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Alpha-particle spectroscopic strengths using the (p,pa) reaction at 101.5 MeV
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Proton-alpha particle coincidence spectra from 101.5 MeV (p,pa) reactions on ' 0, Ne, Mg,
Si, S, ~Ca, ~ Ti, 4Fe, and Zn have been obtained in a coplanar geometry at quasifree angle

pairs for each target. A missing energy resolution of &450 keV was sufficient to separate the low-

lying states of the residual nuclides. Data for ground-state transitions, and for eight excited states

were obtained and compared with distorted-wave impulse approximation calculations. The target-

mass dependence of the resultant relative ground-state spectroscopic factors is reasonably consistent

with that obtained from ( Li,d) reactions. The corresponding absolute spectroscopic factors are

larger than shell-model predictions, but sensitive to the bound-state parametrization. However, the

spectral shapes do constrain the range of possible bound-state rms radii. The fits to the excited

states are less satisfactory.

I. INTRODUCTION

The question of the existence of multinucleon clusters
as significant components of wave functions of heavier
nuclei has long been a topic of investigation in nuclear
physics. For example, the alpha particle model of the nu-

cleus was first introduced in 1928 by Gamow' in order to
explain the results of alpha-decay studies.

Experimental evidence for the existence of clusters in
nuclei came forth in nuclear emulsion studies in the 1950's
when protons with energies from =40—600 MeV incident
on light through heavy targets led to energy and angular
distributions of emitted alpha particles which differed sig-
nificantly from those expected from the statistical theory
of nuclear disintegration. This overabundance of emitted
alphas was consistently found to be especially large in the
forward direction, thus implying direct quasifree col-
lisions between incident protons and alpha clusters in the
target nuclei. Since shell model wave functions typically
have significant overlap with cluster configurations, at-
tempts to establish additional specific clustering in nuclei
require absolute comparisons of theory and experiment.

Transfer reactions have long been used as a tool of nu-
clear spectroscopy because of the relative simplicity of the
experiments and the general success of the distorted-wave
Born approximation (DWBA) in describing such reac-
tions. Therefore, a feasible method of studying clustering
in nuclei would be by performing "direct cluster transfer"
reactions. Considering the alpha-pickup reaction A (a, b)B
(where A =8 +a and b =a +ct) with the assumption that
the four-nucleon group exists strictly as a free alpha in its
ground state throughout the transfer process, the cross
section in the DWBA can be written as

SABScb &
(0)

d+DWBAA (a, b)8

Here Sa is the alpha spectroscopic factor for the overlap
of the target nucleus A with the residual nucleus 8 and an
alpha particle, S', is the alpha spectroscopic factor for
the overlap of the incoming projectile a and an alpha par-

ticle with the emergent particle b, and dcrldQDwB& is a
DWBA cross section for the transition to a particular
state of the residual nucleus which is calculated as much
as for single nucleon transfer. Thus, provided that Sa
is known, we can determine experimental values of Sa .

Many groups have adopted this approach to the study
of alpha clustering using transfer reactions; e.g., Becchetti
et a/. have employed the (d, Li) reaction and Anantara-
man et al. , ( Li,d), whereas Steele et al. 7 and Audi et al.
have used the ( He, Be) reaction. Reports on further stud-
ies can be found in the conference proceedings cited in
Refs. 9 and 10. On the whole these studies span the 1p,
2s ld, and 1f2p shells and in some instances extend to the
region of rare-earth nuclei. Of particular interest is the
extensive investigation of systematics performed by Anan-
taraman et al. Figure 1 shows a graph of their extracted
relative alpha spectroscopic factors for the observed
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FIG. 1. Relative ground state alpha spectroscopic factors
plotted as a function of the residual nucleus [target nucleus for
(p,pa)]. The solid line represents the ( Li,d) results of Ref. 6,
and the dotted-dashed line represents a reanalysis (Ref. 11) of
the same data. The dashed line is from the present analysis of
(p,pa).
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ground state to ground state transitions plotted as a func-
tion of the residual nucleus [target nucleus for (p,pa)]
mass number. Because the uncertainties in these points
due to errors in the absolute cross section measurements
are less than —30%, it is claimed that the rather striking
oscillatory behavior exhibited by the alpha strengths is
significant. Neither the SU(3) model nor full 2s ld shell
model calculations can account for this trend beyond

Ay ——30. However, a number of possible drawbacks to the
transfer reaction approach should be recognized:

(i) Although reactions such as ( Li,d) tend to be surface
localized (due to the strong absorption of Li in nuclei),
they also suffer from considerable momentum mismatch.
Thus, distortion effects will tend to be important and
complicated, and exact finite range computations may be
essential to the analyses.

(ii) In any DWBA calculation there is a need for accu-
rate scattering wave functions in the calculation of
transfer cross sections. This implies that one must pay
particular attention to the accuracy of the optical-model
parameters used and especially to their consistency when
studying systematics over a wide range of nuclei. The im-
portance of this is illustrated by the work of Fulbright
et al. ,

" who have reanalyzed the ( Li,d) data on lf 2p
shell nuclei from Ref. 6. They found that essentially due
only to changes in the optical potentials a considerably
different trend for the ground state alpha spectroscopic
factors is deduced; the effect is illustrated in Fig. 1.
Anantaraman, Fulbright, and Stwertka' carried out fur-
ther analysis of the data using a Li distorting potential
radius ro(A'~ +1.9) and a bound state radius
ro(A 'r +1.0). This reduces the spectroscopic factors for
the heavier nuclei even more. Similarly, the ( He, Be)
analyses are greatly hampered by a general lack of
knowledge of the Be optical potential.

(iii) Perhaps least serious, but nonetheless a limitation,
is the fact that the overall normalizations and therefore
the absolute values of the measured strengths depend
strongly on one's knowledge of the overlap (,b

~

[aa])
and the interaction U, ~ for the light projectile nuclei in-
volved in the reaction. Thus, the extraction of absolute al-
pha spectroscopic factors from, e.g., ( Li,d) experiments
requires accurate information on the d-a component of
the ground state structure of Li as well as of the d-a in-
teraction. Because of this difficulty, reliable, absolute al-
pha spectroscopic factors are currently unavailable from
studies of alpha transfer reactions.

To overcome some of the shortcomings associated with
transfer reactions as well as to complement the available
transfer results, it seems appropriate to avoid binding the
cluster under investigation to the projectile or the detected
particle. This leads us to the use of quasifree knockout re-
actions to obtain information about the possible cluster
structure of nuclei. Treated as a direct knockout process
this reaction clearly contains the identical nuclear struc-
ture information to that in transfer reactions.

In spite of the increased difficulty with the experiment,
due to the detection of two outgoing particles, the advan-
tages derived outweigh the associated experimental diffi-
culties. Besides the obvious advantage of not having to
bind the cluster to the projectile, the flexibility of the

three-body final state kinematics allows exact momentum
matching irrespective of the bombarding energy. There-
fore, we chose to study alpha clustering in 2s ld and 1f2p
shell nuclei with (p,pa) knockout reactions. In order to
reduce the effects of distortion and to be able to separate
sequential decay processes from direct quasifree knockout
reactions, we used the highest energy protons available
from the University of Maryland Sectored Isochronous
Cyclotron, namely 100 MeV protons.

The specific targets used —' 0, Ne, Mg, Si, S,
~(.a, 48Ti, ~Fe, and Zn—were predominantly 4n-type
even-even nuclei with masses chosen to sample the major
features of the trend observed in the alpha transfer studies
of Anantaraman et al. A preliminary report of this work
for the ground state transitions has already been pub-
lished, ' and generally confirms the oscillatory features
shown in the ( Li,d) reaction. In this paper we present the
experimental results and the theoretical analysis in consid-
erably more detail. In addition, we explore an alternative
analysis for the bound alpha-cluster wave function using a
folding model, as well as discuss the results for excited
state transitions. In Sec. II we describe details of the ex-
periment and in Sec. III we present the experimental re-
sults. DWIA analyses and deduced spectroscopic factors
are discussed in Sec. IV. In Sec. V we provide a summary
of the results and the conclusions derived.

II. EXPERIMENT

The experiment was performed using a 101.5 MeV pro-
ton beam from the University of Maryland Sectored Iso-
chronous Cyclotron. In order to reduce beam-related
background, the beam was sent through two 90' bending
magnets and a 22' deflecting magnet to the center of a 1.5
m diameter scattering chamber. This provided a beam en-

ergy resolution hE/E =0.04% and an angular divergence
of &+0.5'. The size of the beam spot on target was 2
mm)& 1.5 mm.

Isotopically pure ()96%), self-supporting targets were
used for the Mg, Ti, "Fe, and Zn runs. The Ca tar-
get was obtained by evaporating natural calcium metal.
For silicon, a Si02 target was used. Gas targets were used
for ' 0, Ne, and S. They were constituted of pure ' 0,

Ne, and H2S gases at —1 atm pressure in a 12.5 cm di-
ameter gas cell with 7.6 pm Havar windows. Target
thicknesses ranged from 0.5 to 2.0 mg/cm .

The proton detector telescope consisted of a 550 pm
thick silicon AE detector followed by a 15 mm Ortec G-
series HpGe E detector. A 220 pm silicon hE and a 5
mm Si(Li) E detector were used for the alpha arm. This
system allowed the detection of —8 —75 MeV protons and
-20—125 MeV alphas. For the solid targets, circular
slits subtending solid angles AQp 4 2 msr and AQ =1.3
msr were used. Double collimating slits, subtending solid
angles of b,Q& ——4. 14 and AQ =1.05 msr, were employed
for the gas target runs. The overall binding energy resolu-
tion for (p,pa) in all cases was better than 500 keV.

Outputs of all detectors were fed to charge sensitive
preamplifiers. The linear signals from the preamplifiers
provided the slow AE-E coincidences. For the coin-
cidence between the two arms, the fast signals from the
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AE preamplifiers were used as start and stop signals for a
time-to-amplitude converter (TAC) in order to store both
real and random events. The overall timing resolution be-
tween the two arms was & 3 nsec.

The four linear energy signals and the TAC signal suit-
ably gated by all coincidence requirements were fed to
4096 channel analog-to-digital converters interfaced to an
IBM 360/44 computer. One- and two-dimensional arrays
of the data were created. Energy addition, particle identi-
fication, and subtraction of background resulting from
random events were done by software.

The dead time of the processing electronics was mea-
sured with the aid of a four-channel pulser system, trig-
gered at a rate proportional to the beam current. These

pulses were fed to inputs at the preamplifiers and pro-
cessed together with the real signals.

Since both proton and alpha data had to be obtained
over a wide energy range, all the detectors were carefully
calibrated over their dynamic energy range using 'Am
and Th sources and p + d elastic scattering coin-
cidences. The zero offset in the u-arm readout and the
separation angle error between the two arms were also
determined with p + d elastic scattering.

Each data run usually required about 200—500 pC of
beam charge on target. While the data were processed on
line, they were also written event by event on magnetic
tape for later, more careful replay. On-line monitoring
provided control over dead time, pileup, accidental rate,
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FIG. 2. Binding energy spectra obtained for the (p,pa} reaction at 100 MeV. The energies of the various states populated are indi-
cated.
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III. EXPERIMENTAL RESULTS

For all targets the (p,pa) reaction yields leading to the
ground and low-lying excited states of the residual nuclei
were measured. A single outgoing proton angle
0~= —70.0' was employed, while the outgoing alpha angle
was adjusted to allow zero recoil momentum for the
ground state residual nucleus for each target. This
geometry emphasizes the ground state L =0 transitions.

The binding energy spectrum for the reaction A (p,pa)B
on a given target is obtained by binning the events as a
function of I' 3, where F3=T~+ T + Te, with Tp and T~
representing the kinetic energy of detected protons and al-

pha particles and Tz is the computed recoil energy of the
residual nucleus. Figure 2 shows the binding-energy spec-
tra for all targets. The binding-energy resolution for all
targets except Mg was less than 500 keV (FWHM), the
width being dominated by target thickness effects. As ex-
pected from the experimental geometry, each spectrum
contains a prominent peak corresponding to the ground
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geometries allows us to assign an error in the absolute
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tions of about 6%. Thus, in general, due to the small
cross sections and thereby the low yields, the relative er-
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ing statistics.
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state of the residual nucleus. In addition, population of
some low-lying excited states is observed. Most of the ex-
cited states labeled in Fig. 2 could be clearly resolved and
cross section data extracted.

Plots of the extracted energy sharing cross sections for
transitions to the ground states of the residual nuclei are
shown in Fig. 3. The error bars are primarily due to sta-
tistical uncertainties, since errors from other sources were
small in comparison. For each spectrum the point where

pq, the residual-nucleus recoil momentum, is zero is indi-
cated by an arrow. Each spectrum is dominated by a
smooth, broad structure with a maximum close to where

p~ ——0, characteristic of direct L =0 knockout at a quasi-
free angle pair.
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MeV, many of the spectra also contain contributions from
competing processes which interfere with identification of
the expected quasifree peaks; most notable in this respect
are the data for the ' 0, Mg, Si, and Ca targets. We
expect contributions in this region from sequential pro-
cesses in which the proton inelastically scatters to a state
in the target nucleus of high excitation energy which sub-
sequently decays by alpha emission.

While the primary goal of our experiment was to obtain
systematics on the ground state transitions we were also
able to extract energy sharing distributions for eight I. &0
(p,pa) transitions; these are displayed in Fig. 4. These
data generally suffer from large statistical uncertainties
which in turn obscure any detailed characteristics of the
distributions. In fact, only in the case of

Ca(p, pa) Ar[2+(1.97 MeV)]

can we see the distinct minimum near zero recoil momen-
tum that is expected for direct, I. & 0 quasifree knockout;
one might argue that such minima are also less obviously
evident in the

state transitions is provided by Fig. 5, which shows the
peak differential quasifree (p,pa) cross sections plotted as
a function of target mass number AT. For comparison
other (p,pa) measurements obtained with experimental

geometries close to that employed for this experiment
have also been included. ' ' Except for the points de-
tailed in Refs. 14 and 16 the error bars basically result
from the extraction of quasifree peaks in the presence of
competing processes and the statistical uncertainties.

We see that the general trend of the cross sections is a
rather smooth decrease with target mass, roughly as
1/A T. Our data show local fluctuations from this
behavior at AT ——20, 28, 54, and 66, but much of this is a
manifestation of the relative target ground state Q values.
It is interesting that overall this trend is quite similar to
those observed for the (d, Li) (Ref. 5) and ( He, Be) (Ref.
7) peak cross sections.

IV. ANALYSIS

A. DWIA formalism

and

' O(p, pa)' C[2+(4.44 MeV)]

Zn(p, pa) Ni[2+(1. 17 MeV)]

The data were analyzed in terms of the distorted wave
impulse approximation (DWIA). Following Ref. 17 one
can express the triple differential cross section for the
knockout of an alpha particle with orbital angular mo-
ment I. as

distributions as well. For the most part, then, these spec-
tra provide only loose bounds on the associated cross sec-
tions and some rather lenient tests of DWIA predictions.

An overview of the experimental results for the ground

l0

d CT ~ do'3 I
aLA,

d d QT dP P p-~'

(2)

Fk is a known kinematic factor, SL is the alpha-
spectroscopic factor for a specific final state, and
(do./dQ)

~ &~ is the two-body p-a cross section. The
quantity Tgj~ may be written as

T ~ —(2Iy)) —'nfl~ ~ .(y)y~ ~ (p)

(3)
N IO

2

cA

l

lP
C3

E
(D
CLx

UJ

8 IO-
CL

l00 IO 20 50 40 50 60 70
AT

FIG. 5. Peak differential cross sections plotted as a function
of target mass. The solid line depicts a 1/AT dependence, while
the dashed line represents a 1/A ~ dependence.

where y =8/A, the ratio of the residual nucleus to target
mass numbers. The X's represent the distorted waves for
the incoming and outgoing particles and PL,~ is the
bound-state wave function of the alpha cluster in the tar-
get nucleus. The quantity Tgz is normally referred to as
the distorted momentum distribution since in the limit of
no distortion Tg~ is proportional to PL,q(q), the Fourier
transform of the alpha-cluster wave function.

It must be noted that Eq. (2) represents a factorized
form of the DWIA where the two-body cross section ap-
pears as a multiplicative factor rather than a p-a t matrix
within the integrand of Eq. (3). Thus (do/dQ

~ z is a
half-off-energy-shell cross section. In our calculations
this has been replaced by an on-shell two-body cross sec-
tion for the initial state or final state scattering. It has
been verified'" that the errors introduced by this on-shell
approximation are quite small for moderate binding ener-
gies and that it is generally more accurate to use the cross
section at the final relative energy of the p+a system.

The principal quantum number X for the bound cluster
wave function was chosen on the basis of conservation of
harmonic oscillator shell model quanta in the transforma-
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tion from independent-particle to cluster-model wave
functions. Thus, for a given L of the cluster wave func-
tion

4
2(N —1)+L= g [2(n; —1)+I;],

where n; and l; coincide with the filling of independent-
particle shell model orbitals above the residual core.

The calculations were performed with the computer
code THREEDEE written by Chant, which evaluates Tzz
directly as a tnree-dimensional integral in r, 8, and P using
Gauss-Legendre quadrature. This method results in a
tremendous saving in time in comparison to conventional
angular and radial integrations via angular-momentum
algebra, and produces identical results.

B. Two-body p-a cross section

One of the requirements of the calculations is a
knowledge of the two-body p-a elastic scattering cross

sections. For the targets used, data were needed for a
range of labora'tory energies E~=70—100 MeV and an-
gles 0, =85'—87'. However, data at these exact ener-
gies and angles are not available. Therefore, interpola-
tions of measured differential cross sections were carried
out.

The data for the interpolations were obtained at proton
laboratory energies of 31 Op 39 8y 48 8p 55 Op 85 Op

100, and 147.0 MeV. Tabulated angular distributions
were available for all except the 55.0 MeV data, which
were extracted from a published graph. Each of these an-
gular distributions was first smoothed by fitting it with a
sum of Legendre polynomials having up to 20 terms. The
differential cross section at any given energy E„and angle
0, was then obtained using a least squares fit of a
fourth-order polynomial in (1/E~) to interpolate the com-
puted cross sections at the angle 0, to the energy

Ep ——Ep.
Based on comparisons between the fits and the actual

TABLE I. Optical-model potential parameters. Note the following: All entrance channel (p+ 3) potential depths have been

scaled by m~/m&.

Target

(A}

16O

(gas and Si02)

Sub-

channel

p+ 16O

pi + 12C

a+ "c

Particle
laboratory energy

(MeV}

101.5
65.0
29.3

Vp

(MeV)

19.70
32.65

130.78

rp

(fm)

1.21
1.21
1.26

ap

(fm)

0.77
0.77
0.753

Pp
(MeV)

5.55
7.4

15.59

I
Ip

(fm}

1.59
1.66
1.85

I
ap

(fm)

0.451
0.442
0.488

l'p
C

(fm)

1.25
1.25
1.30

Ne
p+ Ne
p&+ 16O

~+ 16O

101.5
67.5
29.3

21.01
32.11

135.71

1.21
1.21
1.26

0.77
0.77
0.760

5.92
7.4

14.81

1.54
1.59
1.81

0.458
0.451
0.489

1.25
1.25
1.30

Mg
p+ Mg
p'+ "Ne
a+ Ne

101.5
63.0
29.2

21.89
33.10

139.85

1.21
1.21
1.26

0.77
0.77
0.764

6.17
7.4

14.42

1.52
1.54
1.78

0.464
0.458
0.492

1.25
1.25
1.30

"si

32S

p+ Si
p'+ Mg
a+ Mg

p+ 32S

p'+ "Si
n+ "Si

101.5
62.5
29.0

101.5
65.6
29.1

22.51
33.21

143.45

22.98
32.54

146.42

1.21
1.21
1.26

1.21
1.21
1.26

0.77
0.77
0.766

0.77
0.77
0.767

6.34
7.4

14.19

6.48
7.4

14.13

1.50
1.52
1.75

1.48
1.50
1.73

0.469
0.464
0.497

0.474
0.469
0.504

1.25
1.25
1.30

1.25
1.25
1.30

"Ca
p+4PCa
p'+ 36Ar

a+' Ar

101.5
65.0
29.5

23.64
32.65

151.01

1.21
1.21
1.26

0.77
0.77
0.767

6.66
7.4

14.24

1.46
1.47
1.69

0.483
0.479
0.519

1.25
1.25
1.30

48T)
p+ T1
p'+44Ca
o.+~ca

101.5
63.0
29.1

25.98
35.37

155.36

1.21
1.21
1.26

0.77
0.77
0.764

6.78
7.4

14.27

1.44
1.45
1.66

0.491
0.487
0.537

1.25
1.25
1.30

54Fe
p+'4Fe
pi +5pCr

~+ 5pCr

101.5
64.0
29.1

25.17
33.87

157.87

1.21
1.21
1.26

0.77
0.77
0.761

6.85
74

14.41

1.44
1.44
1.64

0.496
0.493
0.551

1.25
1.25
1.30

Zn
p+ Zn
p& +62Ni

a+ Ni

101.5
67.5
29.4

26.80
34.53

161.77

1.21
1.21
1.26

0.77
0.77
0.752

6.95
74

14.80

1.42
1.43
1.61

0.505
0.502
0.580

1.25
1.25
1.30
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data we estimate the error in the interpolation procedure
to be & 10%%uo in the range of interest. Although a range of
p-u cross sections are needed for the full range of the cal-
culations, our choice of fixed proton angle greatly reduced
the variation in the p-a cross section for low recoil mo-
menta, the point of normalization of the DWIA calcula-
tions. Near p~ ——0 the p-a cross section varied by only
+3% over the full range of targets. As a result any errors
in relative spectroscopic factors resulting from the neglect
of off-energy-shell effects should be negligible compared
to the statistical errors.

IO

IO

l0

b

IO

10

7040 50 60
E (Mev)

FIG. 6. DWIA calculations using (i) full energy dependent
potentials over the energy sharing distribution (solid curves), and
(ii) the fixed potentials listed in Table I over the entire energy
sharing distribution.

C. Optical model potentials

In studying systematics over a wide range of nuclei, it is
important that a consistent set of distorting optical poten-
tials be used. For the protons, the optical model parame-
ters were obtained from the energy- and target-mass-
dependent analysis of Nadasen et al. No spin-orbit po-
tential was included in the DWIA calculations. The alpha
potentials were derived by a systematic energy and mass
interpolation of the parameters for ' C, Mg, Si, Ca,

Ni, and Zr of Goldberg et al. , the compilation of
Percy and Percy, 2 and Put and Paans. The interpola-
tion was based on volume integrals and rms radii of both
the real and imaginary potentials which are generally well
determined in elastic scattering. To overcome the prob-
lem of discrete ambiguities inherent in low energy alpha
potentials, the higher energy data (E &100 MeV) were
used as a guide to obtain a unique potential family. The
optical model parameters employed are listed in Table I.

The sensitivities of the calculated ground state (p,pa)
energy sharing distributions to various aspects of the dis-
torting potentials have been extensively investigated. First
to be considered in this respect was the fact that the ener-
gies of the outgoing particles vary continuously over an
energy sharing distribution. An investigation of the effect
of the energy dependence of the optical model parameters
over the energy sharing distribution was carried out for
' 0, Si, Ca, Ti, and Zn targets. The results are
shown in Fig. 6. The solid curves represent calculations
with the fully energy dependent potentials and the dashed
curves were obtained by using a set of parameters evaluat-
ed at a constant energy (close to the midpoint of each dis-
tribution). The half widths at half maximum differ by
& 10%%uo. Such effects are clearly negligible with regard to
the extraction of spectroscopic factors. Therefore, all cal-
culations were carried out using the constant potential pa-
rameters (see Table I) for each energy sharing distribution.

Rather large changes in the treatment of the target
mass dependence of the optical potentials have relatively
modest effect. For example, the potential parameters for
' 0 and Ca, as well as Ca and Zr targets were inter-
changed. The resulting energy sharing distributions were
virtually identical in shape to those corresponding to the
dashed curves in Fig. 6, but their absolute normalization
varied. Changes in proton potentials resulted in less than
10%%uo variations in calculated cross sections, while changes
in alpha potentials led to 15—20% variations.

The question of the effect of continuous ambiguities in
the alpha potential parameters on the energy sharing dis-
tributions was also investigated. Calculations with
changes in correlated parameters of up to +20% were car-
ried out. These changes are known to increase the X for
the alpha elastic scattering fits by approximately a factor
of 2. The resulting energy sharing distributions had basi-
cally the same shape but the overall normalizations varied
by up to +30%. Since the (p,pa) reaction is highly sur-
face localized, these variations seem to arise primarily
from the changes in the geometrical parameters. Consid-
ering the liberal use of variations of a factor of 2 in g,
this change must be considered an upper limit estimate of
uncertainties due to continuous ambiguities. In addition,
since we expect a rather smooth systematic change in the
geometrical parameters from nucleus to nucleus, we would
estimate the effect on the relative spectroscopic factors for
the full range of nuclei studied to be at most about 20%.

In order to investigate the sensitivity to the use of alter-
native alpha potentials, energy sharing distributions were
calculated (see Fig. 7) with the fixed-geometry parameters
from each of the two families found by Chang et al. for
alpha elastic scattering from Ni (Table II). Except for
the minimum in the Ti distribution with the set B poten-
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FIG. 7. Comparison of DWIA calculations for Ca, 'Ti,
and Zn using the potentials of Chang et ar. (Ref. 29) (Table II)
with those using the potentials of Table I.

tials, the most significant effect is the change in absolute
magnitude of up to 50% for the overall cross section for
each target. However, the relative change in cross sections
(and therefore the relative spectroscopic factors) for the
three targets shown in Fig. 7 is only about 10—25%, de-

pending on which set is used.
It is difficult to assign an uncertainty in spectroscopic

factors arising from the choice of optical model potentials.
However, we have examined extreme variations and be-
lieve that +35% is appropriate for uncertainties in the ab-
solute spectroscopic factors arising from the optical model
parametrization. Furthermore, this uncertainty will be
greatly reduced for relative spectroscopic factors over the
full target mass range. Thus, by using systematic optical
model potentials we would expect the uncertainties in the
relative spectroscopic factors to be no more than +20%
over the full mass range of this work, and that changes in
the parameters would result in a monotonic variation of
the relative spectroscopic factors.

D. Bound state parametrization

The most significant difficulty in this analysis, as well
as the analyses of transfer data, is the treatment of the
bound alpha cluster. In terms of the shell model, the wave
function for the cluster arises from a complicated overlap
integral between the target ground state and the residual
nucleus internal wave functions. This overlap generally
contains not only the ground state of the alpha particle,
but also excited states with different center-of-mass
motions of the cluster. One generally assumes that the re-
action picks out only the term associated with the He
ground state configuration. This would appear to be a
good approximation, particularly for the highly surface
localized (p,po. ) reaction. First, the two-body cross section
at the light particle vertex associated with changing the
configuration from an excited He cluster to the He
ground state (observed in the final state) should be signifi-
cantly smaller than that associated with p+ He elastic
scattering. Second, the cluster c.m. wave function will
have a binding energy tail given by the alpha particle
separation energy plus the excitation energy in He. Since
the lowest states in He have E,„=20 MeV, the com-
ponent with an excited cluster will be significantly more
tightly bound. Thus, in a strongly surface localized reac-
tion such as (p,pa) (see Sec. IV E) this component will be
weakly sampled compared to the He ground state com-
ponent.

Even with this assumption one still has to make a
choice of the description of the cluster c.m. wave function.
No theoretical work has been done using a shell model
basis for this wave function in which account has been
taken of the internal energy of the cluster. Treatments
such as those used in two-nucleon transfer lead to difficul-
ties in the choice of distribution of the energy among the
single particle wave functions.

We have therefore adopted a cluster model approach
and calculated the wave function for the interaction of an
alpha cluster with the core. As discussed in Sec. IV A, we
chose the quantum numbers based on the harmonic oscil-
lator shell model. For the cluster-core interaction we have
used two methods. First, we have used a standard
Woods-Saxon potential with the well depth chosen to gen-
erate a wave function having the correct alpha-particle
separation energy. The choice of geometry for this poten-
tial has no theoretical guidelines. We have therefore in-
vestigated the sensitivity of the calculations to the geo-
metrical parameters, as well as carried out calculations
with a geometry identical to that chosen in the ( I.i,d)
study of Ref. 6. Second, we have calculated the potential
by folding an alpha-nucleon interaction into the core den-
sity distribution. Such a procedure has been used rather
successfully by Buck, Dover, and Vary to reproduce

TABLE II. Parameters for alternative alpha potentials (Ref. 29).

Alpha
potential

set

~o

(MeV)

125.65
161.78

rp

(fm)

1.30
1.30

ao

(fm)

0.712
0.656

8'p

(MeV)

12.28
13.71

I
Tp

(fm)

1.538
1.530

ap

(fm)

0.624
0.591

I'p
C

(fm)

1.40
1.40
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FIG. 8. Peak calculated cross sections for ' 0, 4 Ca, and 6Zn
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FIG. 9. Peak calculated cross sections for ' 0, Ca, and Zn
plotted as a function of the bound state radius parameters, ro.

many of the structure properties of s-d shell nuclei.
To investigate the general dependence of the DWIA cal-

culations on the %'oods-Saxon bound state geometry, a
series of ground state ' 0, Ca, and Zn(p, pa) energy
sharing distributions were calculated for various values of
the radius parameter ro and the diffuseness ao. The opti-
cal potential parameters in Table I and a constant bound
state Coulomb parameter ro ——1.3 fm were utilized. Ini-

C

tially ro was fixed at 1.3 fm and ao varied from 0.45 to
0.85 fm in steps of 0.1 fm. The resulting distributions ex-
hibit a common shape which is relatively insensitive to the
change in ao. The half width at half maximum decreases
rather slowly with an increase in ao, as would be expected
from the plane-wave impulse approximation (PWIA).
The most significant change is in the absolute magnitude
of the overall cross section. Figure 8 shows a plot of the
peak cross section as a function of ao. An increase of
25% in ao raises the theoretical cross section by approxi-
mately a factor of 2.5. However, because the trends
displayed by the curves in Fig. 8 are all very similar, the
relative spectroscopic factors will not be affected by
changes in ao as seriously as the absolute spectroscopic
factors.

A similar set of energy sharing distributions was calcu-
lated with constant ao ——0.65 fm and ro varying from 0.7
to 2.5 fm in 0.3 fm steps. Figure 9 summarizes the trends
observed for the peak cross section. The absolute magni-
tude of the theoretical cross section is clearly much more
sensitive to variations in ro than it is to changes in ao, a
25%%uo increase in ro (near ro = 1.30 fm) increases the peak
cross section by an order of magnitude. Also contrary to
the situation for ao, the target-to-target variance in the
trends exhibited by the peak cross section as a function of

ro indicates that the distribution of the relative spectro-
scopic factors with respect to target mass can be affected
by changes in ro. Fortunately, as has been presented in
Ref. 13, the widths of the calculated distributions are
quite sensitive to the value of ro, especially for the heavier
targets. In fact, if we compare these distributions to the
measured energy sharing spectra (Fig. 10), we find that as
the target mass number increases from 16 to 66 the range
of ro that can be tolerated by the data decreases signifi-
cantly. Chant ' has indicated that this bound state selec-
tivity of the (p,pa) reaction may be further enhanced with

projectile energies greater than 100 MeV.
Our results suggest that in general ro must lie roughly

within the range from 1.2 to 1.6 fm, with the lower values
being more appropriate for the heaviest targets. The sta-
tistical errors prevent us from assigning more stringent
limits. The use of such values in previous (p,pa) studies
has led to absolute spectroscopic factors for ip-shell' and
light 2s ld-shell' ' nuclei which agree quite well with
those predicted by the shell model. On the other hand,
this is in distinct contrast to the situation for (a,2a),
where it has been found ' that alpha strengths in agree-
ment with shell model predictions can only be obtained
with ro ——2.5 fm.

It is clear from this investigation of the sensitivity to
the bound state parametrization that it is essential to use a
consistent formulation for the cluster-core bound state
when comparing structure information extracted from
analyses of different reactions for a wide range of targets.
Thus, in order to compare our results directly with the
systematics obtained by Anantaraman et al. , we have
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with DWIA calculations using bound state radius

employed their bound state parametrization (ro ——1.3 fm
and ao ——0.65 fm) as our standard in determining alpha
spectroscopic factors from the (p,pa) measurements. It
should be noted that any systematic change in the radius
parameter as a function of mass can drastically change the
relative spectroscopic factors extracted from the present
data. Thus characterizing the radius of the well by
ro(A, ' +4'/ ) can lead to significant differences when
compared to the radius roA,

' . For example, the use of
To =0.878 which is equivalent to ro ——1.3 for Ca, leads
to an increase in spectroscopic factors of about a factor of
1.7 for Zn and a decrease of about 1.8 for ' O.

An alternative method of generating the cluster-core in-
teraction which possibly has more theoretical justification
is that of the folding model. In this model an alpha-
nucleon interaction is folded into a nuclear density distri-
bution, thereby providing an alpha-nucleus potential.
This technique has been rather successfully applied to cal-
culations of structure properties of 2s-1d shell nuclei,
and to the calculation of the real part of the optical poten-
tial for alpha-elastic scattering, although in this latter
case the imaginary part masks much of the interior of the
nucleus.

For the alpha-nucleon interaction we have used the en-

ergy dependent potential of Mailandt et al. obtained by
fitting low energy p+ a and n+a elastic scattering. We
have taken the parameters appropriate for zero energy.
The core densities were taken to be Fermi distributions
with the geometrical parameters from Ref. 36 for some
nuclei and interpolated values for the few nuclei not in-
cluded (the neutron and proton density distributions were
assumed to be identical). The resultant potential from the
folding calculation, along with a Coulomb potential as-
suming a uniform sphere of charge of radius 1.3A,'

were put into the bound state code and the folded poten-
tial renormalized until the alpha particle separation energy
was reproduced. The resultant wave function was then
used in the DWIA calculation.

One disquieting feature of this calculation was the large
renormalization of the folded potential required. The
folded potentials were approximately a factor of 5 deeper
than that required to bind the alpha cluster in the ap-
propriate oscillator quantum state. This casts doubt on

this simple model, and perhaps many effects such as the
Pauli principle need to be included. However, if one takes
the attitude that those effects are largely included by the
renormalization process, the calculation provides us with
a well-defined method of putting the mass dependence
into the geometry of the potential. This is as opposed to
the rather arbitrary method of using a Woods-Saxon po-
tential with a radius parameter of re,' or
ro(A,' +4' ). It should also be noted that the resultant
potentials are consistent with those obtained by Buck
et al.

In Fig. 11 the potentials and wave functions for '60,
Ca, and Zn obtained from the folding calculations

(dashed lines) are compared with those of the Woods-
Saxon (WS) well (solid lines). The former has a smaller
radius, larger depth and diffuseness, and as a result the
wave function is more compressed. The difference is
smaller for the light nuclei and larger for the heavier nu-
clei.

E. Radial localization of the (p,pa) reaction

Before examining the spectroscopic factors extracted
from the DWIA analysis, we examine the sensitivity of
the (p,pa) reaction to various radial regions of the nucleus.
Figure 12 displays histograms of the contributions to the
DWIA cross section as a function of radius for the (p,pa)
ground state transition zero-recoil momentum point. The
quantity ho. represents the change in cross section as a
function of cutoff radius; i.e.,

bo =cr(R) —o(R +5),
where o.(x) is the differential cross section calculated with
a cutoff radius of x. The smooth curves depict the radial
dependence of the cluster-core bound state radial wave
functions for the Woods-Saxon potential. The dashed
curves represent a Fermi charge distribution fitted to elec-
tron scattering.

It is evident that for low recoil momenta the (p,pa) re-
action is strongly surface localized, the major contribu-
tions coming from the few percent nuclear density region.
We also note in all cases a rather strong destructive in-
terference contribution just past the last node in the radial
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TABLE III. Absolute alpha spectroscopic factors for ground state transitions.

(p,p&)

transition

16O 12C

20N 16O

24Mg 20Ne

28Sj~24Mg

32S 28Si

Ca~ Ar
48Ti~44Ca
54Fe~'0Cr

Zr Ni

gexp
a

(WS)

0.72+0.07
1.15+0.1'
0.54+0.08
0.42+0.05
0.20+0.04

(0.50+0.07)
0.55+0.07
0.86+0.09
0.22+0.04
0.16+0.03
0.42+0.05

gexp
a

(folded)

0.65
1.66
0.64
0.51

0.40

1.50
3.98
1.06
0.84
6.84

ASMa

0.56
0.23
0.18
1.11

0.076

0.090
0.043

g SU(3)
a

0.68
0.30
0.23
0.081

0.094

gexpa

ASMa

1.3
5.0
3.0
3.8
2.6
(6.6)
6.1

20.0

g exp
a

gSU(3)
a

1.1
3.8
2.4
5.2
2.1

(5.3)

'Reference 38.
"Reference 39.
'Both the 02 gas and the Si02 solid targets gave identical values for ' O.

of two competing processes leading to a relatively narrow
structure centered about E~=65 MeV (possibly due to
sequential processes) superimposed on a much broader
underlying distribution which is more characteristic of
knockout reactions. Thus, the calculations were normal-
ized to the latter.

Also shown in Fig. 3, as dashed curves, are the results
of the folding model calculations again normalized to the
data. One observes that the shapes are nearly identical to
those obtained with the Woods-Saxon potential. This is
presumably due to the similarity of the rms radii of the
wave functions.

The absolute ground state spectroscopic factors thereby
extracted are summarized in Table III. These have al-
ready been presented in Ref. 12 and are reviewed here.
Also included are available theoretical shell model esti-
mates by Kurath and by Chung et al. , as well as re-
sults from Draayer's SU(3) calculations. To allow some
measure of comparison with the lp-shell study by Roos
et a/. , ' we used their data and the ingredients of our
analysis to extract a spectroscopic factor for
' C(p,pa) Be(g.s.) at 100 MeV with 0~j0 = —75.0'/
+43.1. In the case of Si, the spectroscopic factor ob-
tained by normalizing to the peak at -65 MeV is enclosed
in parentheses. The error bounds stated for the experi-
mental values only include contributions from the experi-
mental uncertainties in the measured cross sections. The
typical error is in the range from —10% to 15%%uo, al-
though for Si even a value as large as +20% may not be
liberal enough. Also, it might be argued that an addition-
al +10% uncertainty should be folded into each of these
limits to account for the potential errors in our estimates
for the on-shell p-n cross sections.

The resultant spectroscopic factors show a large differ-
ence between the %'oods-Saxon potential and the folded
potential. In the low mass region the two mlculations
produce similar results. However, for the heaviest mass
the folded potential leads to a spectroscopic factor 16
times as large. Thus, the two calculations lead to rather
different mass dependence. This result reemphasizes the

need for theoretical guidance in the treatment of the clus-
ter wave function.

Before discussing the absolute spectroscopic factors fur-
ther, let us consider the comparison to other experimental
results. It is perhaps natural to attempt a direct cornpar-
ison of the absolute spectroscopic factors measured in this
experiment with those obtained from other alpha-removal
investigations at comparable energies; but, differences in
the ingredients of the respective theoretiml analyses, par-
ticularly the bound state treatment, can lead to consider-
able complications. Recalling the restricted nature of our
analysis, we instead concentrate on a survey of the mass
dependence of the relatiue ground state spectroscopic fac-
tors first observed in the ( Li,d) studies. A plot of these
results is shown in Fig. 1, along with our present results
using the same Woods-Saxon bound state geometry. The
data points from each reaction have been normalized such
that

S"'[ Ne(g. s. )~'6P(g. s. )+a]=1 .

In addition, only the points corresponding to even-even

(p,pa) targets have been taken from Ref. 6, since it has
lately become evident that the alpha transfer process is
sensitive to neutron and proton pairing correlations and
hence exhibits rather dissimilar features for odd-A targets
as compared to even-A targets.

The agreement between the two trends displayed here is
striking, especially in view of recent indications"' that
variations in only the optical potentials can lead to drasti-
cally different systematics for 2T & 50 in the alpha
transfer analyses (see Fig. 1). Given the substantial differ-
ences between the (p,pa) and the ( Li,d) reaction dynamics
and the consistency of our analysis, we conclude that this
oscillatory behavior of the values of S"' is indicative of a
nuclear structure effect, as long as the Woods-Saxon
bound state treatment is applicable. Since the present
(p,pa) results are relatively insensitive to optical model
treatments (at the level of 30%), we believe that the
reanalysis of the ( Li,d) data with modified optical poten-
tials"' in order to reproduce shell model trends, may be
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an incorrect and misleading analysis. Rather that changes
in the mass dependence of the S will have to come as a
result of a more sophisticated treatment of the bound clus-
ter.

The absolute alpha spectroscopic factors determined us-
ing the Woods-Saxon bound state analysis are consistently
larger than the corresponding shell model predictions.
Still, at the lower end of the 2s 1d shell, where one might
expect sd-shell-model calculations to be most reliable„ the
ratio of the experimental to shell model values is roughly
constant at 3. Such a discrepancy can readily be removed
through an increase in the bound state radius parameter of
(12'~/o, a modification which is well within the restric-
tions imposed by the energy sharing data. Also, the some-
what larger disagreement between experiment and shell
model for the heavier 2s ld-shell nuclei may reflect the re-
stricted basis used in the theoretical calculations rather
than any real physical effects. Furthermore, it may be
only due to the restricted shell model basis that for both
the 1p and 2s ld shells the largest discrepancies between
experiment and theory occur at the doubly magic 4n nu-
clei which close those shells. The situation with respect to
the SU(3) spectroscopic factors is qualitatively the same as
that for the shell model predictions.

For the lf 2p-shell targets, only a very limited number
of calculations have been reported. Perhaps the most
complete to date are those by Bennett et al. ,

' which em-
ployed the full (if&&2, 2p3/2 2p&&z)" shell model space.
However, even allowing for representation mixing they
predict a

Zn(g. s. )~~ Ni(g. s. )+a
absolute spectroscopic factor of only -0.02, which is
smaller than our measured value by a factor of 20. The
results of Sec. IV D suggest that no reasonable variation of
the bound state geometry can reduce the experimental
value by this amount. Thus, important configurations are
still likely to be missing from theoretical basis space; and
a full understanding of the measured fp-shell spectroscop-
ic factors awaits a more extensive set of calculations. In
this regard it is worth noting that for the heaviest mass
nuclei theoretical calculations predict a-decay widths
which differ by several orders of magnitude from experi-
ment in the same direction as the present spectroscopic
factors. With respect to the folding model treatment we
obtain even larger spectroscopic factors, with the magni-
tude increasing greatly for the heavier elements. Again,
assuming the appropriateness of the folding model treat-
ment, these results suggest significantly stronger configu-
ration mixing than that contained in present shell model
calculations. The differences obtained from the two types
of analyses emphasize the necessity for a proper treatment
of the alpha cluster wave function.

G. Spectroscopic factors for excited state transitions

Data were also obtained for eight excited states. While
of poorer statistical accuracy, the associated spectra still
permit the extraction of spectroscopic strengths within a
factor of 2. DWIA energy sharing distributions were cal-
culated for these states with the standard Woods-Saxon

bound state geometry and optical potentials in Table I; no
parameter variations were made to obtain improved fits to
the experimental data.

The resulting fits are shown by the solid curves in Fig.
4. Except for Ca and Zn, they are rather disappoint-
ing. Perhaps variations in the parameters would lead to
some improvement, but it is unlikely that this would pro-
duce any large changes in the magnitudes of the theoreti-
cal cross sections relative to the ground states. The abso-
lute spectroscopic factors corresponding to these normali-
zations are presented in Table IV, along with their ratios
to the ground states to facilitate comparison with alpha
transfer data. The errors represent variations in the nor-
malizations which do not lead to significant deterioration
in the fits.

The extracted spectroscopic factors are all generally
higher than theoretical predictions and available measure-
ments from alpha transfer reactions, except for

Mg(p, pa) Ne(2+) and Ca(p, pa) Ar(2+ ) which show
good agreement with the 70 MeV ( He, Be) and 35 MeV
(dL,i) results, respectively. These large spectroscopic fac-
tors are somewhat suggestive of contributions from mul-
tistep processes. However, before such a claim can be sub-

stantiated, a more detailed DWIA analysis is in order, in-
cluding variation of the optical potentials and bound state
parameters, Furthermore, data with much better statistics
would be most useful. With respect to multistep processes
we note that the ground state peak cross sections, where
the DWIA normalization is made, are at least one order of
magnitude larger than the excited state cross sections.
Therefore, we expect little sensitivity to these higher order
processes, if they are present.

V. DISCUSSIONS AND CONCLUSIONS

The (p,pa) experimental data for nine targets were ob-
tained with a binding energy resolution sufficient to pro-
vide clean separation between the ground and low-lying
excited states of all the residual nuclei. Excited state tran-
sition data were also obtained for a number of nuclei.

The data were analyzed in a consistent manner, espe-
cially with respect to the choice of distorting potentials
and bound state wave functions, and detailed studies on
the sensitivities of the results to their parametrization
were carried out, both with regards to an absolute accura-
cy of the spectroscopic factors and to the features of any
systematic trend they might exhibit on a relative basis.
Distorting potentials seem to affect extraction of only the
absolute spectroscopic factors but not relative spectroscop-
ic factors. Therefore, erroneous choices of distorting pa-
rameters could lead to fairly large uncertainties in the ab-
solute spectroscopic factors, but for target-to-target com-
parison the relative spectroscopic factor would be far
more reliable, as long as a given family of potentials is
maintained for all the analyses.

The DWIA cross sections show an extreme and quite
strong target-dependent sensitivity both in magnitude and
shape to variations in the bound state geometry, particu-
larly the radius parameter. Coxnparisons with the mea-
sured energy sharing spectra restrict the radius parameter
to a range of values which decreases significantly as the



1286 CAREY, ROOS, CHANT, NADASEN, AND CHEN 29

PQ

V

Q
Cd

g.="
+ O
Cd Cd

8

~ M

Cd

oo O
V

Q

Ch M
V

O
Cd

O
60
O

S4

~ TH

0
0

8
V

~ W

O
+I

Q

Cd I I

oo

S4

+I

~ ~
Cd

ca
(Q0

oo5
0
Cd

~ W

Y)
Q

ooO Q
O O

~ 1H

8

4 ~

O

~ 'M

Cd

9
+I +I
O

+I +I +I +I
O

+I
O
+I

Cd

0
~ la(

Gh

Cd

OO t
+I +I +I

O

Oo~+

O un
O O
+I +I
N O

Ch
O O

Q Q
+I +I

Q

oo ~ OO

ChQ oo
O O
+I +I +Ie O
ooQnA

+ + +

Q w
O

+I +I

Q O

+ +

O
+I +I

O O

4+ +

Cd

5 v

CP

oo ~ ~ oo

8 8 & v



ALPHA-PARTICLE SPECTROSCOPIC STRENGTHS USING THE. . . 1287

target mass increases. It has been pointed out that this ro
selectivity of the (p,pa) reaction may be further enhanced
with increasing projectile energy. This, coupled with the
fact that alpha potentials become less ambiguous at higher
energies, seems to suggest that more reliable spectroscopic
factors could be extracted by performing (p,pa) reactions
at higher energies.

In spite of the associated uncertainties, it is found that
with consistent analyses employing a common bound state
formulation, the alpha knockout and transfer reactions
provide remarkably similar behaviors for the mass depen-
dence of the relative alpha spectroscopic factors of nuclei
in the 2s ld and 1f2p shells. Given the major differences
between these two approaches in terms of reaction dynam-
ics (quasifree scattering at fairly high energy versus quasi-
alpha "capture" at rather low effective energy), reaction
kinematics (small versus large momentum transfers), and
phenomenological requirements (optical potentials for sin-
gle particles or tightly-bound clusters versus those for
weakly bound, very strongly absorbed composite projec-
tiles), it would be truly surprising if the extent of the
agreement between the two trends shown in Fig. 1 was
purely coincidental and not indicative of a real nuclear-
structure effect.

The use of a folded alpha-core bound-state potential
leads to spectroscopic factors which increase greatly with

increasing mass. Whether this model is more appropriate
than the use of a constant radius parameter is uncertain.
However, the two treatments clearly point to the great
need for theoretical guidance in the treatment of the
alpha-cluster wave function. We believe that the (p,pa)
reaction provides the best tool for extracting ground state
absolute spectroscopic information for nuclei, and these
data can provide that information when the theoretical
advances discussed have been made.

The situation for the excited states is markedly dif-
ferent. In addition to the data having large statistical un-
certainties, 0%'IA calculations with the same distorting
potentials and bound state geometry as those used for the
ground state transitions poorly reproduce the excited-state
energy sharing distributions. Most of the extracted spec-
troscopic factors seem to be unreasonably large. It is
therefore desirable to have better quality data to test the
theoretical predictions.
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