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The (p,2p) reaction on the target nuclei "Li and '2C has been studied at 100 MeV bombarding energy. The
energies of both the outgoing protons have been measured in coincidence in a coplanar symmetric geometry
with good energy and momentum resolution in order to separate the different excited states of the residual
nuclei. The experimental data are presented in a form suitable for direct comparison with direct knockout
theory (impulse approximation). The distorted wave impulse approximation model can explain the qualitative
features of the energy sharing and angular correlation spectra. The detailed quantitative agreement with the
distorted wave impulse approximation is, however, somewhat poor, indicating the necessity for a more exact

treatment of the three-body reaction mechanism.

NUCLEAR REACTIONS "Li(p,2p), 2C(»,2p), E, =100 MeV; measured o(E, 0,, 6,);
deduced distorted recoil momentum distributions; separation energy resolution
0.8 MeV; DWIA analysis.

I. INTRODUCTION

During recent years, (p,2p) experiments have
become an important tool in investigating the
structure of light nuclei. Most of the available
experimental data can be classified into two dif-
ferent groups: experiments using proton energies
above 150 MeV'™® and those below 60 MeV.'°~*
Though the first group of experiments can, in
principle, give nuclear structure information
directly, the energy resolution attainable at high
energies was, in general, not good enough to re-
solve individual nuclear levels. At low energies
the energy resolution was very good, but the re-
action mechanism was too complicated to extract
reliable nuclear structure information.

At 100 MeV bombarding energy, the (p, 2p) re-
action is expected to be dominated by a direct
knockout process. The present series of (p, 2p)
experiments have been performed on °Li, "Li, and
?C. Data have been taken with good energy and
momentum resolution over a range of kinematic

variables in order to study the reaction mechanism.

In this paper we present a detailed experimental
study of the (p, 2p) reaction on "Li and '2C. The
SLi(p, 2p) results have been published earlier.'®
The experimental results are discussed in Sec. II.
A comparison with distorted wave impulse approxi-
mation (DWIA) calculations is presented in Sec.

III to investigate the role of distortion and off-
shell effects.

II. EXPERIMENT
The experimental setup has been described in a
previous paper.!® Thin (10-15 mg/cm?) self-
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supporting foils of *C and isotopically enriched
(99.99%) "Li were viewed by two AE-E counter
telescopes. The experimental energy resolution
for the summed energy spectrum was typically
0.8 MeV full width at half maximum (FWHM).
The solid angles subtended by both detectors were
1.8 and 3.0 msr for the "Li and '2C targets, re-
spectively, resulting in a momentum resolution
of 8.8 and 11.5 MeV/c for the recoil momentum
spectra.'® Data were recorded event by event on
magnetic tape for off-line analysis.

Energy and momentum conservation in three-
body breakup imply that
50 =P, + D, + 53
and

E,=E,+E,+E3+Eg,

where E, is the kinetic energy of the incoming pro-
ton, E, and E, are the kinetic energies of the two
detected protons, and E, is the kinetic energy of
the recoiling nucleus. p,, D,, D,, and P, are the
corresponding momenta of the incoming and out-
going particles. The proton separation energy Eg
is defined as Eg=(m, +m ,_, —m 4)c*+E,, where
m,, m,, and m ,_, are proton, target ground state,
and residual nucleus ground state masses, and
E, is the excitation energy of the residual nucleus.
Since P, and P, are measured and P, is known,
P, and Egare determined for each (p, 2p) event.
For a qualitative understanding of the reaction
mechanism, the experimental data are presented
in a form suitable for comparison with the first
order theory of knockout reactions: viz., the
plane wave impulse approximation (PWIA). In the
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PWIA, the cross section is given by’

dc do -l
%, de,dE, - (PSP (ﬁ)» l6@)?, (2.1)

where (PSF) is a known three-body kinematic
factor, (do/df),, is the p-p scattering cross sec-
tion, and ¢(p,) is the Fourier transform of the
overlap integral between the target wave function
and the residual nucleus wave function. Since both
PSF and (do/dQ),, are slowly varying functions of
angle and energy, the (p, 2p) cross section in the
PWIA is dependent mainly on the shape of [¢(D,) (2.

The experimental data are presented in three
forms: separation energy spectra, angular corre-
lations, and energy sharing spectra.

A. Separation energy spectra

Separation energy spectra are obtained for each
angle pair by computing the recoil energy E, from
kinematics and adding to this the energies of the
two detected particles. The separation energy
spectrum for the reaction "Li(p, 2p)°He at 6,= -6,
= §=41° (angle where p,~ 0 for the ground state
transition) and 6=30° are shown in Fig. 1. The
experimental cross sections have been averaged
over the region |E, - E,| <10 MeV. The ground
state and the first excited state of °He (E, =1.80
MeV) are well resolved. A smooth background is
observed for E, =3 to 11 MeV. The broad bump
seen in the separation energy spectra is centered
about E, =~ 14 MeV. Roynette et al.® reported two
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FIG. 1. Separation energy spectrum for the reaction "Li(p, 2p) bHe at 0= 0,=-0,=41° and 6=30".
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states of *He at 13.4 and 15.3 MeV excitation on
the basis of a (p, 2p) experiment at 156 MeV. No
indication of such a doublet structure is seen in
the present 100 MeV data which have both better
energy resolution and better statistics than the
156 MeV data. A study of the "Li(d, *He)®He re-
action at 80 MeV,'® with an energy resolution of
200 keV FWHM, does not indicate any doublet
structure in the excitation region corresponding
to s-state knockout.

The separation energy spectrum for the reaction
2C(p, 2p)''B at 6=28°, averaged over the region of
phase space |E,~E,| <10 MeV, is shown in Fig.
2. Figure 2 also shows all the coincident events
for E, and E,>25 MeV. The ground state and the

2.12 MeV state of !'B are strongly excited in

(p, 2p) reaction. The levels at 4.44 and 5.02 MeV
are not resolved and appear as a single group with
the centroid at 4.9 MeV. The peak observed at
6.8 MeV excitation is probably due to a mixture of
states at 6.74, 6.79, and 7.30 MeV. A very broad
bump is observed in the region of excitation E,
=12-24 MeV, indicating the contribution from s-
state knockout.

B. Angular correlation

From the two dimensional E, vs E, spectra at
each angle pair, we have extracted the cross sec-
tions for the coplanar symmetric point (6=6,=-6,,
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FIG. 2. Separation energy spectrum for the reaction 2C(p, 2p)!!B at 6=28° and 6=47°.
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E,=E,) for each state of the residual nucleus.
This form of presentation of the data is commonly
referred to as a coplanar symmetric angular cor-
relation. To improve statistics the cross sections
have been averaged over the region |E, -E,| <10
MeV, but the average value differs by less than
10% from the value at E,=E,.

The angular correlation for different regions of
excitation of the residual nucleus ®*He are shown
in Fig. 3. The angular correlations for the ground
state and the 1.80 MeV state are quite similar and
both exhibit a deep minimum at the angle 6=41°,
where p, can be zero.' The angular correlations
for the regions of excitation between 11 and 25
MeV are consistent with the knockout of an s-state
proton from the a core in "Li. (It is interesting
to note that the angular correlation for the region
of excitation between 3 and 7 MeV resembles that
of the knockout of an s-state proton.)

The angular correlations for the various states
in B are shown in Fig. 4. The minimum in the
ground state angular correlation occurs at 6=44°,
instead of at the quasifree angle 6=38.5°, where
p; can be zero. The ratio between the small angle
and large angle peaks is ~2.4/1.

The angular correlation for the 2.12 MeV state
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is quite similar to that of ground state. The ang-
ular correlation for the 4.9 MeV state is also
similar, although shifted slightly towards larger
angles. The ratio of the experimental cross sec-
tions at 6=30° for these states is o(g.s.)/0(2.12
MeV)/0(4.9 MeV)=1.0/0.15/0.10. [For the 'C
(d,*He)''B reaction at 80 MeV,'® the ratio of the
experimental cross section at the first maximum
for these states is o(g.s.)/0(2.12)/0(5.02)=1.0/
0.14/0.08.] The angular correlation for the 6.8
MeV state is quite different from that of the
ground state. The cross section for the s-state
knockout region (Eg = 28-40 MeV) is ~36 pb/MeV
(sr)? in the angular region 6=20°-45° and falls
off for larger angles.

C. Energy sharing spectra

Energy sharing spectra are obtained by project-
ing the two dimensional E, vs E, spectrum for a
specific separation energy region onto the E, axis.
Due to the use of a symmetric geometry and ob-
servation of identical particles, the spectrum
must be symmetric about the point E,=E,. The
recoil momentum p, for the residual nucleus has
different values along the kinematic curve and has
a minimum at E,=E,.

In Fig. 5, the energy sharing spectra for the
ground state of ®He have been plotted as a function
of p, after dividing by the kinematic factor in Eq.
(2.1). For comparison, spectra for different angle
pairs are presented in the same figure. (The
curves are DWIA predictions and will be discussed
in Sec. IIIB.) In the PWIA, cross section/PSF is
proportional to (do/dQ),, |¢(B,) |2 Since (do/dQ),,
is a slowly varying function of E,, the plotted
quantities are essentially proportional to |$({,)|%.
A marked angular dependence of the extracted
momentum distribution is observed; the peak
separation increases for larger 6 and the distribu-
tion becomes narrower as 6 decreases. A similar
change in shape is also observed for the 2C(p, 2p)-
1B (g.s.) reaction (Fig. 6). In this case, the maxi-
mum peak to valley ratio is observed at §=42°, and
the minimum predicted at 38.5° (p,=0) by the PWIA
is almost completely filled in.

The momentum distribution for the reaction "Li
(p, 2p)°He for the region of separation energy Eg
23 to 27 MeV is quite similar to the momentum
distribution for s-state knockout in °Li(p, 2p)°He
reaction at 100 MeV. For the 2C(p, 2p) s-state
knockout, statistics are too poor to extract any
meaningful information. (This is consistent with
the fact that at 100 MeV proton bombarding energy,
the experimental peak cross sections for the s-
state knockout region are about 230, 130, and 36
pLb/MeV (sr)?, respectively, for the *He(p, 2p),*°
SLi(p, 2p),*® and "Li(p, 2p) reactions.)

III. THEORETICAL ANALYSIS

In a three-body treatment of the knockout process,
the reaction is assumed to take place through the
mechanism

m o+ (my+my)=m +my+my,
where m, refers to an inert core that remains

unaffected throughout the collision process. The
Hamiltonian is written as

H=Hy+V ,+V 3+ V,,

where H, is the free Hamiltonian for the three-
particle system and V;; is the interaction between
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FIG. 5. Extracted momentum distribution
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2110

the particles 7 and j. In the distorted wave im-
pulse approximation (DWIA), the scattering am-
plitude is given by?!

Tfi =(¢f ,Q}(tmﬂl I¢{ > ’

where ©; and Q; are Mgller wave operators de-
scribing the distortion of the incoming and out-
going wave functions, respectively, in the poten-
tial V ,+V,,. Expanding the distorted wave func-
tions in momentum coordinates the transition am-
plitude is equal to'!

T = [ [ [ agap apr ag 5,5 14,15,5"")

)k ¥ . QI -
xeS " 305 B 0%, B¢ G,
(3.2)

(3.1)

where ¢(g) is the momentum wave function in the
target of the knocked out proton and (p’,p'’|t,,
|$,B’"") are the matrix elements of ¢, between
plane wave states. In the plane wave limit

T.fl:w= <§1, ﬁz I g Iﬁo’ a) (b(ﬁs) s

where

(3.3)

Ps==q=P, =D, =D,

The ¢ matrix, in the plane wave limit, is half
off the energy shell.?® For practical calculations
in the distorted wave case, the matrix elements of
t,, must be treated as a slowly varying function of
the momentum variables so that they may be taken
outside of the integral. This is equivalent to as-
suming a short range interaction proportional to
8(T, - T,), where the constant of proportionality is
determined by the asymptotic value of the scat-
tering amplitude in the plane wave limit. If the
t matrix is factorized outside the integral,

Tf3W ~(P, Dzt |50’§> PV (B,),
where the distorted momentum distribution ¢PV
®,) is given by

¢Dw(§3)=ffffd§d§' dﬁ" dﬁ"' 5(§l+511_5_§ru)

(3.4)

xo% () 65 G 6% (@) 6(G").
(3.5)

In the DWIA, the breakup cross section is re-
lated to the distorted momentum distribution by
the equation’

d3
d9,d9%dE,

_ N, D > 2
= (BSF) (do/a),y 20 575 0 1071w G-

(3.6)
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(do/df),, is proportional to the square of the half-
off-shell ¢ matrix and corresponds to the p-p scat-
tering cross section in the on-shell limit. N,, is
the spectroscopic factor for proton removal from
the target nucleus leading to a particular level of
the residual nucleus.

The evaluation of the distorted momentum dis-
tribution is complicated due to the three-body
nature of the final state. After separating out the
equation of motion of the center of mass, the two
final state particles are described by

A
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FIG. 6. Extracted momentum distributions for the
ground state of !B (see Fig. 5 caption). The dashed
curves (---) take into account the energy dependence of
optical potentials and the solid curves (— ) ignore the
energy dependence.
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my=m,=m,
my=(A-1)m,

and E is the total energy of the center of mass
system.

If the coupling term 313 o _V.zs is ignored, the
Hamiltonian is separable in the coordinates T,; and
T,; and the distorted final state wave function is
given by

¢?w = X(fl)(-fla)x%': (fzg)¢>(00re) ,

where Xg,(¥) represent the distorted waves of
asymptotic momenta® k; =§; -p,/(A+1) calculated
in an optical potential.

The distorted wave function of the initial state
is given by

97" = A (1~ Faa/A) YFor)ocOTe)

where y(T,;) is the single particle wave function of
the knocked out proton in the target.

The distorted momentum distribution then re-
duces to the form??

- )

L1
72w Bs) = oy f AT Xz,

(+) -1 -
XX, (AA r)‘ﬁnu(r).

® % @

2111

The half-off-shell cross sections, along with
various on-shell approximations, have been cal-
culated for Reid soft core potential®® using the
program TMAT.?*® The DWIA program WAVEPROG*?
was used to calculate the distorted momentum dis-
tributions. The overlap wave functions ¥, 4(¥)
were approximated by bound state wave functions
in a Woods-Saxon potential. The well depth of the
potential was adjusted to reproduce the proton
separation energy Eg. The momentum distribu-
tion is found to be sensitive to the rms radius of
the bound state wave function only and not to the
particular combination of the geometric param-
eters 7, and a of the Woods-Saxon potential.

A. Angular correlation

The theoretical angular correlation for the re-
action *C(p, 2p)''B(g.s.) calculated by using
WAVEPROG?? is shown in Fig. 7. The theoretical
curves have been averaged over a finite energy
bin |E, -E,| <10 MeV. The bound state wave func-
tion of rms radius® 2.98 fm was generated in a
Woods-Saxon potential well with size parameters
7,=1.64 fm, a=0.65 fm. Optical potentials which
describe p-'2C scattering at 100 MeV?® and at 40
MeV?® (Table I) were used to compute the incoming
and outgoing wave functions.?® The spin-orbit part
of the optical potentials was ignored in order to
simplify the calculations. The spectroscopic fac-
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FIG. 7. Theoretical angular correlation distributions for the reaction 12C(p, 2p)!'B(g.s.) using different prescriptions
for computing [do/dQl,, (see text).
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TABLE 1. Optical potentials for distorted wave calculations.

Total
Reaction

Coulomb

Cross
section
o7 (mb)

Imaginary part

Real part

radius

Incident

Reference

78

(fm)

w
(MeV)

"o
(fm)

Potential
number

energy

(MeV)

Target

number

(fm)

(MeV)

(fm)

(MeV)

(fm)

nucleus

28
28
33
33

204

0.62
0.52
0.48
0.39
0.66
0.52
0.21
0.38
0.44
0.52
0.82
0.85
0.75

0.84
1.141
1.32
1.50
2.00

BHOWMIK,

199
188
102
306
273
260
324
251

10.54

0.69
0.63
0.79
0.80
0.59

1.226
1.39
1.14
1.09
1.17

20.83

1.83
1.83
1.20
1.20
1.20
1.33
1.33
1.25
1.25
1.25
1.25
1.25
1.25

Ay

100

"Li

20.94

17.84

37.8

Ay

4.48
2.08

By

50

bLi

0.24
4.75

32.9

B,

33
28
28
29

34.3

1.396
1.908
1.25
1.25
1.0
1.25
i.10
1.25

5.39

0.508
0.55
0.65
0.73
0.66
0.66
0.67
0.65

1.296
1.255
1.15
1.15
1.15
1.15
1.15
1.07

21.59
22.61

100

12C

4.37

C,

7.58

43.8

Dy

40

12C
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29
29

7.15

38.6

274
240
226
372

5.01

41.5

Dy

29
29
29

4.29
5.03
6.60

37.5

Dy

35.2

0.81

47.2

Dy

1B was taken to be 2.85 (Ref. 31). The dashed
curve is for the half shell prescription; the dot-
dashed and dot-dot-dashed curves are for on-
shell approximations by using “initial energy” and
“final energy” prescriptions. The full curve
(“incident”) was obtained by assuming (do/dQ),,
to be a constant, having a value corresponding to
the incident proton energy of 100 MeV.

The angular correlation for 6>50° is fitted
fairly well in absolute magnitude in all four pre-
scriptions. The shift of the minimum of the angu-
lar correlation towards large angles and the broad-
ening of the large angle peak are due to refraction
effects in the nuclear optical potential. At forward
angles, all four prescriptions, i.e., half shell,
initial energy, final energy, and incident energy,
fail to fit the angular correlation. To investigate
which factor may contribute to the breakdown of
the DWIA, we have studied the sensitivity of DWIA
calculations to the optical potential parameters,
the bound state wave function, and refraction ef-
fects on the ¢{ matrix.

For light nuclei optical model parameters are
not very well defined and various sets of optical
potentials are available that give reasonably good
fits to the elastic scattering data. We have studied
the effect of the ambiguity of optical potentials on
the distorted momentum distribution by using
various pairs of potential combinations listed in
Table I. The distorted momentum distributions
were found to be quite independent of the optical
potentials used for the incoming channel. The
choice of optical potential for the outgoing chan-
nels affected the absolute magnitude but the qual-
itative shape (i.e., the ratio of the maxima at for-
ward and backward angles) did not change (Fig. 8).
The magnitude of |¢ oW |2 depends critically on
o (see Fig. 8 and Table I). To investigate whether
the use of 2C parameters for the residual nucleus
1B affects the distorted momentum distribution,
we have allowed the real and imaginary well depths
for the outgoing particle potential to vary, keeping
the geometrical parameters fixed. The increase
in V shifted the minimum in the angular distribu-
tion towards larger angles and the increase in
W or W, caused an overall attenuation and a filling
of the minimum. Varying V, W, or W, by +25%
did not change the ratio of the two maxima at for-
ward and backward angles by more than 10%.

At 50 MeV bombarding energy, the DWIA and
DWTA?* (distorted wave ¢ matrix approximation)
results are strongly affected by a change in the
final state optical parameters and are relatively
insensitive to the bound state wave function. On
the other hand, at 100 MeV and higher incident
energies the bound state wave function is reason-
ably well determined from the large angle angular
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FIG. 8. Distorted momentum distributions | ¢ 5¥ (¢,) | 2 for the reaction 12C(p,2p)!!B (g.s.). The six curves are for
the incoming potential C,; and outgoing potentials (D;—D¢). PW is the plane wave momentum distribution with the opti-

cal potentials set to zero.

correlation data. The ratio of the distorted mo-
mentum distribution at forward and backward
angles is almost independent of the bound state
wave function parameters.

The above considerations indicate that the shape
of the distorted momentum distribution is fairly
well fixed in the DWIA; i.e., it is insensitive to
reasonable changes in the bound state and optical
model parameters. On the other hand, the p-p
cross section in Eq. (3.6) is sensitively dependent

on the choice of the off-shell extrapolation process,

as can be seen in Fig. 7. The half-off-shell pre-
scription gives the cross section in the zero dis-
tortion limit and predicts a rapidly rising cross
section for forward angles. In the strong absorp-
tion limit the momenta of the incoming and out-
going protons would be increased due to refraction
in the nuclear potential, and (do/dQ),, would tend
to approach a constant value. The ratio of cross
sections at the small angle and at the large angle
peaks for a p-state distribution would therefore
depend critically on three-body effects in the
quasifree scattering process.

For the reaction "Li(p, 2p)°He, the comparison

of experimental angular correlation with DWIA is
shown in Fig. 9. The wave function parameters
are taken from Ref. 1 ((7),,,=4.96 fm). The dis-
torted momentum distributions have been averaged
over the kinematic region |E,-E,| <10 MeV. Op-
tical potentials obtained from p-"Li scattering at
100 MeV2® and p-°Li scattering at 50 MeV*® were
used to compute the incoming and outgoing dis-
torted waves. The theoretical fit to the angular
correlation is found to be relatively poor in all
four prescriptions. The theoretical cross section
decreases much faster with 6 than the experimen-
tal data, and the experimental spectroscopic fac-
tor Ny ;=0.067 is much smaller than the value of
0.6 predicted by shell model calculations.?! The
experimental spectroscopic factor is, however,
quite sensitive to the bound state wave function
used. A reduction of the size parameters of the
bound state potential well to 7,=2.25 fm, a=0.65
fm, (7),,=3.46 fm increases the spectroscopic
factor to Ny ; ~0.24 and improves the fit to the
angular correlation (Fig. 9). The fit is quite good
for 6>50° and the fit for small angles is also
somewhat improved.
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FIG. 9. Theoretical angular correlation distributions
for the reaction "Li(p, 2p)®He(g.s.) using different pre-
scriptions for calculating [do/dQ),,. The two sets of
curves are for two different bound state wave functions
for the *He.

B. Energy sharing spectra

In a coplanar symmetric geometry, the shapes
of the energy sharing spectra are determined
mainly by distortion effects and are relatively
insensitive to the choice of prescription used to
calculate (do/dQ),,. In Fig. 5, (do/dQ),, has
been taken to be a constant (i.e., incident energy
prescription), and the experimental cross sec-
tions at different angle pairs are compared with
the DWIA. The two sets of curves correspond to
the two different bound state wave functions for
"Li used in Fig. 9. The theoretical curves have
been normalized to the experimental data at
=41.0° The change in shape as the angle increases
is also consistent with the DWIA calculations. The
ratios of peak cross sections at different angle
pairs are approximately reproduced in the incident
energy prescription.

In the case of the *C(p, 2p)!'B reaction we have
studied the effect of the energy dependence of the
optical potential for the outgoing particles. A
linear dependence of the form

d
V(E) = V(EA)+E;,—/ (E=E,),

W(E) =W (E)+ 22 (E - E,)

was used. V and W are the real and imaginary
part of the optical potential, and E, is the aver-
age energy of the outgoing protons. The geo-
metrical parameters are held constant. The
dashed curves in Fig. 6 are obtained by assuming
dV/dE =-0.33 and dW/dE =0. The full curves
correspond to dV/dE =dW/dE =0. The momentum
distributions for dV/dE=-0.3, dW/dE =-0.1 are
indistinguishable from the dashed curves. Thus
the qualitative features of the distorted momen-
tum distributions are not changed when the ener-
gy dependence is taken into account. Distortion
nicely explains the filling-in of the expected min-
imum at 6=38.5° (angle where P, can be zero)
and the deep minimum observed at §=42°,

IV. SUMMARY AND CONCLUSIONS

We have studied the (p,2p) reaction at 100 MeV
on "Li and '*C. The experimental resolution
achieved in this experiment has been good enough
to resolve individual states in the residual nuclei.
Data have been taken over a wide region of phase
space for a detailed comparison with theory.

The overall agreement of the DWIA with the ex-
perimental data is reasonably good. The main
problem is due to the failure to predict the ratio
of maxima in the angular distribution at forward
and backward angles. This ratio is strongly de-
pendent on the off-shell effects in the { matrix.

A fully off-shell version for the { matrix has re-
cently been proposed,3® but quantitative results
are not yet available. Other possible sources of
discrepancies are due to the neglect of spin-orbit
terms in the optical potential and the coupling
term V, - V,, in the final state Hamiltonian. In
the plane wave limit, the effect of the coupling
term is included in DWIA; an exact treatment of
the coupling term is, however, beyond the scope
of DWIA and would require solving the three-body
Schriddinger equation for the final state. Such
work is presently underway*® with the hope of a
more thorough understanding of nucleon knockout
reactions.
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