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Non-coylanar (p, pu) and (p, d 'He) reactions on 'Be at 101.5 Mev
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The (p, pn) and (p, d'He} reactions on 'Be have been investigated at a bombarding energy of 101.S MeV in a
nori-coplanar geometry. Coincident data were obtained for coplanar angles 8 d =81.2' and 8 3„,= —41.0', and
the a('He) detector ranging from P = 0' to 20' out of the plane. These data show a smooth reduction in cross
section with increasing P. Comparisons with distorted-wave impulse approximation calculations show that the
reactions are dominated by quasifree processes, and that the D-state component of the 'Be wave function
dominates for large P. Absolute spectroscopic factors for the S- and D-state terms extracted from the two different
reactions are consistent and in excellent agreement with theoretical predictions.

NUCLEAR REACTIONS Be(p,p~) and Be(p, d He), E&~b
——101.5 MeV; mea-

sured d o/dgdo2dEt (Ei,E2,8t, 82, 8~}; Non-coplanar geometry; DWIA analysis;
deduced alpha particle spectroscopic factors.

I. INTRODVCTION

Investigations of the existence of alpha clusters
in nuclei have been carried out for a number of
years using one of two basic experimental tech-
niques in most cases. First, extensive studies
have been carried out using alpha transfer re-
actions induced by projectiles ranging from 'H
to "O. These experiments have been analyzed
in terms of the distorted-wave Born approxima-
tion (DWBA) and have had some success in de-
termining relative alpha spectroscopic factors
for various nuclei. ' 4 However, most analyses
have had difficulty establishing absolute spectro-
scopic factors. A second approach is to knock
out an alpha particle from the target nucleus.
Both proton and alpha projectiles have been used
in these studies. ' ' The knockout data are ana-
lyzed in terms of the distorted-wave impulse ap-
proximation (DWfA}, and are generally more
successful in determining absolute spectroscopic
factors. '

Clearly the two types of experiments comple-
ment each other. In transfer reactions large
momentum transfers are often involved and there-
fore these reactions are excellent tools for study-
ing high spin states and probing higher momentum
components of the transferred cluster-core wave
function, particularly at higher energy. For ex-
ample, the momentum mismatch in the (d, 'Li} re-
action at 100 MeV is &200 MeV/c. On the other
hand, due to the kinematics of the three-body final
state, exact momentum matching is always pos-
sible in the (p, pe) reaction independent of the
bombarding energy. This enables the determina-
tion of quantitative information on the low momen-
tum components of the alpha cluster wave func-

tion. Because of distortion effects, the sensitivity
to the higher momentum components is reduced
when energy sharing data are obtained for quasi-
free angle pairs (angle pairs for which zero mo-
mentum of the recoiling nucleus is possible).
This is a consequence of the fact that the mo-
mentum range spanned depends upon the division
of energy between the emitted proton and alpha
particle. For example, in the coplanar
'Be(p, pa)'He experiment of Ref. 8, the emitted
proton energy falls from -62 MeV at zero recoil
momentum to -32 MeV at 220 MeV/c. Since these
energies are comparable to the strength of the
real part of the proton optical potential large re-
fractive effects result which are not offset by the
corresponding increase in &he emitted alpha parti-
cle energy. Thus, distortion effects lead to an
average over the various momentum components
which is dominated by the abundant low momentum
terms. To overcome this insensitivity to the
higher momenta, a common practice has been to
make measurements at angle pairs away from the
quasifree regions. However, this introduces an
additional complication in that the two-body p-n
vertex also changes. Thus, this treatment cru-
cially depends on the validity of the factorization
approximation and a minimal impact of the off-
energy-shell behavior of the two-body cross sec-
tion. In addition, the distortion effects can de-
pend sensitively on the angles and energies of the
outgoing particles.

It therefore seems appropriate to utilize the
distinct advantages of the knockout reaction to
probe both the low momentum and high momen-
tum components of the cluster wave function, but
with a geometry that keeps both the two-body ver-
tex and the distortion effects essentially constant.
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To this end we have made measurements of the

(P,P n) reaction in a non-coplanar geometry.
While maintaining the separation between the P
and a detectors essentially constant, the n de-
tector was moved out of the reaction plane de-
fined by the incoming and outgoing proton mo-
menta. For each out-of-plane angle the point in
the energy sharing spectrum representing the
minimum value of recoil momentum of the re-
sidual nucleus approximately corresponds to a
constant two-body t matrix as well as constant
energies for the outgoing particles (thereby re-
quiring optical model potentials at a single energy
only). Data at other points on the energy sharing
spectrum for each non-coplanar angle allow fur-
ther tests of the DWIA treatment.

As an initial test of the improved sensitivity
of this geometry to higher momentum components
we have chosen the target 'Be. The 'Be-'Be
ground state transition has approximately equal
contribution from both I =0 and L =2 knockout
according to the shell model calculations. ' Thus,
measurements of higher momentum components
will be dominated by L =2. In addition, the in-
plane angles were chosen so that both the (P,Po.)
and (P, d'He) reactions could simultaneously be
quasifree angle pairs. These data provide further
tests of the reaction mechanism. '

In Sec. II we describe our experimental pro-
cedures. The experimental results are discussed
in Sec. III, and DWIA analyses of the data are
presented in Sec. IV. Finally, conclusions and
implications of our data are given in Sec. V.

II. EXPERIMENTAL PROCEDURES

The experiment was carried out using the 101.5
MeV proton beam from the University of Mary-
land Isochronous Cyclotron. After momentum
analysis (aP/P = 0.04%) the beam was focused at
the center of a 1.5 m diameter scattering cham-
ber. The size of the beam spot on target was ap-
proximately 2 mmx2' mm and the energy of the
beam was known to 0.5 MeV.

The experimental setup in the scattering cham-
ber is shown in Fig. 1. The proton detector was
placed at 8, = 81.2' in the horizontal (scattering)
plane. It consisted of a 500 p.m silicon surface
barrier ~ detector followed by a 15 mm thick
Hyperpure germanium E detector. This telescope
system subtended a solid angle of 5.2 msr. On

the opposite side of the beam a precision out-of-
plane device was mounted on a movable arm. For

/

any in-plane angle 8„ tile out-of-plane angle, P,
can be varied remotely from -5' to +90' along
a circular arc in a vertical plane centered on the

:BEAM

FIG. 1. Experimental configuration for the non-coplanar
(p, po') measurement.

target. A vertical plate on this device facilitated
the mounting of several detectors at different
angles, P Thre. e alpha detectors separated by
-10' were used for this experiment. Each con-
sisted of a 3 mm lithium-drifted silicon detector
and subtended a solid angle of 0.84 msr. The in-
plane angle was fixed at 0, =- 41.0', and data
obtained for P =0' -21

The outputs of all detectors were fed to charge
sensitive preamplifiers. The slow linear signals
from the proton telescope were used to obtain
AP: -E coincidence. The fast signal from the b,E
detector was used as a start signal for a time-to-
amplitude converter (TAC). The fast outputs
from the three alpha detectors provided the stop
signal. Thus, real and random coincidences were
stored simultaneously.

The amplified linear signals from each detector
and the TAC signal, suitably gated by the ~—E
coincidence, were fed to 4096 channel analog-to-
digital converters interfaced to an IBM 360/44
computer. Particle identification (PID) for the
proton arm was performed by software. No parti-
cle identification was required for the alpha de-
tectors, due to the differences in the kinematics
of the various possible reactions. One- and two-
dimensional histograms of the energy signals
were generated. Calculated kinematic loci dis-
played on the two-dimensional coincidence energy
spectra were used to identify the various events.
Pulser signals fed to each preamplifier and ana-
lyzed together with the real data were used to
correct for electronic dead time losses. On-line
visual displays of the various histograms were
used to monitor the quality of the PID, gain sta-
bility, dead time losses, and statistics for the
different coincident events. In addition to this
on-line analysis the data were written event by
event on magnetic tapes for later, more careful
data reduction.
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III. EXPERIMENTAL RESULTS

Energy sharing distributions were obtained for
(P,P o.') and (P, d'He) at ten out-of-plane angles,
ranging from zero to 21'. A plot of the (p, pn)
data as a function of the energy of the outgoing
proton is shown in Fig. 2. The detected proton
energy ranges from -35 to 75 NeV, the upper
limit set by the thickness of the germanium de-
tector. A smooth variation of the cross sections
with proton energy is noted, except for the region
near 70 MeV, where a broad peak is observed.
If we assume that this peak is not due to quasi-
free knockout and that, in each energy sharing
distribution, the quasifree contribution is sym-
metric around the minimum recoil momentum
and equal in magnitude to the lower proton energy
side, there remains a broad peak centered at
-70 MeV and having a cross section of about
5 pb/sr'MeV, independent of the out-of-plane
angle. This indicates that the outgoing alpha's

coincident with the 70 MeV protons are isotropic.
Kinematic calculations seem to confirm that this
peak is consistent with inelastic scattering of pro-
tons to the broad state in 'Be around 15.4 MeV,
followed by alpha decay to the ground state of 'He.
This type of sequential decay peak has also been
observed in other knockout reactions.

For the (p, po. ) triple differential cross sections
shown in Fig. 2, the range of the recoil momen-
tum (P,) of the residual nucleus falls with increas-
ing out-of-plane angle. Specifically, the minimum
value ranges from zero for the in-plane data to
190 MeV/c for P =21', whereas the maximum P,
remains essentially constant. As expected the in-
plane data peaks at I', =0 due to the dominance of
the L =0 knockout for low recoil momenta.

In Fig. 3 the cross sections for the minimum
recoil momentum (crosses) are superimposed on
the in-plane energy sharing data (dots), as a func-
tion of I',. It is interesting to note that the struc-
ture of the out-of-plane data differs significantly
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FIG. 2. Energy sharing distributions for the Be{p,p&) He reaction for out-of-plane angles ranging from 0 to 21.4 .
The curves are DWIA calculations discussed in the text.
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FIG. 4. In-plane distorted (solid line) and undistorted
(dot-dash line) momentum distributions as functions of
recoil momentum (P3). The dashed line represents cal-
culations for the out-of-plane minimum recoil momentum
points.

from the in-plane data. For low momentum trans-
fer the out-of-plane distributions appear narrower.
In addition, the out-of-plane data show a promi-
nent peak around P, =150 MeV/c. Both effects
are indications of less severe distortion in the out-
of-plane data. This interpretation is supported
by DWIA calculations. In Fig. 4 the quantity
Qsl &~I', where &I, is the DWIA transition ampli-
tude d: fined in Sec. IV, is plotted as a function
of I',. In the limit of no distortions this quantity
reduces to l4(-P, )l', where 4 (j) is the struck
alpha particle momentum wave function at a mo-
mentum q. The in-plane distorted momentum
distribution (solid line) shows a smooth variation
with I'„ in agreement with the in-plane data. The
undistorted momentum distribution (dot-dashed
line) is narrower for low momenta and shows an
enhancement around 150-200 Me V/c, due to the
D-state contribution. The dashed line, which
represents distorted wave calculations for mini-
mum recoil momenta for various out-of-plane
angles, is clearly more similar in shape to the
undistorted momentum distribution than are the
in-plane distorted wave calculations.

This result is consistent with the assumption
that changes in the distortion of the outgoing pro-
ton wave function have greater influence on the
data than those due to the alpha-particle wave
function. For a recoil momentum of 150 MeV/c,
the energy of the outgoing proton is about 35 MeV
in the in-plane case and 62 MeV in the out-of-
plane case. We find that although distortion ef-
fects are not negligible at 62 MeV, their severity
increases very rapidly as the proton energy is
lowered.

The (P, d'He) energy sharing distributions for
the 10 angle pairs are shown in Fig. 5. Again
the prominent peak at zero recoil momentum for
the in-plane data is indicative of the dominance
of I- =0 transfer. As the out-of-. plane angle in-
creases, one observes a flattening of the distribu-
tion due to the increased sensitivity to the D-state
contribution. The structure of the minimum re-
coil momentum out-of-plane data is very similar
to that of the (P,Pa) data, in spite of the fact that
a 2-body reaction now occurs in the upper ver-
tex. This is further confirmation of the hypo-
thesis that distortions are responsible for smear-
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ing out the structure in the in-plane data.
Also noticeable in Fig. 5 are large yields in

regions above &„=40 MeV, which do not appear
to result from a quasifree reaction. Neverthe-
less one cannot rule out the possibility that these
enhancements are due to distortion effects, par-
ticularly considering the fact that the out-going
'He energies are less than 30 MeV. Alternatively,
they could be interpreted as some sequential pro-
cess resulting from the breakup of the target
nucleus. However, further investigations would
be required to explain this large high energy
yield.

IV. DWIA ANALYSES

Several experimental studies have demonstrated
that the impulse approximation is rather well
satisfied in the energy region around 100
MeV.'"" It has also been shown that distortion
effects must not be neglected at any energy. "
Therefore, we have analyzed the data in terms
of the distorted-wave impulse approximation

(DWIA). In the DWIA the triple differential cross
section for (p, p o) reactions can be written" as

d~c/dQpdQ QEp S„——&»

where S is the alpha-cluster spectroscopic factor
and &~ is a known kinematic factor. In the form
of Eq. (I}, generally referred to as the factorized
DWIA, the P-o. interaction has been taken out of
the integration in T~ and evaluated for the asymp-
totic (final state) kinematics of the P- a system.
The validity of this factorization approximation
has been checked' and found to be reasonable for
the 'Be(P,P o.}reaction. Any uncertainty in the
true behavior of this off-energy shell cross sec-
tion is less of a problem for the out-of-plane data,
since the kinematics of the two-body final state
is nearly constant.

The quantity
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FIG. 5. Energy sharing distributions for the Be(p, d He) He reaction for out-of-plane angles ranging from 0' to
21.4'. The curves are DWIA calculations discussed in the text.
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is commonly referred to as the distorted momen-
tum distribution, since in the plane wave limit
it reduces to the momentum wave function for the
alpha cluster in the target nucleus. The g's are
distorted waves for the incoming proton and the
outgoing proton and alpha particles, Q is the alpha
particle bound state wave function and, y=&/A.
is the ratio of residual and target masses.

The DWIA calculati. ons were carried with the
code THREEDEE written by Chant. " The distorted
waves were generated from potential parameters
determined by optical model fits to elastic scat-
tering data.

The bound alpha-cluster wave function was re-
placed by an eigenfunction of a Woods-Saxon po-
tential well with an energy eigenvalue equal to the
separation energy of the alpha particle from the
target nucleus. The geometry parameters of ther
well were chosen to approximate founding model
calculations' which have been reasonably success-
ful in fitting low energy alpha-particle elastic
scattering and in predicting bound state proper-

. ties for s-d shell nuclei. The principal quantum
number of the bound state wave function was
chosen on the basis of the conservation of oscil-
lator shell model quanta. Since both the target
and ground state of the residual nucleus have
total angular momentum and parity 4' =&, both
S and D cluster knockouts are possible. Assuming
a (1s'}(IP') configuration for 'Be and using the
law for conservation of oscillator quanta

4

2(V - I)+Z, = +2(n,. —I)+&, , (3)

we find that 3S and 2D wave functions contribute.
Consequently, we carried out 3S and 2D calcula-
tions for all the data.

The potential parameters used in the calcula-
tions are listed in Table I. For the incoming
channel we needed a P +'Be potential at 100 MeV,
but no such potential exists. Therefore, we used
potentials obtained from P +"C elastic scattering
at 100 MeV. '4 Since the P + a interaction is ex-
plicitly accounted for in the two-body interaction,
the strengths of these potentials were multiplied
by B/A to exclude that part of the interaction.
For the P +'He interaction in the outgoing channel,

p +'Li potential parameters at 50 MeV were used, "
while for the n+'He channel, the n+6Li parame-
ters at 30 MeV (Ref. 16) were used. In order to
investigate the sensitivity of the DWIA calcula-
tions to the distorting potentials, we tried several
sets of potentials and found that the shapes of the
predicted distributions remained essentially the
same and the normalization changed by at most
25@,

Since the in-plane data peak at &, =0, they are
most sensitive to the S-state contribution. There-
fore, these data were used to determine the S-
state normalization. The value obtained for
8 (I =0) is 0.45. This normalization for the 8-
state contribution was maintained for all the out-
of-plane data. Because of the larger momentum
transfers involved, the out-of-plane data are
more sensitive to the D-state contributions and
are thus found to be very effective in the deter-
mination of the D-state normalization which was
found to be 0.55.

The calculations, appropriately normalized,
are shown in Fig. 2. The dashed lines represent
the normalized S-state calculations, the dot-dashed
lines represent the normalized D-state calcula-
tions, and the solid line represents the incoherent
sum of the two. It is gratifying to note that with-
out changing the S- and D-state normalization all
out-of-plane angles can be reasonably well re-
produced, at least on the low energy side of the
data where sequential effects are negligible. The
fact that we cannot reproduce the peak around VO

MeV seems to confirm the suggestion that it is
due to processes not included in the DWIA, such
as sequential processes.

For the analysis of the (P, d'He) data, the same
formalism expressed in Eg. (1) was used, except
that the proper Q value was taken into account and
the P-a elastic cross section was replaced by the
'He(P, d)'He free cross section at the appropriate
energies. The same alpha particle bound state
parameters as in the (P,Po) calculations were
used. The distorting potentials for the incident
proton. were the same as those used for (P,Pn).
For the outgoing deuterons and 'He we have
adopted the potentials used by Cowley et al. '0
The sensitivity of the calculations to other dis-

TABLE I. Optical potential parameters.

System fp ap Ref.

P +'Be
p +'He
+ He
Bound state

14.22
37.8
72.63
89.2

1.02 0.65
1.14 0.79
1.36 0.765
1.35 0.73

3.7
0

23.8

0
4.48
0

1.70 0.216 1.33
1.32 0.48 1.2
1.34 0.765 1.3

1.35

14
15
16



l400 A. NADASEN et ul. 22

torting potentials was negligible. With potentials
whose volume integrals differed by a factor of 2
from those used, the shapes of the calculated dis-
tributions remained essentially unchanged with
the overall normalization changing by no more
than 20%. However, when the d +'He potential of
Hinterberger et a/. ' was used, the peak of the
in-plane distribution was shifted up by 1.5 MeV,
inconsistent with other calculations and the data.
This might be attributed to the unusually small
radius parameters used in their analysis.

The calculations with the same normalization
as for the (P,P o.) data (i.e., 0.45 for the S state
and 0.55 for the D state) are shown in Fig. 5. The
dashed lines represent the S state, the dot-dashed
lines represent the D state, and the solid line
represents the incoherent sum of both. It is in-
teresting to note that the spectroscopic factors
obtained from both (P,Pn) and (P,d'He) are about
the same. A slightly better fit could be obtained
for the (P, d'He) data if the S state were increased
by 10%, but this is well within the limits of the
uncertainty in the extracted spectroscopic factor.

V. CONCLUSIONS

We have made concurrent measurements of
(p, pn) and (p, d'He) on 'Be for ten out-of-plane
angles ranging from 0' to 21'. In both cases,
as the out-of-plane angle is increased, the data
vary as expected for a quasifree knockout re-

action in which both S and D states contribute.
Comparison of the data with distorted wave cal-

culations clearly indicates that the DWIA treat-
ment of the reaction is viable. The agreement
between experiment and calculation for the two
different reactions over the large range of non-
coplanar angles is remarkab1. e. The shape of the
energy sharing distribution is well reproduced
in all cases and the same normalization (0.45
for S and 0.55 for D) applies for all angles.

The absolute spectroscopic factors extracted
from the data agree well with the theoretical pre-
dictions of Kurath, who finds S„(3S)=0.56 and
S„(2D)=0.55. Our value of 0.45 for the S state
is also in agreement with previous work. '" How-

ever, the present work is the first to cleanly
separate the D state from the S state and to un-

ambiguously determine a value of the spectro-
scopic factor for the D state, thereby confirming
the validity of the theoretical predictions.
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