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Differential cross sections and analyzing powers (Ay) have been measured for the proton knockout
reaction from s1y2 orbits of three kinds of target nuclei atEp ­ 392 MeV. The Ay values are
reduced from those of free proton-proton scattering and the reduction rate is found to depend on
target. For the present setting, where the recoil momentum is almost zero, an averaged density
seen through this reaction can be estimated and it reaches almost half of the saturation density in
some cases. The reduction ofAy shows a monotonically decreasing function of the averaged density,
which strongly suggests the existence of a nuclear medium effect on the nucleon-nucleon interaction.
[S0031-9007(97)02312-0]
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Modification of meson and nucleon properties in t
nuclear medium is one of the most interesting topics
current nuclear physics. Reduction of hadron masse
medium have been predicted as an effect of the par
restoration of chiral symmetry in nuclear matter by ma
authors [1–3]. From a different viewpoint, modificatio
of the nucleon spinor in nuclear matter has also be
discussed in the framework of a Dirac approach [
Such modification causes a density dependence of
nucleon-nucleon (NN) interaction and is expected to p
an important role in nucleon induced reactions [5,6].

Exclusive measurements of nucleon quasifree scat
ing give a direct way to study the NN interaction in nu
clei and, therefore, to study meson and nucleon proper
in the nuclear medium. At an incident energy of seve
hundred MeV, the distorted wave approximation is e
pected to give proper results, and this makes it possibl
compare the NN amplitude in the nuclear field with th
in free space.

In the quasifree scattering of nucleons in this ener
region, a reduction of the analyzing power (Ay), from
that of free nucleon-nucleon scattering, has been fo
in inclusive measurements [7]. This reduction has be
explained by a Dirac approach [4,8,9] as a modification
the effective NN amplitude caused by the enhancem
of the lower component of the nucleon spinor in th
nuclear medium. For exclusive measurements, the dat
spin observables [10,11] have been reproduced fairly w
by a relativistic distorted wave impulse approximatio
(DWIA) [12,13] in general. At 500 MeV, however
a distinct reduction ofAy was found for the nucleon
knockout reaction, (p, 2p) reaction, from the1s orbit
of 16O nucleus whose wave function has the bulk of
strength within the nuclear surface [14]. This reducti
014 0031-9007y97y78(6)y1014(4)$10.00
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has not been reproduced even by the relativistic DW
and the relationship between this fact, and the spin-o
parts of the distorting potentials is discussed [15]. Th
kind of reduction is also observed at higher energ
[16,17] though any selection of final state has not be
performed.

In this paper, we report on our measurement of t
(p, 2p) reaction directing attention to the nuclear dens
which was not explicitly estimated in the previous work
Differential cross sections andAy have been measured fo
the proton knockout reaction froms1y2 orbits of 6Li, 12C,
and40Ca nuclei at the kinematical geometry close to zer
recoil condition. There are a number of advantages
the choice of this condition. First, the differential cros
section of thes1y2-nucleon knockout has a maximum
at the zero-recoil geometry, and the reaction mechan
is expected to be simple. Second, as is mentioned
Ref. [14], a simpler relation is expected between the s
observables of the (p, 2p) reaction and the NN scattering
which is the elementary process of this reaction. In t
case of , fi 0 orbits, on the other hand, an effectiv
polarization [18] of bound protons makes the relatio
more complex. Finally, the averaged densityseenthrough
this reaction can be estimated in the zero-recoil ca
which will be described later in this paper.

The experiment has been performed by using a polari
proton beam of 392 MeV accelerated by the ring cyclotr
at RCNP, Osaka. The pair spectrometer system, consis
of the high resolution spectrometer [Grand Raiden (GR
[19] and the large acceptance spectrometer (LAS) [2
has been used for this measurement. The setting an
of the spectrometers and the magnetic field for GR
those corresponding to free proton-proton (p-p) scattering.
The acceptance angles of GR and LAS are620 mrad and
© 1997 The American Physical Society
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660 mrad, respectively, and the momentum bite of the G
is 62.5%. The momentum bite of LAS is wide enoug
to measure freep-p scattering and the (p, 2p) reaction
simultaneously with a single field setting.

Overall energy resolution of 350 keV has be
achieved, and the1y21 level of the residual39K nucleus,
in the case of the40Ca target, is well separated from oth
major levels. An adjacent7y21 level is not separated bu
its contribution is estimated to be 0.3% in cross sect
and1 3 1024 in Ay, at most, by a DWIA calculation.

Experimental data are shown in Fig. 1. For the40Ca
target, the full momentum bite,62.5%, of GR is inte-
grated. For the6Li and 12C targets, since the final state
are not discrete ones, integration of 5 MeV in theQ-value
spectrum has been performed in addition to the integ
tion for the momentum bite of GR. TheAy data for free
p-p scattering is also shown by open circles. As sho
in the figure,Ay of the (p, 2p) reaction is reduced from
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the freep-p value for all of the targets, and the reductio
is especially evident in the case of1s1y2 knockout from
the 12C target, which is consistent with the previous da
[14]. It is also found from the PWIA and DWIA calcula
tions that the angular dependence of theAy reduction and
the distinct reduction at forward angles are not explain
as an effect of distortion.

Then, what is the key parameter which characteriz
the Ay reduction? Here we tried to estimate the averag
density seen in this reaction in the framework of
factorized DWIA with the local density approximation.

We assume the NNt matrix depends on the nuclea
density linearly as

t ­ t0 1 t1rsrd,
wherersrd is nuclear density at radiusr. Effects of spin
degrees of freedom are neglected in this estimation. T
the differential cross section of the (p, 2p) reaction in
factorized DWIA is written as
ds5

dV1 dV2 dE1
­ Fk

É
t0

Z
x1srdpx2srdpfsrdx0srd dr 1 t1

Z
x1srdpx2srdprsrdfsrdx0srd dr

É2

­ Fk

É
t0

Z
x1srdpx2srdpfsrdx0srd dr

É2 (
1 1 2 Re

√
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t0
r̄

!
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where Fk is a kinematical factor,xisrd and fsrd are
distorted waves of the incident (i ­ 0) and outgoing (i ­
1, 2) particles and the bound wave function, respective
The averaged densitȳr is defined as

r̄ ;

R
`

0 rsrdDsrd drR`

0 Dsrd dr
,

Dsrd ;
Z

x1srdpx2srdpfsrdx0srdr2 dV.

It is mentioned here that̄r is a complex number in
general, and the second term, in the expression of
cross section, does not depend onr̄ itself. For the presen
.

e

kinematics, however, the recoil momentumk3 is close
to zero andx1srdpx2srdpx0srd , eik3r is expected to be
almost constant. Thus̄r is close to a real value an
the cross section depends onr̄ linearly in the first order
approximation, which is adequate unless the relative ph
betweent0 and t1 is close to 90±. This means that̄r can
be used as a measure which shows the sensitivity of
reaction to the density dependent terms of thet matrix.

On the other hand, we can easily calculate the follow
value using a DWIA code, by eliminating a narrow part
radius from the integral step by step,
dsr1d ; Fk
jt0

R
`
0 Dsrd drj2 2 jt0

Rr1

0 Dsrd dr 1 t0

R
`
r11DR Dsrd drj2

DR

­ Fk

√√√
t0

Z `

0
Dsrd dr

!!!
ssst0Dsr1ddddp 1 Fk

√√√
t0

Z `

0
Dsrd dr

!!!p

ssst0Dsr1dddd.
te

he cross

puter
used a
The second line holds under the infinitesimal limit ofDR. Using this function as a weighting function, we can calculaR`

0 rsrddsrd drR`

0 dsrd dr
­

Fkjt0j
2fsss

R`

0 Dsrd drddd sss
R`

0 rsrdDsrd drdddp 1 sss
R`

0 Dsrd drdddpsss
R`

0 rsrdDsrd drdddg
2Fkjt0j2sss

R`

0 Dsrd drddd sss
R`

0 Dsrd drdddp

­ Resr̄d.

Again, r̄ is close to a real value, and we can use the left-hand side to estimate the averaged density which t
section depends on.

DWIA calculations for this estimation, as well as the calculation in Fig. 1, were performed by using the com
codeTHREEDEE [21]. In order to avoid inconsistencies among the parameters required in the calculations, we
1015
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FIG. 1. Experimental data for (p, 2p) reaction (closed circles)
and freep-p scattering (open circles), which are simultaneous
measured by using hydrogen contaminations. The absc
is the detection angle of forward outgoing protons in th
laboratory system. The solid (dashed) lines show DW
(PWIA) calculations in the nonrelativistic framework. Th
effects of finite solid angles and finite momentum bites
the spectrometers are included in the calculation by using
Monte Carlo method. The spectroscopic factor for40Ca is taken
from Ref. [23]. Since the widths of the1s1y2 states are not
taken into account in the calculations, the DWIA cross sectio
for 12C and6Li are normalized to the experimental data.

result of the Dirac Hartree calculations [22]. The baryo
densities obtained are used forrsrd and the Schrödinger-
equivalent potentials derived by using the scaler a
vector densities are used as the distorting potential. T
wave functions ofs-orbits used are those of the uppe
component obtained in the Dirac Hartree calculation.

Figure 2 shows the functiondsrd, which represents
the contribution to DWIA cross sections. The densi
distribution, rsrd, is also plotted. Even thoughdsrd is
concentrated in the surface region ofrsrd for each target,
the averaged density amounts to0.09 fm23 in the case
of 1s1y2 knockout from12C target. This value amounts
to half of the nuclear saturation density and 43% of t
density at the center of the12C nucleus.

In Fig. 3, theAy data for the scattering angle of 25.5±

are plotted as a function of the averaged density obtain
above. It is clear that theAy data decrease with the
density monotonically and the DWIA calculation doe
not reproduce this reduction. This strongly suggests
existence of a density dependence in the effective N
interaction in the nuclear field.
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FIG. 2. Contribution to the DWIA cross section,dsrd, as a
function of radius parameter. The nuclear density given
relativistic Hartree calculations,rsrd, and the product of both
functions are also plotted. The ordinate is given forrsrd
and the other two functions are plotted in arbitrary unit. Th
ratio of the integration ofdsrdrsrd and that ofdsrd gives the
averaged densitȳr seen through this reaction.

It should be pointed out here that the values of the a
eraged density obtained are model dependent and para
ter dependent. Proper “density,” such as baryon dens
scalar density, etc., should be selected depending on
kind of medium effect considered. Consistency betwe

FIG. 3. Analyzing power foru1 ­ 25.5±, a part of data in
Fig. 1, is plotted as a function of the averaged density defin
in the text. The density dependence ofAy is not reproduced
by DWIA and PWIA calculations. The calculations show
are the results with the final-state prescription of the on-sh
approximation and the initial-state prescription gives 0.02 larg
values for both of DWIA and PWIA results in the case of12C
target.
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the density distribution, optical potential, and bound wa
function is also important. In the case of12C, for instance,
the averaged density ranges from 35% to 47% of the d
sity at the origin depending on the choice of paramete
In either case, however, a much smaller value is obtai
for 40Ca and a middle value is given for6Li. Thus we can
conclude that it is possible to see the nuclear interior reg
with considerable density by picking up the deeply bou
1s state and also possible to extract the density depende
by a systematic study of differents states of different tar-
get nuclei. It is also noticed that the distortion effect
Ay is not significant in the present kinematics, and thisr̄

estimation, which is appropriate when the mixture of sp
states in distorted waves is negligible, is expected to g
a reasonable result.

The reduction ofAy has been discussed in two kind
of theoretical approaches. By following the approach
Horowitz’s group [4,8], about a 40% reduction ofAy is
predicted in the case of the12C data of Fig. 3, where the
averaged density is about 50% of the saturation dens
On the other hand, Kreinet al. [6] have suggested tha
the reduction of meson masses and coupling const
cause the modifications of spin observables of quasif
scattering. If effective masses and coupling consta
for saturation density are set to the values assumed
their work, theAy are reduced by about 45% when th
density is 50% of the saturation density. Thus ea
of these approaches reproduce, qualitatively at least,
Ay reduction. It will be required to measure other sp
observables and to compare them with theories to cla
the origin of theAy reduction.

In summary, we have measured the differential cro
section and analyzing power for the (p, 2p) reaction of
s1y2 knockout at an incident energy of 392 MeV with a
energy resolution of 350 keV. The kinematical conditio
chosen are close to those for the freep-p scattering,
where the (p, 2p) cross section is a maximum and a sing
step process is expected to be dominant. The analy
power shows some reduction, which depends on the ta
and knocked-out orbit, from the free values.

It is an advantage of the present geometry that the
eraged density seen through this reaction can be estim
for each target under the assumptions of local density
proximation and factorized DWIA. The averaged dens
estimated is low for2s1y2 knockout but is almost half of
the saturation density for1s1y2 knockout from12C. The
dependence of theAy reduction on this averaged densi
strongly suggest that the existence of some medium ef
on the NN interaction in nuclei.

It should be stressed here that the remarkable den
achieved by picking up a1s nucleon is not restricted to
the quasifree scattering. It is applicable to any react
e
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started by two nucleon collisions. For instance, mes
creation reactions preceded from a collision of an incide
nucleon and a1s nucleon will give a good tool to study
the properties of real mesons in the nuclear medium.

The experiment has been performed under the progr
number of E42 and F03 at RCNP. This work is part
supported by a grant-in-aid by the ministry of educatio
science, sports, and culture.

*Present address: Toshiba Electric Co. Ltd., Kawasa
Japan.
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