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The (p,pa) cluster knockout reaction on Be was investigated using polarized incident protons.
Coincident data for eight quasifree angle pairs were obtained at a bombarding energy of 150 MeV.
Both differential cross sections and analyzing powers were measured for the:energy-sharing distribu-

tion. Distorted wave impulse approximation calculations indicate that the reaction is dominated by
a quasifree knockout process, and that a D-state component of the cluster-core wave function is im-

portant for larger momentum transfer. Extracted absolute spectroscopic factors for both S- and D-

state knockout are in good agreement with theoretical predictions. The analyzing power follows the
trend of free p- He scattering and agrees with the distorted wave i.mpulse approximation calculation
reasonably well. Near zero recoil momentum, the spin-orbit interaction in the distorted waves plays
little role.

I. INTRODUCTION

Quasifree alpha-cluster knockout reactions on light-
and medium-mass nuclei have been investigated by several
authors' over the past ten years. For bombarding ener-
gies in excess of 100 MeV the (p,pa) reaction appears to
be a reliable tool for determining absolute alpha-particle
spectroscopic factors. On the other hand, nuclear struc-
ture information derived from the (a, 2ct) reaction is more
uncertain. This appears to be due either to significant
contributions from more complicated reaction mecha-
nisms or to effects arising from strong absorption which
limits the yield to the extremely low density region of the
nucleus. Typically, quasifree cluster-knockout reactions
are most sensitive to the low momentum components of
the cluster-core wave function and thus complement
cluster-transfer reactions " which are most sensitive to
relatively high-momentum components of the cluster-core
wave function. The complementarity of the two types of
reactions was demonstrated by Carey et al. ' for the (p,pet)
and ( Li,d) ground state transitions. However, the
knockout reaction offers better hope for the determination
of absolute spectroscopic factors.

In the analysis of the quasifree cluster-knockout reac-
tion one generally uses a factorized distorted-wave im
pulse approximation (DWIA). ' ' Neglecting spin-orbit
terms in the proton-nucleus optical potential, the expres-

sion for the differential cross section is essentially a prod-
uct of the half-off-shell cross section for the projectile-
cluster interaction and a distorted momentum distribution
for the cluster-core relative motion. The inclusion of dis-
tortions removes most of the limitations of plane-wave
impulse approximation (PWIA) calculations. These in-
clude an excessively large predicted absolute cross section
and the prediction of deep minima arising from nodes in
the cluster-core wave function which are not seen experi-
mentally. The removal of the minima by the averaging
produced from the distribution of momenta present in the
distorted waves allows one to predict properly the width
of the experimental momentum distribution.

Presently, DWIA calculations appear to provide a rath-
er good description of the available (p,pa) data. However,
the reliability of quantitative nuclear-structure informa-
tion extracted from these data depends upon the adequacy
of our treatment of the reaction dynamics. Several tests
of the DWIA description of the (p,pa) reaction have been
made. ' One of the most sensitive is a test of the factori-
zation approximation by comparing angular distributions
for the (p,pa) reaction with those for free p-ct scattering.
At 100 MeV (Ref. 2) the factorization approximation was
found to be reasonably good, although over an extended
angular range discrepancies of as much as a factor of 2
were observed.

With the availability of intense beams of medium-
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energy polarized protons, more detailed tests of the
DWIA description of (p,pa) reactions become possible.
For example, measurements of (p,pa) analyzing powers
can be compared to analyzing powers measured in free p-
a.'scattering. In the simplest DWIA treatment, these two
quantities should be identical. In practice, since the rela-
tive phase of different t-matrix elements is involved, con-
siderable sensitivity to detai1s of the reaction description
can be expected.

The only published measurements of (p,pa) analyzing
powers are for the Li(p, pa)d reaction' at 40 MeV. To
provide further tests of the adequacy of the DWIA treat-
ment of medium-energy (p,pa) reactions, including their
spin dependence, we have measured cross sections and
analyzing powers for the Be(p,pa) He reaction at 150
MeV. The experimental details are given in Sec. II. The
Be nucleus is a good candidate for the present study since

the Be(p,pa) reaction has been previously studied in de-
tail with unpolarized protons at 100 MeV. ' This work
gives roughly equal I.=0 and 2 spectroscopic factors of
approximately 0.5 in agreement with the predictions of
Kurath. ' The experimental cross section and analyzing
power data are presented in Sec. III.

Since measurements of analyzing powers are made, we
have included spin-orbit distortions in the D%"IA calcula-
tions. As a result the two-body p-u cross section and
analyzing power do not enter as multiplicative factors.
Rather, one must incorporate a detailed description of the
half-shell t-matrix elements. In the DWIA analysis
presented in Sec. IV we have generated t-matrix elements
using an optical-model description of the p-e interaction.
The present work is summarized in Sec. V.

II. EXPERIMENT

The experiment was carried out at the Indiana Univer-
sity Cyclotron Facility. A 150.5 MeV polarized proton
beam with polarization between 0.75 and 0.77 normal to
the scattering plane was used to bombard a Be target at
the center of a 160 cm diam scattering chamber. The in-
tensity of the beam varied from 5 to 25 nA depending on
the angle setting of the experiment. The intensity and lo-
cation of the beam were monitored with a split Faraday
cup.

Two detector telescopes were used to detect the outgo-
ing particles produced by the Be(p,pa) He reaction. A
telescope consisting of a 1000 pm silicon surface-barrier
detector followed by a sodium iodide scintillation detector
was used for proton detection. A 150 pm silicon surface-
barrier b,E-detector and a 5 mm Si(Li) E-detector formed
another telescope for alpha detection. The two telescopes
were mounted coplanar with and on opposite sides of the
incident beam. Slits with circular apertures were used to
define a solid. angle of 6.78+0.02 msr for the proton tele-
scope and of 4.52+0.05 msr for the alpha telescope. The
angular separation between these two telescopes was cali-
brated by using a coincident measurement of p-d scatter-
ing on a CD2 target.

Besides the 2.5 mg cm thick Be target, a 3.1
mgcm CH2 target, a 3.32 mgcm CD2 target, and a
blank target were mounted on a target ladder. These ad-

ditional targets enabled us to perform energy calibrations
and background measurements.

The electronics used for signal processing were stan-
dard. The outputs of all solid- state detectors were sent to
charge-sensitive preamplifiers. The output of the NaI
detector was taken from the fifth dynode and sent to an
emitter follower. Slow linear signals, properly amplified
and delayed, were digitized by analog-to-digital converters
(ADC) interfaced to a Harris computer. A fast signal
from each detector was also extracted to generate gating
signals. The fast logic signals from the two telescopes
were used to start and stop a time-to-digital converter
(TDC), with a time range corresponding to several beam
bursts. This allowed simultaneous measurement of real
and accidental coincidences. A pulser signal sent to each
preamplifier and processed together with the real data was
used to correct for electronic dead-time losses.

The, ADC pulse-height information for each detector,
together with the TDC output and bit registers, were writ-
ten event by event on magnetic tapes. The outputs of a
number of scalers, including the current integrator, were
also written on the event tape. A variety of one- and
two-dimensional histograms were generated by software
during the experiment. Visual displays of these histo-
grams were used to monitor the detector gain, particle
identification (PID), and the statistics for the different
coincident events. At the end of each run, the histograms
and scalers were dumped to another magnetic tape.

Coincident data were taken for eight angle pairs in
which the angle of the proton arm ranged from 25 to 90 .
The angle settings are listed in Table I. The angles of the
alpha arm were chosen such that zero recoil momentum
of the residual He nucleus was kinematically allowed.
Results for other possible three-body reactions were also
recorded. As a continuous monitor of gain, singles events
for both telescopes were recorded, prescaled by a factor of

la to &ooo according to the angle of the telescope.
For the 0~=25 and 30 runs, a bE-E coincidence for

the alpha telescope was not required, since most of the a
particles from the quasifree knockout reaction were
stopped in the b E detector. For the 0&——40' runs, we took
data with and without the bE-E alpha coincidence re-
quirement. For 0~=80 and 90', we tilted the normal of
the target by 10' and 36, respectively, from the beam

25'/ —72. 8'
30 / —69.8'
40'/ —63.9'
50'/ —58. 1

60'/ —52.4'
70 / —46.9'
80'/ —41.6'
90'/ —36.6

Op

(c.m. )

31.9
38.2
50.5
62.5
74.1

85.3
95.9

106.1

d o./dQ dEpb
(pb/sr~ MeV)

355 +15
408 +14
169 + 6.8
86.7 + 3. 1

4S.3 + 2.2
17.9 + 0.7
9.84+ 0.65
6.57+ 0.37

0.84+0.03
0.57+0.03

—0.04+0.04
—0.45+0.03
—0.79+0.04
—0.77+0.03
—0.33+0.06

0.21+0.05

'Calculated for zero recoil momentum point.
Errors reflect counting statistics only.

TABLE I. Angle pairs, cross sections, and analyzing powers
at quasifree peaks.
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direction to the proton side in order to reduce the energy
loss for the outgoing protons in the target.

IO

III. EXPERIMENTAL RESULTS

Off-line analysis of the event-by-event data was carried
out using the program LISA running on the VAX 11/750
computer of the University of Maryland Experimental
Nuclear Physics Group. The AEp vs Ep and AE vs E
two-dimensional displays were linearized and projected
onto the particle identification axes. Events correspond-
ing to different masses were well separated for both
charge-one and charge-two telescopes, which guaranteed
the separation of different reaction products during the
data reduction. Two-dimensional spectra of Tp+ T . vs

T~ (T~=b,E&+Ez, T =b,E +E ) were generated for
each data run. The events along the three-body kinematic
locus were linearized and projected onto T„+T +Tz
where Tz is the calculated recoil energy of the residual
nucleus. Using a gate corresponding to the specific reac-
tion Q value, events were then selected and projected onto
Tp the proton energy axis, to create PALPHA histo-
grams. " These energy-sharing spectra, gated by the coin-
cidence requirement, particle identification, and spin state
of the incoming protons, with random events subtracted
and dead-time losses corrected, were used for calculations
of the (p,pa) cross section and analyzing power.

The cross sections (corrected for distortion effects) and
analyzing powers of the Be(p,pea) knockout reaction at
the quasifree peak (zero recoil momentum) of each data
set are plotted in Figs. 1 and 2 as a function of the
center-of-mass scattering angle (0, ) in the proton-alpha
rest frame. It is expected that, if the quasifree-knockout
reaction mechanism is a good approximation at the energy
studied, these cross sections and analyzing powers should
be nearly the same as in p-"He elastic scattering at an ap-
propriate energy (in our case, we have assumed this energy
to be 148 MeV, the total kinetic energy in the emitted p-a
rest frame which corresponds to the so-called final-energy
prescription). Due to the distortion effects it is necessary
to correct the cross-section data using distorted-wave cal-
culations as discussed in Sec. IV. In the case of analyzing
powers, distortions have little effect. Comparing with the
p- He results of Cormack et al. ' at E= 147 MeV, we see
that the corrected cross sections are very nearly the same.
For the analyzing powers both sets of data have the same
oscillatory pattern in the angular range covered by the ex-
periments. The phase of the oscillation is nearly identical
for the two results. However, the peak analyzing powers
for (p,pa) are about 13% smaller for 9, &90'. Recent
analyzing power measurements of p- He scattering at
E= 150 MeV (Ref. 19) give 3 =0.610+0.006 at
0, =38, which is about 15% smaller than the result of
Ref. 18. Our result at this angle is consistent with these
new measurements within experimental error. The results
of the analyzing power obtained from the quasifree peaks
are listed in Table I.

The distribution of the analyzing power as a function of
outgoing proton energy was also extracted for each data
set. The results are plotted in the lower panels of Figs.
3—10. A small arrow in each plot indicates the position
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FIG. 2. Be(p,pa)'He analyzing power measurements corre-
sponding to the cross section measurements presented in Fig. 1.
The symbols correspond to the following: triangles, A~ at the
quasifree peak; points, A~ summed over the full energy sharing
distribution. The curve represents the free p-a data of Ref. 18.

FIG. 1. Be(p,pa)'He cross sections for the quasifree peak
(zero recoil momentum) as a function of the two-body p-a c.m.
scattering angle. The data have been corrected for the variation
in distortions using DWIA calculations and normalized to free
p-o. scattering. The curve represents the 147 NIeV p-a elastic
scattering data of Ref. 18.



31

{b) ~(3s) x o.p7- - - ~(m) .o,5q
SuM
EXPT

»'/-7Z. S (b) ~(&s) x O54
(2D) x P.55
suM

B (tp po,') He CJ„USTER KNOCKOUT REACTION WITH 15O

&0/-69.8'

1665

IO— tQ
2

CO

Q4
ni&

Cg

~b

QQ
ni&

~b

IO
t

0
IO I

90
I

IOO
I

IZO

T (Meq)

I

t30 I4Q l50

-(o)

A 05—
Y

3s
20
SUM
EXt T

II

II,
Il

I
II

Il

-05-
80

I

90
I

IOO
I

Itp IPO

Tp ( MeV)

I

I30 l40 t50

FIG. 3. Ener gy sharing cross section and g po
r e(p,pa) He at 9 /0 =25 /—.--. ---.'-d "

WAo IA calculation
an t eir sum normalized as indicated.

0
IQ I

90
r

lr'

IQQ

I

IIO
'

IPP

T, {MeV)

I

I30
I

l4Q t50

I.O—

5s
— 2D

SUM
EXPT

05—

AY 0

80
I

90

/

I

~f tf& &e ~f~
I

I
II I

I

Ii
I

I
I I
'I I'
I I

I
I
I
I

I

I I

1 I
I

\ I

I

I30
I

IOO lip
T {MeV)

I

I40 l50

FIG. 4. Ener shgy s aring cross section and
distributions for B

and analyzing power
or e p,po. ) He at 0 /0 =30'

knockout and their
o IA calculationI ations for I.=0 and 2

u an t eir sum normalized as indicated.

of the quasifree peak. The error bars

-p gy
s is ri utions are fair1 fl

9p ——40, 50, 60
y at, for example for

, and 70'. In other cases for
e istributions 'show a smoo

crease from large vaIue ( f 0.6
MeV to more modest 1

es o . to 0.9) at aro
o est va ues at lower energies.

The ener
shown in the to

gy-s aring cross-section distributions are
e op panels of Figs. 3—10. With the excep-

tion of 8 =40', all ofo t ese spectra show a smo
inent peak around p =0 where i ecoil mom

e resi ua nucleus. In the 6 =40 s ec
ditional peaks show

e z
—— spectrum ad-

th f k Th
ow up on the high roton-

pea . ese contributions are also

e excitation or less. The reason t
sequential decays ar t b
spectra is that the tar et

'
k

s are not observed in the 0 =. 25
e arget t ickness seen from the alpha



1666 C. W. WANG et al. 31

(b) ——— ~ (BS)x0.38
—-- ~(2D) xO.55

SUM
EXPT

4o r-65.9 (b) --- a(&S) x056
—-- ~(2D) ~0.55

SUM
EXPT

50 /-58. 1

~ ~

2
IO 2IO—

ÃI
N

Cg

~b
IIO—

W
At

~b

IO
I

0
'Oso 90 IOO llo I20

T, (MeV)

I30 I40 . I50
0,

loso

I.O

90 IOO IIO I20

T, (MeV)

l30
I

l40 I50

I 0
( )

05—

——— 5S
— — — 2D

SUM
EXPT 05—

5S--- 2D
SUM
EXPT

A„O

-0.5—

It
/'

lt

~t
tt

Ay 0

-0.5—
4

I&

- l.o— -l.o-

80
I

90
I

IOO
I I

IIO I20
T (MeV)

I

I30
I

l40 l50
I

90
I

100
I I

IIO I20

Tp ( lVIBV)

I I

I30 I40 I50

FIG. 5. Energy sharing cross section and analyzing power
distributions for Be(p,pa)'He at 0~/0 =40'/ —63.9'. The
curves correspond to DWIA calculations for L =0 and 2
knockout and their sum normalized as indicated.

FIG. 6. Energy sharing cross section and analyzing power
distributions for Be(p,pa) He at 0~/0 =50'/ —58. 1 . The
curves correspond to DWIA calculations for L =0 and 2
knockout and their sum normalized as indicated.

arm for these two angular sets exceeds the range of the
corresponding a particles. In addition, it is estimated that
the quasifree peak height of the 0„=25 spectrum is
suppressed by about 12% due to target thickness effects,
which in part compensates for the slight discrepancy at
forward angles in the factorization test shown in Fig. 1.

Of all these energy sharing distributions the L9p 50
and 60' spectra give the most symmetric distribution with

respect to p3 ——0, except for a rather prominent shoulder
at around T~ = 125 and 120 MeV, respectively. This
shoulder also shows up in the 0~=80' and 90' spectra at a
proton energy about 10 MeV higher than that of the
quasifree peak. The full width at half maximum of the
50' and 60 distributions with respect to p3 is measured to
be about 55 MeV/c on the low T„side of the quasifree
peak (p3 ——0) and about 70 MeV/c on the high Tz side in-
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FIG. 7. Energy sharing cross section and analyzing power
distributions for Be(p,po. ) He at 0~/0 =60 / —52.4'. The
curves correspond to DWIA calculations for I.=0 and 2
knockout and their sum normalized as indicated.

FICs. 8. Energy sharing cross section and analyzing power
distributions for Be(p,pa) He at 0~/0 =70'/ —46.9'. The
curves correspond to

DULIA

calculations for l. =0 and 2
knockout and their sum normalized as indicated.

eluding the contribution of the shoulder. This width is
just the width of the distorted momentum distribution of
the

He(g. s. )+ He(g. s. )

in the Be(g.s.) target. In the plane wave limit, it is the
momentum distribution of alpha particles in Be. As
shown by the distorted wave impulse approximation
(DWIA) calculations, ' the distorted momentum distribu-

tion differs from the true momentum distribution mainly
in absolute magnitude and the removal of the deep mini-
ma predicted by PWIA. The DWIA distribution is some-
what broader than that of the PWIA, but both distribu-
tions are highly symmetric and the widths remain about
the same for all angular sets if the distortion is not too
severe. Thus it appears that the "shoulders" in the spec-
tra arise from contributions from reactions other than
quasifree knockout which are kinematically indistinguish-
able. One of the candidates for this contribution is the
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sequential alpha decay following the excitation of the tar-
get nucleus Be to an excitation energy of about 15 MeV
where several broad excited states have been observed and
have been reported in other (p,pa) studies.

IV. DWIA ANALYSIS

The impulse approximation has proven to be quite
satisfactory for knockout reactions at energies greater

than 100 MeV. ' ' ' Recent DWIA calculations' show
that the spin-orbit interaction in the distorted waves can
play an important role in the prediction of both the cross
section and the analyzing power in (p,2p) and (p,pn) reac-
tions. For the case that includes a spin-orbit interaction
in the distorted waves, the differential cross section can
never be factorized. ' Following Ref. 14 the cross section
for the reaction A(a, cd )B can be reduced to the following
expression:
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Pa~a~c~c
~a~c

for the case where particles b and d are spinless. The cross section is given for a specific value of p,', the spin of the pro-
jectile. The D s are rotation matrices, (a, r o, ) is the matrix element of the two-body p-a transition operator, and

(2)
I

~a~c

with the X's denoting the distorted waves and PI A the
wave function of the cluster-core relative motion. More
complete details of the notation are to be found in Ref. 14
including some details of the computer code THREEDEE
used to carry out the calculations. The spectroscopic fac-
tor C S was set to unity in the calculation, and an experi-
mental spectroscopic factor extracted by normalizing to
the experimental data.

It is evident from Eq. (1) that, as a result of the in-
clusion of spin-orbit terms in the distorting potentials, the
p-o. cross section no longer appears as a multiplicative
factor. Rather, the individual t-matrix elements must be
calculated in a spin representation. At each angle this in-
volves three independent real quantities which we have
obtained from a p+"He optical model potential fitted to
experimental data. The potential was parametrized with a
Woods-Saxon form including absorption, spin-orbit in-
teraction, and exchange terms. The parameters are listed
in Table II. With this potential, we are able to reproduce
satisfactorily the 147 MeV p- He differential cross sec-
tions and analyzing power. ' In the spirit of our factor-
ized DWIA approximation the p-a t matrix is properly
half-off-the-energy-shell. This effect was estimated for
the present data with the Coulomb part of the p-a optical
potential set to zero. In all cases the half-shell calcula-
tions were consistent to within 2% with calculations set-
ting the p-a t matrix on shell at the emitted p-e rest-
frame energy and with the Coulomb term included. The
results of these latter calculations are shown herein.
Clearly, in a more nearly correct analysis, the factoriza-
tion approximation should be eliminated which would
lead to the introduction of fully-off-shell t-matrix ele-
ments.

The distorted waves were generated using optical-model

parameters fitted to elastic scattering data. These param-
eters are also listed in Table II. For the incoming channel
we used a p+ Be potential at 160 MeV. For the p+ He
and ca+ He channels we used the same potentials as those
for the 101 MeV Be(p,pa) out-of-plane calculation. The
sensitivity of the differential cross sections to reasonable
changes in the distorting potentials has been tested by
several authors ' ' who suggest an upper limit on the
variation of about 25%. In our analysis we find some-
what less uncertainty at 150 MeV. In addition, the effect
of reasonable changes in the distorting potentials on the
analyzing powers was investigated at the peak of Ay,
where it was found to be negligible.

The eigenfunction of a real Woods-Saxon well that
reproduced the alpha separation energy was used for the
alpha-core relative motion wave function. The geometry
of the potential well was chosen to approximate an alpha-
nucleus folding-model calculation. The quantum num-
bers of the bound state-wave function were chosen on the
basis of the conservation of shell-model oscillator quanta
and of parity by assuming the configurations (Is )(Ip )
for Be(g.s.), ( Is )(lp') for He(g. s.), and (Is ) for
He(g. s.). Since both Be(g.s.) and He(g. s.) have spin and

parity J = —', , both 3S and 2D cluster-core states are
possible. Consequently, 3S and 2D calculations were car-
ried out for all the data.

Shell-model calculations' and experimental results in-
dicate that the 3S- and 2D-component alpha spectroscop-
ic factors are about equal for the Be nucleus. DWIA cal-
culations with equal spectroscopic factors give a ratio of
the 3S to 2D cross section at the quasifree peak of 124/1
for the angle pair 0~/9~=25'/ —72.78', decreasing to
52/1 for 90'/ —36.55 . Thus, it is quite safe to normalize
the 3S contribution by comparing the calculated and ex-

TABLE II. Optical potential parameters. '
System Vp rp ap 8'p 8'g) rp ap V„ V,„ rex aex

p-'Be
p-'He
o.- He5

p-'He
4He-'He

16.2
37.8
88.9
3.768

95.54

1.0
1.14
0.99
2.021
1.35

0.385
0.79
0.81
0.63
0.73

13 14 0
1.32 0 4.5
1.2 4.9 0
1.36 11.54 0
1.36

1.55
1.32
3.01
1,505

0.385
0.65

0
—2

0.4 2.5 1.0
0.44 6.0 1.2
0.58
0.307 6.63 —3.2 0.85 0.23 —0.4 1.74 0.08

'The optical potential is defined to be

Vp i 8'p 4i 8'g) e I V„
+e" 1+e" (1+e ) 1+e

(V„+i@',)e '
1 o.. " " —Uc,„)(R~),

m c ra, (1+ s)2

where x=(r —rpA' )/a„x'=(r —rpA' ')/ap, x"=(r—r,„A' )/a„, and x, =(r —r, A' )/a, . Uc,„~ is the Coulomb potential of
uniform charged sphere with R~ ——rcA ' . All energies are in units of MeV and lengths in fm.
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TABLE III. Absolute a-spectroscopic factors for
9Be~o.+5He.

S (3S)' (& (3&)) S (2D)

25 / —72.8'
30 / —68.8'
40'/ —63.9'
50 / —58. 1'

60 / —52.4'
70 / —46.9
80 / —41.6'
90'/ —36.6'

0.37+0.02
0.54+0.02
0.38+0.02
0.36+0.02
0.61+0.03
0.50+0.02
0.43+0.03
0.43+0.03

0.45
(0.56)"

0.55
(0.55)"

'Errors reflect statistics.
"Reference 17.

perimental results at the quasifree peak. The extracted al-
pha spectroscopic factors for the 3S state from each angle
pair is shown in Table III where the uncertainties reflect
the counting statistics only. Averaging the results ob-
tained at different angles yields 0.45 which is to be com-
pared with the shell model prediction' of 0.56 and earlier

(p,pa) studies which yield 0.45. For the different angles
the mean deviation is about 19% from the average value.
This variation in the spectroscopic factor is an indication
of a modest breakdown in the factorization approximation
similar to that observed at 100 MeV. However, the devi-
ation is quite small. For the L =2 component the copla-
nar data do not very effectively determine the correspond-
ing normalization. Thus we have chosen to follow the
noncoplanar studies of Nadasen et al. and the shell
model calculations, ' and used a spectroscopic factor of
0.55 for all calculations.

The analyzing powers obtained from the DWIA calcu-
lation at the quasifree peak are plotted in Fig. 2 along
with the experimental results in the range 30 & 0,
& 110,where 0, is the two-body center-of-mass scatter-
ing angle in the emitted p+ He rest system. The calcu-
lated angular distribution is quite consistent with the
shape and magnitude of the experimental data. It is
worth noting that the analyzing powers calculated using
the DWIA are essentially the same as those of the 147
MeV p- He elastic scattering. In order to examine the ef-
fect of distortions on the analyzing power, we set to zero
the spin-orbit interaction in the proton distorted waves
and repeated some calculations. On omitting spin-orbit
terms the change in analyzing power is at most 0.02, a
negligible change in comparing with the peak value of
about 0.9. This result obviously differs from the (p, 2p)
and (p,pn) cases. '

The energy-sharing distributions of the analyzing
powers versus the outgoing proton energies were also cal-
culated. The differential cross sections for each spin state
of the incoming proton were obtained for the 3S state, the
2D state, and the sum of the two states with the normali-
zation factors specified earlier. The calculated analyzing
powers for the individual angular momenta and sum are
shown in Figs. 3—10. The 3S distribution shows a pro-
nounced dip in analyzing power. on the low T~ side of the
quasifree peak at p3 —130 MeV/c for the angle pair
9~/8 =25'/ —72.78' (8, —32'). This location corre-
sponds to a node in the 3S wave function. This dip be-

comes more prominent at 0, -38' and then gradually
disappears by 0, -74'. At larger angles a broad peak
shows up on the high T~ side for 0, )85', becoming
more prominent as 0, increases. At 0, —74'
(8&/8 =60'/ —52. 36') both the dip and the peak vanish
giving rise to a flat distribution in analyzing power.
Clearly the 3S contribution alone cannot reproduce the
experimental results, except for one angle pair
8„/0 =60'/ —52.36'. The 2D calculation produces near-
ly a constant analyzing power for 0, -32' and 74', os-
cillating about the quasifree peak value for the other an-
gles. Again, the 2D distribution cannot reproduce the ex-
perimental results. The distribution of the sum of 3S and
2D state contributions with proper normalization provide
a fair fit to the shape of the experimental Ay vs Tp re-
sults. The greatest discrepancies are for the small proton
angles (25' and 30 ) and for proton energies on the extreme
high and low energy ends of the spectra. The experimen-
tal distributions of the 25 and 30 data have a larger slope
than that predicted by the DWIA calculation. It should
be noted that the discrepancies are largest when the cross
section is small. Thus, there could be contributions from
other processes which do not have the same analyzing
power as the one-step knockout reaction; for example,
multistep processes which would be expected to produce a
small analyzing power. The magnitude of the calculated
analyzing-power distributions agrees very well with the
experimental results for the 70'/ —46. 86' (8, -85 ) and
80'/ —41.58 (9, —95') data. With the exception of the
90/ —36.55 angle pair, the other calculated analyzing
powers are about 0.2 larger than the experimental result.
This deviation is about the same as that at the quasifree
peaks (see Fig. 2). If one artificially shifts the calculated
spectra by 0.2, one would obtain an excellent agreement
between calculation and experiment.

The same spectroscopic factors are used for the energy
sharing cross section. The calculated results are plotted in
Figs. 3—10 for the individual contributions and the sum.
The 3S contribution alone gives a rather satisfactory fit to
the experiment around the quasifree peaks, but underesti-
mates the width of the distributions. The minimum
predicted by a PWIA calculation for the 3S contribution
around p3 —150 MeV/c is washed out further when a
spin-orbit interaction is included in the distorting poten-
tial for 0&)40' while the opposite effect is observed for
Op & 40 The 2D contribution is largest near p 3 —100
MeV. The sum of 3S and 2D contributions gives a quite
satisfactory fit to the energy-sharing spectra around the
quasifree peak of all the data, but on the low T~ side of
the spectra only for Op) 50'. For t9~) 50', the sum contri-
bution of the 3S and 2D transition gives a half width at
half maximum of p3-50—55 MeV/c on the low Tp side
which agrees with the experimental observation quite well.
Any reasonable combination of these angular momenta
could not reproduce the shape of the spectra on the low

Tp side for Op & 40', even when the effects of the finite
solid angle of the detector telescopes are taken into ac-
count. A similar difficulty also appears at the shoulders
showing up on the high Tz side of 6I„)60' spectra. These
difficulties are encountered in other knockout reac-
tions. ' ' The discrepancies presumably arise from other
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reaction processes such as the sequential alpha decay dis-
cussed previously, particularly for the high Tz side, and
multistep processes when the cross sections are very small.
In spite of these drawbacks, the agreement of the DWIA
predictions with the energy-sharing spectra is generally
encouraging.

V. CONCLUSIONS AND DISCUSSIONS

We have made measurements of (p, pa) on Be for
eight quasifree angle pairs ranging from 8~=25' to 90' at
E~ =150.5 MeV. Both analyzing powers and differential
cross sections were obtained for energy-sharing distribu-
tions. The energy-sharing spectra show a prominent
quasifree-knockout contribution, from which we obtain
l. =0 and 2 alpha spectroscopic factors of 0.45 and 0.55,
respectively, in excellent agreement with previous experi-
mental results and theoretical predictions. In general, the
DWIA predictions fit the shapes of the energy-sharing
spectra reasonably well. However, in addition to
discrepancies due to sequential alpha-decay processes,
there is a suggestion of a small yield due to multistep pro-
cesses when the knockout cross section is small.

The angular distribution of the analyzing power at the
quasifree peak is qualitatively in agreement with that of
proton-alpha scattering at 147 MeV. The magnitudes of
our results are somewhat lower, possibly suggesting a
lower energy proton-alpha scattering. However, our re-
sults do agree with the new p+ He data at 150 MeV. Ir-
respective of these slight differences, the experimental dis-
tribution is consistent with the p+ He theoretical predic-
tion and provides the first test of the quasifree cluster-
knockout reaction theory using an intermediate energy po-
larized proton beam.

The shapes of the energy-sharing distributions of the
experimental analyzing power agree fairly well with the
theoretica1 prediction in the range of recoil momenta

~ p3 j
(250 MeV/c. This range includes

~ p3 ~

—150
MeV/c where the PWIA fails completely. Our results
provide evidence of the validity of the DWIA theory in
this region. In addition, this distribution provides addi-
tional evidence for the D-state contribution and confirms
the I.=2 spectroscopic factor predicted by theory.

The inclusion of a spin-orbit term in the distorting po-
tentials has negligible effect around the quasifree peak
where the alpha-cluster momentum is small. However, at
larger momenta on the low-proton-energy side for the S

state the ratios of the differential cross sections with and
without spin-orbit terms range from 0.35 at 8~=25 to 1.7
at Op 70 decreasing to I .3 at Op =90'. For the D-state
transition, the corresponding values are 0.8, 1.1, and 1.0.
From the excellent agreement between theory and experi-
ment shown in Figs. 6—10 on the low-proton-energy side,
one can conclude that the inclusion of the spin-orbit effect
in the DWIA calculation is necessary although it plays lit-
tle role around the (p,pa) quasifree peak.

The average L =0 spectroscopic factor is in good agree-
ment with previous experimental results and theoretical
predictions. However, the values obtained from different
angle pairs range from 0.36 to 0.61, a difference of about
70%%uo. This difference is far beyond the experimental er-
ror. On referring to Eq. (1) of Sec. IV, it is evident that
all factors are well defined except for the distorted-
momentum-distribution amplitude and the half-off-shell
two-body t operator. The effect of different distorting po-
tentials on the distorted momentum distribution has been
estimated to be 25% or less. Thus, it appears that the fac-
torization of the half-off-shell t operator plays an impor-
tant role in introducing this difference. A study covering
a larger range of angles may help delineate this problem.
However, it is beyond the scope of this paper.

Finally, from the present work it is clear that the
DWIA theory contains the majority of the required reac-
tion dynamics needed to describe (p,pa) reactions.
Nevertheless, it underestimates the experimental yields on
the low-proton-energy side of the energy-sharing spectra
for Op (40 It seems likely that these excessive yields are
from reactions which are kinematically indistinguishable
from the quasifree knockout. The analyzing-power data
also suggests the need for an additional reaction mecha-
nism with small analyzing power. If the mechanism in
question is simply alpha decay following the inelastic ex-
citation of the target nucleus, then kinematics require ex-
citation energies in the range from 10 to 35 MeV.
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