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The (p,pa) cluster-knockout reaction on °Be has been investigated experimentally at a bombard-
ing energy of 200 MeV. Coincident data were obtained at five quasifree angle pairs for proton an-
gles ranging from 40° to 80°. The data were analyzed in terms of the distorted-wave impulse approx-
imation. The calculated energy-sharing distributions reproduce the data reasonably well, indicating
that the quasifree-knockout mechanism dominates the reaction. The factorization approximation
employed in the calculation is found to be valid. The absolute spectroscopic factors derived from
the data are in excellent agreement with lower-energy results, and compare well with shell-model

predictions.

I. INTRODUCTION

The (p,pa) quasifree-knockout reaction has been used
for several decades to investigate a clustering in nuclei.
Nuclei studied range from °Li to 2*Th.! ™3 The experi-
ments have effectively used the flexibility of the three-
body kinematics to obtain exact momentum matching.
Thus the data were optimized for low momentum com-
ponents of the cluster wave function, a region dominated
by orbital angular momentum L =0 transfer. Extraction
of absolute spectroscopic factors from the early studies
was not possible because the data were generally analyzed
using a plane-wave impulse approximation (PWIA),b*
whereas distortion effects lead to large reductions in the
cross sections, particularly at low energies.’ Introduction
of the distorted-wave impulse approximation (DWIA)
treatment of the reaction can, in principle, correct this
deficiency and lead to the extraction of more meaningful
parentage information for the a cluster.

However, there remain uncertainties and approxima-
tions associated with the DWIA analyses of the data. A
concern at lower energies is the treatment of distortions.
Figure 1 shows typical ratios of the peak distorted-wave
cross section to plane-wave cross section as a function of
bombarding energy for the (p,pa) reaction on several
light elements. The proton angle is 60°. At low energies
the ratio can be less than 1073, It is not clear how accu-
rately the distorted-wave calculations include such huge
effects. However, as the energy increases the distortion
effects become less severe. By doubling the energy the
distortion effects can be reduced by almost two orders of
magnitude. Results at 100 MeV,>3 which provide spec-
troscopic factors in good agreement with theoretical pre-
dictions, seem to indicate that the treatment of distortion
effects are adequate. Thus studies of the (p,pa) reaction

40

at even higher energies are expected to provide quantita-
tive information on cluster structure of nuclei with less
uncertainties due to distortion effects.

The factorized form in which the DWIA calculations
are carried out is also a concern. The (p,pa) triple-
differential cross section is written as a product of the
half-off energy-shell p-a cross section and the distorted
momentum distribution of the a cluster. At 100 MeV
(Refs. 2 and 6) and 150 MeV (Ref. 7) comparison of the
angular distributions of the (p,pa) experimental data at
zero recoil momentum with free p-a elastic scattering
cross sections at the appropriate energies seem to support
the validity of the factorization approximation. Tests at
other energies would provide further evaluation of this
procedure.

When a transition involves more than one value of L,
unfolding the different contributions can be a problem.
An interesting example is the *Be(p,pa)*He (g.s.) reaction
which proceeds from initial to final states having
J7=3/2". Thus orbital angular momenta of both L =0
and L =2 carried by the knocked-out a cluster are possi-
ble. Shell-model calculations® predict equal contributions
of these two components. However, the L =0 com-
ponent peaks at the zero recoil momentum of the residual
nucleus (p;=0), while the L =2 term has minimum cross
section at p; =0 and peaks around p; =150 MeV/c. The
L=2 contribution could not be unambiguously deter-
mined from the 100-MeV coplanar data’ because the
smearing due to distortion effects reduced the sensitivity
to the higher momentum components. However, in non-
coplanar measurements,’ where distortion effects were re-
duced, a value in close agreement with theory was ob-
tained.

In view of the concerns outlined above, we decided to
make measurements of the (p,pa) reaction on °Be at 200
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FIG. 1. Ratio of distorted-wave to plane-wave cross sections
for the (p,pa) reaction on °Be, 12C, 2*Mg at p; =0 for a proton
angle of 60° plotted as a function of bombarding energy. -

MeV. An advantage of this higher energy is a further
reduction in distortion effects, which should make it
easier to unfold the L=2 component of the reaction.
Also the factorization approximation could be evaluated
at a higher energy where off-shell effects are expected to
be less severe. In addition, these data will also be able to
determine the energy dependence, if any, of the various
components of the reaction mechanism.

Section II describes the experimental procedure. The
results of the measurements are given in Sec. III. The
DWIA analysis of the data is presented in Sec. IV. In
Sec. V we provide a summary of our results and con-
clusions.

II. EXPERIMENT

Measurements were carried out utilizing a 200-MeV
proton beam at the Indiana University Cyclotron Facility
which was momentum analyzed (AE /E=0.05%) and fo-
cused on a 2.5-mgcm 2 self-supporting *Be target at the
center of a 1.6-m diameter scattering chamber. The
beam spot on target was approximately 3 mmX3 mm
with a current between 7 and 40 nA, depending on the
detector angles.

The proton and alpha telescopes were placed on
remote-controlled arms on either side of the beam in a
coplanar geometry. The proton telescope consisted of a
1I-mm Si surface-barrier AE detector followed by a 7.6-
cm X 7.6-cm X 12.7-cm thick Nal(T1) stopping detector.
A 4.7-cm thick lead slit with a 1.6-cm diameter aperture
defined a solid angle of 5.95 msr. The alpha telescope
consisted of a 200-um Si AE and a 5-mm Si(Li) E detec-
tor followed by a 1-mm Si detector used to veto particles
passing through the E counter. This telescope had an
identical lead slit for cleanup and a solid angle defining
slit made of 1.6-cm-thick brass with a 0.95-cm diameter
hole, subtending 1.83 msr. This system permitted mea-
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surement of protons from 15 to 200 MeV and alphas
from 20 to 150 MeV.

The outputs of all detectors were amplified and fed to
8192 channel CAMAC analog-to-digital converters.
Coincidences between the two telescopes were detected
using a time-to-digital converter (TDC) with an overall
time resolution of about 2 ns, easily separating beam
bursts. The TDC range of 200 ns permitted the accumu-
lation of both real and random coincidences simultane-
ously.

Pulser signals generated at a rate proportional to the
beam current were fed to all preamplifiers and used to
correct the data for gain shifts in the Nal and loss of
events due the dead time of the system.

All detectors were calibrated over their dynamic
ranges using radioactive sources and proton scattering
from ?H and '?C. The accuracy of angular positioning of
the scattering chamber arms was determined by measur-
ing coincidences from p +d elastic scattering. One- and
two-dimensional arrays of the data were created for on-
line monitoring of dead time, pileup, detector gains, ran-
dom rates, particle identification (PID), and statistics of
true knockout data. All data were written event by event
to magnetic tapes for later off-line analyses. Data-
monitoring scalers were also written on the event tapes.

III. EXPERIMENTAL RESULTS

Measurements were made at five angle pairs. The pro-
ton angles for these measurements were 40°, 50°, 60°, 70°,
and 80°. In each case the alpha angle was chosen to per-
mit zero recoil momentum of the residual *He, thus
defining a so-called “quasifree” angle pair. The AE vs E
spectra showed clean separation of particle species for
both telescopes. Windows for protons and alpha parti-
cles were selected and random coincident events were
subtracted with the aid of windows on the TDC spec-
trum. Energy addition of the AE and E signals was car-
ried out by software.

For each angle pair, a two-dimensional coincidence
spectrum of proton energies versus alpha energies was
created. A calculated kinematic locus displayed on this
two-dimensional array was used to determine the true
quasifree-knockout events. These were then projected
onto the proton energy axis, resulting in an energy-
sharing distribution. The energy-sharing distributions
obtained for the five angle pairs are shown in Figs. 2—6.
Since a single setup was used for the entire experiment,
the relative uncertainties are dominated by statistical er-
rors. Uncertainties from other sources are estimated to
be ~5%. The errors indicated in Figs. 26 are statisti-
cal. Absolute errors in the data from all sources are es-
timated to be less than 10%.

The data are characterized by a broad peak centered
around the zero-recoil-momentum point of the residual
nucleus, which is indicated by an arrow in each energy-
sharing distribution. This is evidence of the dominance
of the L =0 component of the reaction in this region.
The cross sections in the higher-momentum regions are
largely due to the L =2 component.

It is observed that the quasifree peak moves to lower
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9Be(p,pa)>He at 200 MeV
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FIG. 2. Energy-sharing distribution for the °Be(p,pa)*He re-
action at angle pair 6, /6,=40°/—63.84°. The curves represent
DWIA calculations for L =0 (dashed), L=2 (dot-dashed), and
their incoherent sum (solid), normalized to the data.

proton energies as the proton angle increases. As expect-
ed, this shift follows the free p-a elastic scattering kine-
matics. This displacement of the quasifree peak down-
ward in energy helps to separate the true quasifree-
knockout events from other competing processes. For
example, as the proton angle is increased the develop-
ment of a secondary peak around E, =155 MeV is no-
ticed. This appears to be due to sequential a emission,
arising from inelastic excitations of the °Be nucleus to
about 40 MeV followed by a decay. This rather surpris-
ing behavior has also been noted in other studies of
9Be(p,poz). The cross section for this peak, estimated
from the larger proton-angle data, is about 205 ub/sr?
with a very weak angle dependence.

At our most forward proton angle of 40° the peak of
the distribution appears to be about 3 MeV below the
p3=0 point. It appears to be due to an instrumental
effect leading to loss of events for E, >170 MeV. Thus,
we believe we may be missing part of the quasifree peak
for this angle pair—probably due to threshold effects in
the alpha telescope.

IV. ANALYSIS

The data were analyzed in terms distorted-wave im-
pulse approximation (DWIA) calculations carried out us-
ing the computer code THREEDEE.!® In the factorized
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9Be(p, pa)SHe(g.s.) at 200 MeV
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FIG. 3. Energy-sharing distribution for the *Be(p,pa)°He re-
action at angle pair 6, /6,=50°/—57.91°. The curves represent
DWIA calculations for L =0 (dashed), L=2 (dot-dashed), and
their incoherent sum (solid), normalized to the data.
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FIG. 4. Energy-sharing distribution for the *Be(p,pa)’He re-
action at angle pair 6,/6,=60°/—52.16°. The curves represent
DWIA calculations for L =0 (dashed), L=2 (dot-dashed), and
their incoherent sum (solid), normalized to the data.
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| °Be(p,pa)SHe(g.s.) at 200 MeV
g,= 70°
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FIG. 5. Energy-sharing distribution for the *Be(p,pa)°He re-
action at angle pair 6,/6,=70°/—46.63°. The curves represent
DWIA calculations for L =0 (dashed), L=2 (dot-dashed), and
their incoherent sum (solid), normalized to the data.
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FIG. 6. Energy-sharing distribution for the *Be(p,pa)’He re-
action at angle pair 6, /6,=80°/—41.34°. The curves represent
DWIA calculations for L =0 (dashed), L =2 (dot-dashed), and
their incoherent sum (solid), normalized to the data.

(p,pa) CLUSTER-KNOCKOUT REACTION ON °Be AT 200 MeV

1133

form of the DWIA the triple-differential cross section can
be written as

d3c

__do _do
dQ,dQdE,

=FS, [SIT§M? , (1
@« |< dQ,.,

where F is a kinematic factor and S, is an a spectro-
scopic factor. The quantity do/d(,, represents the
two-body interaction between the projectile and the eject-
ed a cluster. This is properly a half-off energy-shell in-
teraction because the a cluster is bound in the target nu-
cleus. However, since the a->He binding energy is small
compared to the incident proton energy, it was approxi-
mated by the free two-body cross section at the final rela-
tive energy of the p-a system. This procedure has been
found to be satisfactory? at 100 MeV. The quantity T§5*
is written as

Tghh=(2L +1)"172
X [ e e (Tr)eg,()dr , ()

where Y=B/ A, the ratio of the residual to target nu-
cleus mass numbers. the )’s are distorted waves for the
incoming and outgoing particles and ¢¢, is the “bound-
state wave function” of the a cluster resulting from pro-
jecting the *Be wave function onto a product of a and
>He wave functions.

The optical-model potential parameters used in the cal-
culations are listed in Table I. Previous investigations®>°
have indicated that the shape of the calculated energy-
sharing distributions is essentially the same for different
distorting potentials and that the predicted magnitude
changes by at most 25%. Thus it may be appropriate to
assume that uncertainties in the derived spectroscopic in-
formation due to improper choice of distorting potentials
are at most 25%.

The a cluster bound-state wave function was approxi-
mated by solving the bound-state problem in a Woods-
Saxon potential with geometrical parameters obtained
from folding model calculations® and a well depth adjust-
ed to reproduce the empirical separation energy of the a
cluster from the *He core. The principal quantum num-
ber N for the bound-cluster wave function was chosen on
the basis of conservation of harmonic-oscillator shell-
model quanta. Thus N=3 and 2 for L =0 and 2 transi-
tions, respectively.

It is important to verify that the factorization approxi-
mation implicit in Eq. (1) is indeed valid for the reaction.
The triple-differential cross section on the left-hand side
of Eq. (1) is angle dependent due to the quantities F, and
do/d Qp,a. Explicit DWIA calculations show that
| T§L*|? varies by less than +10% at the p; =0 point over
the angular range studied in this investigation. It is thus
appropriate to modify Eq. (1) to the form

o =s, (317857

_do do
dQ,dQdE,

. (3)
dQ,.,
For p; =0, the quantity on the left-hand side of Eq. (3)
is expected to be proportional to the free two-body p-a
cross sections near 200 MeV, except for variations due to
distortion effects. A comparison is made in Fig. 7. The
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TABLE I. Optical potential parameters used in the DWIA calculations.
System Vv o ag w Y a, 7. Reference
p+°Be 13.86 1.11 0.713 10.78 1.0 0.855 1.12 11
p+°He 16.96 1.11 0.713 10.78 1.0 0.855 1.12 11
a+°He 107.0 1.14 0.700 1.00 1.14 0.700 1.14 12
Bound state 89.0 1.35 0.73 1.35 2

solid lines represent measured free p-a cross sections at
156 (Ref. 13), 200 and 350 MeV (Ref. 14). The experi-
mental (p,pa) triple-differential cross sections at p; =0
divided by the kinematic factor, plotted as a function of
the center-of-mass angle of the outgoing p-a system, are
shown as points. All points have a single normalization,
determined from the largest scattering angle. The agree-
ment with free p-a scattering at 200 MeV, particularly
for the larger angles, is very good. The somewhat low
value of the 40°/—63.84° datum point may be due to a
loss of lower-energy a particles due to the detector limi-
tations discussed in Sec. III. Overall the results of this
comparison are encouraging and seem to indicate that
the factorization approximation works very well at 200
MeV.

Both NL =35 and 2D calculations were carried out for
each angle pair, and normalized to the data in order to
determine an experimental spectroscopic factor. Since
the L=2 component is small near the p; =0 point, the
L =0 calculations were first normalized at the p;=0
point for all five angle pairs to obtain a single L =0 spec-
troscopic factor. The data for the three largest proton
angles were given more weight in the determination of
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FIG. 7. Half-off-shell p-a cross sections extracted from the
Be(p,pa)’He reaction at 200 MeV. The solid lines represent
measured free p-a elastic scattering cross sections at 156, 200,
and 350 MeV.

this normalization, because these data seem to have less
interference from other effects. The value extracted was
0.45, which is in excellent agreement with results at 100
(Refs. 2 and 9) and 150 MeV,’ but is ~20% lower than
the theoretical prediction (0.56) of Kurath.® Next the
L=2 calculations were normalized, such that the sum of
the two contributions best reproduced the shape of the
energy-sharing distributions. The derived spectroscopic
factor for the 2D term was 0.55, in excellent agreement
with previous experimental results and with Kurath’s cal-
culations (0.55). The calculations normalized with these
common extracted spectroscopic factors are shown in
Figs. 2-6.

It is observed that the calculations reproduce the shape
of the energy-sharing distributions reasonably well. Ma-
jor discrepancies exist in the higher energy side of the
three large proton-angle data. As already noted, this ap-
pears to be due to sequential processes.

V. SUMMARY AND CONCLUSION

We have made measurements of the (p,pa) reaction on
°Be at a bombarding energy of 200 MeV. Energy-sharing
distributions were obtained for five quasifree angle pairs
ranging from 6,=40° to 80°. Each energy-sharing spec-
trum shows a prominent quasifree-knockout peak dom-
inated by the L =0 component of the reaction. The L=2
component results in a broadening of the distribution.
The angular distribution of the quasifree peak is in good
agreement with free p-a cross sections at 200 MeV. This
result provides confirmation that the factorization ap-
proximation used in the calculations is indeed valid.

The DWIA calculations reproduce the shapes of the
energy-sharing distributions reasonably well, except for
regions where sequential decays contribute to the cross
section. The derived spectroscopic factors of 0.45 for
L=0 and 0.55 for L=2 are in excellent agreement with
results at lower energies. While the L =2 spectroscopic
factor agrees with theoretical predictions, the L =0 spec-
troscopic factor is ~20% lower. Because of less severe
distortions as a result of using a higher bombarding ener-
gy, a more reliable determination of the L=2 spectro-
scopic factor was possible. Our results seem to confirm
that the DWIA provides a satisfactory description of the
(p,pa) reaction at 200 MeV.
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