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60-point angular distributions have been measured in 200-keV steps for YAl(o. , eo) ~Al in
the energy range 21-28 MeV. At an incident energy of 23.9 MeV an anomalous structure of
full width at half maximum -300 keV is seen for angles greater than 90', but above 25 MeV
no correlated structure is seen. The data above 25 MeV have been analyzed in terms of the
optical model, and discrete potential ambiguities, as well as a radius ambiguity, have been
found. These potential parameter sets were able to give qualitative fits to the data through-
out the angular range 25-150' (c.m. ) at the energies 24.9, 25.9, and 27.5 MeV, and at the
lower energies 22.3 and 23.3 MeV the general trend of the data was reproduced.

I. INTRODUCTION

As part of a study of n-particle induced-reac-
tions on "Al, the elastic scattering of n particles
by "Al has been measured in the laboratory ener-
gy range 21-28 MeV. The objective of this work
was to obtain optical-model parameters for use
in future distorted-wave Born-approximation cal-
culations of the reactions under study.

Initially, it was thought this study would not be
necessary, since earlier studies' indicated that
n scattering by "Al is direct above 17 MeV and
a complete angular distribution has been measured'
for E =18.82 MeV as well as a partial angular
distribution (8„„&90') for E =28 MeV. ' Attempts
to describe the 19-MeV data with the optical mod-
el by Srivastava and Johnson' were unsuccessful
for 6, & 80, where the data were higher than the
calculations. An analysis of the 28-MeV data by
Satchler' shows a similar feature. This result
is not surprising, since for several other' 2s-1d
shell nuclei nondirect contributions to the cross
section have been found to be important for angles
greater than 90' in this energy range. To deter-
mine whether nondirect contributions are present
at tandem energies for n scattering from "Al,
excitation functions and angular distributions are
reported for n particles of energy 21-28 MeV.
The results of an optical-model analysis of the
data are also presented.

II. EXPERIMENTAL PROCEDURE

The Florida State University FN tandem Van

de Graaff was used to accelerate 4He ions and
typical beam currents were 150-300 nA. The two
targets used in this work were rolled foils whose
thicknesses were 200 and 50 keV for 25-MeV e
particles. Since the '"Au(a, a,)'"Au excitation
function does not exhibit any radical fluctuations
in the energy range covered here' a flash of gold
evaporated on the targets was used to provide a
continuous system check. The detector solid
angles were determined by scattering 6-MeV e
particles from a gold target whose thickness was
determined by the energy loss of e particles from
an "'Am source.

Differential cross sections were measured at
16 angles simultaneously with Si-surface-barrier
detectors mounted in a ring which was contained
in a 45-cm scattering chamber. ' The data were
accumulated in a TMC 4096-channel analyzer
coupled to an EMR-6130 computer for on-line
data analysis. By adjustment of the beam current,
the dead time of the analyzer was kept to less
than 10%.

The systematic error in the data estimated from
the reproducibility of the data obtained in different
runs is 3% and is due to uncertainties in the beam-
current integration and the solid-angle determina-
tions. The statistical uncertainty was always less
than 3% and the absolute error assigned to each
data point was between 4 and 5%.

III. EXPERIMENTAL RESULTS

The data reported here consist of excitation
functions in the bombarding energy range from
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FIG. 1. Selected excitation functions for YA1(0. o. ) Al
with a target whose thickness is 200 keV for 25-MeV o.
particles.

21 to 28 MeV taken in steps of 200 keV. The angu-
lar range investigated was 20-170' (lab) in 2.5'
steps. These data were taken with the 200-keV-
thick target so that many levels in the compound
system would be averaged over. As can be seen
in Fig. 1, considerable structure is present below
24.5 MeV, particularly at backward angles. The
anomaly at 23.9 MeV has the property of being
present at angles greater than 90 with the struc-
ture increasing in prominence as the angle in-
creases. Above a bombarding energy of 25 MeV,
the structure is less pronounced and no correlated
structure is visible at any of the 60 angles for
which excitation functions were taken.

To investigate the nature of the anomaly at 24
MeV in greater detail, a 50-keV target was used
to measure both elastic and inelastic excitation
functions in the energy range from 23.2 to 24.5
MeV. The data are shown in Fig. 2, where a, is
the elastic scattering, e„,is the combined scat-
tering from the first and second excited states,

and n, is the scattering from the third excited
state. The data show no apparent correlation be-
tween the elastic and inelastic channels which
would seem to rule out trapping states-' as the
source of the anomaly. Unfortunately, none of
the measurements presented here indicate whether
the structure is a purely statistical phenomenon,
or an intermediate structure effect.

Also shown in Fig. 2 is an excitation function
taken in the energy range 26-27 MeV. The de-
crease in prominent structure in this energy
range indicates that corrections for compound-nu-
cleus effects are small and these corrections were
not included in the optical-model analysis of the
data.

IV. OPTICAL-MODEL ANALYSIS

TAB LE I. Four-parameter optical-model potentials:
V(r) =V,(r) —(U+i W)(1+e~" /a), r, =1.70 fm, g

5/3= rpA &
W= Wg+ W2Ea(lap)

W~ W2 rp a
(Me V) (Me V) (Me V) (fm) (fm) ~X (1) ~X (2)

32.3
68.3

108.4
149.9
194.5

-1.97
1.58
4.81
5.71
0.76

0.45 1.68 0.57 4130 4670
0.42 1.58 0.56 3980 5370
0.41 1.53 0.53 4160 6720
0.47 1.52 0.50 4670 7010
0.76 1.53 0.48 5400 6200

64.0
114.0
165.9
217.7

-7.87
-9.00
-7.00

7 y73

0.95
1.16
1.21
1.34

1.31 0.87
1.25 0.79
1.23 0.73
1.24 0.68

4100 5400
4320 5840
4690 6080
5000 6250

Optical-model calculations were performed with
a modified version of Percy's code JIB"for bom-
barding energies of 24.9, 25.9, and 27.5 MeV.
The form of the optical potential employed is
shown in Table I. The radius is defined as R
=r,A'". The first step in the analysis was to do
four-parameter grid calculations (r, =r„' az-—a„)
for U in the range 10-200 MeV with &U=10 MeV,
8' in the range 2-20 MeV with 4R' = 2 MeV, r in
the range 1.2-1.9 fm with 4r =0.1 fm, and a in the
range 0.2-0.8 fm with ~a =0.1 fm. Grids were
also done for an imaginary surface-absorption
potential, but no clear choice between the two
types of imaginary potentials was apparent and
only the volume imaginary potential was used in
further calculations. This result is not unexpect-
ed, since o. -particle scattering at these energies
is only sensitive to the tail region of the potential. "

Direct searches were done around each of the
minima found in the grid calculations for all three
energies simultaneously. At the most backward
angles (&130') the calculated cross sections have
diffractionlike structure, while the data do not.
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This type of behavior has been suggested to be a
target-spin effect by Fulmer and Hafele" who ex-
perimentally compared 50-MeV a -particle scat-
tering from "Co and "Ni. Because the form of
this spin-dependent potential is not known, no at-
tempt was made to include spin effects in the cal-
culations reported here.

To estimate the compound contribution to the
elastic cross section, a Hauser-Feshbach-type
calculation was performed using the expressions
of Eberhard et al." For angles less than 140 the
maximum Hauser -Feshbach contribution was 1O%

and between 140 and 170' the maximum contribu-
tion was 20%. These calculations showed that no
serious error was made in the optical analysis by
neglecting the compound contribution. A further
indication that the compound contribution is small
is the ability of the optical potential to yield the
proper magnitude of the backward-angle cross sec-
tion at all three energies, 24.9, 25.9, and 27.5
Me V.

The final four-parameter potentials obtained are

listed in Table I. These potential sets represent
the best fit to the data over the whole angular
range studied. The energy dependence of the imag-
inary potential has been parametrized as W IVY

+S',E where E is the laboratory bombarding en-
ergy. Two types of potentials were found, one
having a large radius and one having a small ra-
dius. This ambiguity in the radius has also been
reported by Bobrowska et al. ' who carried out a
study of the elastic scattering of o. particles by
"Al, "Si, "S, Ti, and "Co at an incident energy
of 27.5 MeV. These two potential families do not
appear to be related by the Ur" continuous ambi-
guity, since the calculated angular distributions
have different characteristics. In addition to the
ambiguity in the radius, there are also discrete
ambiguities which correspond to differing number
of nodes in the internal wave function. Typical
calculated angular distributions for each type of
potential are shown in Figs. 3 and 4.

In Table I, &P(1) is the average total y,
' value

obtained when only the data at 24.9, 25.9, and

Al(a, a j AI
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FIG. 2. Selected excitation functions for elastic and inelastic o.-particle scattering from ~ Al with a target whose
thickness is 50 keV for 25-MeV u particles.
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27.5 MeV are considered. Calculations have been
done for our data with the optical potential param-
eters found by Bobrowska et al. ,

' and the X' for
their large radius parameters is typically a factor
of 2 larger than those obtained with the parameters
of Table I while the small radius parameters
yield g' values larger by a factor of 1.5, indicating
some preference for the parameters reported here.
Calculations were also performed with the param-
eters of Srivastava and Johnson' and of Satchler. '
Both groups of parameters give good fits to the
data at all three energies for angles &75', but fall
well below the data at angles &90'.

Further optical-model calculations were per-
formed with the imaginary and real geometry
parameters varied independently. For the large-
radius potential parameters the improvement in

g' was about 1(PO over all, and no real qualitative
improvement could be seen. For the small-radius
parameters, the average improvement in g' was
-40% and the quality of the fits was markedly im-
proved. Figures 3 and 4 show typical six-param-
eter fits and Table II lists the six-parameter po-
tentials.

Calculations were carried out for incident a-
particle energies of 23.3 and 22.3 MeV to deter-
mine if this lower-energy data could be described
by the potential parameter sets reported here.
These two bombarding energies were chosen be-
cause the excitation functions appear to be rela-
tively structureless. The average g' for all five
energies is shown as it'(2} in both Tables I and II.
For the large-radius parameters a comparison of
the g' values in Table II for all five energies in-
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FIG. 3. Angular distributions for VA1(n, o.o) ~Al with
optical parameters from Table I. The calculated distri-
bution shown was with the set having U =194.5 MeV.

FIG. 4. Angular distributions for ~A1(e, o. o) Al with
the calculated distribution for V =217.7 typical of the
small-radius parameter sets in Table I.
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TABLE II. Optical-model potential parameters with
and Q &g

U r„a„~& +2 rs
(Me V) (fm) (fm) (Me V) (MeV) (fm) (fm) X (1) )( (2)

IOO-

IO—

32.0 1.68
68.1 1.58

108.1 1.53
149.0 1.52
194.0 1.53

0.56 -4.21 0.73 1.41
0.55 -0,48 0.64 1.39
0.53 2.40 0.66 1.35
0.50 4.55 0.79 1.31
0.49 0.54 0.55 1.81

0.82 3480 4020
0.72 3800 5030
0.63 4140 6000
0.24 4360 6100
0.24 4450 5460

I.O—

O. l—
65.1 1.31 0.86 -19.53 1.77 1.13 0.86 3750 4890

112.9 1.25 0.77 -30.23 2.90 0.90 0.80 3190 4800
164 0 1 23 0 72 -27 63 3 23 0 85 0 69 3000 4600
215.0 1.24 0.67 -24.62 3.10 0.94 0.22 2790 4500

E OOI-
E, = 23.3 MeV

dicates that the shallowest potential describes the
data best. This conclusion, however, rests on the
assumption that nondirect effects are negligible
at 23.3 and 22.3 MeV. In Fig. 5, the calculated
cross section for the 32- and 194-MeV large-ra-
dius parameter sets of Table II are shown. For
the small-radius parameters, no particular param-
eter set is singled out by the inclusion of the low-
er -energy data.

V. CONCLUSION

o IO—
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I 20' I 5 0' IBO'

The scattering of a particles by "Al appears to
be direct and describable with moderate success
by the optical model for e-particle energies
greater than 25 MeV over the angular range
20-120'(c.m. ). For angles greater than 120'
qualitative differences between the calculation
and the data exist which could be due to a target-
spin effect. In addition, the optical-model analy-
sis of the data has shown an ambiguity in the ra-
dius parameter as well as the normally reported
discrete real potential ambiguities. For the po-
tential parameter sets with the larger radius the
energy dependence of the data over the range from
22.3 to 27.5 MeV indicates a preference for the
shallowest potential set, while for the smaller-
radius parameters the energy dependence of the
data does not indicate any potential set preference.

Below 25 MeV, the nature of the scattering
mechanism is uncertain, since an anomaly has
been observed at 24 MeV that cannot be repro-

FIG. 5. Angular distributions for VA1(A Ap) Al with
a comparison of calculated angular distributions for the
potential sets in Table II with U =32.0 and U=194.0

duced by optical-model calculations. The anomaly
has a width characteristic of intermediate struc-
ture, ' however, the origin of this structure is at
present unknown. Studies of n scattering from
"P and "Mg are being undertaken to see if this
type of structure is present for these nuclei also.
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In the case of angular-momentum-mismatch conventional distorted-wave Born-approxima-
tion (DWBA) calculations tend to give results which are strongly dependent on the optical-
model parameters chosen and, to a lesser degree, on finite-range and nonlocality effects.
We discuss reasons for this sensitivity and present systematic calculations for (d, o.) reac-
tions on nondeformed targets ranging from Ti to Pb. Satisfactory DWBA results could
be obtained for the entire range of targets, provided that all potentials for the generation of
scattered and bound wave functions were restrained to have nearly identical physically mean-
ingful real well geometries and real depths of V= n Vo, where Vo is the proton scattering po-
tential and n is the number of nucleons in the projectile. The use of well geometries with
ro = 1.2 fm, a = 0.75 fm, and retention of the basic DWBA requirement that the optical poten-
tials should also correctly fit elastic scattering removes the familiar ambiguities for deuter-
on and e potentials. It is shown that with these parameter restrictions finite range effects
are expected to be small so that a first-order correction procedure is adequate. Explicit
calculations are compared with over 30 (d, o.) angular distributions of known angular momen-
tum transfer for experimental bombarding energies ranging from 12 to 17 MeV. Consistent
agreement with experiment was obtained.

I. INTRODUCTION

Previous experience by many investigators has
shown that distorted-wave Born-approximation
(DWBA) calculations tend to predict transfer reac-
tions well if, in a semiclassical view, conserva-
tion of angular momentum permits a (short range)
interaction to take place at the nuclear surface.
This situation is often referred to as "angular mo-
mentum matching" and leads to strongly structured
angular distributions with a distinct dependence on
L, the angular momentum of the transferred par-
ticle or cluster of particles. En such cases, the
neglect of finite-range and nonlocality effects, or
the use of a rather wide range of "reasonable" op-
tical-model parameters for the generation of the
scattered waves may have only a minor effect on

the DWBA predictions. However, for any particu-
lar experiment, good angular momentum matching
is rarely possible over a broad range of L trans-
fers or excitation energies.

The problem of angular momentum mismatch
can be especially severe for (d, n) reactions. The
attempt to obtain "good" DWBA calculations for
such data can become a time consuming one of
trial and error, sometimes involving special as-
sumptions for the nucleus studied. DWBA then
tends to lose much of its predictive value and safe
L-transfer assignments require additional knowl-
edge of the final states studied, e.g. , prior knowl-
edge of their parity. It is well known that for an-
gular momentum mismatch the reaction cross sec-
tions are significantly affected by contributions
from the nuclear interior. '' Thus details of the


