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CM-P00067057 I. Introduction
Quasi-free scattering of polarized vﬂ0n03m+ For many years quasi-elastic scattering has been a major source of
information concerning proton hole state in nuclei. Both (e,e’p) and
P. Kitching, C.A. Miller, W.C. Olsen, D.A. Hutcheon, (p,2p) reactions have been used for this purpose, with the results being

W.J. McDonald, and A.W. Stetztt

interpreted in terms of the distorted wave impulse approximation
University of Alberta, TRIUMF, Edmonton, Alberta, Canada T6G 2E1

(DWIA)1). The positions of peaks in the missing energy spectrum are used
to determine the energies of the proton hole states, and the shape of

Abstract the recoil momentum distribution gives information on the angular momen-

tum of the hole state. More recently, Jacob et al.2) have suggested
Cross section and uo_wqmmma asymmetry, energy-sharing spectra have using the effects of distortion to extract additional information concern-
been measured for the '°0(p,2p) reaction at an incident energy of ing the j-value of the hole state. These authors predicted that if a

200 MeV for twenty-four different pairs of angles of the detected final measurement of the (p,2p) reaction were made when one of the detected
state protons. This general survey is intended to test the validity of protons has a lower energy than the other, then for an appropriate direc-
the distorted wave impulse approximation (DWIA), particularly with tion of the recoil momentum one can preferentially select an orbital
respect to the predicted j-dependent asymmetries caused by the distort- angular momentum projection for the knocked out proton. Because of spin-
ing optical potentials and nuclear spin-orbit coupling. Although the orbit coupling, the target protons in the nucleus are thereby effectively
data in general confirm this j-dependence, agreement in detail between polarized by a combination of distortion and kinematic effects, and the
OWIA calculations and the asymmetry data tends to become worse as the value of this effective polarization is dependent on the j-value of the
momentum of the recoiling nucleus increases. Predictably, the cross target proton. When polarized incident protons are used the cross
section calculations show more sensitivity to the optical model param- section is sensitive to the relative directions of the polarizations of
eters than do the asymmetries; within the present limits imposed by the incident and target protons. Hence, j-dependent asymmetries in the
scanty elastic scattering data, there seems to remain a choice between (p,2p) cross section are predicted. Such asymmetries have been observed
predicted (p,2p) cross sections which either are unreasonably large or in an earlier mxvmwmsm:nwv at TRIUMF to depend on known j-values of the
have the m:noﬂﬂmnn.msmqm<-m:mwm:m shapes. More comprehensive elastic struck proton in the predicted way, suggesting that this effect may be
scattering and total reaction cross section data are clearly needed.

used as a tool for studying the j-values of proton hole states.

The other major reason for interest in Am.wuv asymmetry measurements
(submitted to Nuclear Physics A) is that they are expected to afford a more stringent test of reaction
models than cross sections. Questions such as the validity of the factor-
ization approximation and the importance of spin-orbit distortions may be
addressed more easily, both because the observed effects must be entirely
due to distortions and because parameter sensitivities are less of a

problem. Off-shell effects might be studied more easily since the ><<

+ Work supported in part by the Natural Sciences and Engineering Research spin-spin correlation term entering into the observed j-dependent asym-
Council of Canada. metry is a stronger function of energy than cross sections are.
t+tPresent address: Department of Physics, Oregon State University,
Corvallis, Oregon, U.S.A. 97331. In an attempt to shed light on some of these questions we have per-

formed a comprehensive series of measurements of both cross sections and
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Opp = T (1 + (P+Pg) « A + P P AL ) (4)
where o is the unpolarized cross section, >< is the p-p analyzing power
and Ay, is the spin-correlation parameter (often called Can) - Pg is
determined by the qﬂ.mu

(+)

2" - me

Py = I

m s:vslaw.
M.:UAn_. + v_q_._

(5)

where the nﬂ_m are combinations of Clebsch-Gordon coefficients reflect-
ing the spin-orbit coupling of the struck proton and the coupling of the
resultant j to that of the residual nucleus. Pg can be non-zero only if
L is non-zero, and the experiment is non-symmetric with respect to the
kinematic attributes of the final state protons. If such is the case,

it is j-dependent in general. As can be shown from eq. (4), only Ayy

and not >< contributes to the experimental determination of Pg by measur-

ing asymmetries (i.e. changing the sign of Po) -

The three required p-p observables, Oy >< and ><< are off-shell
quantities. Provided that the direct effects of the distorting poten-
tials on the p-p interaction can be neglected, the observables may be
calculated using the half-shell prescription which accounts only for the
binding energy and momentum mismatch. In most previous analyses, an on-
shell extrapolation has been used in which the energy at which the obser-
vables are evaluated corresponds to the relative energy of the two
protons in the initial state (ISP) or final state (FSP) or some average
of the two. If only cross sections are required (which do not vary
rapidly with energy) the consequent ambiguity is usually not serious.
Because >< and ><< are more strongly energy dependent, the present calcu-
lations use the half-shell prescription (HSP) in which off-shell informa-
tion is obtained from a convenient phenomenological nucleon-nucleon
potential. A factorized t-matrix method!?) for calculating half-off-
shell amplitudes is used which incorporates on-shell information from ex-
perimentally determined phase shifts®) with off-shell information from a
potential model. Such calculations comparing (p,2p) cross sections and
asymmetries using two very different potential models in kinematic situ-
ations where off-shell effects are expected to be much more important
than in the present experiment have indicated a lack of sensitivity to

the choice of potential modelll). Therefore it seems likely that the

l_OI

separable non-local potential of Mongan!2) used here will be more than
adequate to account for the relatively mild off-shell effects expected
for the present data. Parenthetically we note here that neither the ISP
or FSP is consistently closer to the HSP results; it depends on the
kinematic situation and on whether one is considering cross sections or

asymmetries. .

The optical potential used to generate the distorted waves is of
standard Woods-Saxon form with parameters taken from a systematic fit to
intermediate energy elastic scattering data on 12C [ref. 13)]. The re-
sulting parameter set including no surface imaginary part was found to
fit acceptably some 160 elastic scattering data and yield reasonable
values for the total reaction cross section Aaxv. However, the scarcity
in the required energy region of both data and attempts at systematic
energy-dependent fits mean that the optical potentials are probably the
weakest aspect of the current DWIA calculations. Future efforts to fit
new intermediate energy elastic scattering data might do well to be
guided by the optical potential predictions of nuclear matter calcula-
tions!*). This may help to ameliorate the problem that asymptotic infor-
mation such as elastic scattering data does not unambiguously define the

wave function and potential inside the nucleus.

In comparing these DWIA calculations with the data, we note that in
general asymmetries show the expected j-dependence. This can be taken to
be a more significant success for the DWIA than tests involving only cross
sections, both because these asymmetries are entirely due to the effects
of distortions and because, somewhat paradoxically, parameter studies
have shown that asymmetries are less sensitive than cross sections to the
choice of bound state and optical model potential parameters?). It cer-
tainly appears that this technique would aid in identifying unknown j-
values of hole states. However, the degree of agreement with the data
varies from angle to angle. At symmetric angles with asymmetric energy-
sharing, the agreement is significantly better than at asymmetric angles.
In such tests of the reaction model, it is clearly important that data

be taken in a wide range of kinematic conditions.

The cross section data are less well fitted by the calculations, both

in regard to the m:mﬁm<-m7mwm3m shapes and the fact that values of C2S of
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- 13 -
wave functions which is then squared to yield the distorted momentum dis-
tribution so that such effects are amplified by the sixth power. A crude
attempt to determine the importance of this effect was made by multiply-

ing the scattering wave function amplitudes by the nuclear density-

dependent factor AMVH\N. values for which were taken from nuclear matter
calculations!3). @ is an effective mass which characterizes the non-
locality of the potential. The radial dependence of the nuclear density
was taken to be that suggested by Negele, also given in ref. 19). Includ-
ing this effect reduces the calculated (p,2p) cross sections by a factor
ranging from 1.2 at the more forward angle pairs to 2.0 at 65°-65°. Al-
though energy-sharing cross-section shapes are little improved and asym-
metries are very little affected, it appears to be important to include
this effect in DWIA calculations, preferably in a more self-consistent

manner than here.

In summary, DWIA calculations using the set A optical parameters,
Elton-Swift bound state wave function, and accounting crudely for the
effects of the non-locality of the optical potentials yield reasonable
spectroscopic factors for both Pj/, and P3/, hole states. As well, the
predicted j-dependence of the asymmetries is confirmed by the data. How-
ever, the angle and energy-sharing dependence of the cross sections and,
in some cases, the asymmetry shapes are not well described by the calcu-
lations. One possible reason for this problem is lack of knowledge of
the optical potential. It is also possible that some of the discrepancies
arise from coupling terms of order ».osmnwma from the three-body
Schrédinger equation. In addition, two-step processes may become impor-
tant contributors, especially at high recoil momenta. Some recent calcu-
lations?23) suggest, however, that at 200 MeV such effects are small (<10%
of the observed cross section). Yet another, more interesting explana-
tion is failure of the approximation made in factorizing the matrix
element. There has been recent experimental and theoretical work investi-
gating this question at intermediate energy. Some :onmﬁv.muv measure-
ments20) at 148 MeV using an experimental geometry chosen specifically for
this purpose have yielded results consistent with the factorized DWIA.
However, it is worth noting that D(p,2p) measurements at 50 MeV yielded
essentially the same flat quasi-free angular correlation whereas it is
now known that this is fortuitous and that only full three-body calcula-

tions can adequately deal with the D(p,2p) and D(p,pn) reactions at that

- 14 -
m:m«@<m~v. In the area of theoretical investigations, Koshel has com-
pared with the corresponding factorized results the predictions of un-
factorized ("finite range'") calculations using a pseudo-potential for the
p-p interaction?2). He has found significant discrepancies in some
kinematic situations, even at an energy as high as 200 MeV. Therefore,

this question.appears to remain an open one and further theoretical work

is needed.
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