrections to the non-
relativistic distorted wave model. Essentially this correction
provides a crude estimate for the inclusion of the lower compo-
nents of the relativistic four-component scattering and bound
state wave functions which are neglected in conventional
nonrelativistic models. Previously [20,25] we demonstrated
that M∗ corrections to the nonrelativistic distorted wave model
reproduce the relativistic distorted wave analyzing power and

induced polarization results for 1s1/2 knockout from 12C at
392 MeV and 1 GeV. The question arises as to whether this
correction can consistently reproduce the relativistic distorted
wave results for all polarization transfer coefficients. By
varying the values of M∗ between 0.5M and 1.0M , with
M being the free nucleon mass, we establish that M∗ values
of 0.995M, 0.965M and 0.925M reproduce the relativistic
distorted wave analyzing powers for 40Ca, 6Li, and 12C,
respectively: the M∗-corrected values are indicated by dotted
lines. Keeping these values of M∗ fixed we now compare the
corrected values to the full relativistic distorted wave results
(the thick dashed lines) for all other polarization transfer
coefficients. The effect of the M∗ correction is to consistently
move the nonrelativistic predictions closer to the full rela-
tivistic distorted wave results. Note that Dnn is insensitive to
M∗ corrections. With the exception of the analyzing power,
however, these corrections fail to describe the relativistic
distorted wave results quantitatively. Indeed, there exists no
value of M∗ which can consistently describe all polarization
transfer coefficients. From the preceding analysis we conclude
that, with the exception of Dnn, relativistic M∗ corrections
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affect all polarization transfer coefficients. It is also clear that
although the relativistic corrections significantly influence spin
observables, these corrections cannot quantitatively reproduce
the full relativistic distorted wave results, thus stressing the
need to use a full relativistic model for studying the effect of
Dirac relativity.

Now we consider the effect of density-dependent correc-
tions to the NN interaction within the framework of the
relativistic distorted wave model. For implementing nuclear
medium corrections, we use the Rho-Brown scaling conjecture
[7] described in Sec. III. Indeed we have already demonstrated
that Rho-Brown scaling corrections to certain meson masses
and meson-nucleon coupling constants shift the relativistic
distorted wave predictions in such a way that both analyzing
power and induced polarization data are perfectly described for
1s1/2 knockout from 12C at 392 MeV and 1 GeV [20]. In this
paper we study the effect of Rho-Brown scaling corrections
to all polarization transfer coefficients. In particular, we only
consider 1s1/2 knockout from 12C since this is where nuclear
medium effects are expected to play the most significant
role. Furthermore, since there is no definitive prescription
for changing coupling constants in the nuclear medium, we
adopt the procedure of Krein et al. described above, whereby
ξ = χ < 1. There is no fundamental reason for choosing
ξ = χ < 1, and one could in principle choose values larger
than unity. For example, Banerjee [8] claims that gσ and
gω increase in the nuclear medium. For consistency with our
previous work [20], we choose a Rho-Brown correction factor
of ξ = χ = 0.850, the results of which are indicated by open
circles in Fig. 3. By construction this value quantitatively
describes the analyzing power data, but fails to describe all
the polarization transfer coefficients. In particular, it grossly
underestimates Dnn. The general effect of this correction is to
move the distorted wave predictions toward (and sometimes
overshooting) the relativistic plane wave results.

One cannot find a value of ξ = χ < 1 which quantitatively
describes all the data. Rather than attempting to fully explore
the consequences of implementing different combinations of
ξ �= χ , where these values could be less than or greater
than 1, in this paper we investigate whether or not it is
possible to reproduce all polarization transfer coefficients
by slightly changing the values of the coupling constants
in the relativistic Horowitz-Love-Franey model [53]. The
main purpose of this exercise is to see whether or not it is
possible to describe polarization data by only changing the
NN interaction parameters. The polarization transfer coeffi-
cients are most sensitive to changes in the gσ and gω couplings.
We changed the latter couplings by less than 5% and then
fine-tuned the other parameters to fit the polarization transfer
coefficients for 1s1/2 knockout from 12C. The corrections
factors by which the meson-nucleon couplings were multiplied
are indicated in brackets next to the relevant couplings, where
we use the notation of Ref. [53]: gσ (1.04), gω (0.955),
gδ (0.85), gπ (0.85), gρ (1.15), ga0 (0.85), gt1 (0.85), ga1 (1.00),
gt0 (1.15), and gη (1.40). The corrected spin observables are
indicated by the open squares in Fig. 3. Note that one should
not read too much into the exact values of the meson-nucleon
couplings in the nuclear medium, and whether or not these
values are less than or greater than 1. The main point is that

one needs to implement corrections at the level of the NN

amplitudes in order to provide a good description of the data
and, at the same time, spin observables give severe restrictions
to these corrections. Actually, each parameter of the NN

amplitude affects spin observables differently. The triangles
in the figure show a result when only the gσ value is decreased
by 4% from the value used in the calculation denoted by open
squares, while other parameters are kept the same. It is found
that Ds ′s , Dl′s , Ds ′l , and Dl′l are significantly shifted, from the
open squares, but almost no effect is seen for Dnn. The present
data present an especially strict test to the relative values of
the parameters, including a test for the Rho-Brown scaling
conjecture in nuclear field.

V. SUMMARY AND CONCLUSIONS

A complete set of Wolfenstein parameters, Dnn,Ds ′s ,

Dl′l , Dl′s , and Dl′l , as well as the analyzing powers, Ay , and
the induced polarizations, P , have been measured for nucleon
knockout reactions, (p, 2p) reactions, from the 2s1/2 orbit in
40Ca and the 1s1/2 orbits in 6Li and 12C at an incident energy
of 392 MeV. We employ a zero recoil kinematical condition,
which corresponds to knockout of bound protons with zero
momentum in the plane wave limit, where the bound state wave
function of the s1/2 state is a maximum. It is already known in
previous work that Ay and P are significantly reduced from
those for free p-p scattering and theoretical predictions based
on the NN interaction in free space. In the present study, we
observe for the first time that all of Di ′j are also more or
less reduced from corresponding p-p data. Comparison with
nonrelativistic PWIA and DWIA calculations shows that the
reduction of Di ′j , excluding Ay and P , is likely caused by a
kinematical effect, namely changes of the two-body kinematics
associated with finite Q-values of the (p, 2p) reactions.

The data are also compared with calculations based on
the relativistic DWIA and PWIA models, as well as the
nonrelativistic DWIA with a relativistic correction associated
with an effective nucleon mass. In these calculations, some
nuclear medium effect is included as modifications of the
Dirac spinor of nucleons, but the NN scattering matrix is
still the same as for scattering in free space. All of these
calculations partly explain the Ay reduction as a function of
the effective density, but they deviate significantly from the
experimental data for most of the Di ′j . Next, we modified the
NN interaction, in the relativistic distorted wave model, via
the inclusion of nuclear medium-modified meson masses and
coupling constants within the framework of a meson-exchange
model, and find a parameter set which reproduces all the
experimental data. Even though the resultant parameter set
is not necessarily the unique one, the present study shows that
these Di ′j data give a stringent test to theoretical models of the
NN interaction in the nuclear field.
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