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The reactions 3He|'p, 2p)d, 3He(p, pd)p, and 3He(p, 2p)pn have been studied at 45.0 MeV us-
ing a coplanar symmetric geometry. Angular correlations have been obtained for both the
~He@, 2p)d and ~Hew/, 2p)d* reactions. Within the framework of the plane-wave impulse ap-
proximation (PWIA) the extracted momentum distributions of the p+ d and p+ d* systems in
3He are compared with predictions calculated using relatively simpl. e wave functions for
3He, d, and d*. Reasonable agreement between the shapes of the extracted and theoretical
momentum distributions has been obtained. There exist differences between the momentum
distributions extracted from the angular correlation and energy-sharing data. The I'%IA
predictions overestimate the cross sections by appreciable factors. The He(p, pd) quasi-
free scattering enhancements exhibit shifts in the peak position away from the minimum in
the momentum of the spectator proton. The He(p, 2p)pn continua are to first approximation
in agreement with differential phase-space distribution predictions if the kinematic region of
low energy for the rel.ative motion of the unobserved n-p pair is excluded.

NUCLEAR REACTIONS 3He(p, 2p) H, ~He(p, 2p)pn, 3He(p, pd) H, T~ =45.0 MeU;
measured do/(dT3 dQ3 dQ4) in eoplanar geometry; deduced momentum distribu-
tions using PWIA; compared with theoretical momentum distributions; investi-

gated four-body continua.

I. INTRODUCTION

The analysis of (p, 2p) quasifree scattering ex-
periments in the plane-wave (PWIA) or distorted-
wave (DWIA) impulse approximation has provided
valuable nuclear structure information. ' At high-
er energies, i.e., above 100 MeV, the (p, 2p) re-
action is fairly well described as the direct inter-
action between the incident and struck protons,
which facilitates the extraction of single-particle
properties of the target nucleus. It has also be-
come apparent that the interpretation of quasifree
scattering data at lower energies becomes more
difficult owing to the increased complexity of the
reaction mechanism, multiple scattering, and the
presence of off-energy- she ll effects. ' Within the
framework of PWIA and DWIA treatments of knock-
out reactions the analysis of the data is facilitated
by the factorization of the three-body cross sec-
tion. A comparison of the 'He(P, 2P)d and 'He-
(p, pd) p reactions gives a test on the validity of
factorization provided a high enough incident pro-
ton energy is chosen. In the PWIA the differential
cross section can be expressed as

da da ' "
dndndT

=
dn

where I' is essentially the differential phase-space
distribution factor, (dv~ dn)~ " is the two-body
cross section for the interaction of the incident

proton with the struck particle x, N is a factor
due to spin summation and antisymmetrization,
and

~ P(q =-p, ) ~' is the square of the Fourier
transform of the overlap integral between the spa-
tial wave functions of the target nucleus and the
residual nucleus. In the notation adopted I, and

p; (i = 1-5) refer to the laboratory kinetic energy
and three-momentum of the incident proton, the
target nucleus, the observed particles in the ele-
ment of solid angle dQ, and d04, respectively, and
the spectator particle. Usua11y (do~ dn)~ ", which

properly is the square of a half-off-energy-shell
scattering amplitude, is replaced by the free p-x
differential cross section evaluated at the center-
of-mass energy of the two interacting particles
either in the initial state or in the final state. The
factor N equals 2 for the He(p, 2p)d reaction,
for the 'He(p, 2p)d" reaction, and 2 for the 'He-
(p, pd)p reaction. Here, d* refers to an n-p pair
in a 'So state with low energy for their relative
motion. It should be noted that the integral
f ~

P(q)~'d'q is generally less than 1 since the tar-
get-nucleus wave function does not factor into a
unique residual nucleus. A general conclusion'
from PWIA analyses of (P, 2P) reactions on the very
light nuclei has been that the behavior of the quasi-
free scattering peak is extremely sensitive to the
asymptotic form of the overlap function in coor-
dinate space and that although the PWIA can give
good general agreement with the shape and posi-
tion of the experimentally observed peak when
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overlap functions with appropriate tails are used,
theory predicts cross sections larger than experi-
ment. This discrepancy slowly decreases with in-
creasing incident proton energy and is strongly de-
pendent on the mass of the target particle. In addi-
tion there are deviati. ons bebveen the momentum
distributions extracted from experiment and the
theoretical ones for large moments, (q& 100
MeV/c), which cannot be explained within the
framework of the PODIA.

Previously, the 'He@, 2p)d reaction has been
studied at 35 MeV by Slaus et a/. 4 at 65, 85, and
100 MeV by Pugh et a). ,' at 155 MeV by Frasearia
et al.' and at 590 MeV by Kitching et a/. ' The data
consist of angular correlation and/or energy-
sharing data. Theoretical momentum distributions
for the p+d system in an S-state relative motion
calculated from the overlap of Irving-Gunn and
Hulthen wave functions for 'He and d, respectively,
are in general somewhat broader than the distri-
butions extracted from experiment. The inclusion
of a 1 to 2% S'-state admixture to the ground state
of 'He has been considered by Frascaria et al.'
These authors found a 10% increase in the cross
section for a 2% S'-state admixture. These authors
also included the effects of distortion in the initial
and final states resulting in better agreement with
experiment. It should be noted that the experiment
at 590 MeV, because of the experimental energy
resolution, was unable to distinguish between

(p, 2p) events from the 'He(p, 2p)d and 'He(p, 2p)d*
reactions.

A momentum distribution for the p+d* system
in 'He was obtained previously at 155 MeV. ' The
ratio of the peak cross sections of the 'He(P, 2P)d
and 'He(p, 2p)d* reactions at 35 MeV is estimated
to be about 10, mhen energies for the relative mo-
tion of the n, -P pair between 0 and 1.8 MeV are in-
cluded. ' The ratio of the maxima of the cross
sections at 155 MeV is almost 4.5. However, it
should be noted that quite a large fraction of the
'He(P, 2p)np continuum was included in determining
the 'He(p, 2P)d cross sections at this energy.
%hen a restriction is made to energies of the rela-
tive motion of the spectator n. —p less than 6 MeV,
which because of the energy resolution corres-
ponds to essentially the same 'He($, 2P)d* band,
then the ratio becomes about 5.9.

A comparison of the 'He(p, 2$)d and 'He(p, pd)p
reactions at 65, 85, and 100 MeV, using geome-
tries which allow zero spectator momentum, in-
dicates that the ratio of the cross sections for the
two reactions is in agreement with that predicted
by PODIA. ' At 156 MeV the experimental cross
sections for the two reactions are mell accounted
for by DVfIA calculations. '

Studies of the 'He(p, 2P)nP continua were made

at 35 MeV and the differential cross sections
were compared with four-body differentia. 1 phase
space distributions. " Several deviations from the
phase-space distributions mere observed.

H. EXPERIMENTAL PROCEDURE

The experiment mas performed with a momentum
analyzed proton beam from the University of Mani-
toba sector focused cyclotron. The incident pro-
ton energy mas 45.0+0.2 MeV mhi. le the beam en-
ergy spread was approximately 300 keV full width
at half maximum (FWHM). The target was gaseous
'He of 99.5/0 purity which was contained in a 6 cm
diameter gas cell covered with a 0.025 mm thick
Kapton-H foil. The gas pressures were always
chosen to be slightly larger than one atmosphere
and were read with a. precision pressure gauge
to an accuracy of +0.05 psi. The gas cell ma. s
flushed regularly to prevent buildup of contamina-
tions. Tmo detector telescopes with closely simi-
lar geometries and each consisting of a 200 p, m
thick AE surface barrier detector, a 5 mm lithium-
drifted silicon E detector, and a 500 p. m veto de-
tector viewed the target. The gas-scattering ge-
ometry was defined by tmo pairs of collimators
with rectangular apertures. The aperture dimen-
sions (widthxheight in mm) were 3.18x11.1 and
6.35 x 9.14. The collimators mere positioned at
4.45 and 11.43 cm from the center of the gas cell.
The corresponding polar angle subtended by each
of the double-aperture systems as defined by the
width at half va, lue of the efficiency function was
68-2.8'. The cross section of the incident beam
at the center of the gas cell mas typically 3 mm
wide by 8 mm high. Beam currents up to 50 nA

were used, depending on the angles. The incident
proton beam was captured in a well-shi. elded Fara-
day cup. The beam current mas integrated using
a standard current indicator-integrator. Tmo mon-
itor counters mith closely similar geometri. es set
at equal angles (37.5') left and right with respect
to the incident beam mere used to cheek that the
incident beam direction coincided with the zero-
degree axis of the scattering chamber. Viewing
a thin solid target (nickel), it was required that
the ratio of elastically scattered protons observed
by the two monitor detectors be equal to 1.00
+0.02. SLight adjustments in the beam transport
parameters mere made until this requirement was
met. Checks mere made repeatedly during the
course of the experiment.

Using standard electronics, a timing resolution
within the 35 nsee separation of cyclotron beam
bursts mas obtained. For each telescope high-en-
ergy protons were rejected by the veto detectors,
and events that produced pulses occurring within
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4 p.sec from each other were eliminated by pileup
gates on the ~ signals. In most of the runs, the
data were also stored in 64x64 arrays for inspec-
tion during data collection. Real and accidental
spectra for both the (P, 2P) and (P, Pd) reactions
were obtained. Data were taken at the symmetric
coplanar angles I9, = 6I, =25', 30; 35', 37.4', 40',
45', 50, and 60', $,4=180". The energy calibra-
tion for the T, and T, axes was obtained with an
uncertainty of +150 keV from coincident p-p elas-
tic scattering events. The over-all energy resolu-
tion of the correlated energy spectra was about
600 keV (FWHM) along the diagonal in the T,-T, ,
plane. This gave complete separation between the
bands of the 'He(P, 2P)d and 'He(P, 2P)d* reactions.

For analysis, the data recorded with 1024x1024
channel resolution were used. Particle identifi-
cation to separate proton-proton from proton-deu-
teron events was performed numerically. The re-
sulting two-dimensional energy spectra show
prominent bands due to the 'He(P, Pd)P reaction
and the 'He+, 2p)d and 'He(p, 2p)d* reactions. The
latter forms the boundary of the four-body continu-
um from the 'He(p, 2p)np reaction. Projections on-
to the energy axes were obtained by drawing bands
enclosing the events of interest corresponding to
the three reactions. The counts within these bands
(which had approximately the same width for all
angle pairs) were summed for a given energy chan-

nel. For the 'He(p, 2p)d* reaction at 8, = 84=40;
the width of the projection band corresponded to
the ~-p pair having energies for their relative mo-
tion from 0 to 2.2 MeV. The projected cross sec-
tions d&x/(dT, dQ, dQ4) were corrected for accidental
coincidences and losses from pileup rejection.
The cross sections are shown in Figs. 1, 2, and 3,
respectively. Note that particle identification re-
quired ~ and F. signals from each detector tele-
scope so that there are experimental cutoffs in the
energy sharing spectra, which are slightly in ex-
cess of the maximum energies which can be de-
posited by protons or deuterons in 200 p.m of sili-
con (5.0 and 6.5 MeV, respectively). The error
bars on the data points include statistical errors
only. An estimate of the relative error (d:6/q) of
the projected cross sections was calculated by
comparing the data for four angle pairs taken in
two different experimental runs. The absolute
cross sections are accurate to better than 10/z.
The main contribution to the absolute error stems
from the uncertainties in the calculation of the gas
geometry factor for coincidence experiments.

III. RESULTS

A. 3Ht:(p, 2p)d and 3He(p, +)d*

Comparison of Figs. 1 and 2 shows the strong
similarity between the 'He(p, 2p)d and 'He(p, 2p)d*
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FIG. 1. Energy-sharing spectra of the He Q, 2P)d re-
action at 45.0 MeV. (a) Symmetric copl.anar angles
t9&=-&4=25", 30', 35', and 37.4'. (b) Symmetric coplanar
angles &3=-f94= 40'„ 45, 50, and 60'.

FIG. 2. Energy-sharing spectra of the ~He(P, 2P)d*
reaction at 45.0 MeV. (a) Symmetric coplanar angl. es
8&=&4=25, 30' 35' and 37.4' (b) Symmetric copl.anar
angl. es &3=84=40, 45, 50, and 60 .
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energy sharing spectra. " The pronounced peaking
of the energy sharing spectra disappears for angle
pairs 8, = 84~50'. Furthermore, in the case of the
'He(p, 2p)d* reaction there remains a structureless
spectrum relatively large in magnitude at angles
not close to those where zero spectator momentum
is kinematically allowed. The minimum in the mo-
mentum of the spectator particle or cluster of
particles is indicated in each of the spectra by an
arrow in Figs. 1 to 3.

For the 'He(p, 2p)np reaction the relative magni-
tudes of the continuum and the enhancement along
the boundary [which is due to the 'He(p, 2p)d" reac-
tion] appear to be quite different from what is ob-
served for the 'H(P, 2P)nn reaction at 45.6 MeV
This observation follows directly from a compari-
son of the differential cross sections dg/
(dM„dQ, dA, ) for the two reactions as a function of
the invariant mass M„of the two unobserved par-
ticles at |},= 0, =37.4'. For the 'He(p, 2p)np reac-
tion the relative magnitude of the continuum is ap-
proximately two times larger than for the 'H(p, 2p)-
nn reaction. It should be remarked that the unob-
served nP pair with low energy for the relative mo-
tion can be in a 'S, state as well as in a 'S, state.
However, along the boundary of the continuum and
with 7,- T4 the contribution to the cross section of
the 'He(p, 2p)np reaction with the np pair in a 'S,
state is small compared to the contribution of the

IOOO

~ ~ 500-
2p) d

'He(p, 2p)d* reaction". It has been neglected in

the analysis of the present data.
The projected cross sections at approximately

equal energies T, =T4 were averaged over increas-
ing intervals of 1.4 to 4.9 MeV in T, as the mini-
mum spectator momentum

l p, = —ql increased from
0 to 108 MeV/c. The resulting angular correlation
data for the 'He(p, 2p)d and 'He(p, 2p)d reactions
are given in Fig. 4. The error bars include the
statistical error and an estimate of the relative
error (+6~/II) of the projected cross sections. The
two angular correlations have similar character-
istics except for a small shift due to the fact that
zero spectator momentum for the 'He(p, 2p) reac-
tion occurs at the symmetric angle pair 38.5'-
38.5 . Also it is seen that the 'He(p, 2p)d* reaction
cross section remains high at low symmetric an-
gles. The ratio of the peak cross sections for the
'He(p, 2p)d and 'He(p, 2p)d reactions at 45.0 MeV
is 7.2 and is intermediate to a ratio of about 10 at
35 MeV and. a ratio of 5.9 at 155 MeV. This tends
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FIG. 4. Angular correlations for the 3He(p, 2p) d and
3He(p, 2p)d* reactions at 45.0 MeV. The solid lines
correspond to PWlA predictions calculated using the
final-state prescription and an overlap integral contain-
ing a Hulthhn wave function for the deuteron and a varia-
tional wave function for 3He.
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to confirm that the observed ratio increases for
decreasing energy. This might be explained as re-
sulting from the larger binding energy of a d* sys-
tem compared to a deuteron in 'He which has the
effect of reducing the long range part of the rela-
tive motion wave function. Absorption has the ef-
fect of localizing the quasifree scattering reaction
near the nuclear surface. Its relative importance
decreases with increasing energy. Consequently
the above ratio for the cross sections should in-
crease with decreasing incident energy.

The analysis of the data was performed using the
PODIA. The square of the half-off-energy-shell
p-p scattering amplitude was approximated by the
free p-p scattering differential cross section at

the appropriate c.m. energy of the P-P system in
the initial and final state, respectively. The values
for (do/dQ)~ ~ were obtained by interpolation from
published cross sections. " The appropriate c.m.
angle for the symmetric coplanar case is 90'. The
quantities X~ P(q) ~

' extracted from the angular
correlation data for the p+d and p+d* systems
using both the initial and final state prescriptions
are shown in Fig. 5. In this and the following fig-
ures the quantity q =

) q) has been arbitrarily as-
signed a positive or negative value if the spectator
(particle 5) is emitted parallel or antiparallel to
the direction of the incident particle or on the same
or opposite side as particle S. Qualitatively the
extracted

~ Q(q) ~' show the expected distributions
due to the knockout of an s-state proton. The ini-
tial and final state prescriptions predict quite sim-
ilar shapes. It has been argued that the initial
state prescription provides a much better approxi-
mation to the square of the exact half-off-energy-
shell P-P scattering amplitude than the final state
prescription. " assuming the

~ Q(q) ~

' to be the
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FIG, 5. Momentum distributions for a P+ d system
and p+ d* system, respectively, in ~He extracted
from the ~He(P, 2P) angular-correlation data in the
framework of the PWIA and using both the initial-state
and final-state prescriptions. The curves correspond
to theoretical momentum distributions normalized to
the experimental ones at the peak values: for the
~He(P, 2P)d reaction using no cutoff (dashed line) and
using a cutoff radius of 2.5 fm (solid lines) in the over-
lap integral of a Hulthen wave function for the deuteron
and an Irving-Gunn wave function for ~He; for the
He(p, 2P)d* reaction calculated using an overlap integraL

containing a zero-energy scattering-state wave function
for d* and an Irving-Gunn wave function for 3He. Note
the shifts from zero spectator momentum in the theoreti-
cal distributions. The Irving-Gunn wave function has
o,' =0,770 fm
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FIG. 6. Momentum distribution for a p+d and a p+d*
system, respectively, in He extracted fromthe He(P, 2P)
energy-sharing data at 83 = 04= 40' in the framework of
the PWIA and using the final. -state prescription. For
3He(p, 2p)d comparison is made with the corresponding
quantities N [ Q (q) ( extracted from the angular-corre-
lation data. Also shown are the theoretical. momentum
distributions of Fig. 5.
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same for the p+d and p+d* systems in 'He, the
ratio of the quantities N~ Q(q) ~

' shown in Fig. 5

should be —,
' to &. The ratio of the peaks of the

momentum distributions for the t) +d and P +d*
systems is 6.7. Furthermore, the peaks are
shifted by approximately 6 and 3 MeV/c from zero
spectator momentum, respectively, when the ini-
tial state prescription is used and by 8 and 10
MeV/c, respectively, when the final state pre-
scription is used. Such shif ts have been inter-
preted as resulting from distortion and/or refrac-
tion effects. "'"

In principle the energy sharing spectrum ob-
tained at the pair of symmetric scattering angles
for which the spectator momentum reaches the
value zero should lead to an identical momentum
distribution. The quantities N

~ &p(q) ~

' extracted
from the energy sharing spectra at 40 -40'using
the final state prescription are shown in Fig. 6.
For the 'He(p, 2p)d reaction they are compared
with the quantities N

~ Q(q)~
' extracted from the

angular correlation data. There is reasonable
agreement although the momentum distribution ex-
tracted from the energy sharing data appears to be
somewhat wider than the one extracted from the
angular correlation data. The momentum distribu-
tion extracted from the energy sharing data is, as
it should be, symmetric about zero spectator mo-
mentum; however, the momentum distribution ex-
tracted from the angular correlation data appears
shifted by approximately 8 MeV/c. It should be
noted that since the low and high energy ends of
the 40 -40' 'He(p, 2p)d energy-sharing spectrum
(large values of ~q~) correspond to low relative
energies for a p-d system, at the end points less
than 2 MeV, appreciable distortions may occur.
Consequently, the extraction of detailed momentum
distributions using the PWIA from energy-sharing
data alone may be unreliable for low-energy inci-
dent protons. The rise in the momentum distribu-
tion extracted from the 40'-40' 'He($, 2P)d* energy-
sharing spectrum for large values of

~ q~ again
may be attributed to the low energy between one of
the observed protons and the unobserved n-P pair.

The theoretical momentum distribution for the
p+d system in an S-state relative motion was cal-
culated from the overlap integral of an Irving-
Qunn wave function for 'He "and a Hulthen wave
function for the deuteron. " The resulting distribu-
tion has a half width at half maximum (HWHM) of
52 MeV/c and is slightly wider than the momentum
distribution extracted from the angular correlation
data using either the initial-state or the final-state
prescription. The latter momentum distribution
has a HWHM of 45+3 MeV/c. The theoretical mo-
mentum distribution agrees better with the one ex-
tracted from the 40'-40' energy-sharing data
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FIG. 7. Ratio of the experimentaL He(p, 2p)d cross
sections to the I'WIA cross sections for zero momentum
of the spectator particLe in a symmetric coplanar geome-
try as a function of incident-proton energy.

which ha. s a HWHM of 48 +3 MeV/c. It is also in-
teresting to note that Cowley et a&.' find good
agreement between the theoretical momentum dis-
tributions, calculated as the Fourier transform of
an overlap integral containing the same wave func-
tions as in the present analysis, and the momentum
distributions extracted from the energy sharing
data at symmetric angle pairs containing zero
spectator momentum at incident proton energies
of 65, 85, and 100 MeV. Frascaria et a).' find
again that the PWIA cross sections have a some-
what wider distribution than the experimentally
measured angular correlation at 155 MeV. Thus
it appears that the PWIA calculations containing
the Fourier transform of the overlap integral of
an Irving-Gunn wave function and Hulthen wave
function are in reasonable agreement with the en-
ergy sharing data at symmetric angle pairs for
which zero spectator momentum is kinematically
allowed but agree less with angular correlation
data.

The PWIA calculations predict cross sections
which are too large. Thus the theoretical momen-
tum distribution has to be multiplied with a nor-
malization factor less than one in order that the
peak value agrees with the one of the momentum
distribution extracted from the angular correla-
tion data. For the final state prescription the
normalization factor is N„= 0.169 + 0.017. This
value is in fair agreement with the trend as func-
tion of energy established by higher energy
data. ' '' (See Fig. 7.)

In order to obtain agreement between the shapes
of the theoretical and experimental momentum
distributions, it was found necessary to introduce
a cutoff radius in the wave function for the relative
motion of the P-d system, which phenomenological-
ly takes account of multiple scattering or absorp-
tion processes. Physically this truncation implies
that the quasifree scattering process occurs near
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the nuclear surface. "'" The shape of the theore-
tical N~ Q(q) ~

' distribution calculated with a cutoff
radius of 2.5 fm is in good agreement with the
N~ Q(q) ~' distribution extracted from the angular
correlation data if the 60'-60' point (q= 128 MeV/c)
is excluded (Fig. 5). For the final-state prescrip-
tion the normalization factor in this case is N„
=0.261 y0.026. It should be pointed out that the
'He ground-state wave function contains a 4- I%
D-state admixture in addition to a 1-2% S'-state
admixture. This D-state admixture will result in
an increase in

~ Q(q) ~

' relative to a pure S-state
distribution for large values of

~ q~. (The D-state
relative-motion wave function goes to zero for q
=0 and, therefore, the shape of the distribution
for small values of

~ q ~
is governed by the S-state

distribution). However, the observed discrepancy
for the 60'-60' point is too large to be explained
by the D-state admixture in 'He as follows from
an evaluation of similar D-state admixture effects
on the momentum distribution of the deuteron. "
It is very probably caused by multiple-scattering
processes.

The 'He(p, 2p)d* energy-sharing data were ob-
tained by projecting a band corresponding to T~„
&2.2 MeV or m, +m, &MM &m, +m, +5(b, =2.2
MeV) onto the T, axis. The four-body phase-space
distribution" increases with increasing M„ from

58 ~5+me

dR, (5, E)
dE dA dE dA3 3 4 4

v {[M„'—(m, '+m, ')]' —4m, 'm, 'j'~'
58 56

To obtain the projection onto the E, (or T,) axis
one integrates over a range of E~ (or T,) values
determined by the limits on M58

dR, (P, E) s4,
dE dA dQ3 3 4 84'

For small 6 this can be approximated by

dR ($,E) dR, (P, E)
dE, dQ, dQ, dE,dA, dQ,

where dR, /(dE, dA, dQ, ) is the three-body phase-
space distribution for a system of three particles
with masses m3 and m4, and MM = m 5+ m, + &A.

Accordingly, the analysis of the 'He(p, 2p)d* reac-
tion was done in a manner similar to the analysis
of a three-body final-state reaction.

The theoretical momentum distribution for the
p+d* system in an S-state relative motion was
calculated from the overlap integral of an Irving-
Gunn wave function for 'He and a zero-energy

scattering wave function" for the d* system, i.e.,
g e(p) = -a, [1—p/a, —exp(-$p)]/p,

a, =23.71 fm,

( =1.14 fm '.
The exponential term ensures proper behavior of
the d* wave function as p- 0. The resulting ~Q(q) ~'

(with a HWHM = 45 MeV/c) fits the shape of the
experimental distribution extracted from the 'He-
(p, 2p)d* angular-correlation data rather well
(Fig. 5). No cutoff radius was introduced in this
case. The same N~ Q(q) ~

' distribution also agrees
reasonably well with the central portion of the
N~ @(q)~' distribution extracted from the 40'-40'
'He(p, 2p)d* energy-sharing data, (Fig. 6).

In order to investigate whether an improved 'He
wave function would give better agreement with ex-
periment, PODIA calculations were made with an
overlap integral in which the Irving-Gunn wave
function was replaced by variational wave func-
tions. ' These wave functions were obtained by
solving the ground state of the three-nucleon sys-
tem for the Hamada-Johnston potential using a
variational method. In the present calculations
two wave functions were used: wave function I
gave a binding energy for 'He of 6.1 MeV, while
wave function II gave a binding energy at 4.0 MeV.
The PWIA calculations overestimate the cross sec-
tions (because of the neglect of multiple-scattering
effects) and thus the theoretical angular correla-
tions were normalized to the peak values of the ex-
perimental ones. The resulting angular correla-
tions for wave function II are shown in Fig. 4.
The normalization factor using with wave function
II to obtain agreement at the peak value of the 'He-
(P, 2P)d angular correlation was N„= 0.19. Since
wave function II underestimates the binding energy
of 'He by 3.7 MeV it has less high-momentum com-
ponents in the relative-motion wave function than
wave function I. It provides a more reasonable
agreement with experiment.

B. 3He(p, pd)p

One should note (Fig. 3) tha, t the peak positions
in the 'He(P, Pd)P spectra do not correspond to the
minimum value of the spectator momentum. The
shift in the peak position becomes more pronounced
further away from the angle pair where zero spec-
tator momentum is kinematically allowed and
amount to as much as 3 MeV for the 35'-35' spec-
trum. The occurrence of such shifts was observed
earlier in the 35 MeV 'He(p, pd)p data. ~ It was con-
jectured that the 'He(p, d)[pp] neutron pickup reac-
tion interferes strongly with the quasifree scatter-
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ing process and reaches a maximum at supplemen-
tary angles for the pseudo two-body reaction
p+'He- d+[pp], where [pp] denotes a p-p pair in
a 'S, state with near zero relative energy (T»
=0.40 MeV)." The importance of this pseudo two-
body reaction is demonstrated by the relative in-
crease in the cross section towards lower proton
energies in the lower half of each of the 45'-45',
50'-50', and 60 -60' 'He(p, pd)p energy sharing
spectra. The pair of symmetric supplementary
angles for the p+'He- d+ [pp] reaction at 45.0
MeV is L9„= 8~~~=57.2 . Owing to the Coulomb re-
pulsion between the two protons the energy-sharing
spectrum at this pair of angles should exhibit a
double peak with a minimum at I»=0 and maxima
at T» ——0.40 MeV in addition to the 'He(p, pd) p
quasifree scattering peak. The position of the
minimum value of T» is indicated in the 45'-45',
50 -50, and 60 -60' energy sharing spectra. Note
that the angular distribution of the 'He(p, d) [pp] re-
action at 45.0 MeV has a second maximum at 8~
= 35' and decreases rapidly for increasing scatter-
ing angle. " One expects the interference between
quasifree scattering and the neutron pickup reac-
tion to be of particular importance for low inci-
dent energies and to disappear slowly with increas-
ing energy owing to kinematical separation pro-
vided not too small angles are chosen.

Quantitatively this is demonstrated in Fig. 8,
which exhibits momentum distributions extracted
from the 'He(p, pd)p data using the PWIA. The
four-momentum distributions were obtained from
the symmetric coplanar 'He(P, Pd)P energy-sharing

spectra by selecting the two kinematical situations
of T, = T» (the observed proton and deuteron have
equal kinetic energies) and p, 11p, (the spectator
momentum is collinear with the momentum of the
incident proton) and applying the initial- and final-
state prescriptions. These kinematical situations
were chosen because they correspond to cross sec-
tions on the left-hand side of the peaks. The posi-
tions of minimum spectator momentum are close
to the kinematical end points of the spectra where
there is appreciable phase-space enhancement.
The differential cross sections were averaged
over bins 2.8 MeV wide in T,. The square of the
half-off-energy-shell p-d scattering amplitude
was approximated by the free p-d differential cross
section at the initial-state and final-state p-d
c.m. energies, respectively, and the appropriate
c.m. scattering angle. The values for (do/dQP "
were obtained by interpolation from published
cross sections. " Although the N1 P(q)1' distribu-
tions are not complete, it is apparent that after
renormalization to a common value at a certain
q there are differences in both the widths of the
distributions and in the shifts from zero spectator
momentum.

The pair of symmetric coplanar angles at which
zero spectator momentum is kinematically allowed
is 48.9 -48.9 . Thus one expects the shift of the
quasifree scattering peak from the minimum spec-
tator momentum to be minimal close to this pair
of angles. Figure 9 displays the Ã1@(q)1' distribu-
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FXG. 8. Momentum distributions for a p+ & system
in ~He extracted from the 3He(p, pd)p data in the frame-
work of the PWIA and using both the initial- and final-
state prescriptions. Two kinematical conditions were
chosen: T& = T4, upright triangles and open circles,
respectively; and p5]) p&, inverted triangles and open
squares, respectively.
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FIG. 9. Momentum distribution for a p + d system in
3He extracted from the ~He(p, pd)p 50'-50 energy-shar-
ing data. The solid curve corresponds to the theoretical
momentum distribution calculated from the overlap
integral (with no cutoff) of a Hulthen wave function for
the deuteron and an Irving-Gunn wave function for 3He

also shown in Figs. 5 and 6. Note the shift from zero
momentum in the theoretical distribution.
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butions extracted from the energy-sharing data
with (9, =62.8', 6I4=41.8' at 65 MeV. The theoreti-
cal NIP(q) I' distribution with a HWHM of 52 MeV/c
is the same as shown in Fig. 5. It is somewhat
wider than the experimental distribution. The
normalization constant with w'hich the PW'IA cross
sections have to be multiplied to obtain agreement
with experiment at its peak value is N„=0.197
+ 0.020. This should be compared with the normal-
ization constant for the 'He(p, 2P)d PWIA cross
sections (A„=0.169+0.017).

C. 3He(p, 2p)pn

FIG. 10. Scatter plot of the ~He(P, 2P) reaction at 45.0
MeV and symmetric coplanar angles 03= 84-—35'.

tion extracted from the 50'-50' energy sharing
spectrum using the final-state prescription. The
rise towards large positive values of q might be
due to the contribution of the 'He(P, d)[PP] reaction
discussed above. The momentum distribution is
shifted from zero spectator momentum by about
15 MeV/c. This is quite similar to what was ob-
served by Cowley et al.' for the momentum distri-

The (P, 2P) continua corresponding to the break-
up of 'He into three nucleons are to a large extent
structureless except for a pronounced ridge at the
boundary. As discussed above, this pronounced
ridge corresponds to the 'He(P, 2p)d* reaction. A
scatter plot representing a typical situation is
shown in Fig. 10. After subtraction of the 'He-
(p, 2p)d* contribution the continua were projected
on the 7.', axis. Figure 11 shows the projected
continua at 50'-40", 40'-70, and 40'-40'. The
solid curves represent the differential phase space
distribution" normalized to the experimental data
in each case. The normalization constants agree
within the relative error with which the continua
were measured. There exist reasonable agreement
between the phase space distributions and the pro-
jected spectra. Vf ithin the statistical accuracy of

I000
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FIG. Il. Continua of the He(p, 2p)pn reaction at 50 -40', 40'-70', and 40'-40'. The contribution of the He(p, 2P)d*
reaction has been subtracted from the data. The solid curves represent the differential phase-space distributions
normalized to the experimental result. The normalization constants are in units of pb/(MeV4sr2).
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the data there is no indication of any structure
which is consistent with the kinematic criteria for
excited states of 'He." Quantitatively, the discre-
pancies between the differential phase-space dis-
tributions and the experimental continua are the
same as or less than observed by Epstein et al."
The observed deviations occur in the corresponding
regions of momentum space. The enhancement in
the 50 -40' continuum near T, = 22 MeV is most
likely due to quasifree scattering from a correlated
n-p pair or a d* configuration, i.e., the reaction
'He(P, pd*)P with a proton as spectator. A similar
enhancement has been found in the continua of the
'H(P, 2P)nn reaction at 45.6 MeV."

In summary: (1) Within the framework of the
PODIA, there exists reasonable agreement between
the extracted momentum distributions for the
p+d and p+d* systems in 'He and theoretical pre-
dictions calculated using relatively simple wave
functions for 'He, d, and d*. (2) The momentum
distribution extracted from the 'He(P, 2p)d energy-

sharing data appears to be somewhat wider than
the one extracted from the angular-correlation
data indicating the need for further studies at high-
er incident energies. (3) The 'He(p, pd)p quasi-
free scattering peaks show marked distortions
likely due to interference with the pseudo two-
body process p+'He-d+[pp]. The interference
effects will slowly disappear with increasing in-
cident proton energies provided not too small an-
gles are chosen. (4) The normalizations of the
PWIA predictions to experiment for the 'He(p, 2P)d
and 'He(P, Pd)p reactions are different at an inci-
dent proton energy of 45 MeV (0.169 as compared
to 0.197). (5) The 'He(p, 2p)Pn continua agree to a
large extent with differential phase-space distribu-
tions.
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