
PH YSICAL REVIEW C VOLUME 23, NUMBER 1

Rapid Communications

JANUARY 1981

pages and must be accompanied by an abstract and a keyword abstract. Page proofs are sent to authors, but, because of the rapid publica-

tion schedule, publication is not delayed f'o r receipt of corrections unless requested by the author.

Alpha-clustering systematics from the quasifree (p,pa j knockout reaction
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Cross sections for the (p,pa) reaction at 101.5 MeV have been measured for nine nuclei ranging from "0 to "Zn.
Distorted-wave impulse approximation analyses of the ground state transitions provide relative alpha-cluster

spectroscopic factors in qualitative agreement with ('Li,d) studies, although quantitative differences exist. The

calculations are sensitive to the bound alpha-cluster parametrization, so that the experimental data suggest limits on

the rms radius of the cluster-core wave function.

NUCLEAR REACTIONS ~O, Ne, Mg, Si, S, Ca, "Ti, Fe, " Zn (p,pn),
E = 101.5 MeV; Measured (E&, E~, 8&, ON); DWIA analysis; deduced spectroscop-

ic factors.

Distorted-wave Born approximation (DWBA)
analyses of ('Li, d) cross section measurements
on even-even nuclei in the 2s-1d and 1f-2P shells
by Anantaraman et al. ' show an interesting oscil-
latory structure in the extracted alpha-cluster
spectroscopic factors, peaking near the closed
shell nuclei "0 and "Ca and rising for the f-p
shell nuclei. A different DWBA analysis of the
same data' is in excellent agreement with those
reported in Ref. 1 for 44 &A ~ 52, but yields
values for 52 &A. & 66 which remain small and
relatively constant. However, an analysis by
Hanson et al. ' of ('Li, d) data obtained at about
the same energy tends to support the original
conclusions of Ref. 1. These analyses differ
principally in their choices of optical model po-
tentials for the QWBA calculations. Thus, there
appears to be considerable sensitivity to the
choice of these potentials as might be expected
since the ('Li, d) reaction is poorly momentum
matched for L =0 transitions (typically by more
than 200 MeV/c at 0' for the energies used).

As an alternative, alpha cluster spectroscopic
factors can be determined using quasifree alpha
knockout reactions which have the advantage that
momentum matching is possible at any bombarding
energy. Studies of the (p,po) reaction at 100 MeV

on 1P-shell nuclei4 provide absolute spectroscopic
factor s in good a gr cement with she ll model pre-
dictions. Tests of the reaction mechanism' ' in-
dicate that the distorted-wave impulse approxi-
mation' (DWIA) provides a satisfactory descrip-
tion of the (P, Pn) reaction at these energies.
Furthermore, the proton and alpha optical po-
tentials required for the distorted wave analysis
are certainly better known than the 'Li potentials
needed for the equivalent ('Li, d) analysis. We

therefore chose to measure the (P,Pn) reaction
for nine of the nuclei studied with the ('Li, d}
reaction, to explore the oscillatory structure
observed in Ref. 1.

The experiment was carried out using a 101.5
MeV proton beam from the University of Mary-
land Cyclotron to bombard solid targets of '4Mg

(&99%), "Si (natural SiO, ), '"Ca (natural), "Ti
(&9K/o), and Zn (&99/0) and gas targets of "0
(natural), "Ne (&99/0), and "S (natural H, S). The
outgoing protons were detected with a 4.2 msr
solid state detector telescope consisting of a
500 pm Si surface barrier &E and a 15 mm in-
trinsic Ge E detector. The outgoing alpha par-
ticles were detected in a 1.3 msr 200 pm/4 mm
Si solid state &E/E detector telescope. ' Overall,
the absolute error due to target thicknesses,
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Faraday cup, solid angles, uncertainties in dead
time corrections, etc. , was less than 1(@.

For each target an energy sharing distribution
(cross section as a function of detected proton
energy) was obtained at a single luasifree co-
planar angle pair. The proton telescope was
fixed at 8 =70, and the alpha telescope set on
the opposite side of the beam at an angle such
that zero recoil momentum of the residual nu-
cleus in its ground state was kinematically al-
lowed. The angles ranged from 8 = -44.9 to
—46.3' depending on the ground state Q value.
A binding energy spectrum, obtained by summing
the proton, alpha, and residual nucleus kinetic
energies, isshownfor "Ca(P, Pa) in Fig. 1. These
data show the ground, 2'(2.2 MeV), and 4'(4. 4
MeV} states in "Ar cleanly resolved. Extracted
energy sharing distributions for the "Ar ground
state data, as well as those for ' O(p, pn)' C (g. s. )

and "Zn(P, Pa) "Ni(g. s.), are shown in Fig. 2.
Results for the other targets are similar.

The theoretical analysis of these data was car-
ried out using the DWIA code of Chant, ' in which
the three-body cross sectionfor(p, pa} iswrittenas

where I ~ is a known kinematic factor, S is the
alpha-cluster spectroscopic factor, (der/dQ)

~ ~

is a two-body half off-shell cross section for p-a
scattering, and T ~ is an amplitude involving in-
cident and emitted particle distorted waves and
a bound alpha-core wave function. We have cho-
sen to approximate (do/dQ) ~. by the two-body
on-shell cross section corresponding to the final

LIN I I

50- -50

20-

-40
(AI——30 z
O

—20

-10

I I I I I

250 300 350 400 450 500 550

BINDING ENERGY

FIG. 1. Binding energy spectrum for Ca(P, p o/) Ar.

state of the outgoing p-a system (final energy
prescription). This approximation should cause
no difficulty since off-shell effects have been
shown to be small4 for the typical binding energies
involved. Furthermore, the use of a fixed proton
angle for all targets leads to only a +4/0 variation
in the on-shell two-body cross section at the
peaks of the energy sharing distributions. Thus,
relative spectroscopic factors should be largely
unaffected by the choice of prescription for
(do/dQ) i&

Since it was our primary goal to obtain sys-
tematic results for relative alpha-cluster spec-
troscopic factors, optical model potentials for
the distorted waves were chosen in which target
mass and incident energy dependence was treated
in a systematic fashion. The proton potentials
were taken from the work of Nadasen et al. ,

' who
obtained a global potential by fitting proton elastic
scattering data for four targets at energies ran-
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FIG. 2. Energy sharing distributions for (p, p e) ground state transitions. Curves are normalized DWIA calculations
for different alpha particle bound state radius parameters wp (0,7 -' 1,3 ' 1,9 ' 2.5 ).
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ging from 40 to 180 MeV. No spin-orbit potentials
were included in the DWIA calculations. Alpha
potentials were obtained from the compilation of
Percy and Percy. ' Parameters were chosen on
the basis of a smooth mass and energy dependence
of the volume integrals and rms radii for a wide

range of nuclei, including higher energy results
with unique Woods-Saxon potentials.

As is customary in alpha-transfer analyses the
bound cluster mave function was calculated in a
Woods-Saxon well, the depth of which was chosen
to reproduce the ground state separation energy.
The principal quantum number was chosen on the
basis of conservation of oscillator quanta; i.e. ,
3$ for "0-"C(g.s.), 5$ for "Ca-"Ar(g. s.), and

7$ for "Zn-"Ni(g. s.). The shape parameters
were taken to be those used by Anantaraman
et al. ' (r, =1.3 fm, a =0.65 fm, where R =r,A' '
and A is the residual mass) in order to facilitate
comparison with their results.

The results of DWIA calculations are shown in
Fig. 2 for the "0, "Ca, and ' Zn targets. The
arrow on each abscissa indicates the location of
the zero recoil momentum point (P, =0). The
normalization of the calculations was chosen to
provide a best fit to the measured distribution,
excluding regions to the right of the p, =0 point
(higher 1' ), which appear to be contaminated by
contributions from sequential inelastic scattering
processes of the type P +A -P'+A~, where
A~ -8 +n. Such processes are clearly evident
in "0 and "Ca, but we believe them to be ne-
gligible below T = 65 MeV, which corresponds to
excitation energies in the target nucleus in excess
of about 30 MeV.

The value of r, =1.3 fm used by Anantaraman
et al. provides a satisfactory fit to all of the ex-
perimental data. We have therefore used this
value to extract S, to be compared with previous
results. The spectroscopic factors plotted as a
function of target mass for these, as well as
"C(p,pa) 'Be data obtained previously, ' are pre-
sented in Fig. 3 along with the results of Ref. 1.
The errors are dominated by statistics, but in-
clude relative errors such as target thickness
uncertainties. It is clear that our (p, pn) relative
spectroscopic factors generally support the ('Li, d)
work of Ref. 1, although suggesting a somewhat
smaller rise in S in the 1f-2p shell.

It is interesting to note that the calculated ab-
solute (p,pn) cross section is particularly sen-
sitive to the bound state radius parameter, chan-
ging by approximately a factor of 2 for a 0.1 fm
variation of r, . Shown in Fig. 2 are calculations
for other values of the bound state radius nor-
malized at P, =0. We see that, unlike alpha trans-
fer reactions, the shape of the calculated energy
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sharing distributions is sensitive to the bound
state radius parameter, particularly for the
heavier nuclei. Thus the data provide limits on
the acceptable range of r, values (r,= 1.2-1.6 fm
for heavier nuclei). This sensitivity to r, is ex-
pected to be enhanced as the bombarding energy
is increased. " Note that large values of r„
(&1.9 fm) are totally unacceptable. Such large
radius parameters have been used in the past
for (a. , 2a) reactions" and various transfer re-
actions" '~ [often obscured by writing R =r,
(A'~'+4'~')] in order to obtain absolute spectro-
scopic factors in agreement with shell model
predictions. The present result suggests either
a need for additional reaction mechanisms in
these calculations or that alpha clustering differs
as a function of the radial region probed in the
reaction.

A systematic variation in r, with target mass
will also change the general slope of the extracted
S . Without theoretical guidance or higher energy
(P,Pa) data to provide more stringent limits on
the value of r„we cannot further define the va-
riation in S with target mass. However, this will
not remove the oscillatory behavior.

Various changes in the distorting potentials
lead to relatively little change in shape, thereby
preserving the sensitivity of the reaction to r„
but change the magnitude by up to 3(Pip. However,
these variations again do not change the con-
clusions concerning the general oscillatory be-
havior of S . The peaks in S occur at or near
doubly magic nuclei where 2p-2h or 4p-4h com-
ponents (which are included neither in the pre
sent analysis nor those of Refs. 1-3) may be
quite important. These components lead to higher
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FIG. 3. Extracted spectroscopic factors for ground
state transitions as a function of target mass. The
lines merely guide the eye. The left scale indicates
the relative value {normalized to unity at A = 20) and the
right scale the absolute value extracted in (p, p n).
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principal quantum numbers and thereby an in-
creased yield even with a small admixture.

The absolute values of S, extracted in (p, po')
are also indicated in Fig. 3. These tend to be
higher than calculated shell model'4 or SU(3)
(Ref. 15) values; for example, shell model cal-
culations'~ yield S [' Ne —'60(g. s.)]=0.18. We
expect the uncertainty in the extracted value of
S to be no more than +50% due to the optiCal
model potential and off -shell uncertainties. How-
ever, changes in the bound state parametrization
can produce much larger variations. For example,
the consistent use of r, =1.4 fm would reduce all
S by roughly a factor of 2 in better agreement
with the shell model predictions. Again without
an improved theoretical treatment of. the nuclear

clustering problem or more sensitive data, one
cannot attribute the larger values for S for the
lighter nuclei to increased clustering beyond that
contained in conventional shell model calculations.
However, it is quite clear that the 2s -1d shell
model calculations or a simple SU(3) scheme are
inadequate for the nuclei toward the upper end
of the 2g -1d shell.
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