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Quasifree proton-proton and proton-deuteron scattering cross sections on “He have been
measured and compared with theoretical calculations in the distorted wave impulse approxi-
mation. Information on the low components for the proton and deuteron momentum distribu-

tions in ‘He are deduced.

NUCLEAR REACTIONS ‘He(p, 2p) and ‘He (p, pd), E =156 MeV; measured
o(Ey, E,, 6,,0,); proton and deuteron momentum distributions in ‘He deduced.

I. INTRODUCTION

Measurements of quasifree knockout reactions
on *He provide information on the *He ground state
wave function and/or the mechanism by which the
reaction proceeds. The single particle structure
of *He has been previously investigated by means
of the *He(p, 2p)°H reaction at proton bombarding
energies of 65, 85, and 100 MeV*, 460 MeV? and
590 MeV.® The data from 65 to 100 MeV show
strong energy dependence, and the calculations
are rather sensitive to the two body off energy
shell effects. On the other hand, the two high en-
ergy data points, where off-shell effects are of
little importance, appear to be inconsistent. Pre-
vious distorted wave impulse approximation (DWIA)
calculations by Roos* lead to reasonable agreement
with the 590 MeV data, but fail to fit the lower en-
ergy data. In an attempt to understand the discrep-
ancies and to extract more detailed nuclear struc-
ture information, we have measured the *He(p, 2p)-
°H reaction at a proton bombarding energy of 156
MeV. This energy is intermediate to the previous
results and allows us not only to follow the energy
dependence seen at lower energies, but also to
reach an energy where off-shell effects are small®
(~10%). The “He(p, 2p)°H measurements were
made under kinematical conditions which empha-
size the low momentum components for protons
bound in *He, and are presented in Sec. II. These
data, along with the data at other energies are
compared to DWIA calculations in Sec. IV.

In addition the *He(p, pd)*H reaction has been
measured in order to investigate the two deuteron
structure of *He. Again the kinematical conditions
were chosen to emphasize the low momentum com-
ponents. The experimental results are presented
in Sec. II, and compared simply to plane wave im-
pulse approximation (PWIA) calculations in Sec. 5.
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II. EXPERIMENT

The experiment was performed with the 156 MeV
proton beam from the Orsay synchrocyclotron.
The beam current was limited to 1 to 2 nA to keep
the accidental coincidence rate low and was moni-
tored with an ionization chamber. The beam was
focused on a target placed in the center of a 1 m
diam scattering chamber. Three identical cylin-
drical (diameter equal to 18 mm) cryogenic tar-
gets with 5 um Havar windows were mounted on
the target ladder. One target was filled with liquid
“He, and the other two targets with liquid hydrogen
and deuterium for energy and efficiency calibra-
tions.

The outgoing particles were detected in counter
telescopes placed outside of the scattering cham-
ber, the particles exiting through a thin (80 um)
Mylar window. Telescope 1 consisted of a 300 um
silicon surface barrier AE detector, a thick plas-
tic scintillator E detector which can stop protons
up to 100 MeV and a plastic scintillator veto coun-
ter used to reject particles passing through the E
detector. The veto counter allowed the rejection
of elastically scattered protons, thereby signifi-
cantly reducing background. The solid angle of
this telescope was AQ,=2.4X10"* sr. Telescope
2 was of similar construction, except that the AE
detector consisted of a thin plastic scintillator.
This telescope substended a solid angle of AQ,
=6.0X107* sr.

For each telescope a fast coincidence-anticoin-
cidence (~15 ns) was established between the AE,
E, and veto counters. The fast coincidence (<3
ns) between the two telescopes was performed us-
ing the signals from the two E detectors in con-
junction with a time-to-amplitude converter (TAC).
The range of the TAC was chosen to allow the si-
multaneous storage of the real and accidental co-
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incidence bursts which are separated by the rf
period (48 ns). For each coincidence event four
linear signals were amplified, gated by the coin-
cidence requirements,. and sent to analog-to-digi-
tal converters (ADC). These four signals were:
the pulse heights from each of the two E detectors,
the pulse height from the Si surface barrier AE
detector, and the output of the TAC. The ADC out-
puts were stored on magnetic tape by means of a
2116B Hewlett-Packard computer for subsequent
detailed analysis with a larger computer. During
the experiment various biparametric displays such
as E, versus E, or AE, versus E | were displayed
using the Hewlett-Packard, in order to monitor
the experiment.

The energy calibration and efficiency as a func-
tion of energy for each telescope were obtained by
measuring p-p and p-d elastic scattering using the
liquid hydrogen and deuterium targets. These re-
sults were compared with previously accurately
measured cross sections® 7 to extract the detector
efficiency. Such a procedure removes many sys-
tematic errors, and avoids the necessity of cor-
recting the data for losses due to nuclear reactions
in the scintillators and multiple scattering. The
overall absolute error, apart from the normal
statistical error, was estimated to be 5% for the
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FIG. 1. The three-body cross sections at quasifree
angle pairs: (a) the ‘He(p, 2p)°H reaction, and (b) the
4He (p, pd)d reaction.

“He(p, 2p)°H reaction and 7% for the *He(p, pd)*H
reaction.

In replaying the experimental data, particle
identification was performed for telescope 1, ac-
cidental coincidence events subtracted, and the
real coincidence events corresponding to the three-
body kinematic locus for the particular reaction
projected onto the proton energy axis. Contribu-
tions to the resultant energy sharing spectra from
interfering reactions, which arise due to the lack
of particle identification on telescope 2, were
found to be negligible either due to the separation
of the various kinematic lines or due to their small
yield. The energy resolution in the binding energy
spectra was typically 2.8 MeV thereby removing
any significant four-body contributions to the en-
ergy sharing spectra. In general, the region of
four-body breakup was weakly populated compared
to the three-body breakup.

The three-body cross sections for the two reac-
tions at quasifree angle pairs (angle pairs for
which zero recoil momentum of the undetected
particle is kinematically allowed) are presented
in Figs. 1(a) and 1(b). Both spectra show a pro-
nounced broad peak characteristic of S-state quasi-
free knockout. The “He(p, pd)’H cross section is
approximately a factor of 6 smaller than the *He-
(p, 2p)°H one reflecting in large part the differ-
ences in the p-p and p-d two-body cross sections.

III. THEORY

Assuming the three-body breakup reaction to be
dominated by the knockout process, one generally
analyzes the results within the framework of the
PWIA or DWIA. In these approximations one as-
sumes that the three-body cross section for the
Af(a, ab)B reaction factorizes as® °®

d3o

4% e 4O .
aQ,d%, dE, (PSF)dQ>a_bNbl<p(—pB)f , @

where PSF is a known kinematic factor, and N, is
a spin-isospin factor which we have taken as N,=2
for the *He(p, 2p)°H reaction and N, =3 for the
“He(p, pd)’H reaction.

The quantity do/dS),_, is a half-off-energy shell
two-body cross section for the interaction of par-
ticles a and b. For the (p, 2p) reaction, off-shell
cross sections have been calculated® and compared
to various on-shell prescriptions for the choice of
do/dQ),s. At the present energy of 156 MeV and
under the kinematic conditions of our experiment,
the differences between various on-shell and off-
shell cross sections are small (~10%). Thus the
use of the Stern-Chamberlain on-shell approxima-
tion'® is sufficiently accurate. At higher energies
the differences are even smaller and the method
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of choosing do/dQ),, is of little consequence —at
least for low recoil momentum data.

In the case of the (p, pd) reaction no calculations
of the two-body off-shell cross sections have been
made. We have therefore investigated various pos-
sible on-shell prescriptions for the choice of do/
dQ)s. The differences between these prescriptions
are discussed in Sec. V.

J

(i) For the *He(p, 2p)°H reaction by

o(-Bs) = [ a*Ea°F G ENG W, En(E) K

with £2=£2+£,2 [see Fig. 2(a)].

The s are the distorted waves for the incoming
and outgoing protons relative to the triton core.
The value of v is given by y =my/(m, +mg) =3 .

(ii) For the *He(p, pd)*H reaction by

¢(—133)°Cfd351d LA P EXT E (B Boy T)2,(5,) @

with p2=5 2 +p,? [see Fig. 2(b)] and where now the
X’s are the distorted waves for the incoming pro-
ton and outgoing proton and deuteron relative to
a deuteron core. Here y =3. The two deuteron
wave functions, ®,(p,) and ®,(p,), are normalized
to unity.

In both cases, if an independent particle model
is assumed to describe either an S-state proton in
“He as

0aF, £) =@4(E) - u, ()
or a S-state deuteron as

Pa(Pry Bay T) =2,(D)) * @,(B,) * ugF) .
Equations (2) or (3) reduce to

-

9(=Bp) = [T ENF) u,,(r’>x;<w)e*3'r(4)

(a) (b)

FIG. 2. Space coordinate definitions for the breakup
of “He: (a) p+3H, and () two deuterons.
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The quantity |¢ (~{,)|? represents the momen-
tum distribution (distorted or undistorted) of par-
ticle b in the target nucleus. Due to the direct
interaction hypothesis, in the PWIA the momen-
tum ¢ of the particle b in *He is exactly opposite

- to the recoiling momentum of the core J =-pj.
The distorted momentum distribution in the DWIA
is given:

-
r

F)etd

@)

r

The *He and *H wave functions, ¥, and ¢,, con-
tain, respectively, three and two space coordi-
nates with respect to which they must be normal-
ized to unity.

&,(F )y 7)eta T (3)

—

with

flu,,(F)PdSF: 1.

In the plane wave limit (PWIA) the X’s become
plane waves and ¢(=D,) is then the Fourier trans-
form of u,(¥).

IV. *He(p,2p)°H REACTION

A. Experimental momentum distribution

For simplicity in comparing the present results
with other experimental data, we have generated
the experimental distorted momentum distribution,

ie.,
do
[PSF) dﬂ)ppNJ ’
where p, is the triton recoil momentum. The re-
sultant distribution is plotted versus p, on Fig. 3
along with the same distributions from the 100
MeV ! and 590 MeV ® data.

One observes firstly that the present energy
sharing data (156 MeV) for the quasifree angle
does not define the distribution to very large val-
ues of recoil momentum. Interms of the PWIA
this implies that the experiment does not explicit-
ly measure the high momentum components (p,
> 140 MeV /c) of the proton in *He except as they
are reflected in the normalization. The full width
at half-maximum (FWHM) of this distribution is
210+ 12 MeV/c. Secondly, the *He(p, 2p)°H data

d30exp

Pexp “(ba)= dQ,dQ,dE
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FIG. 3. The experimental distorted momentum distributions of a proton in ‘He at 100 MeV (A), 156 MeV (O, @), and
600 MeV (m) incident proton energy versus the triton recoil momentum.

taken at the angles (6,=60° 6,=-40°), which con-
tains higher momentum components, agree rea-
sonably well with the quasifree angle data for p,
<140 MeV /e, but is rather flat for p, ranging from
150 to 255 MeV /c.

In comparison with the other experimental data
our values appear to be at least reasonably con-
sistent. The 100 MeV energy sharing data does
not define a significant portion of the distribution,
and so one can only say that the magnitude of ¢?
is smaller, as would be expected from the in-
creased importance of distortion effects at these
lower energies. The 590 MeV data was obtained
from a coplanar symmetric angular distribution,
and therefore measures the distribution to much
larger momenta. However, the distribution is not
symmetric about p,=0. In comparing these data
to the present data, we can only comment that the
shape of the right hand side of the 590 MeV dis-
tribution agrees reasonably well with our results.
In addition the ¢? shows a further reduction in
distortion effects as the energy increases.

B. DWIA calculations

We start with Eq. (4) using a single particle wave
function u,(r) of the Eckart form given by Lim."
The DWIA calculations have been carried out at
156 MeV using the code of Chant'? in the same
frame as previous calculations performed by
Roos.* The calculated momentum distribution,
with plane waves as well as distorted waves, are

compared to the experimental data in Fig. 4. One
observes that the effect of the distortion is to re-
duce |©(0)|2 by almost a factor of 2 and to slightly
broaden the distribution. However, the calculated
|©(0)]? is still about a factor of 2 larger than the
experimental data.-

We compared these results with DWIA calcula-
tions using the same wave function u,(r) but where
the x’s are obtained by integrating the optical po-
tentials along the classical path of the interacting
particles (WKB method). Similar shapes are ob-
tained (Fig. 4) although the WKB calculation is
somewhat narrower and shows slightly more at-
tenuation. Unfortunately, no specific conclusions
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FIG. 4. PWIA (curve a), DWIA of Ref. 4 (curve b),
DWIA with distortion obtained with a WKB method (curve
c) calculations compared with the experimental distorted
momentum at E =156 MeV versus the triton recoil mo-
mentum.



concerning the two methods can be reached, since
the optical potentials in the two sets of calculations
were different due to limitations in the codes.

In order to investigate the discrepancy in magni-
tude in more detail, we have compared the magni-
tudes of the experimental momentum distributions
for zero recoil momentum [¢2(0)] plotted as a func-
tion of energy to the DWIA calculations of Ref. 4.
These results are presented in Fig. 5 where the
460 MeV data are included. This figure strongly
suggests a discrepancy between the two high ener-
gy points. We see that the calculation agrees only
with the 590 MeV data, whereas, if we renormalize
the calculation by 0.5, it agrees with the other five
data points.

Thus we can only conclude that if the 590 MeV
data point is correct, then the DWIA treatment
presented here and in Ref. 4 is incorrect either
due to an improper choice of optical potentials or
due to a failure of the DWIA to describe the reac-
tion mechanism. With respect to the first point
we comment only that for energies greater than
156 MeV rveasonable variations in the distorting
potentials produce less than about a 20% change
in magnitude. With respect to the failure of the
DWIA it is worthwhile mentioning that the 156 MeV
data for the second pair of angles (60°, —40°) (see
Sec. IV A) showed possible contributions from
higher order processes, at least for about 15%
of the maximum in ¢?2.

On the other hand if one assumes that the 460
MeV data are correct, then the DWIA calculation
gives the right trend as a function of energy and
one must question the appropriateness of the Lim
wave function in describing a bound proton in *He.
In this respect we have investigated several other
possible wave functions which are presented in the
next subsection.

T T T T T T
= —PWIA DWIA
5 IO‘7 = =
" E ]
¢ :
> - e DWIA(x0.5) :
= Jy -
w [ /4 1
P /
<108 4 e
C L 1 1 ] 1 L]
0] 100 200 300 400 500 600
Eo (MeV)

FIG. 5. Experimental momentum distributions of a
proton in *He for zero recoil momentum plotted as a
function of energy and compared to the DWIA calcula-
tions of Ref. 4.
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4. .
C. "He wave function

In order to investigate the effects of various *He
wave functions on the theoretical *He(p, 2p)°H cross
section, we have calculated the distorted momen-
tum distribution [@(p,)|? at 156 MeV for three
wave functions; the resultant momentum distribu-
tions are presented in Fig. 6.

(@) An independent particle model is assumed to
describe an S state proton in ‘He. The Eckart
form given by Lim is used in which the parameters
have been chosen to fit electron scattering (see
Fig. 7, curve a). The distorted momentum distri-
bution is calculated by Eq. (3) with the WKB meth-
od. As indicated in the previous section, the mag-
nitude is too large by a factor of 2 compared to the
experimental points (Fig. 6, curve a).

Due to the important difference between the bind-
ing energy of the triton and the “He, it seems to
be more reasonable to describe separately the *He
target and the triton core. The distorted momen-
tum is then calculated by means of Eq. (2). Two
different trials have been performed.

() The ‘He and °H nuclei ave both described by
oscillator wave functions, the root mean squave
radii being, vespectively, (Ry)=1.6 fm and (Rg)
=1.7 fm. The fit to the *He charge form factor is
shown in Fig. 7, curve b. At large momentum
transfers the oscillator wave function obviously
does not reproduce the minimum. The resultant
momentum distribution is similar to independent
particle model (a). Therefore, as suggested in
Ref. 14, the *He rms radius has been slightly
changed from 1.6 to 1.5. The charge form factor
is still fitted at low transfers (see Fig. 7, curve
c¢) but the high transfer region is enhanced. The
distorted momentum distribution shown in Fig. 6,
curve b is significantly broader and consequently
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FIG. 6. Comparison between various ‘He wave func-
tions in DWIA calculations for the ‘He(p, 2p)°H reaction.
The wave functions used are (a) a single particle wave
function of Ref. 11, (b) oscillator wave functions for 3H
((R3)=1.7 fm) and ‘He ((R,)=1.5 fm), (c) Fabre de la
Ripelle and co-workers (Ref. 15) 3H and ‘He wave func-
tions.
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|©(0)|? is lower, which produces reasonable agree-
ment with the (p, 2p) data.

(c) Triton and *He wave Jfunctions from theoveti-
cal calculations by Fabvre de la Ripelle and co-
workers™ have then been used. These wave func-
tions are extracted from the resolution of the
three- and four-body bound states in the hyper-
spherical expansion method. The potential used
for the triton is a high repulsive soft core central
potential whose parameters are determined by fit-
ting the 3H binding energy as well as the *He and
°H charge form factors. The use of the same nu-
cleon-nucleon potential was not possible for the
four-body case and Ballot used a nonrealistic Vol-
kov potential fitting only the *He binding energy.
The distorted momentum distribution calculated
with these functions is shown in Fig. 6, curve c.
Compared to the calculation of Sec. IVCa, the
distribution is narrower and the magnitude only
slightly smaller.

Thus, the various wave functions obviously have
a large effect on the calculated momentum distri-
bution. It is possible to obtain reasonable agree-
ment with the data (Sec. IVCb) but it is rather dif-
ficult to reach any conclusions before comparing
with calculations using a more realistic *He wave
function.

V. *He(p,pd)’H REACTION

A. Experimental momentum distribution

The experimental distorted momentum is now
extracted from

do do
2. _00exp a0
|9 (£3)] ds,d$,dE, /[(PSF)dQ>,,dN"] ’

where p, is the deuteron recoil momentum, do/
df),, is a free p-d cross section taken for various
kinematical approximations which conserve the
momentum transfer between the detected deuteron
and the incident proton. The first approximation
(Ap.I) conserves the transfer momentum and the
center of mass energy in the ingoing channel.
Then the free p-d cross section must be taken at
the laboratory energy,

E,=E+}E,+[E E,/2]Y?cos6,

and at the laboratory deuteron angle,

- - 1/2 1/ 2
6in =arc sin 1 2 9[E2 +E, 2(E0E3) 00592] } ,
2 8Ein

where E,, E,, and 6, are, respectively, the lab
incident proton energy, the energy, and angle of
the recoiling deuteron.

The second approximation (Ap.II) is rather simi-
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FIG. 7. Experimental ‘He charge form factor (Ref.
16) compared with the theoretical one using a single
particle wave function with correlations Ref. 11 (curve
a), or an oscillator wave function with (R;)=1.6 (curve
b) or (R;)=1.5 (curve c).

lar to Ap.I, but in the formulas E;, is replaced by
El =E; - %Es where E; is the energy separation
of a deuteron in *He. In the third one (Ap.III) the
momentum transfer is conserved as well as the
center of mass energy in the outgoing channel.
Then the free p-d cross section is taken at an en-
ergy

Ey, =%E+E, - (E,E,/2)"%cos(6, - 6,)

and a deuteron angle

- - 12 1/2
Bou; =arc sin = 222 [E, +Eo = 2(E,E,)" *cosb,] ’
2 8Eout

where E,, 0, E,, and 0, are, respectively, the
lab energy and angle of particle 1 (deuteron) and
particle 2 (proton) in the outgoing channel.

The do/df),, as a function of E and 6 were ob-
tained from a linear interpolation between the ex-
perimental free p-d cross sections measured at
95 MeV *° and 156 MeV.”

The importance of the off-shell effects in the
p-d interaction is not known. The off-shell energy
is already important at p, =0, since the ratio of the
final to the initial momentum of the incident proton
relative to the knocked-out deuteron is 0.8 and
reaches 0.7 at p;=1fm™".

The three prescriptions lead to different kinema-
tical conditions for the choice of the free p-d cross
section. For a pair of angles of the *He(p, pd)d
reaction the three approximations give very simi-
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FIG. 8. Experimental distorted momentum distribu-
tion of a deuteron in “He obtained when using Ap. I (O
represents Ap. Il and (J Ap. III) and compared to PWIA
calculations for 6, =40°, 6,=60°.

lar results as is shown in Fig. 8 where the

[ @ (D) |exp 2 fOr 6,=40°% 6,=60°is plotted. The do/
dQ),, values are taken for Ap.I and the various
symbols represent |¢(p;).,,2 when Ap.1I or III
are used. The range of variation for do/dQ),, is
then between about 0.3 and 0.5 mb/sr. Due to the
strong variations of do/dQ),, with transfer and
energy, changing the kinematical conditions for
the “He(p, pd)d reaction changes the mean value
of the free do/df?),, cross section. One can see
this effect comparing Fig. 8 with Fig. 9. In Fig.
9 are plotted the |@(p,)l.,,2 for 6,=40° 6,=40°
where now do/dRQ),, is varying between 0.7 to 1
mb/sr. Again the results are plotted with Ap.I,
and the various symbols indicate the values at
various momentum transfers given by the other
two approximations. As for the ¢,=40° 6,=60°
data, the three different prescriptions lead to
similar results, except at high momentum trans-
fer (~260 MeV/c) where the various prescriptions
can change the data by a factor of 2.

B. PWIA calculations

In spite of the unknown off-energy-shell effects
and the variations with the different kinematical
prescriptions, we compare the experimental mo-
mentum distribution to PWIA calculations. The
overlap between the *He nucleus and two deuterons
is calculated with the *He oscillator wave function
which was used in Sec. IV Cb with (R,) =1.5. The
deuterons are described by the usual Hulthen wave

T T T T T | L T T T T T T T T T T T
7
[ E “He(p,pd) d
5 o 8,=40°
S e S SLS
CHE
g ¥
(3]
= 8
= 1081 $ ¥ *NH*#
F .*m
>
a F
- t
Ol oo
10
100 0 100

P3 (MeV/c)

FIG. 9. Experimental distorted momentum distribu-
tion obtained using Ap. I (O represents Ap. II and O
Ap. III) and compared to PWIA calculations for 0;=40°,
6,=40°.

2

function
®,=N,[exp(-ap) - exp(- bp)] /p

with ¢=0.231fm™" and =1.438 fm™'. The calcu-
lation by means of Eq. (3) yields the curves la-
beled a in Figs. 8 and 9. The curve b is the same
calculation but with (R,)=1.6. The experimental
shape at the quasifree angle (Fig. 8) is reproduced
rather well with a FWHM of about 210 Mev/c.
There are obvious difficulties, as evidenced by
the fact that the second pair of angles (Fig. 9) is
not well fitted and the fact that the PWIA magnitude
agrees with the data, although we would expect
distortion effects to reduce the calculated ¢*. How-
ever, until reasonable DWIA calculations can be
performed, we can only conclude that the data are
consistent with the deuteron knockout interpreta-
tion.

VI. CONCLUSIONS

Our “He(p, 2p)°H results at 156 MeV seem to be
consistent with other experimental data at medium
energies. The quasifree p-p scattering between
100 and 600 MeV, due to the low distortion effects
and the weak dependence on various kinematical
prescriptions, seems to allow the determination
of a correct momentum distribution for low mo-
menta (~1 fm~™'). However, a more realistic de-
scription of the *He wave function is needed.

For the quasifree p-d reaction, the uncertainties
coming from the kinematical prescriptions, the
unknown off-energy-shell and distortion effects,
prevent the extraction of any detailed nuclear in-
formation.
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