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Analyzing powers and cross sections are calculated for the ' 0( p,2p) and ~Ca(p, 2p) reactions at
an incident energy of Ep=200 MeV within the framework of the distorted wave impulse approxi-
mation, including both the effect of the spin-orbit interaction for the distorted waves and the off-
shell effect in the proton-proton scattering. The antisymmetrized t-matrix elements are calculated
with the effective nucleon-nucleon interactions by Love and Franey. Our calculations agree well

with the experimental data. Although there are substantial contributions from the spin-orbit and

the tensor parts in the effective nucleon-nucleon interaction to the cross section, the contribution

from the central part is quite weak. Furthermore, we study the medium effects using the density-

dependent t-matrix interactions by von Geramb and Nakano. It is found that the medium effects
increase the cross sections somewhat, but scarcely change the analyzing powers.

I. INTRODUCTION

For many years the study' 6 of the (p,2p) reactions has
given information about the separation energies and the
angular momenta of the proton-hole states in nuclei. Ex-
perimentally, the summed energy spectra, the angular
correlation cross section„and the energy sharing correla-
tion cross section have been measured corresponding to
various combinations of kinematic variables associated
with two outgoing protons detected in coincidence.
Theoretical analyses of the (p,2p) reactions at bombarding
energies greater than 100 MeV have commonly been made
by using the distorted wave impulse approximation
(DWIA). In the impulse approximation, the effective
nucleon-nucleon (N-N) interaction for the (p,2p) reactions
is described by the t matrix for free N-N scattering at an
energy near that of the reaction. Furthermore, it is as-
sumed that multiple-scattering effects are well reproduced
by the distorted waves and that the reaction process may
then be described by a single-step mechanism. To the ex-
tent that the reaction dynamics are well understood, atten-
tion may then be focused on extracting nuclear structure
information. We can determine the separation energies of
the proton-hole states from the positions of the peaks in
the summed energy spectrum of the two outgoing protons.
The shapes of the distributions of the correlation cross
section which are very sensitive to the shell model config-
urations give information about the angular momenta of
these proton-hole states.

Recently, interest has bsen renewed in this field6 ' by
the start of experimental studies using a polarized proton
beam. Polarization data are expected to be particularly
sensitive to the spin-dependent portions of tLI" effective
interaction. They will also depend on the optical poten-
tials used in the calculation of reaction processes. Experi-
mental measurements of analyzing powers and cross sec-
tions for the ' O(p, 2p) reaction by Kitching et al. ' and
for the Ca(p, 2p) reaction by Antonuk et al. ' at TRI-
UMF have shown the strong dependence of the analyzing

power on the J value of the proton-hale state. The experi-
mental data have been compared with DWIA calcula-
tions' ' by the TRIUMF group with a half-off-shell
prescription for the free p-p scattering matrix element, in
which the free t matrix is factorized into two parts: the
on-shell t matrix and a real off-shell extension function.
However, in some cases of the analyzing powers and cross
sections, significant discrepancies between the experimen-
tal results and the calculated ones have been shown. The
discrepancies seem to be attributable to possible problems
with the effective N-N interaction and the factorization
assumption.

Recently, great progress' has been made in the con-
struction of two types of the effective N-N interactions:
one type involves t-matrix interactions based directly on
phenomenological N-N scattering amplitudes, and the
other involves 6-matrix (density dependent t matrix) in-
teractions derived from N-N potentials which describe
N-N scattering observables or phase shifts. The effective
N-N interactions have been applied to the descriptions of
N-nucleus elastic and inelastic scatterings and they have
provided useful information about reaction processes and
nuclear structures. The applications of such N-N effec-
tive interactions may also be useful for studying the (p,2p)
reactions and may be expected to provide complementary
information to N-nucleus scattering.

In the present paper the cross section and the analyzing
power are calculated in the 0%IA using the t-matrix in-
teraction of Love and Franey (LF interaction). ' ' We
take into account both the effect of the spin-orbit interac-
tion for the distorted waves and the off-shell effect in the
proton-proton scattering. Furthermore, in order to study
the medium effects, we calculated the cross section and
the analyzing power using the effective G-matrix interac-
tion of von Geramb and Nakano (GN interaction). '

Numerical calculations are carried out for the analyzing
powers and the cross sections for the lp3/2 and lpi~2
states for the ' O(p, 2p) reaction' and for the 1d5&2 and
ld3&2 states for the Ca(p, 2p) reaction'5 at E =200 MeV
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II. CROSS SECTION
AND ANALYZING PO%ER

In the coplanar geometry of the A (a,ab}C reaction, the
outgoing particles a and b are detected in coincidence at
angles 8, and 8b, respectively, on opposite sides of the in-
cident particle and with the incident and outgoing parti-
cles in the same plane. In this paper, the particles a and b
mean protons. The momenta (kinetic energies) of the in-
cident particle a and outgoing particles a and b are
Rkp(Ep), Rk, (E, ), and 4kb(Eb ), respectively, in the lab
system. The cross section ' is then given by

d lT kin
3 F .

dQ,,dQbdE, (2s, +1)(2J&+1)
~

(2.1)

where the kinematical factor I'b,„ is

by the TRIUMF group.
In Sec. II the expressions for the cross section and the

analyzing power used in the analyses are derived. The nu-
merical results and some discussions are given in Sec. III.
The last section is devoted to a summary and conclusion
of this paper. In the Appendix the expression of the off-
shell N-N t matrix is presented. Preliminary results of
this work have been reported in Ref. 20.

the total Hamiltonian, respectively. The interaction be-
tween the particles a and P is V )r. In the distorted wave
formalism, the transition amplitude is given by

(2.4)

In the derivation of this expression, the transition am-
plitude corresponding to the indirect knock-out process-
es ' was neglected. Here, 4'z and %'c are the wave
functions of the target nucleus A and the residual nucleus
C, respectively. The distorted wave functions X';+' and

gf ' are generated by making use of the optical potentials
V,c and V,~+ Vbc, including the spin-orbit distortion,
respectively. We denote the a-b transition operator by
~,b It .is not the free transition operator but the true tran-
sition operator containing the medium effects and describ-
ing how the incident particle a is scattered by the bound
particle b while both particles a and b interact with the
core nucleus C through the Potentials V,c and Vbc in the
total Hamiltonian. If we neglect the medium effects, we
can obtain the free transition operator. It differs only
kinematically from the operator which describes the
scattering of the particle a by the free particle b.

The r~ operator' ' is expressed in the form of a
two-nucleon potential which consists of the central, spin-
orbit, and tensor parts,

m, mbe k, kb
Fk

(iric) (2n)

~~b= g(P() +Pi L S+vg Sgb)P P
S, T

(2.5)

mb ko k,
1+ 1 — cos8b+ cos(8 +8b)

roc '

b b

(2.2)

The spin (projection) quantum numbers of the particle
a and the target nucleus A in the initial state are s, (p,, )

and Jz (M„), respectively. Also, in the final state, the
quantum numbers of the particles a and b and the residu-
al nucleus C are s, (p,'), sb (pb), and Jc (Mc), respective-
ly. The mass of the particle i is m;. The summation (yi)
of the transition matrix Tf; in Eq. (2.1) is taken over the
spin components p„p„pb, Mq, and Mc in the initial
and final states.

%e can express the transition matrix element in Eq.
(2.1) by

j' 'I v.b+v.c I
c' & . (2.3)

The wave function 4; and 'tlif ' show the scattering
eigenstates of the free Hamiltonian in the initial state and

Pj,
——g Vk; (E,p(R) )tk; (r,b ), (2.6)

where the interaction strengths Vk, (E,p(R}) are complex
and depend on the nucleon incident energy E and the tar-
get density p(R) at R=(r,c+rbc)/2. The ~,b operator,
in general, depends on the nuclear density p(R) as in the
GN interaction, but in the special case of a free interac-
tion, such as the LF interaction, it is independent of the
density.

By choosing the two variables r,c and rbc, the transi-
tion matrix element in Eq. (2.4} can be written, after in-
tegration on the internal coordinates, as

where the relative orbital angular momentum and the to-
tal spin operators in two-nucleon system are denoted L
and S, respectively. Here, S,b and P (P } are the usual
tensor operator and the projection operator of the spin S
(isospin T) state, respectively. The radial parts of r,b are
taken to be sums of Yukawa forms rk;(r, b) (k =0, 1, or 2)
with different ranges R;,

Tf; n„'"C g e~——(C,b
I
a)(1sbApb I

JM)(JJcMMc
I J„M„)TJrJ,(p,.'pb:p. pb),

TJLA(p pb:p pb)= g df cdrbcX (k c, i' c)X, (kbc,xbc)'
~bI'b

0'g 0'~ 0'g

&& &rr'~b
I
&.b I

~.pb &&'+.I'.(k.~ r.~ )@'ir~(rbc» (2.g)
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with C =(tb TcvbNc
~
TqN~), k,q

——mqko/m, k,c——k,
—mzko/m, kbc =kb —mbko/m, and m =mz+mb +mc

The distorted wave function g'-„' (k gbr ~) of the parti-

cle i is generated by making use of the optical potential
V ~. The relative coordinate vector between particles a
and p is r ~ and the required conjugate momentum in the
total c.m. system is Ak~&. The fractional parentage coef-
ficient for the decomposition for A ~b +C is
B~(C,b

~

A) and nq denotes the number of nucleons in
the nucleus A. The relative wave function for b+C is

I

4JL+(rbc) with the quantum number JLA. The isospin
(projection) quantum numbers of the particle b, the core
nucleus C, and the target nucleus A are rb (vb), Tc (Nc),
and T„(Nz), respectively. For the sake of simphcity, we
omit the isospin quantum numbers in (

~
r,b ~

) in Eq.
(2.S).

In order to reduce the six-dimensional integration of
Eq. (2.S) to the three-dimensional one, we introduce
Fourier transforms of the various wave functions, as does
the usual DWIA, and rewrite Eq. (2.S) as follows,

TJLA(pay b gbogbb ) y (2~) I dq Adqoc~qbcdQbc@&qaA qgc qbc +Qbc )
g I

cr cr ab

„«uc q.c»;„;«bc qbc» .~.(4~ qu~)q'u. dQbc)( —) ( —)+ (+)

&& (qab i&a&b I
'rub

I Qab&~agbb ) i
(f), (i). (2.9)

0: 30 —30 ~ 1P3/2
o ----1P t/2

where X'+-', and +qr ~ correspond to Fourier transforms
@gag

of the wave functions X'+-', and 4qg~, respectively, and
PgIJgg

a=me/(mb+mc). The factor

( Cab io'ao'b
I &ub I qab&o'apb )(f). (i).

r 0

~ I ~

O: /0 -40'
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FIG. 1. The calculated results and the experimental data of
the cross section and the analyzing power at angle pair
(8, =Ob ——30 } for the 1@3/2 and 1pl/2 states for the ' O(p, 2p)
reaction at Ep =200 MeV. The experimental data (Ref. 14) for
the 1@3/2 (0) and 1p&/2 (O} states are presented as a function of
the kinetic energy (E&} of one of the final state protons. The
calculated results with the LF interaction for the i@3/2 and

1@I/2 states are given as solid and dashed lines, respectively.
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FIG. 2. Same as Fig. 1, except (8 =Oh ——40 ).
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is the off-shell a-b r-matrix element with the initial and
final momenta q,'b and q,'b', respectively,

qab =qa~ ™a(qaC+qbC)/(ma+mb)

(q b «'b lr b lqa o'' Pb~(f). (i).

(k b,'CT CTb
i

7 b i
k b ,CT'aPb ) (2.12)

w~ere

qab =(mbqaC™aqbC)/(m a+mb) .(f) (2.11)
k,"b ——ko —m, (k, +kb)/(m, +mb) (2.13)

If we approximate this t-matrix element by the one
with the asymptotic initial and final momenta k,'b and

k,'fb', respectively (hereafter, we call this approximation
the asymptotic momentum approximation),

k',fb' ——(mbk, —m, kb)/(m, +mb), (2.14)

then we can easily obtain the transition matrix element
with three-dimensional integration,

~JLh(P'ahab PaP'b ') = g dr X t I (kaC, r)X i i (kbC, r)
e&e

0'~ CTgCTb

x &kab';oaob
~
rab

~
k,'b, oa pb &axa+„' (k.„,«)c JL,h(r) . (2.15)

Thus, we can modify the ordinary DWIA expres-
sion'2' ' so as to take into account the medium effects.
Our result differs from those' ' ' obtained earlier in that
the r,b transition matrix elements depend not only on the

4OCR: 30'- 30'
1.0

~ 1d y2
o ----1d3/2

II
~ 0 ~ a ~
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FIG. 3. Same as Fig. 1, except (8, =30', Oq
——65').

FIG. 4. The calculated results and the experimental data of
the cross section and the analyzing power at angle pair
(8, =Op ——30) for the 1d5/g and 1d3/p states for the Ca(p, 2p}
reaction at E~ =200 MeV. The experimental data (Ref. 15) for
the 1d&/& (0) and 1d3/2 (0) states are presented as a function of
the difference (E& —E2) between the kinetic energies of the two
outgoing protons. The calculated results with the LF interac-
tion for the 1d5/2 and 1d3/2 states are given as solid and dashed
lines, respectively.
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momenta k,'b and k,'b' but also on the coordinate r. When
the ~,b matrix elements do not depend on the coordinate,
Eq. (2.15} coincides with the expression of the ordinary
DWIA. The ( ~r,b ~ ), in Eq. (2.15) are the antisym-

metrized off-shell a-b t-matrix elements, which are given
exphcitly in the Appendix.

We obtain the expression for the cross section of Eq.
(2.1) for specific values of I. and J,

d'o ~cz 2

g(LsbAI b I
JM}TJi~(1 'vbv .I b}

r2 Pb

(2.16)

with (y2) = (p,„p,„pb,M), and the expression for the analyzing power is given by

~, = g (Lsb AI b I
JM}(Lsb«b I

JM}T'/i~(1 'I bc ./ b }(~;},.~.T'/i~ (I ./ b ~.~b }
(y, ) (yl)

(2.17)

with ('Y3) =(pa tga sa'a tpb &0bt&b'tM} ~

The y component of the Pauli spin operator of the in-
cident particle a is cr,z. Here, the direction of propaga-
tion of the incident particle a is parallel to the z axis, and
the polarization axis is taken to be the y axis. The spec-
troscopic factor S~ is defined by ) CeLJ(C, b

~

A)
~

In the numerical calculation of Eq. (2.15), we employ a
direct three-dimensional numerical integration proposed
by Chant and Roos in order to avoid the use of complex
angular momentum coupling coefficients and to save a lot
of computing time.

III. RESULTS AND DISCUSSIONS

In this section the calculated results are compared with
the cross section and the analyzing power data' ' at
angle pairs (8, =Hb ——30'), (8, =8b ——40'), and (8, =30',
8b ——65') for the i@3/g and lpt/2 states for the ' O(p, 2p)
reaction, and at angle pairs (8, =Hb ——30'), (8, =Hb ——47'),
and (8, =29', Hb ——47'} for the lds/2 and ld3/2 states for
the Ca(p, 2p) reaction, at Ep =200 MeV in the coplanar
geometry.

We calculate the antisymmetrized off-shell t-matrix ele-
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0 ———-]d 3/2

40C&: 29 —42 ~5/2
o —---]d 3/2

a 5e

I 0
N

~Nc

~ -05-
i!

~ ~ 4 ~

Cl

~ ~

0
N
Igg
ag~ -05-

Y
H ~

as
~ ~

s ~ I!

'el'yI

«e 50-
X

$0-

30-
il

i l i! 1!
20-„I

a 50-
X

m $0-
C3

k

l

$0 100
&g ( MeV)

I I "~

-100 -$0 -20 20

2 10-
0

I I I I I I

-100 -$0 -20 20 $0 100
E1

—
Kp (MeV)

FIG. 5. Same as Fig. 4, except (8, =L9q =47'). FIG. 6. Same as Fig. 4, except (8, =29, 8q ——4 I').
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ments in Eq. (2.15) by making use of two types of effec-
tive N-N interactions: one is the LF interaction, ' '
whose parameters are tabulated in Ref. 18, and the other
is the GN interaction. ' The calculation with the former
interaction corresponds to the ordinary DWIA treatment.

The 6-matrix interactions were generated by von
Geramb and Nakano from the free N-N Paris potential
and parametrized into a complex energy and density
dependent interaction with convenient Yukawa form fac-
tors. The Fermi motion was taken into account in version
2 of the interaction (GN-2 interaction). In addition to this
effect, the Pauli-blocking effect was taken into account in
version 3 of the interaction (GN-3 interaction). The pa-
rameters for these interactions are tabulated in Ref. 19.
We can modify the ordinary DWIA calculation by adopt-
ing the GN interaction so as to include nuclear medium
effects. In calculations of the (p,p') scattering, the effec-
tive interaction corresponding to the proton bombarding
energy is usually used. Therefore, we also used the in-
teraction parameters for proton bombarding energies of
210, 200, and 200 MeV for the LF, GN-2, and GN-3 in-
teractions, respectively.

The radial wave functions of the bound states for a pro-
ton in the target nucleus are solved by making use of a
real Woods-Saxon potential with a spin-orbit term. The
potential parameters are taken from values of Elton and
Swift which have been derived from fits to elastic elec-
tron scattering data and the binding energy of the particu-
lar single particle state.

The parameters of the target densities for 'bO and ~Ca
in Eq. (2.6) that are necessary for interactions GN-2 and
GN-3 are taken from the data on charge distributions
found from elastic electron scattering. On the other hand,
the LF interaction does not depend on the target density.

In order to analyze the experimental data for the (p,2p)
reaction, we need the optical potential parameters over a
wide range of proton bombarding energies because of the
variation of the outgoing proton energies in the final state.
The parameters of the proton optical potentials for 'bO

and Ca are constructed by the interpolation method
from the parameters of Ref. 30 and Refs. 31—33, respec-
tively.

The experimental cross sections and analyzing powers

are represented as a function of the kinetic energy (E, ) of
one of the final state protons at each angle pair (8„8b) for
the ' O(p, 2p) reaction and as a function of the difference
(Ei —E2) between the kinetic energies of two outgoing
protons at each angle pair (8„8b) for the Ca(p, 2p) reac-
tion, respectively. In the present paper, the cross section
values are

do 1 do.
d Q, d Qbd(E Eb—) 2 d Q, d QbdE,

where the expression of d o ld Q, dQbdE, is given by Eq.
(2.16). In Figs. 1—8 we show the calculated results only
with the LF interaction for the cross sections and the
analyzing powers, because the LF, GN-2, and GN-3 in-
teractions give almost the same results, except for the
magnitude of the cross section, as will be shown in Fig.
11.

In Figs. 1, 2, and 3 the calculated results with the LF
interaction are compared with the data' of the cross sec-
tions and the analyzing powers at angle pairs
(8, =Hb ——30'), (8, =Hb

——40'), and (8, =30', Hb
——65'),

respectively, for the 1@3/2 and 1p i/z states for the
' O(p, 2p) reaction. The calculated cross sections and
analyzing powers in Figs. 1—3 are in reasonably good
agreement with the data. When compared with calcula-
tions by Kitching et al. ,

' the great improvements for the
analyzing powers are evident in Fig. 3. Also, the peak-
to-valley ratios in the calculated cross sections in Fig. 2
are reduced and become closer to the experimental data.
The spectroscopic factors SLJ obtained by normalizing
the calculated curves to the experimental cross sections
for three angle pairs are listed in Table I, for the i@3/p
and 1p&/z states. The values of S~ obtained by using the
GN-2 and GN-3 interactions are also listed in Table I. In
addition, the average values (SLJ) of the spectroscopic
factors are compared with the ones obtained from the
(e,e'p) and (d, He) reactions. Although there are some
variations of SLJ with angle pairs, the average spectro-
scopic factors (S~) are in rather good agreement with
the values extracted from the (e,e'p) reaction.

In Figs. 4, 5, and 6, the calculated results with the LF
interaction are compared with the cross section and the
analyzing power data at angle pairs (8, =8b ——30'),

TABLE I. Spectroscopic factors SLJ for angle pairs for the 1p~q2 and 1p3qq states of ' O.

16O

1p 1//2

Inter action

LF
GN-2
GN-3
{e,e'p)'

(d, He)

30'-30'

1.35
1.21
1.24

1.39
1.03
1.05

30 -65

1.07
0.82
0.86

1.27
1.02
1.05
1.18
2.34

1p3yz

'Reference 34.
Reference 35.

LF
GN-2
GN-3
(e,e'p)'

(d, 'He)

2.78
2.33
2.41

3.29
2.40
2.46

2.13
1.61
1.75

2.73
2.11
2.21
2.28
3.68
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(8, =8b ——47'), and (8, =29', 8b ——47'}, respectively, for the
1 ds/z and 1 d$ fz states for the Ca( p,2p} reaction. %hen
compared mth the calculations by Antonuk et aI.,' our
calculated curves bring about very essential improvements
in the agreement vnth analyzing power data in Figs. 5 and
6. In particular, our calculated curve for the analyzing
power for the ids&2 state in Fig. 5 is inverted in compar-
ison with the result of Antonuk et a1. and has a correct
sign and shape. However, the disagreements still remain
between the calculated cross sections and the experimental
data in Figs. 5 and 6. One possible reason for the
disagreements may be due to the asymptotic momentum
approximation in Eq. (2.12) for the t-matrix element.
The spectroscopic factors S~ obtained by using the LF,
GN-2, and GN-3 interactions are listed in Table II, for
the idsn and ldsn states The average values (S~) of
the spectroscopic factors are also listed in Table II, to-
gether with the values extracted from the (e,e'p) and
(d,sHe) reactions. The average values (S~) are some-
what lower than the values extracted from the (e,e'p) and
(d, He) reactions.

Then, for the first time, we estimate the contributions
from each part of the effective N-N interaction to the
cross sections and the analyzing powers for the (p,2p} re-
actions. In Figs. 7 and 8 the calculated results of indivi-
dual contributions to the cross section of the central (C},
spin-orbit (LS), tensor (T), and total (6+I.S+T) parts
in the LF interaction are compared with the data of the
cross section at angle pairs (8, =3Q', 8b ——65') for the

ipse state for the ' O(p, 2p) reaction and (8, =8b ——3Q')

for the id»z state for the Ca(p, 2p) reaction, respective-
ly. There are substantial contributions from the spin-orbit
and tensor parts in the LF interaction to the cross section,
but the contribution from the central part is quite weak.
Similar results are obtained for the lp&&2 state for ' 0 and
for the 1ds&2 state for Ca. In Fig. 8 the calculated
analyzing power curve for the central part is not drawn
because it is very small.

In order to explain the reason for the small contribution
of the central part to the cross section, we show the calcu-
lated off-shell p-p differential cross sections in terms of

1.0

"O: 3O'- 65'

TOTAL

05- ----- LS

0
IV

~gc
m -0.5-

I I I I

-E.O

e 40

30-

20-

10

0 I

40 $0 00 100 120 140

&1 (MeY)

FIG. 7. The calculated results of individual contributions in
the LF interaction and the experimental data (Ref. 14) at angle

pair (8, =30', Hq ——65') for the Ip3~~ state for the ' O(p, 2p) re-
action at E„=200 MeV. The calculations with central (C),
spin-orbit (LS), tensor ( T), and total (C +LS +T) contributions
in the LF interaction are given as dotted-dashed, dotted, dashed,
and solid lines, respectively. Also see the caption for Fig. 1.
The calculated cross section (total) is normalized to the experi-
mental data.

TABLE II. Spectroscopic factors S~ for angle pairs for the 1d3~ and 1d5~2 states.

Interaction

LF
GN-2
GN-3
{e,e'p)'

(d, Hc)

30'-30

3.37
2.91
3.02

47'-47'

2.00
1.46
1.50

2.45
1.85
1.94

2.61
2.07
2.15
3.08
3.70

'Reference 34.
Reference 36.

LF
GN-2
GN-3
(e,e'p)'

(d, He)

4.40
3.71
3.84

4.21
3.10
3.10

3.82
2.91
2.97

4.14
3.24
3.30
4.62
4.96
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the t-matrix element given in the Appendix. %e estimate
the contributions from each part of the LF interaction to
the cross sections. The values of the initial k b' and the fi-
nal k,f momenta and the momentum transfer
q=qob=

~
k,b

—It,y ~
at the value of E& ——100 MeV in

Fig. 7 for ' 0 are 1.77, 1.54, and 1.62 fm ', respectively.
Therefore, in Fig. 9 we calculate the off-shell cross sec-
tions at the same values of k b' and k,'f' as a function of q.
The point of q=1.62 fm ' is indicated by an arrow on
the q axis. As is shown in Fig. 9, the contribution from
the central part of the LF interaction to the cross section
at q=1.62 fm ' is small and the largest contribution is
from the I.S part. A similar situation holds for the range
of the energy E1 between 40 and 140 MeV.

Similarly, the values of k,'b' and k,f and q at the value
of E~ Eq —15.4——MeV (E~ ——100 MeV) in Fig. 8 for Ca
are 1.28, 1.06, and 1.63 fm ', respectively. Therefore, in
Fig. 10 we calculate the off-shell cross sections at the
same values of k,b and k,f as a function of q. The point
of q=1.63 fm ' is indicated by an arrow on the q axis.
As shown in Fig. 10, the contribution from the central
part of the LF interaction to the cross section at q=1.63
fm ' is small and the largest contribution is from the ten-
sor part.
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FIG. 9. Calculated off-shell p-p differential cross sections in

the c.m. system at the initial k,b ——1.77 fm and the final

k,'/=1. 54 fm ' momeuta. The calculations with central (C),
spin-orbit (LS), tensor (T), and total (C+I.S + T) contributions
in the LF interaction are given as dotted-dashed, dotted, dashed
and solid lines, respectively. The point of q =1.62 fm is indi-

cated by an arrow on the momentum transfer q axis.
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In Fig. 11 the calculated results with three types of ef-
fective interaction are compared with the data of the cross
sections and the analyzing powers at angle pair
(8, =30', Hb ——65') for the i@3/2 state for the ' 0( p,2p) re-
action. The calculated curves with the LF interaction and
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FIG. 8. The calculated results of individual contributions in
the LF interaction and the experimental data (Ref. 15) at angle

pair (8, =Hq ——30') for the 1d~q2 state for the Ca(p, 2p) reac-
tion at E~=200 MeV. Also see the caption for Fig. 7.

FIG. 10. Calculated off-shell p-p differential cross sections in
the c.m. system at the initial k,'b' ——1.28 fm ' and the final
kPg=1.06 fm ' momenta. The point of q =1.63 fm ' is indi-

cated by an arro~ on the momentum transfer q axis. Also see
the caption for Fig. 9.
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0: 3O-65'
1P3q2

with that of Miller and Thomas. We obtain similar re-
sults for other angle pairs of ' 0 and for Ca.
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FIG. 11. The calculated results with three types of effective
interaction and the experimental data (Ref. 14) of the cross sec-
tion and the analyzing po~er at angle pair {8,=30', Hq

——65'} for
the 1p3/2 state for the ' O(p, 2p) reaction at E~ =200 MeV. The
calculated curves with the LF, GN-2, and GN-3 interactions are
given as sohd, dashed, and dotted lines, respectively.

IV. SUMMARY AND CONCLUSION

Studies of the (p,2p) reaction are entering a new and po-
tentially fruitful period with the beginning of experiments
using a polarized beam and with the recent development
of effective N-N interactions. We studied analyzing
powers and cross sections for the ' O( p,2p) and

Ca(p, 2p) reactions of E~=200 MeV with the effect of
the spin-orbit interaction for the distorted waves and with
the off-shell effect in proton-proton scattering. The an-
tisymmetrized r-matrix elements are calculated with the
effective LF interaction. Our calculations agree well with
the experimental data. There are substantial contributions
from the spin-orbit and tensor parts in the effective N-N
interaction to the cross section, but the contribution from
the central part is quite weak. It was found that the den-
sity dependent interactions with nuclear medium effects
give results almost identical to the LF interaction, except
for the magnitude of the cross section.

Our results provide very significant improvements over
earlier calculations by the TRIUMF group in which the
half-off-shell prescription '3 for the p-p scattering matrix
element is used. It is shown that the realistic treatment
for the calculation of the off-shell t matrix is quite impor-
tant for the analyzing power. However, still remaining to
be studied in more detail is the question of the accuracy of
the asymptotic momentum approximation adopted in the
present paper. The corrections for this approximation
may be necessary for us to obtain the precise magnitude
and shape of the cross section. The (p,2p) reaction, there-
by, can be used in the medium energy region to investigate
the structure of a nucleus; in particular, its single-particle
properties such as the single particle J value and the spec-
troscopic factor, and the effective N-N interaction. We
hope more experimental data will be available using a po-
larized proton beam at higher bombarding energies for
various target nuclei.

the GN-2 and GN-3 interactions are given as solid,
dashed, and dotted lines, respectively. All curves are cal-
culated with the same spectroscopic factor of 2.13. From
the comparison between the cross section with the LF in-
teraction and the one with the GN-2 (GN-3) interaction, it
is found that the effect of the Fermi motion (Fermi
motion + Pauli blocking) increases the cross section by
about 30% (20%), indicating the effects of medium
corrections. Then„ from the comparision between the
curve with the GN-2 interaction and that with the GN-3
interaction, the effect of Pauli blocking decreases the
cross section by about 10%, contrary to an increase of less
than 10% shown by Miller and Thomas. " As shown in
Tables I and II, similar results are also obtained for other
angle pairs of ' 0 and for Ca, although there are some
variations of the extracted spectroscopic factors with an-
gle pairs. Concerning the analyzing powers, it is found
that from Fig. 11 the LF, GN-2, and GN-3 interactions
provide almost identical results. This result is consistent

ACKNO%'LEDGMENT8

Numerical calculations were carried out at the comput-
er center of the Research Center for Nuclear Physics
(RCNP), Osaka University. The authors thank the
members of RCNP for granting them use of computer fa-
cilities (FACOM M-200) for the present calculations. The
authors are very grateful to Professor P. Kitching for
comments on the manuscript and to Professor S. Oryu for
comments on a half-off-shell prescription based on the
Kowalski-Noyes formalism.

APPENDIX

In this appendix we display the antisymmetrized off-
shell a bt-matrix eleme-nts in Eq. (2.15), which are given
by
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& k'b' Jt.pb Ireb Ik"b p'pb &.= g (s.sbpeItb I SMs)(s.sbiteisb I
SMs)(t. tb~. ~b I

TMT)(4tb~a~b
I
TMT)t k,';,

(y~)

where (y4) =(k,i,S, T), and

tO,
' =[W (ab)+( —1)'+ +'W (Q.b)Ãbt, .bt, ,

1, sin(g)[(i(SMs
I S& I

SMs ~)/2][Qab W ' (Vw ) ( 1) tIab Wi (Qub)]

(A2)

(A3)

t2'g 4—v 2—m g( —1)e(S2Ms —q ISMs) [W;(tI,'b)1'p (q,b)+( —1) + +'W; (Q,b)&2e(Q,b)],

tk;(r, b)=exp( —x)/x, x =r,b/R;, k =0, 1 (A5)

with q,b ——k,'b' —k,'b, Q,b k',b'—+k,'b, and cos(e)
=q.b Q.b.

If the radial parts of r,b are taken to be of Yukawa
Orm,

then, me obtain

W; (p) =4trR; /[1+ (pR; ) ],
W; (p)=8npR; /[1+(pR;) ] (AS)

t2;(r,b) =r,bexp( —x)/x, W; (p)=32np R; /[1+(pR;) ]'.
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