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The reaction He(p, pd) has been studied for recoil momenta of the spectator proton up to
230 MeV/c. The cross section of 3He(p, 2p) was measured up to 100 MeV/c. The results
are interpreted in terms of the plane-wave impulse approximation and the form factors for
3He-dp and 3He —p (pn) are compared with a calculation of the ~He wave function in which
the two-nucleon interaction is described by a separable potential which reproduces the low-
energy properties of the two-nucleon system.

A high-pressure gaseous helium-3 target con-
taining (1.6V +0.025) x 10"atoms/cms, 30-cm long
and 8-cm inside diameter, was bombarded with
590-MeV protons in the external beam of the Na-
tional Aeronautics and Space Administration syn-
chrocyclotron at the Space Radiation Effects Lab-
oratory. ' A magnetic spectrometer-range tele-
scope arrangement, including wire spark cham-
bers, was used to detect charged-particle events.
The momentum and mass of the particle on the
magnet side, and the energy of the particle on the
range side were used, in combination with the scat-
tering angles, to determine the momentum of the

recoiling nucleus event by event. The layout of
the apparatus is shown inFig. 1. (For more de-
tails see Alder et al. ')

The data for SHe(P, Pd) were obtained with the
proton telescope at 8, =58 and the magnet tele-
scope at 8, =43' to the beam for recoil momenta
smaller than 100 MeV/c, and at 8, =68' and 8, =48',
respectively, for recoil momenta larger than 100
MeV/c. For each event, the recoil momentum,
q(q~~, q„q,„,) of the residual proton was calculated
from the measured angles 8, and 8„and the kinetic
energy E, and the momentum p, . Here q~(, q„and
q,„, are the components of the recoil momentum
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A Monte Carlo simulation of the experiment

showed that, at the first set of angles of the mag-
net and range telescopes, the transmission of the
system was constant for values of the transverse
recoil component, q„between -100 and +100
MeV/c (a positive transverse component occurs
when the projected deutercn momentum is larger
than the projected proton momentum). That part
of the data was, therefore, analyzed in terms of
the transverse recoil, q„summing over all val-
ues of the longitudinal and out-of-plane projection,
qII and q,„,, accepted in the experiment. In the
second position of the detectors, the transmission

AVERAGE BENDING
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FIG. 1. Experimental arrangement used to investi-
gate both reactions. Numbers 1 to 13 are wire spark
planes; M1-M4 and P1—P7 are scintillation counters.

was a function of both the longitudinal and trans-
verse components of q. Here, a summation over
the transverse and out-of-plane recoil projections,

q, and q,„, , was performed because the largest
component was the longitudinal one.

If we call T(E;„,q) the transmission of the sys-
tem for events with missing energy around E;„
=E, —(E, +E, +E, ,„) and with recoil momentum

around q=p, —(p, +p,}, where E„E„E,and p„p„
and p, are the kinetic energies and momenta of the
incident proton and scattered proton and deuteron,
respectively, then the cross section is given in

both cases as

d o('E; „q), N(E,„,q)
d Q,d Q,dE, T(E;„,q) AQ, bQ, AE, nfl

N(E,„,q) is the number of experimental events
within defined energy and recoil-momentum in-
crements around E;„and q, respectively EQy

and AQ, are the geometrical solid angles of the
defining counters, and hE, is the total energy
acceptance of the range telescope. The number
of SHe atoms within the effective length of target
considered is n, and I is the number of incident
protons; c is the efficiency of the range telescope.
The effective length of the target was defined by
applying cuts in the reconstruction of the inter-
action point.

The cross-section data for 'He(P, 2p} were ob-
tained from Eq. (1) with particle 2 now being a
proton. Only one set of angles 8y $2 43 was
studied for this reaction, and again a Monte Carlo
calculation of the transmission of the spectrom-
eter indicated a constant transmission as a func-
tion of q, between -90 and +90 MeV/c. With the
two telescopes set at 43' the system selected re-
actions with nonvanishing average longitudinal
recoil component, qit-41 MeV/c. Furthermore,
because the over-all resolution in energy of

TABLE I. Cross section and momentum density as a function of recoil momentum (q).

Reaction
Angles

(deg)

Recoil momentum
(Me V/c)

Cross section
der

dQgdQ2dEg
(mb/sr2 MeV)

Momentum density
n p(q)

(MeV/c) 3

x]0 7

SHe(p, pd) p

3He(p, 2p)

43-58

48-68

43-43

0
30
60
90

0
30
60

125
175
225

41
41
41

33
45
69
96

134
185
233

46
55
76

0.0425+ 0.0020
0.0362 + 0.0016
0.0226 + 0.0010
0.0109+ 0.0010

0.0029 + 0.0007
0.0008 + 0.0002
0.0005 + 0.0001

1.76 + 0.08
1.55 + 0.06
0.97 ~ 0.05

2.2 + 0.1
1.87 + 0.08
1.15 ~0.05
0.55 +0.05

0.142 + 0.034
0.041 + 0.010
0.022 + 0.005

2.56 + 0.11
2.26 + 0.08
1.41 + 0.07
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(E, +E,) was 16 MeV [full width at half maximum

(FWHM)], the data may contain events in which

the proton-neutron pair is not a deuteron, the
separation energy of the deuteron being 2.2 MeV,
but has relative kinetic energy up to about 16 MeV.

The cross-section data can be interpreted in
terms of the plane-wave impulse approximation,
leading to the well-known relation

=k(do/dQ);; . n, p(q, ),
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FIG. 2. (a) The momentum distribution n& p(q) for a
deuteron in 3He obtained assuming the validity of the
impulse approximation. Curve A is calculated from a
3He- d +P vertex function that gives satisfactory fits
to the quasielastic electron-scattering data of Johansson
(Ref. 5) and Hughes et al. (Ref. 7). Curve B is the best
fit with Gaussian shape to the data points below 100
MeV//c. (b) The momentum distribution for a proton on
3He. Curve A is calculated for the total contribution of
the deuteron, S& and So continuum (np) states as ex-
plained in the text. Curves B and C show the bound-
and continuum-state contributions separately.

where q, is the internal-motion momentum of the
struck particle 2 that is obtained from the recoil
momentum q by q, =-q. The kinematic factor k

is given in the literature (cf. for example, Jain
et al. '), (do/d0)» „is the free-scattering cross
section for 1+2- 1+2, and n, p(q, ) is the effective
number of particles of type 2 participating in the
reaction multiplied by the momentum density dis-
tribution of that particle with the condition

J p(q2)d'q~ =1. Using the above formula and the
90' c.m. values (do/d 0)~P =0.050 + 0.002 mb/sr
and (do/dQ)~~~~' =2.58+0.03 mb/sr, one obtains
the values np(q) shown in Table I and Figs. 2(a)
and 2(b). The recoil momentum q =

i q ( in the ta-
ble is calculated as

q = (q, '+(qadi'& +(q...'&)"'

for the first set of angles and

q = (qii'+ (q, '&+ (q...')P'
for the second, where (q„') is the average square
of a component x over which the recoil has been
integrated. This procedure amounts to a first-
order resolution correction if the shape of the
cross section is Gaussian; in this experiment, the
cross-section data are well fitted by Gaussians.
In the first angular situation, each data point is
an average for q~ and -q~, and accordingly, an

average value of k, the kinematic factor, has been
used in calculating np(q). The errors quoted in

Table I are statistical only. For the second angu-

lar position, the errors have been set arbitrarily
at 25% to take into account a possible uncertainty
in shape of the q~~ dependence of the transmission.

It must be emphasized that the resolution of the
experiment did not allow a separation of the d and

(np) final states for the (p, 2p) reaction; therefore,
the values of n~p(q) in the table and in Fig. 2(b),
deduced from the (p, 2p) cross-section data in-
clude an unknown contribution from (np) final
states. The systematic errors arising from un-

certainties in counter efficiencies, beam charac-
teristics, target pressure, solid angles, range-
counter efficiency, and reconstruction probability
are estimated at +15% for (p, pd) and +10%%uo for

The impulse approximation predicts that the func-
tion np(q) obtained from (p, pd) and (p, 2p) on ~He

should be the same provided the residual nucleus
in the second reaction is a bound deuteron. Ignor-
ing for the time being the contribution from disinte-
grated deuterons and assuming Gaussian shapes
for the momentum distributions, one can obtain
the two parameters A and I' in IIp(q} =Pe ' 'r by
least g' fitting to the data. The following results
are obtained from the data points with q& 100
Me V/c:

(p, pd): n, = 608+0.09, I",=78+3 MeV/c;

(p, 2p): n, =1.00+0.13, I', =79.7+3 MeV/c.

The ( p, pd} fit was limited to 100 MeV/c to facili-
tate a comparison with the (p, 2p) fit.

In the above values of n, the errors include the
estimated systematic contribution, and take into
account a cancellation of the uncertainties in the
free-elastic cross section which were measured
by the same method as the quasielastic ones. The
widths af the distribution obtained from both reac-
tions are equal within uncertainties, and both are
well fitted by Gaussians for recoil momenta small-
er than 100 MeV/c The larger val.ue of n, prob-
ably reflects the contribution of (np) final states
in the (p, 2p) reaction.
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It is interesting to compare the above results
with those of a quasielastic electron-scattering
experiment performed by Johansson. ' En that ex-
periment, the fivefold differential cross section
for the reactions 'He(e, e'P) and 3H(e, e'P} was de-
termined with 550-MeV electrons. The interpreta-
tion of this data has been the object of a number
of studies. In particular, Lehman' has calculated
the cross sections to compare with this data and

with that of Hughes' for the quasielastic reactions
'He(e, e') and 'H(e, e'). Good agreement was ob-
tained, except with the 'He(e, e'P) coincidence re-
sults. In this calculation, the 'He-d(P) and 'He-
p(d) vertices are obtained from wave functions
that are exact solutions of the three-nucleon
Schroedinger equation with a separable potential
for the two-nucleon interaction. The separable
nonlocal potential of Yamaguchi' was used with
Tabakin's9 parameters which give reasonably good
fits to the low-energy properties of the two-nucle-
on system. With these wave functions the momen-
tum distributions measured in the present experi-
ment, np(q), are calculated in the pole-dominance
approximation which is equivalent to the plane-
wave impulse approximation. The (p, Pd) momen-
tum distribution is obtained from the deuteron-
exchange diagram, while the (p, 2p) distribution
is calculated as the sum of proton-exchange dia-
grams which have as the spectator pair the deuter-
on, the (np}'S, continuum, or the (nP)'So continuum
states. Relative (np) moments, up to 87 MeV/c
were used. This corresponds to one half of the
experimental resolution on the sum (E, +E~). The
result is relatively insensitive to the cutoff.

The resulting momentum distributions are shown

in Figs. 2(a) and 2(b). For the (P, 2p) result, the

d and np final-state contributions are shown both

separately and summed. The calculation has no

free parameters. Both spectra have a shape con-
sistent with the data. The (P, Pd} experimental
points appear to be lower by a factor of 1.40+0.15
than the calculated values for q& 100 MeV/c. The
corresponding number in the case of the (p, 2p)
reaction is 1.20+0.18, where the error includes
the estimated systematic errors.

Recently a 'He(p, 2p) experiment has been car-
ried out by Frascaria et al. ' with 155-MeV pro-
tons, with a resolution sufficiently good to sepa-
rate the d from the (np) final states Th. e width

at 1/e observed is about 58 MeV/c, to be com-
pared with the value of 79 MeV/c found in the
present experiment. As explained above, the
present data are corrected in first order for finite
resolution. Hence the difference in observed widths
between the 590- and the 155-MeV results must
have some other origin.

The value of np(q =0) from the 155-MeV experi-
ment is in closer agreement with the one calculat-
ed according to Ref. 6 than with those at 590 MeV."
Another He(P, 2P) experiment at 35 MeV, reported
by Slaus et al." appears to be in fair agreement
with the 590-MeV results as far as the width of the
np(q) distribution is concerned, although the value
of np(q =0) is about one half the 590-MeV value.
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