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Differential cross sections and analyzing powets)(have been measured for the proton knockout
reaction froms,,, orbits of three kinds of target nuclei &, = 392 MeV. The A, 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 4f 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]

PACS numbers: 25.40.—h, 21.30.Fe, 24.50.+g, 24.70.+s

Modification of meson and nucleon properties in thehas not been reproduced even by the relativistic DWIA
nuclear medium is one of the most interesting topics imand the relationship between this fact, and the spin-orbit
current nuclear physics. Reduction of hadron masses iparts of the distorting potentials is discussed [15]. This
medium have been predicted as an effect of the partidtind of reduction is also observed at higher energies
restoration of chiral symmetry in nuclear matter by many[16,17] though any selection of final state has not been
authors [1-3]. From a different viewpoint, modification performed.
of the nucleon spinor in nuclear matter has also been In this paper, we report on our measurement of the
discussed in the framework of a Dirac approach [4].(p,2p) reaction directing attention to the nuclear density
Such modification causes a density dependence of thehich was not explicitly estimated in the previous works.
nucleon-nucleon (NN) interaction and is expected to playDifferential cross sections ant], have been measured for
an important role in nucleon induced reactions [5,6]. the proton knockout reaction from , orbits ofLi, 12C,

Exclusive measurements of nucleon quasifree scatteand*’Ca nuclei at the kinematical geometry close to zero-
ing give a direct way to study the NN interaction in nu- recoil condition. There are a number of advantages in
clei and, therefore, to study meson and nucleon propertigde choice of this condition. First, the differential cross
in the nuclear medium. At an incident energy of severakection of thes; -nucleon knockout has a maximum
hundred MeV, the distorted wave approximation is ex-at the zero-recoil geometry, and the reaction mechanism
pected to give proper results, and this makes it possible ts expected to be simple. Second, as is mentioned in
compare the NN amplitude in the nuclear field with thatRef. [14], a simpler relation is expected between the spin
in free space. observables of thep(, 2p) reaction and the NN scattering,

In the quasifree scattering of nucleons in this energywhich is the elementary process of this reaction. In the
region, a reduction of the analyzing powet,}, from case off # 0 orbits, on the other hand, an effective
that of free nucleon-nucleon scattering, has been foungolarization [18] of bound protons makes the relation
in inclusive measurements [7]. This reduction has beemore complex. Finally, the averaged densigenthrough
explained by a Dirac approach [4,8,9] as a modification othis reaction can be estimated in the zero-recoil case,
the effective NN amplitude caused by the enhancementhich will be described later in this paper.
of the lower component of the nucleon spinor in the The experiment has been performed by using a polarized
nuclear medium. For exclusive measurements, the data pfoton beam of 392 MeV accelerated by the ring cyclotron
spin observables [10,11] have been reproduced fairly wethit RCNP, Osaka. The pair spectrometer system, consisting
by a relativistic distorted wave impulse approximationof the high resolution spectrometer [Grand Raiden (GR)]
(DWIA) [12,13] in general. At 500 MeV, however, [19] and the large acceptance spectrometer (LAS) [20],
a distinct reduction ofA, was found for the nucleon has been used for this measurement. The setting angles
knockout reaction, jf,2p) reaction, from thels orbit of the spectrometers and the magnetic field for GR are
of 0 nucleus whose wave function has the bulk of itsthose corresponding to free proton-protpaz) scattering.
strength within the nuclear surface [14]. This reductionThe acceptance angles of GR and LAS &) mrad and
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+60 mrad, respectively, and the momentum bite of the GRhe freep-p value for all of the targets, and the reduction

is +2.5%. The momentum bite of LAS is wide enough is especially evident in the case of;,, knockout from

to measure freg-p scattering and thep(2p) reaction the '>C target, which is consistent with the previous data

simultaneously with a single field setting. [14]. Itis also found from the PWIA and DWIA calcula-
Overall energy resolution of 350 keV has beentions that the angular dependence of #hereduction and

achieved, and thé/2" level of the residuai’K nucleus, the distinct reduction at forward angles are not explained

in the case of thé’Ca target, is well separated from other as an effect of distortion.

major levels. An adjacert/2" level is not separated but ~ Then, what is the key parameter which characterizes

its contribution is estimated to be 0.3% in cross sectiorthe A, reduction? Here we tried to estimate the averaged

andl X 10~%in A,, at most, by a DWIA calculation. density seen in this reaction in the framework of a
Experimental data are shown in Fig. 1. For ti€a factorized DWIA with the local density approximation.
target, the full momentum bitet2.5%, of GR is inte- We assume the NN matrix depends on the nuclear

grated. For théLi and '’C targets, since the final states density linearly as
are not discrete ones, integration of 5 MeV in thevalue t =1t + tp(r),
spectrum has been performed in addition to the integra- ) . ) )

tion for the momentum bite of GR. The, data for free Wherep(r) is nuclear density at radius Effects of spin
p-p scattering is also shown by open circles. As showrfiegrees of freedom are neglected in this estimation. Then

in the figure,A, of the (p,2p) reaction is reduced from the di.fferential c_ross_section of the,2p) reaction in
| factorized DWIA is written as

2

5
e = B [t [ @ @ s dr + 1 [ @ e e dr
2 ; WP
= Fy to[ X1(0)" x2(r)* ¢ (r) xo(r) dr [1 +2 Re(iﬁ>+ iﬁ ]

where F, is a kinematical factor,y;(r) and ¢(r) are |
distorted waves of the incident & 0) and outgoing { = kinematics, however, the recoil momentum is close
1,2) particles and the bound wave function, respectivelyto zero andy;(r)* x2(r)* xo(r) ~ e’* is expected to be
The averaged densify is defined as almost constant. Thug is close to a real value and

I3 p(r)D(r)dr the cross section depends prlinearly in the first order

p= [7D(r) dr approximation, which is adequate unless the relative phase
0 betweeny, and¢, is close to 90. This means thgp can
D(r) = Y v (1) & (1) vo ()2 d ). be used as a measure which shows the sensitivity of this
(r) ]Xl( Vx2(e) ¢ ) x0(r) reaction to the density dependent terms of tineatrix.
It is mentioned here thap is a complex number in On the other hand, we can easily calculate the following
general, and the second term, in the expression of thealue using a DWIA code, by eliminating a narrow part in

cross section, does not dependmitself. For the present| radius from the integral step by step,

lto [o D(r)drl? = o [ D(r)dr + 1o [ ag D(r) dr|?
AR

8(r1) = Fi

= Fk(l‘ofomD(l’)dr) (toD(rl))* + Fk(l‘ofomD(l’)dr) (t()D(rl)).

The second line holds under the infinitesimal limitloR. Using this function as a weighting function, we can calculate

Jo p(N8(r)dr _ FiltoP[( [y D(r) dr) ([q p(r)D(r)dr)* + ([q D(r)dr)*([q p(r)D(r) dr)]

f;oé(r)dr 2F|tol?( fBOD(r)dr)(ng(r)dr)*
= Relp).
Again, p is close to a real value, and we can use the left-hand side to estimate the averaged density which the cross
section depends on.

DWIA calculations for this estimation, as well as the calculation in Fig. 1, were performed by using the computer
codeTHREEDEE[21]. In order to avoid inconsistencies among the parameters required in the calculations, we used a
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10 : ) ; ) relativistic Hartree calculationg(r), and the product of both
20 30, 40 20 30, 40 functions are also plotted. The ordinate is given fofr)
0, (deg) 8, (deg) and the other two functions are plotted in arbitrary unit. The

ratio of the integration oB(r)p(r) and that of5(r) gives the
FIG. 1. Experimental data fop(2p) reaction (closed circles) averaged densitg seen through this reaction.
and freep-p scattering (open circles), which are simultaneously
measured by using hydrogen contaminations. The abscissa ]
is the detection angle of forward outgoing protons in the It should be pointed out here that the values of the av-
laboratory system. The solid (dashed) lines show DWIAeraged density obtained are model dependent and parame-
(PW'A) calculations in the nonrelativistic framework. The ter dependent_ Proper “density,” SUCh as baryon density,

effects of finite solid angles and finite momentum bites of : .

the spectrometers are included in the calculation by using th f:alar den5|'ty, etc., should.be selected erend|ng on the
Monte Carlo method. The spectroscopic factorfig@a is taken ~ <ind of medium effect considered. Consistency between
from Ref. [23]. Since the widths of thés,,, states are not

taken into account in the calculations, the DWIA cross sections

for 2C and®Li are normalized to the experimental data. 0.4

result of the Dirac Hartree calculations [22]. The baryon 0.3 140, &
densities obtained are used fotr) and the Schrodinger- (2s,,,)
equivalent potentials derived by using the scaler and +
vector densities are used as the distorting potential. The oLi +

; ; 02
wave functions ofs-orbits used are those of the upper
component obtained in the Dirac Hartree calculation. Ay 126

Figure 2 shows the functiod(r), which represents (1s,)
the contribution to DWIA cross sections. The density 01 | i}
distribution, p(r), is also plotted. Even thoug8(r) is
concentrated in the surface regiongir) for each target,
the averaged density amounts @®9 fm~3 in the case
of 1s1/, knockout from!2C target. This value amounts 05 0.03 o1
to half of the nuclear saturation density and 43% of the
density at the center of tHéC nucleus.

In Fig. 3, theA, data for the scattering angle of 23.5 F|G. 3. Analyzing power forg, = 25.5°, a part of data in
are plotted as a function of the averaged density obtainefig. 1, is plotted as a function of the averaged density defined
above. It is clear that thel, data decrease with the in the text. The density dependence Af is not reproduced
density monotonically and the DWIA calculation does Py DWIA and PWIA calculations. The calculations shown

i d thi ducti This st | ts thare the results with the final-state prescription of the on-shell
not reproduce this reduction. This strongly SUgQests gy, oximation and the initial-state prescription gives 0.02 larger

existence of a density dependence in the effective NNajlues for both of DWIA and PWIA results in the case'd€
interaction in the nuclear field. target.

Averaged Density (fm™)
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the density distribution, optical potential, and bound wavestarted by two nucleon collisions. For instance, meson
function is also important. In the case!dC, for instance, creation reactions preceded from a collision of an incident
the averaged density ranges from 35% to 47% of the demucleon and ds nucleon will give a good tool to study
sity at the origin depending on the choice of parameterghe properties of real mesons in the nuclear medium.
In either case, however, a much smaller value is obtained The experiment has been performed under the program
for ¥°Ca and a middle value is given foi. Thus we can number of E42 and FO3 at RCNP. This work is partly
conclude that it is possible to see the nuclear interior regiosupported by a grant-in-aid by the ministry of education,
with considerable density by picking up the deeply boundscience, sports, and culture.
1s state and also possible to extract the density dependence
by a systematic study of differentstates of different tar-
get nuclei. It is also noticed that the distortion effect to
A, is not significant in the present kinematics, and this
estimation, which is appropriate when the mixture of spin
states in distorted waves is negligible, is expected to give Japan.
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