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The “He (p,2p )*H reaction has been studied at 250, 350, and 500 MeV using coplanar
symmetric and asymmetric geometries. The data are presented as energy-sharing spectra,
coplanar symmetric angular distributions, and quasifree angular distributions. A compar-
ison with distorted wave impulse approximation calculations indicates reasonable agree-
ment for small recoil momenta (g <150 MeV /c). For larger recoil momenta, the
distorted-wave impulse approximation calculations increasingly underestimate the data.
The discrepancies are substantially reduced by inclusion of a spin-orbit term in the optical
potential used to generate the distorted waves. Improvements of the single particle wave
function for the struck nucleon influence the calculations to a lesser degree. The remain-
ing discrepancies at large recoil momenta may, in part, be ascribed to multiple scattering
effects and exchange processes not included in the standard distorted-wave impulse ap-
proximation.

NUCLEAR REACTIONS “He(p,2p)*H; measured

d30 /(dQ3d Q,dT;), 250, 350, 500 MeV, energy sharing spectra, co-

planar symmetric angular distributions, quasifree angular distributions;
comparison with DWIA calculations.

I. INTRODUCTION coplanar symmetric geometries. Whereas at 590
» MeV there is a good agreement between the data
Studies of (p,2p) quasifree scattering from the near zero recoil momentum and DWIA calcula-
very light nuclei have been concerned largely with tions, agreement between the zero-recoil momen-
the extraction of single-particle wave functions in tum data at the lower energies and the DWIA cal-
the framework of the distorted-wave impulse ap- culations could only be obtained after the latter
proximation (DWIA). Such studies of had been renormalized by a factor of ~0.5. Below
*He (p,2p)°H have been made at 65, 85, and 100 incident proton energies of 100 MeV or so, one
MeV,! at 156 MeV,? at 460 MeV,> and at 590 questions the validity of the DWIA but obviously
MeV.* All experiments have been performed using there exists a discrepancy between the results at
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460 and 590 MeV (see Fig. 4). At 590 MeV the
differential cross section data or the extracted sin-
gle particle momentum distribution agree with the
DWIA calculations up to recoil momenta of ~200
MeV /c. For larger recoil momenta the DWIA
prediction increasingly underestimates the data for
increasing recoil momenta.

The motivation of the present experiment were
to resolve the existing ambiguity between the 460
and 590 MeV data, but more fundamentally to test
the applicability of the DWIA for the “He (p,2p)°H
reaction by extending the measured region of the

e En) pips’

single particle momentum distribution in *He to
500 MeV /c.

In the plane-wave impulse approximation
(PWIA), the differential cross section can be ex-
pressed in factorized form (reflecting the first order
diagram given in Fig. 1):

d’0/(dQ:dQdT;)=F(do /dQR 5N,
X |p(G=—Bs)|?,

where F is the kinematic factor,

ms

P1 Ewps+Espy+Epscos(03+6,)—Espycosby my

with Ej, the center of mass (c.m.) energy of the
two interacting protons. (do/dQ )} is the half-
off-the-energy-shell proton-proton differential cross
section, N, is the spectroscopic factor [2 in the
case of “He (p,2p)°H], and ¢(d = —Ps) is the
Fourier transform of the overlap integral between
the recoiling nucleus (*H) and the target nucleus
(“He):

— - 1 RN
¢(Q=—Ps)=W fexp(tq'r)

X <¢3H/¢4He)d? .

The obvious refinement is to take into account dis-
tortion effects between the incident proton and the
core nucleus in the initial state and between the
scattered and ejected protons and the core nucleus
in the final state. In this case the single particle
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|
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FIG. 1. First order diagram for the quasifree scatter-
ing process “He (p,2p)°H. Here particle 1 represents the
incident proton, 2 the target nucleus, 3 the scattered
proton, 4 the ejected proton, and 5 the core nucleus
which recoils with the momentum it had before the in-
teraction took place.

momentum distribution ¢(d= —P5) becomes the
distorted momentum distribution

s(@= [ @ @O (an)dT
where the various X’s represent the distorted waves
and a= %

As described in detail by Roos,’ there are three
types of quasifree scattering experiments most
commonly performed:

(1) The measurement of the energy-sharing spec-
tra. Here, one selects the coplanar symmetric an-
gle pair (03=0,, ¢3 4=1r) for which the kinemati-
cally allowed locus of events in the T3 — T4 plane
contains the point corresponding to zero recoil
momentum of the core nucleus. Since for this
geometry the p -p differential cross section does not
vary greatly in energy and angle, the measured en-
ergy distribution or its projection on one of the en-
ergy axes (let us say T'3) reflects primarily the dis-
torted momentum distribution. _

(2) The measurement of the coplanar symmetric
angular distributions. Here, one selects a series of
coplanar symmetric angles (6;=0,, 0; ;=) and
extracts from the measured energy distributions the
cross section at T3 =T,. The recoil momentum of
the core will be either parallel or antiparallel to the
incident beam direction depending on whether the
opening angle 65+ 6, is greater than or smaller
than the opening angle for the energy sharing spec-
trum at the same incident energy. The p-p dif-
ferential cross sections have to be evaluated at c.m.
energies which may vary appreciably and at c.m.
scattering angles which are always 90°. The ex-
tracted (p,2p) cross sections as functions of angle
(8;=0,) or of recoil momentum will reflect both
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the varying two-body cross section and the distort- -

ed momentum distribution.

(3) The measurement of the quasifree angular
distributions. Here, one varies the coplanar angle
pair (03,04, ¢3 4=1); however, 6; and 6, are
chosen in such a way that the locus of kinematical-
ly allowed events in the 7'3-T', plane contains a
point for which the recoil momentum of the core
nucleus is zero. Assuming distortion effects not to
be too angular and energy dependent, the ratio
(d30/dQ:d Q,d T }$,=0/FN, should be proportion-

al to the p-p cross section and is thus a test of the
factorization approximation. For the latter type of
measurements, additional information may follow
from the determination of the asymmetry in
(d%0/dQ;d 0d T, ),=o Using incident polarized

proton beams. It is to be noted that factorization
of cross sections is a valid concept only if spin-
orbit effects can be neglected.

In the present experiment, a study has been
made of the *He (p,2p)3H reaction at 250, 350, and
500 MeV using the three types of measurements
defined above. In the next section, a short descrip-
tion is presented of the experiment; Sec. III
presents the data reduction; Sec. IV presents the
results and a comparison with previous results; Sec.
V describes the DWIA calculations and the input
to these calculations; while Sec. VI contains a dis-
cussion and some conclusions. A first account of
this work was presented recently in the form of a
Letter.°

II. EXPERIMENT

The experiment was performed using the vari-
able energy proton beam from the TRIUMF ac-
celerator. Proton beams of 250, 350, and 500
MeV, respectively, bombarded a liquid helium tar-
get. Beam intensities ranged between 0.2 and 10
nA. The beam spot size and its position were
monitored regularly by viewing a scintillator which
could be placed at the target position. The cross
section of the beam at the target was approximate-
ly 1 by 1.5 cm (width and height). The liquid heli-
um target had a thickness of 97 mgcm~2 with an
aperture of 5.1 by 5.1 cm.” The target cell could
be raised and lowered remotely. This permitted
the liquid helium target cell to be replaced with a
dummy cell in order to allow appropriate back-
ground subtractions. The target cell could also be
rotated around a central vertical axis in order to
ensure that the reaction products would not strike

the side frames of the target cell.

The scattered and ejected protons were detected
in coincidence by two pairs of range telescopes
mounted on four independently movable booms
which could be positioned remotely about the tar-
get axis to an accuracy of 0.1°. Each range tele-
scope consisted of two 0.6 cm thick plastic scintil-
lator detectors, a set of vertical and horizontal
multiwire proportional chambers, an appropriate
amount of copper absorber, and a 7.6 cm thick by
12.7 cm diameter Nal (T1) detector (see Fig. 2).
The first plastic scintillator, used only in the latter
part of the measurements, was positioned as close
as possible to the 70 cm diameter scattering
chamber enclosing the 1*“He cryostat tail section.
This scintillator served to reduce the number of
unwanted coincidence events by restricting the field
of view of the range telescopes. The second plastic
scintillator provided the trigger signal correspond-
ing to coincident events. The 12.7 by 12.7 cm
multiwire proportional chambers were located at
distance varying between 1.3 and 2.0 m from the
target center. Owing to the limited range for pro-
tons of the range telescopes, the energy sharing
spectra were measured in a series of overlapping
energy bites achieved by placing different amounts
of copper absorber in front of the stopping
counters. For each measurement, a separate deter-
mination was made of the background by replacing
the 1*He target cell with the empty dummy cell.
Energy calibration data were taken at each run us-
ing a CH, target.
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FIG. 2. Schematic diagram of the experimental ar-
rangement.



The absolute scale of the measurements was ob-
tained from a polarimeter placed 3.2 m upstream
from the target center. The total incident beam
was determined from the sum of left plus right
proton-proton events scattered by the ~5 mgem™
thick, CH, target of the polarimeter. An indepen-
dent determination of the absolute scale of the
measurements was obtained by integrating the
current of an ionization chamber placed 3.0 m
downstream from the target center. The ionization
chamber and polarimeter had been calibrated previ-
ously against a Faraday cup installed in the beam
line. The consistency of the absolute normalization
of data taken in different experimental runs was
checked by repeating, each time, the measurement
of the energy bite containing the zero-recoil
momentum point of the 500 MeV energy sharing
spectrum at 40°—40°.

2

III. DATA REDUCTION

Data stored on magnetic tape were analyzed us-
ing, for the most part, the program KIOWA. This
analysis utilized the IBM 360-91 and 3033 comput-
ers at UCLA, the PDP 11/34 minicomputer at
California State University, Los Angeles, and the
Amdahl 470/V7 computer at the University of
Manitoba.

Among its various functions, the KIOWA code
converted the analog-to-digital converter (ADC)
channel to energy, calculated the binding (or miss-
ing) energy for each event from the energies and
angles of the outgoing protons, and produced histo-
grams and two-parameter plots subject to various
conditions. For example, events were rejected if a
hit was not recorded on both planes of the wire
chamber of each range telescope, or if hits were
recorded on nonadjacent wires on a single plane.
Acceptable events were confined to those incident
within the flat efficiency response region of the
Nal (T1) detectors (less than 5 cm radius from the
center of the detector). Real coincidences were
separated from accidental coincidences and events
belonging to the kinematic locus of the
“He (p,2p)*H reaction were identified by an ap-
propriate cut on the missing mass spectrum. The
projections of the two-parameter spectra that satis-
fied all the above requirements were further
corrected for wire chamber inefficiencies corre-
sponding to missing or nonadjacent hits, for
Nal (T1) detector inefficiencies, and for dead time of
the overall data acquisition system. The NalI(T1)
detector efficiencies had been determined in a pre-
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vious measurement.® The dead time correction was
determined by the ratio of pulses received by the
computer versus those sent simultaneously to
light-emitting diodes (LED’s) attached to each
plastic and Nal (T1) counter as well as to each wire
chamber. Final experimental fivefold differential
cross sections were obtained following normaliza-
tion for incident beam current, target thickness,
solid angles, and subtraction of accidentals and
background. Background information obtained
from the target-out measurements had been pro-
cessed in an identical manner as the target-in mea-
surements. In the case of the energy spectra of the
asymmetric pairs of angles taken at 250 and 500
MeV and shown in Fig. 7, the cross sections shown
are the weighted average of the values obtained
with the unpolarized proton beam and the values
obtained with the polarized beam by averaging
over spin up and spin down.

IV. RESULTS

The measured energy sharing spectra at 250,
350, and 500 MeV are shown in Fig. 3. The
abscissae give both the energy (T’;) of one of the
observed protons and the recoil momentum
(d=—7Ps) of the core nucleus. The uncertainty in
the absolute normalization of the differential cross
sections is estimated to be 10%. It includes contri-
butions from the uncertainties in the determination
of the total number of incident protons, counter
and wire chamber efficiencies, solid angles, target
thickness, and computer dead time. The energy
resolution was such that missing mass spectra
showed resolutions varying between 4% and 9%
(FWHM) depending on incident energy and experi-
mental run. From these spectra, the estimated
contribution of triton breakup events to the cross
sections shown is less than 20% in the region of
Ps5>400 MeV /c and less than 7% at ps=0
MeV /c. Since a pair of integer angles
(6;=0,=40°) was chosen closest to the symmetric
pair of angles which allowed p;5 =0, the average
recoil momenta of the measured energy sharing
spectra are slightly larger than zero (4.4 MeV /c at
250 MeV, 6.7 MeV /c at 350 MeV, and 9.7 MeV /¢
at 500 MeV). The data at 250, 350, and 500 MeV
represent a maximum angular acceptance
Af=+1.5° and Ap=+1.0°, A6=+1.7° and
Ap=+1.3°, and AB=+1.5° and Ap=+1.1°,
respectively. The quantity A6 is the vertical open-
ing angle as seen from the target center. The error
bars are for counting statistics only. The energy
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FIG. 3. Energy sharing spectra for the *He (p,2p )*H
reaction at 250, 350, and 500 MeV. The abscissae give
both the energy of one of the observed protons and the
recoil momentum of the core nucleus.

sharing spectra have the typical shape expected for
knockout of an s-state proton. The differential
cross sections at the above values of ps (with the
restriction that AG@=+0.5° and A¢=+0.5°) are
compared with previous results at lower and higher
energies in Fig. 4. A smooth behavior as a func-
tion of energy is apparent. There is good agree-
ment with the 590 MeV result of Perdrisat et al. *
The coplanar symmetric angular distributions
measured at 350 and 500 MeV are shown in Fig. 5.
The angular pairs 6;=6, ranged from 30° to 64°.
The data reflect an angular acceptance of
AO=+0.5° and A¢~+1.3° at each angle, except
that at 350 MeV the angular spread in A at 64° is
+1.1° and at 500 MeV the angular spread in A8
for angles greater than 57° ranges from +0.7° to
+1.7°. Note that the 350 MeV data extend to
recoil momenta of 410 MeV /c and that the 500
MeV data extend to recoil momenta of 490 MeV/c.
This is a considerably larger range than has ever
been obtained previously for the (p,2p) reaction on
any nucleus. Note further that the differential
cross sections span a difference of almost five or-
ders of magnitude. The distorted momentum dis-
tribution determined from the 500 MeV coplanar
symmetric angular distribution by dividing by
F(do/dQY AN, is compared with that obtained
from the 590 MeV data by Perdrisat et al.* in Fig.
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FIG. 4. Energy dependence of the differential cross
section for the *He (p,2p )*H reaction at zero-recoil
momentum and symmetric angles. The symbols indicate
the results of: the present experiment (@ ); obtained at
SREL (X ), Ref. 4; at Chicago (A), Ref. 3; at Orsay
(V), Ref. 2; and at Maryland (M), Ref. 1. The full cir-
cles present the results of a DWIA calculation.
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FIG. 5. Coplanar symmetric angular distributions for
the “He (p,2p )*H reaction at 350 and 500 MeV. The
abscissae give both the scattering angles 6;=0, of the
observed protons and the recoil momentum of the core
nucleus. The curves correspond to DWIA predictions
for the meson exchange currents corrected wave func-
tion with spin-orbit terms (solid line) and without spin-
orbit terms (dashed line) in the optical potentials. The
dot-dash curve (500 MeV) corresponds to the DWIA
prediction for the Lim wave function with spin-orbit
terms in the optical potentials.
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6. The half-off-the-energy-shell proton-proton dif-
ferential cross section (do/dQ ¥} was replaced by
the free p -p differential cross section at a c.m. ener-
gy corresponding to the c.m. energy of the two
protons in the final state. The c.m. scattering an-
gle is the angle between the relative momentum
vector of the two protons in the final state and the
incident beam direction (=90° for a coplanar sym-
metric angular distribution. This approximation
for (do/dQ )} is the so-called final state approxi-
mation. There appears to be good agreement in
magnitude and shape between the two distorted
momentum distributions, except perhaps for angles
6;=0,<30° or g > 100 MeV/c antiparallel to the
beam direction.

Four point quasifree angular distributions were
obtained at 250 and 500 MeV. The angle pairs at
which measurements were made are
25°—55° 30°—50°, 35°—45°, and 40°—40°. In ad-
dition to an unpolarized beam, a polarized proton
beam was used; however, only the differential cross
sections are considered here. The energy spectra
for these asymmetric angle pairs are shown in Fig.
7. The energy spectra are presented as functions of
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FIG. 6. Distorted momentum distributions obtained
from the 500 MeV (present work) and 590 MeV (Ref. 4)
coplanar symmetric angular distributions using the final
state energy prescription to approximate the half-off-
the-energy-shell p -p differential cross sections and as-
suming factorization of cross sections.
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FIG. 7. Energy spectra for the “He(p,2p )°H reaction at the angle pairs 55°—25°, 50°—30°, and at 45°—35° at 250 and
500 MeV. The inserts show four point quasifree angular distributions (dots with error bars) compared with DWIA cal-

culations (solid dots).

energy of the proton detected at the larger angle
and as a function of the recoil momentum of the
core nucleus. The energy spectra have the expect-
ed shape for knockout of an s-state proton. Data
in numerical form may be obtained by request
from the authors.

V. DWIA CALCULATIONS

DWIA calculations were made similar to those
of Roos.” The computer code used was written by
Chant'® and is based upon the formulations of
Jackson and Berggren, and Jackson.!! Its main
difference with earlier DWIA codes is that it al-

lows the distorted waves to be generated from an
optical potential which contains a complex spin-
orbit term as well as an /-dependent term. For
purposes of comparison, we first discuss the main
ingredients of DWIA calculations for a quasifree
(p,2p) reaction assuming factorization of cross sec-
tions, i.e., neglecting spin-orbit terms of the optical
potentials. The main ingredients in this case are (i)
the half-off-the-energy-shell p-p differential cross
section, and (ii) the distorted momentum distribu-
tion. The latter is calculated from a single particle
wave function representing the overlap of “He and
3H wave functions with distorted waves for the in-
cident proton, the scattered proton, and ejected
proton.



A. The half-off-the-energy-shell p-p
differential cross section

This quantity is usually replaced by the free p-p

cross section using one of the following approxima-

tions:

(a) The initial state approximation. In this ap-
proximation, the free p-p differential cross section
is taken at a c.m. energy equal to the c.m. energy
of the incident proton and the struck proton (la-
boratory momenta p; and —Ps):

Ej; +E:4 =(1—Bx42)1/2(E1 +E4) ’
with
-  P1—DBs
Bu=—T"7"
E,+E,
and
E=[(—PsP+my]'2.

The c.m. scattering angle is defined through

!
o | ot

U
cos 03 =

b

-~ |3

1.
IB1] | B3|
where P | and P 3 are obtained through the
Lorentz transformation defined above.

(b) .The final state approximation. In this ap-
proximation, the free p-p differential cross section
is taken at a c.m. energy equal to the c.m. energy
of the scattered proton and the ejected proton.

Ey+Ey=(1—B3 H)'"AE;+Ey) ,
with

— P3+Ds

B3 4= Bt E,

The c.m. scattering angle is defined as above.

(c) The Stern-Chamberlain approximation (Ref.
12). In this approximation, one conserves the
difference Q and the sum P of the initial and final
relative momenta of the two interacting protons:

Q=35(K-K"), P=1(K+K"),
where
K=P1+Ps, K'=P;—Bs.

Nonrelativistically, this corresponds to p-p scatter-
ing at a c.m. energy with a relative momentum p,,
and scattering angle 6 given by

|Q|2=2p,y2(1—cos ) ,
|P|2=2pa2(1+cos6) .

25 “He(p,2p)*H REACTION AT INTERMEDIATE ENERGIES . . .

397

At the energies of the present experiment, the
differences caused by the particular choice of the
free p-p differential cross section are small for
recoil momenta up to 200 MeV /c. For instance,
the differences in the distorted momentum distribu-
tions for recoil momenta up to 200 MeV/c ob-
tained assuming the factorization of cross sections
are less than 15%. For increasing recoil momenta
the differences in the distorted momentum distribu-
tions become increasingly larger, as can be seen in
Fig. 8. The expected result for the Stern-
Chamberlain approximation is intermediate to the
initial state energy approximation and the final
state energy approximation results.

The other possibility is to calculate the half-off-
the-energy-shell ¢ matrix using some potential
model. Here, one writes the half-off-the-energy-
shell extension function multiplied by the on-the-
energy-shell ¢ matrix.

t(q,94,E)=1(q,94)t(qe1,9e1,E) .

The second term (g¢,9¢,E) can be calculated
knowing the p-p elastic scattering phase shifts,
while the first term f(q,q,), the off-the-energy-
shell extension function, may be calculated from
some potential model.!* No such potential is avail
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FIG. 8. Distorted momentum distributions obtained
from the 350 MeV coplanar symmetric angular distribu-
tion using the initial state and final state energy
prescriptions and assuming factorization of cross sec-
tions.
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able for the range of p-p c.m. energies relevant to
the present experiment.

When the spin dependent parts of the optical po-
tentials are included, one retains factorization of
amplitudes rather than factorization of cross sec-
tions. The differential cross section can then be ex-
pressed as

d*0/(dQ;dQ,dT3)=FSg | Tg |2,

where F is the kinematic factor and Sy represents
the appropriate sum and average over final- and
initial-state quantum numbers, and

Ts=23C 3 (uaps|ty |1107)
92 HiMsfs

X [ X @ (Pe(E)
XXt (a)dT .

Here, (13,444 | tpp | p£1,02) presents the p-p scatter-
ing amplitude. The (u;,0;) present the spin quan-
tum numbers of particle i. The impulse approxi-
mation kinematics are defined as above.

Unless otherwise stated, the DWIA calculations
presented here have been made using the final-state
approximation. The free p-p scattering amplitudes
have been obtained from a set of phase shifts for
p-p elastic scattering up to 700 MeV (Ref. 14) and
at higher energies by interpolation of p-p differen-
tial cross section data given in a recent compila-
tion.!”

B. Distorted waves

In order to arrive at a consistent set of optical
model parameters appropriate to generate distorted
waves for the incident and outgoing channels, an
optical model analysis was made of available
p+°*He, p+>He, and p +°H elastic scattering data
in the energy range 85 MeV —1.24 GeV. For the
incident channel, the proper optical potential is for
the incident particle and core nucleus. In the
present DWIA calculations, this interaction was re-
placed by a p + *He optical potential. The data
selection is presented in Table I. Only two total
reaction cross sections were found in the literature
for the energy range under consideration: at
630+15 MeV, og(p+*He) = 12.6+1.4 fm® (Ref.
16) and at 1030 MeV, og(p +*He) = 11.1+1.0
fm? (Ref. 17). The analysis was performed using
the optical model search code SEEK.!® The optical

potential is of the form
V=Vcou—Vf(r,Rg,ag)—iWf(r,R;,a;)
—(Vso+iWs0)g(r,Rs0,a50,(3- 1)
(= DV ey +iWe)f (r,Rex000)

containing a Coulomb potential term, a real central
and imaginary central potential term, a complex
spin-orbit potential term with a Thomas form, and
a complex /-dependent potential term. The form
factors f(r,R,a) and g(r,R,a) are the usual
Wood-Saxon and Thomas form factors:

-1

r—R,'

f(r,R;,a;)= |1+ exp ,

i

2

2 #i df(r,Ri,ai)
’R'9 i)=— ’
g(rRi,a;) r|mye dr
with

R,~=r,~A1/3 .

The quantities § and T denote the spin and orbital
angular momentum of the incident nucleon. The
Coulomb potential term is taken to be due to a un-
iformly charged sphere with radius parameter 7
determined by electron scattering data. Correc-
tions for relativistic effects were introduced as pre-
viously'® by performing the calculations with the
correct wave number k and by dividing the
strengths of the central potential terms obtained
using the nonrelativistic Schrodinger equation by a
correction factor y.

The optical potential contains a total of 14 adju-
stable parameters to be determined by fitting the
data. Guess values used as starts in the searches
were taken from previous analyses of the data
referenced in Table I and from an analysis by
Leung and Sherif.®® The procedure followed, in
general, was to first search on the potential
strengths V, W, Vg0, and Wy and then with the
new values of V, W,Vso, and Wyg held fixed to
search on the dynamical parameters rg, ag, 7,
and a;. This process was repeated at least once
but often several times, each time starting with the
new parameters. At those energies where analyz-
ing power data are available, the spin-orbit
geometry parameters rgo and ago were included in
the searches starting with the second cycle. After
these searches had sufficiently converged, all-
parameter searches were made with the /-dependent
potential set equal to zero. Finally, at those ener-
gies where the differential cross section angular dis-
tribution spans the whole range from extreme for-
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TABLE I. Data selection for the optical model analysis of p +*He, p +>He, and p +*H.

T o(6) A(0) Ref. T a(6) A(6) Ref.

p+*He

85 X a 600 X ]
100 X b 650 X f
147 x° X° c 720 X i
156 X d 788 X g
200 X X e 800 X X h
350 X f 1029 X X h
350 X X e 1050 X P f
400 X g 1150 xP f
500 X X e 1240 - X X h
561 X X h
580 X i
p+°He

85 X a 600 X j
100 X b 715 X 1
156.5 X k 1000 X m
415 X 1

p+’H

156.5 X k
415 X n
600 X i

L. G. Volta et al., Phys. Rev. C 10, 520 (1974).
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°L. G. Greeniaus et al, Phys. Rev. C 21, 1932 (1980).

fG. Bruge, J. Phys. (Paris) 40, 635 (1979).
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(1963) and O. N. Jarvis and B. Rose, ibid. 15, 271 (1965).]

PThe 1050 and 1150 MeV differential cross sections have been multiplied by factors
0.650 and 0.685, respectively, to obtain a consistent normalization in the energy range
500 MeV —1.24 GeV.
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TABLE II. Optical-model parameters from least-squares searches of p + *He elastic scattering data in the energy
range 85— 1240 MeV, and of p +>He and p +H elastic scattering in the energy range 85—1000 MeV. The quantities
N, and N, refer to the number of experimental differential cross sections and analyzing powers, respectively, while the
quantity N ~! is the normalization factor to the differential cross sections, suggested by the least-squares search. All
other quantities are defined in the text. The parameters in parentheses were kept fixed during the search.

T 14 TR ag w Ry ar Vso Wso rso
(MeV) (MeV) (fm) (fm) (MeV) (fm) (fm) (MeV) (MeV) (fm)
p+*He, r¢=1.36 fm
85 15.47 1.092 0.429 17.01 1.563 0.343 11.37 1.88 1.048
100 —2.80 1.396 0.404 10.31 1.696 0.260 10.31 —0.40 1.034
147 5.47 1.489 0.983 11.39 1.513 0.293 6.02 —3.81 0.843
156 —3.56 2.391 0.001 9.34 1.831 0.139 6.18 —2.31 1.018
200 1.08 2.485 0.102 15.01 1.492 0.299 6.45 —4.01 0.834
350 —15.06 1.395 0.206 18.01 1.692 0.258 5.18 —0.33 (1.049)
350 —3.33 1.525 0.003 8.42 1.972 0.130 6.02 —5.30 0.872
400 —11.38 1.525 0.157 45.58 1.629 0.433 4.99 0.00 (1.049)
500 —1.43 1.867 0.008 45.22 1.208 0.443 4.69 —7.97 0.845
561 —23.03 1.117 0.275 58.50 0.946 0.461 5.75 —5.12 0.885
580 —11.50 1.470 0.269 18.76 1.833 0.351 4.76 0.56 (1.049)
600 —10.33 1.534 0.157 34.10 1.919 0.397 7.51 0.09 (1.049)
650 —12.19 1.503 0.193 22.68 1.826 0.367 5.28 —0.10 1.049
720 —10.25 1.505 0.100 18.30 1.780 0.459 4.53 0.01 (1.049)
788 —1.37 1.020 0.019 97.79 1.008 0.280 3.40 -—3.98 0.780
800 4.55 1.819 0.506 88.54 1.078 0.284 1.42 —5.50 0.849
1029 —4.79 1.106 0.020 81.54 1.110 0.256 1.22 —4.40 0.837
1050 —54.35 0.930 0.245 109.12 1.034 0.307 2.73 —3.69 0.819
1150 —36.06 0.954 0.101 91.39 1.074 0.288 3.26 —3.78 0.824
1240 —10.17 1.150 0.002 88.07 1.113 0.274 2.76 —6.07 0.630
)4 +3He, rc=1.30 fm
85 7.17 1.679 0.228 10.34 1.993 0.011 7.19 —6.40 1.086
100 —8.86 1.390 0.592 8.50 1.916 0.000 10.68 —0.96 1.040
156.5 10.46 1.341 0.011 15.22 1.439 0.320 0.39 4.79 0.852
415 12.32 1.544 0.155 10.64 1.832 0.174 3.18 —0.85 (1.049)
600 —8.57 1.413 0.090 (11.00) 1.673 0.167 3.05 —1.43 (1.049)
715 —9.04 1.392 0.014 13.50 1.368 0.470 3.09 —0.33 (1.049)
1000 —25.80 1.302 0.183 (15.00) 2.074 0.359 1.57 —1.08 (1.049)
p+H, rc=1.30 fm
156.5 6.97 1.474 0.100 10.40 1.728 0.248 4.48 —0.18 1.050
415 20.72 1.405 0.287 9.85 1.811 0.245 2.31 —0.42 (1.049)
600 —56.42 1.069 0.318 (13.00) 1.769 0.339 —0.10 (—0.61) (1.049)

ward to extreme backward angles, the /-dependent
potential parameters were searched on together
with all the other parameters starting at the previ-
ous best fit values. The strength of the imaginary
part of the /-dependent potential term was set equal

to zero.

The best fit parameters are presented in Table II.
Fits which yielded parameters giving unreasonable

values for the total reaction cross section were dis-
carded. The 400 and 600 MeV optical model
parameters given in Table II are the most reason-
able sets, although the predicted values for the to-
tal reaction cross sections are rather large. It is to
be noticed that, in general, the results are not very
satisfactory, possibly reflecting the uncertainties in
the normalization and the zero of the angular
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TABLE I1. (Continued.)
aso Vex Vex Qex U)tzh
(fm) (MeV) (fm) (fm) N! Xo’ N, X2 N4 (fm?)
0.236 —3.917 (0.930) 0.768 0.999 365 42 18.86
0.299 0.051 1.117 0.400 0.979 1384 33 13.84
0.206 —0.008 (0.930) (0.299) 1.001 2299 33 1632 33 9.32
0.278 —0.704 (0.930) 0.552 0.985 376 41 11.62
0.240 0.301 (0.930) 0.269 0.989 2102 47 1392 40 9.92
(0.289) (0.000) 1.004 6832 85 12.77
0.405 0.070 (0.930) 1.281 1.012 10175 38 19988 38 8.55
(0.289) (0.000) 1.003 526 22 24.25
0.344 0.226 (0.930) 0.197 1.018 10008 44 6343 44 11.00
0.341 (0.000) 1.010 103 44 249 44 8.69
(0.289) (0.000) 0.997 269 43 14.45
(0.289) (0.000) 0.998 129 46 24.76
0.289 (0.000) 0.998 170 33 15.94
(0.289) (0.000) 0.991 366 41 13.40
0.277 0.122 0.122 1.134 0.999 789 200 8.81
0.264 (0.000) 1.033 331 32 1017 32 9.21
0.303 (0.000) 1.064 375 34 972 33 8.30
0.282 (0.000) 1.003 119 89 9.54
0.309 (0.000) 1.000 48 40 8.59
0.457 (0.000) 1.108 1618 20 319 20 8.52
0.222 —2.673 (0.930) 0.749 1.018 120 28 13.88
0.296 —2.344 (0.930) 0.494 1.015 72 22 11.18
0.232 —1.167 (0.930) 0.572 0.995 586 25 8.54
(0.289) (0.000) 0.963 2094 70 7.41
(0.289) (0.000) 1.023 1761 60 4.84
(0.289) (0.000) 1.036 341 57 4.78
(0.289) (0.000) 0.992 90 25 10.50
0.270 —2.079 (0.930) 0.433 1.008 383 25 9.87
(0.289) (0.000) 1.151 438 11 7.15
(0.289) (0.000) 1.003 247 40 7.65

scales of the data. Most prominent are the scatter
in the values of the strengths of the real central (V)
and imaginary spin-orbit (Wjgo) potential terms.
In many cases the fits to the experimental data are
marginal. It should be remarked that the optical
model as used in the present analysis is not expect-
ed to provide a very realistic description of
proton-light nucleus elastic scattering. It was
shown in a recent optical model analysis of 200
MeV, p+'2C and p + 3C elastic scattering data
that much better fits are obtained when the attrac-
tive Woods-Saxon real central potential term is re-

placed by a combination of two Woods-Saxon po-
tential terms giving repulsion at the center and at-
traction at larger radii.?!

To obtain an energy dependent average parame-
ter set, the following quantities were determined:

Wisd=| [ Vairidr| /4

2. 2
T ag
~—Vrg} [ 1+ ———

3 re2d?/3

b
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172
[ rvird’r

(r2)p' 2=
f V(r)d3r

2—‘71_§(3rR2A2/3+71T2aR2)1/2 ,

where yJg /A and (r?)g!/? are the volume integral
per nucleon and the rms radius, respectively, of the

real central potential. Similarly, for the imaginary
central potential, the quantities yJ; /4 and
(r?);'/? were calculated. The correction factor y
follows from the multiplicative factor to the
strengths of the real and imaginary central poten-
tial terms for a Dirac particle in a central field.
(The entries in Table II for V and W are those ob-
tained with the nonrelativistic optical model code;
they should read V=9V’ and W=yW’, respective-

TABLE III. rms radii for the real central and imaginary central potential terms and volume integrals per nucleon of
the real central, imaginary central, real spin-orbit, and imaginary spin-orbit potential terms. ¥ is the relativistic correc-

tion term to the central potential terms.

T vJr/A (r2)g'? yJi /4 (r2),'\2 Jso, /4 Jso, /4
(MeV) Y (MeV fm?) (fm) (MeV fm?) (fm) (MeV fm?) (MeV fm?)
p+*He
85 1.059 1354 2.085 3234 2.306 237.7 55.2
100 1.069 —42.4 2.281 230.0 2.298 212.7 —8.3
147 1.100 204.8 4.087 189.5 2.156 101.2 —64.1
156 1.106 —203.8 2.940 245.6 2.310 125.5 —46.9
200 1.134 69.6 3.079 241.6 2.145 107.3 —66.7
350 1.228 —185.9 1.878 398.6 2.291 108.4 —6.9
350 1.228 —49.5 1.875 275.0 2.472 104.7 —92.2
400 1.258 —176.0 1.964 1053.5 2.570 104.4 0
500 1.317 —39.0 2.296 509.7 2.218 79.1 —134.4
561 1.352 —166.3 1.712 400.3 2.221 101.5 —90.4
580 1.362 —173.0 2.066 553.3 2.604 99.6 11.7
600 1.373 —162.6 1.974 1178.0 2.783 157.1 1.9
650 1.401 —184.5 1.982 669.8 2.627 110.5 —2.1
720 1.438 —148.9 1.888 554.8 2.775 94.8 0.2
788 1.474 —6.7 1.256 545.9 1.618 52.8 —61.9
800 1.481 149.5 2.922 590.8 1.695 240 —93.0
1029 1.595 —27.2 1.362 564.3 1.664 20.4 —73.6
1050 1.605 —232.8 1.462 679.6 1.708 44.6 —60.3
1150 1.653 —136.9 1.232 607.7 1.700 53.6 —62.1
1240 1.694 —64.8 1.414 629.2 1.706 34.7 —176.3
p+3He
85 1.053 154.6 2.058 3429 2.227 188.7 —168.1
100 1.062 —185.5 2.693 250.4 2.140 268.4 —24.1
156.5 1.095 105.7 1.499 234.5 2.000 8.0 98.6
415 1.239 199.0 1.819 285.8 2.146 80.6 —21.5
600 1.333 —103.6 1.620 226.0 1.969 77.3 —36.2
715 1.388 —102.2 1.556 225.8 2.321 78.3 —8.0
1000 1.515 —260.8 1.605 640.1 2.674 39.8 —27.4
p+'H
156.5 1.095 95.5 1.688 246.7 2.139 113.7 —44
415 1.239 288.4 1.898 266.3 2.219 58.6 —10.7
600 1.323 —409.9 1.680 354.0 2.344 —2.5 —15.5
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ly.) The results obtained for the volume integral
per nucleon and the rms radius of the real and im-
aginary central potential terms are presented in
Table III. Also entered are the volume integrals
per nucleon of the real and imaginary parts of the
spin-orbit potential term:

JSOR iJSOI f [Vso(V)—{—iWso(r)]dSr

A+A A

2

~8

m

One then obtains from Table II the average diffuse-
ness parameters dg, @y, dso, and .. The rms ra-
dii and the energy dependence of the volume in-
tegrals follow from Table III. The latter, together
with the diffuseness parameters, determine the ra-
dius parameters rg, 77, and rgg, and the energy
dependence of the potential strengths V, W, Vo,
and Wso.

(a) p+*He, 85 <T <1240 MeV. ag =0.200 fm;
(r?)'/*=2.077 fm or rg =1.577 fm;
V=[27.35—5.046In(T)] MeV. a;=0.315 fm;
(r?);12=2.177 fm or r; =1.493 fm;

W =(6.55+6.977x1072T —6.250 X 10~°T"
+2.3215%1078T3) MeV. ago=0.303 fm; 7o
= 0.879 fm; V5o =[25.37—3.2431In(T)] MeV;,
Wso=[5.69—1.355In(T)] MeV; @, =0.657 fm;
7ex=0.930 fm; V¥, can be obtained by graphical
interpolation.

(b) p+°H, 85<T <1000 MeV.

The paucity of p +*H data compelled the
analysis of p +*H together with p +3He elastic
scattering data. This approach may be justified as
far as the geometry is concerned, since the charge
and magnetic radii of *H and *He do not differ
greatly [for H, (r2),'2=1.70+0.05 fm,

(7?) mag/*=1.70+0.05 fm, and for *He,
(r?)e172=1.844+0.045 fm,
(r*)mag'?=1.74+0.10 fm (Ref. 22)]. However,
the strengths of the various potential terms will be
different due to the difference in the p-p and p-n
interactions. This difference may be accounted for
through a (t ;- t,) term in the optical potential.
The quantities t; and t, are the isospins of the
incident proton and the target nucleus, respectively.
Unfortunately, the scatter in the strengths of the
potential terms do not allow such a distinction to
be made at present. ag =0.199 fm;
(r)172=1.812 fm; rg =1.481 fm;
V=[67.01—11.91In(T)] MeV. @;=0.233 fm;

( VSO +iW50 )rsoA —2/3 .

(r?)}2=2.218 fm; r; =1.828 fm;
W=[12.65—2.478 X 1072T +3.413 X 107°T?]
MeV. ago=0.255 fm; rgo=1.007 fm;
Vso=[17.47—2.343In(T)] MeV; Wgo=—0.76
MeV,; @=0.562 fm; r., =0.930 fm; again V., can
be obtained by graphical interpolation .

Since p + *H optical model parameters are need-
ed corresponding to incident energies less than 85
MeV, a further analysis was made of p +*He dif-
ferential cross section and analyzing power data at
30.0, 40.0, and 47.6 MeV.23> With the latter optical
model parameter sets, it was possible to make an
interpolation for the energy region 30—85 MeV.

One should note the rather small diffuseness
parameters of both energy-dependent average
parameter sets. Small diffuseness parameters were
also found in the analysis of Leung and Sherif?° as
well as in analyses of low-energy p-*He and p-*He
elastic scattering data®* and are consistent with
what is found for other light nuclear systems. The
rms radii of the real central potential are somewhat
larger than the rms charge radii as to be expected;
for *He, (r?)4'/*=1.674+0.012 fm.”® The
DWIA calculations presented here have been made
using the energy-dependent average optical model
parameter sets, except that for p +°H the strength
of the imaginary central potential (W) was fixed at
11.0 MeV for energies above 100 MeV.

A few additional comments need to be made re-
garding the energy-dependent average parameter
set for p +*He elastic scattering. First, there is
some noticeable energy dependence in rms radius
of the real central potential with larger values at
the lower energies and smaller values at the higher
energies. This was also remarked by Leung and
Sherif?® and points to the deficiencies of the optical
model. Second, the strength of the real central po-
tential changes sign around 225 MeV, which is
somewhat lower than obtained in optical model
analyses of proton elastic scattering of medium
weight and heavy nuclei.!® Third, there is a gradu-
al increase in the strength of the imaginary central
potential term, as one would expect because of pion
production. Fourth, the spin orbit potential term
is complex with the strength of the real part de-
creasing with energy and the strength of the ima-
ginary part slowly increasing with energy, while
the signs are opposite. There is no change in the
sign of either part in the energy range under con-
sideration. Finally, the strength of the /-dependent
potential term is negative up to about 175 MeV
after which it attains a small positive value. The
behavior of the strength of the real part of the I-
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FIG. 9. Strengths of the real /-dependent term of the
optical potential. The solid lines are to indicate the
trend of the results.

dependent potential term with energy for p +*He
and p +*He is shown in Fig. 9.

C. Single-particle wave function

This function can be obtained theoretically by
computing three- and four-body wave functions for
*H and “He and using these in the overlap integral.
However, because of the complexity of such calcu-
lations, and the necessity of severe approximations
in these, it has become customary to derive the
overlap function from data on electron-*He scatter-
ing using a simple model for the “He nucleus. One
then assumes?® that the “He wave function can be
represented by a product of the H internal wave
function and the p-*H relative wave function ¢(7),
so that the one-body density and therefore the “He
charge form factor is a simple integral over

| $(F) | %
Fa(q))=Fy(q?) [ exp(i1G-T)|$(7) | %dT,

where Fy(g?) is the isoscalar nucleon form factor.
Using a simple Eckart parametrization of the wave
function

¢(?)=N% exp(—ar)[1—exp(—pBr)]",

Lim?® obtained n =4 and B=1.2 fm~!, whereas
Lesniak et al.?’ obtained n =4 and B=1.42 fm~".
In the latter case, it is not clear how the nucleon
form factor is treated. Recently, this approach has
come under attack?® because of the neglect of
meson exchange corrections in e-*He scattering. In
order to correct for these effects, Shepard et al.?’
fitted existing theoretical predictions® for the one-
body part of the charge form factor. An alterna-
tive approach is to obtain new “experimental” data
on the charge form factor by subtracting the meson
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FIG. 10. Single-particle wave functions used in the
DWIA calculations. MEC is the wave function obtained
in fitting the *He charge form factor with corrections for

meson exchange current effects. The second wave func-
tion is of Eckart form (Refs. 24 and 32).

exchange contribution as given by theory. Since
this approach seems least vulnerable to theoretical
uncertainties, this approach was followed, employ-
ing the meson exchange calculations of Gari et al.>
A second difference with the calculation of Shepard
et al.” is that a more flexible form for the p-t wave
function was used:

5
HO=— 3 aexp(~Bir),
i=1
with the correct asymptotic behavior (8;=0.846
fm~! corresponds to the p-t separation energy in
*He). A number of parameter sets {a;,3;} is now
obtained corresponding to different models for the
nucleon form factors Fy(g?), and to inclusion or
noninclusion of meson exchange corrections. A
more extensive report on these calculations will be
given elsewhere.’! In the present (p,2p) calcula-
tions we only employed the set of parameters cor-
responding to a meson exchange corrected charge
form factor, a standard dipole form for G Ep,” and

a dispersion fit to GE".32 The quantities GEp and
Gg, are the electric form factor for the proton and

neutron, respectively. The parameter set giving
near perfect agreement with the electron charge
form factor up to g>=60 fm 2 is

B;=[0.846+(i —1)1.42] fm~!, and

a;=(4.84, —23.0, 47.3, —45.9, 16.8) fm~'/2. In
the fit, the last point measured by Arnold et al.**
(at 64 fm—?) was excluded, as all the predictions
exceeded the bound on | F,(g?)|. Since it is
highly unlikely that the simple cluster picture is re-
liable at such high momentum transfers, it is per-
fectly reasonable to omit this point. The wave



function fitted to the meson exchange corrected
charge form factor as well as the wave function of
Lim?® are depicted in Fig. 10. Finally, it should be
noticed that the wave functions calculated with and
without meson exchange corrections differ much
less than those in the calculations of Shepard et
al?® In the latter case, the difference may have
been enhanced by the constraints imposed on the
charge form factor and therefore on the wave func-
tion.

V1. DISCUSSION

The results of the DWIA calculations for the en-
ergy sharing spectra are shown in Fig. 3 by the
solid curves. It should be noted that the energy
sharing spectra, as indicated above, reflect angular
spreads different from those used to extract the co-
planar symmetric angular distributions and those
used to determine the energy dependence of the dif-
ferential cross section corresponding to the exact
quasifree scattering condition at symmetric angles.
This was done to have consistency in the data for
each of the three types of experiments presented
here and to facilitate a comparison with previous
results. There is reasonably good agreement with
the shape of the energy sharing spectra although
the calculations overestimate the zero recoil
momentum point at 500 MeV. This overestima-
tion of the differential cross section also becomes
important towards lower incident proton energies
as shown in Fig. 4 by the solid dots which give
DWIA predictions as a function of energy at zero
recoil momentum and symmetric angles. The
agreement between the DWIA predictions and the
data is best in the energy region where the NN to-
tal cross section has a minimum.

The results of the DWIA calculations for the co-
planar symmetric angular distributions are shown
in Fig. 5. Here, it should be noted that the calcu-
lations increasingly underestimate the data as the
recoil momentum increases. This disagreement is
one of the interesting results of this study. It was
shown above that the use of the initial state ap-
proximation for the p-p scattering amplitude would
only increase the discrepancy between theory and
experiment. It should also be remarked that the
overall agreement with the data is better for the co-
planar symmetric angular distributions than for the
energy sharing spectra. For the latter there is no
consistent overestimation or underestimation of the
differential cross sections by the DWIA predic-
tions. The sensitivity with regard to the choice of
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the optical potentials was studied by varying the
strengths of the various potential terms of the ener-
gy dependent average parameter set. As can be
seen in Fig. 5, reducing the strengths of all spin-
orbit potential terms to zero gives a minimum in
the DWIA prediction at 400 MeV/c such that the
calculation becomes a factor of 30 or more times
smaller than experiment (dashed curve). This
minimum in the DWIA prediction reflects the
minimum in the “He charge form factor. Note
that inclusion of spin-orbit potential terms leaves
only a shoulder in the DWIA predictions and that
the result is much closer to experiment. The sensi-
tivity to the inclusion of spin-orbit terms in the op-
tical potentials was suggested by the work of Chant
et al.** These authors found that although the ef-
fect of including such terms is small (< 10%) for
recoil momenta smaller than 150 MeV/c, the effect
becomes increasingly more significant at larger
recoil momenta. As expected, changes in the
strength of the imaginary central potentials affect
the magnitude of the DWIA cross sections.
Changes in the other parameters, maintaining at
the same time reasonable fits to the elastic scatter-
ing data, have much less influence on the DWIA
predictions. This is demonstrated by comparing
the DWIA predictions presented in an earlier pa-
per® with those presented here for two different sets
of optical model parameters, setting in both cases
the spin-orbit potential term equal to zero. Apply-
ing a nonlocality correction to the optical model
wave function as discussed by Perey and Buck>’
has no significant effect on the DWIA predictions
(<< 10% at the zero recoil momentum point and
~10% at 400 MeV/c).

The results of the DWIA calculations for the
four point quasifree angular distributions at 250
and 500 MeV are shown in Fig. 7. Again, there is
reasonably good agreement with the energy depen-
dence of the data with the same overestimation of
the magnitude of the cross sections. The quite un-
equal distribution in energies of the two observed
protons make distortion effects important for the
quasifree angular distributions.

The single particle wave functions which have
been corrected for meson exchange current effects
after fitting the “He charge form factor have less
large momentum components than, for instance,
the single particle wave function of Eckart form of
Lim.?® This is reflected in the DWIA predictions
for the coplanar symmetric angular distributions at
high recoil momenta (> 400 MeV/c) for the Lim
wave function giving results closer to experiment
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[see Fig. 5 (500 MeV) dash-dot curve].

The disagreement between the DWIA predic-
tions using the meson exchange current corrected
wave function and the data at large recoil momenta
may be due to the following. First, although great
care was taken in obtaining an energy dependent
average set of optical potential parameters, the in-
trinsic difficulty of representing proton-light-
nucleus elastic scattering by an optical potential
may reflect itself in inadequate distortions.

Second, various rescattering and exchange terms
may increase the differential cross section for large
recoil momenta. An attempt to include such terms
in a DWIA formulation is currently underway.*

A comparison with “He(e,e’p)*H data when these
become available will give insight into the impor-
tance of rescattering effects. In Figs. 11(a) and (b),
the content of various rescattering diagrams is
schematically illustrated. The diagrams in Figs.
11(c) and (d) represent exchange processes charac-
terized by the absence of an interaction between the
two outgoing protons. Another correction to the
DWIA stems from Pauli corrections to the free
proton-proton scattering amplitude, which are
thought to enhance the ¢ matrix for large momen-
tum transfers. However, Miller’’ found only a
minor influence of the latter corrections for other
nuclei. Furthermore, there exists the possibility
that the triangular diagram illustrated in Fig. 11(e)
gives a major contribution, as has been suggested
for other processes such as (p,7) and (p,d), and in
particular for p-d backward angle elastic scattering.
Rescattering effects may also have a large influence
on the analyzing powers of the “He (B,2p)°H reac-
tion, so that it is expected that the analyzing power
data for the present reaction,*® will provide impor-
tant new information for testing multiple scattering
effects. Finally, there exists the possibility that the
proton-triton wave function which gives a good fit
to the “He charge form factor, does not give an
adequate description of the large momentum com-
ponents in “He.

(a)

(b)

(c)

(d)

(e)

FIG. 11. Diagrams of rescattering and exchange ef-
fects not included in conventional DWIA calculations.
Protons are indicated by 1, 2, and 3. The target nucleus
(“He) is indicated by 4, while the recoil nucleus (*He) is
indicated by B. Asterisks indicate intermediate excited
states.
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