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a 702-keV F1 transition to the 152-keV state and a
384-keV Ii1 transition, of comparable intensity, to
the 472-keV level. The —', spin observed in the corre-
lation measurements for a state near 850 keV might
well belong to the 846-keV state.

The 473-, 1178, and 1810-keV levels were all reached
by strong p-wave transitions in stripping measurements'
and therefore should have spin —,

' or 2 . It was noted
above that the 473-keV state most likely has spin ~ .
Since it is found that the 1810-keV state decays to both
the ground state (s ) and 1178-keV states with com-
parable intensities, it is suggested that the 1810-keV
state also, most likely, has spin —,

' rather than —,
' . The

decay of the 1178-keV level shows no observable branch
to the ground state. This is in striking contrast to the
behavior of the 473- and 1810-keV levels which show
strong ground-state transitions. This may be an indi-
cation that the 1178-keV level has spin and parity ~,
although this question cannot be settled on the basis
of the present measurements.
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The elastic scattering of He' ions has been studied at 37.7 MeV from Ca", Fe'6, and Ni" and at 43.7 MeV
from Ni", Y ', and Zr". A theoretical analysis has been carried out in terms of the optical model. Both
discrete and continuous ambiguities in the optical-model parameters appear, and are discussed in some detail.
An average potential has been selected which adequately accounts for our data as well as some reaction data
of others. In the case of Ca" and Xi~, the energy dependence of the real and imaginary well depths has been
investigated using a standard geometry. Similarly, the A dependence of the well depths has been examined.

I. INTRODUCTION

~ 'HE validity of an optical-model description of the
scattering of complex particles by nuclei has

been clearly demonstrated in extensive studies of the
elastic scattering of deuterons and n particles over a
wide energy range. In contrast with nucleon scattering,
many parameter sets have been found to give equally
good representations of the data, showing ambiguities
of a both discrete and continuous nature. ' ' Never-
theless, systematic trends with bombarding energy and
nuclear composition have been discerned, ' consistent
with the concept of "gross properties" inherent in the
optical model.
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Theoretical treatments of the optical potential for
complex incident particles predict a real potential-well

depth approximately equal to the optical potential for
one nucleon multiplied by the number of nucleons in the
incident particle. 4 This potential may be modi6ed sub-

stantially by changes in binding energy of the particle
when it enters the nucleus, ' leading to a dependence on

incident energy that diGers from that for nucleon scat-

tering. While optical analyses of elastic scattering have

failed to determine a unique potential, it appears that
particle transfer reactions may be more sensitive to
conditions in the nuclear interior, and such evidence as

there is provides qualitative support for these theoreti-

cal expectations. ' '
The demonstrable value of systematic studies as a
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function of bombarding energy and target nucleus
composition suggests that studies with other incident
particles wouM further our understanding of the nature
of the optical potential for complex particles. He' scat-
tering may be expected to show many features in
common with the strongly absorbed 0. particle, while
its diferent binding energy and radius may prove use-
ful in checking such a model as that proposed by
YVittern. ' Furthermore, the spin of —,

' adds the variety of

p 1 i ti ph
For such studies, analyses of energy dependence are of

importance. He' elastic scattering has been reported at
energies of 8.5 and 9.5 MeV, " 12 MCV" 20 MCV"
22 MCV)" 30 MCV)" and 33 MeV. '4 Springer et al "
have compared He' and O.-particle scattering by Ca40

at equal momenta, where the He' energy was 64.3 MeV.
Optical-model analyses of these data suggest that there
are ambiguities in parameters similar to those observed
for other strongly absorbed particles. Parameter sets
have been found with real potential-well depths in the
range 6 to 45 MeV, " "and others with values near to
60 MeV"" 95 MeV"" 130 MeV "" and 170
MCV. ' " These are reminiscent of the discrete am-
biguities separated by steps of 30 to 40 MeV in real
potential observed in analyses of deuteron' "'0 and o.-

particle scattering. ' "
The work reported in this paper extends He' scat-

tering data for medium-weight. nuclei to the higher
energies of 37.7 and 43.7 MeV, with the intention of
furthering systematic studies of energy and mass de-

pendence, and to provide optical parameters needed
for distorted-wave analyses of He' inelastic scattering
and (He",d) anti (Hes, n) reactions. Data for He' in-

elastic scattering and reactions were obtained at the
same time as those on elastic scattering, and the results
from the inelastic scattering will be presented in the
following paper. A detailed study of parameter am-

biguities has been made in the case of Ni5' and evi-

dence from He' reactions which may limit these will be
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discussed. A study of energy depcndeIlcc of thc I'cal and
imaginary well depths for Ca and Ni' has also been
made, using a fixed geometry that represents an average
of geometries that best 6t data on diBerent targets
at 37.7 MeV. In this latter study, use has been made of
all available data on scattering by these nuclei. A more
detailed account of the measurements reported here and
numerical values of the cross sections are included in
Ref. 21a.

II. EXPERIMENTAL APPARATUS

The He' ions were accelerated with the University of
Colorado variable energy cyclotron to energies of 37.7
and 43.7 MeV. Beam currents in the scattering chamber
ranged up to 800 pA. An He' recovery system was used
that is similar to one described by Kegner and Hall. "

The deflected beam from the cyclotron passed through
the beam handling system shown in Fig. 1. Dispersion
in the cyclotron fringe fieM facilitated momentum
analysis by slits placed at the intermediate image, with
a horizontal spacing ranging from 0.015 to 0.060 in.
Collimators in the scattering chamber limited the beam
spot size on the target to approximately —,', -in. diameter
for runs at small scattering angles and approximately
8-in. diameter for runs at larger angles.

The unscattered beam collected in a Faraday cup
was measured with a current to frequency conversion
system" that fed pulses, each representing a given
collected charge, into the first channel of a ND-160
pulse-height analyzer. The accuracy of this system is
limited at small currents by a zero instability of the
order of 0.1 AA.

The 36-in. scattering chamber (see Fig. I) contains a
five-position target mount and two detector trays that
rotate independently in the scattering plane. The
angular positions of the detectors were remotely con-
trolled with a precision of 0.1'.

The scattered particles were detected in a telescope
of two Ortec'4 transmission-type silicon surface barrier
detectors 50 mm' in area, biased for total depletion and
cooled t,o dry-ice temperature. The 6rst detector was
either 200 or 388 p thick and the second either 1090
or 2000 p thick. The combination was such that all Hee

particles were stopped. For most of the runs a defining

aperture 8-in. diameter placed immediately in front of
the first detector limited the angular resolution in the
scattering plane to 1.4' when the distance from the
target was 7 in, For runs at small angles, a slit 0.058 in.
wide at 14 in. from the target was used to give an
angular resolution less than 0.4'.

Overlapping energy spectra of scattered He' and
other reaction products were separated with the aid of

"'E. F. Gibson, thesis, University of Colorado, 1966 (un-
published).

"H. E. Wegner and W. S. Hall, Rev. Sci. Instr. 29, 1100 (1958).
2' P. W. Allison, Rev. Sci. Instr. 3S, 1728 (1964).
24 Oak Ridge Technical Enterprises Corporation, Oak Ridge,
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I"ro. I. Experimental arrangement for the He' scattering measurements.

an (E,4E) panicle identification system. Pulses from
the front detector (AB) and the rear detector (E') were
ampliied and fed into a multiplier circuit that gave an
output signal proportional to hE(E'+EIAE+E2).
Using as a guide the approximate relation EAE Ms2,
where M is the mass and z the charge of the detected
pRr'tlclc, Rlld E=AE+E, KI Rlld K2 wcl'c adjusted
empirically to obtain signals proportional to les' that
were nearly independent of energy. The pulse multiplier
used was based on a design by Radeka and Miller"
using 6cld-CGcct tI'Rnslstors.

Pulses proportional to total energy were obtained by
adding directly the signals from the two detectors in a,

manner described previously. " This eliminates the
problem of matching ampli6er gains, and works satis-
factorily except when the hZ detector is so thin that
capacity breakthrough of the large E' signal into the
AE channel occurs. The summed signal, E, was ampli-
6ed. by a Tennelec27 preampliher Inodel No. 101, and
fed into the low-level input of the ND-160 pulse-
hclght analyzer. Analyzed signals wclc then 1 outed into
one of foul 1024-channel groups of thc Rnalyzcl memory
according to the nature of the detected particle as

~5 G. L. Miller and V. Radeka, Brookhaven National Labora-
tory Report No. BNL-6952 (unpublished}; V. Radeka, IREE
Trans. Nucl. Sci. 11, 312 (1964)."R.Sherr, B. Bayman, E. Rost, M. E. Rickey, and C. Hoot,
Phys. Rev. 139, Bj.272 (1965),"Tennelec Instrument Company, Oak Ridge, Tennessee.

Ca4O
Ca40
Fe56
i%58
+89
Zr"

Thickness(mg/cm'}

0.86
0.81
1.65
0.87
0.62
2.39

96.97%(nat. }
96.97'P~(nat, }
&99'P~
99.3 jq
j.00 j~
97.8',~~g

'8 Isotopes Sales Department, Oak Ridge National Laboratory,
Oak Ridge, Tennessee.

selected by discriminators viewing the output of the
pulse multiplier.

The targets used in this experiment are listed. in Table
I. Also shown are their thicknesses and enrichments.
All the targets mere self-supporting foils. The Zr",
Ni", and Fe" were isotopically enriched metal foils
obtained from Oak Ridge. '8 The CR40 targets were pro-
duced by vacuum deposition of natural calcium. Self-
suppol"tlIlg Ca tRI'gets Rs tl1111 Rs 0.4 mg/clll wclc pl'0"
duccd ln this manner.

The thicknesses of the Fc56, Ni", and Zr'0 targets
werc determined by wclghlng. The CR Rnd Y
samples could not be weighed conveniently so their
thicknesses were determined from the energy lost by
Am"' n particles in passing through them. The thick-
Ilcss of tllc 'tRI'gc'ts wcl'e unlfoD11 wltlllll 5 /p. Tile cyclo-
tron beam spot did not vary appreciably in position
during the course of the experiment. For each target,

TAM.K I. Thicknesses and enrichrnents of the targets used.
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the over-all normalization of cross sections, into which
the'target thickness enters, was found to agree within

5/o with cross sections at small angles down to 3'
calculated from the optical model. In this angular range,
scattering is dominated by the Coulomb interacti. on and
is insensitive to details of the nuclear potential pro-
vided this gives an approximate fit to large-angle cross
sections. The cross sections, however, were calculated
using the 'thicknesses of the 'targets and the noI'II1RllzR-

tion to Coulomb scattering served only as a check on
the errors assigned.

Fe (He, He ) Fe

EH ~ = 37.7 MeV
l50-

eiob
= 47.5'

50-

200 250
CHANNEL

500

NUMBER

350

FIG. 2. An energy spectrum of 37.7-MeV He'
ions scattered by Fe".

nr. EXI ERIMENTAL I ROCEDURE
AND DATA ANALYSIS

The analyzer gain was adjusted so that pulses cor-
responding to the most energetic particles of interest
fell near the highest channel available. The conversion
gain under these conditions was as large as 58 keV per
channel. The apparent energy resolution was apprecia-
bly worsened by the large conversion gain.

A spectrum taken with Fe" is shown in Fig. 2. The
energy resolution (full width at half-maximum, I'WHM)
is about 200 keV and the e6ects of the large conversion
gain can be clearly seen. Although particle analysis was
used, it sometimes happened that alpha groups were
still counted in the He' spectra. One such group above
the elastic peak is shown in Fig. 2, although in general,
alpha contamination was far weaker than this. The
main contaminant peaks in the spectra were elastic
scattering peaks from 0" and C". Because of the lack
of knowledge of the behavior of the cross sections of He'
scattering from O" and C", no corrections were made
for their contributions where they had coalesced with
the elastic group of interest. The maximum contribu-
tion of these two was judged to be less than 5/o.

The data from the analyzer was 6nally converted to
a linear or logarithmic plot and a listing that included

a running sum of the counts in each channel. Cross
sections were extracted by summing the number of
counts in the peak and subtracting an estimated back-
ground. No dead-time correction for the pulse-height
analyzer had to be made since the pulses from the beam
integration system were also stored in the analyzer.

The errors associated with differential cross sections
shown in the 6gures are relative errors based on the
statistical error on the number of counts in the peak
and the background with an additional error because
of the uncertainty in judging the background. %here no
error bars are shown, the errors are less than the diam-
eter of the data point. The absolute uncertainty on the
cross sections is judged to be about 5/o.

The angular asymmetry was determined by com-

paring relative elastic cross sections taken on both sides
of the beam direction. The relative angular distribu-
tion obtained for measurements on the right were then
compared to those on the left. These curves were shifted
with respect to angle only until they coincide. The dif-
ference in angle then gave the total angular asymmetry
of the system, and all detector angles were then cor-
rected by half this value.

For measurements with scattering angles less than
I5' the solid angle subtended by the detector was re-
duced considerably. The beam currents, however, had
to be reduced to such small values that the zero drift
of the beanl lntegl Rtlon system became slgDi6cant.
Therefore, a small monitor detector was placed at a
6xed angle and the target angle was kept 6xed at 0 .
The ratio of the monitor counts to the integrator counts,
which should be a constant, was used to correct the
integrator counts. This correction was as large as 50/q
at 3' and usually dropped to zero at 6 .

The beam energy was determined by the cross-over
method, " in which one finds the angle at which par-
ticles elastically scattered by one nucleus have the same
energy as those inelastically scattered with a known Q
value by a heavier nucleus. The choice of a suitable
pair of nuclides depends upon the energy and nature of
the incident beam. In this experiment the crossovers
that were observed were of He' elastically scattered by0" and inelastically scattered with Q values of —3.73
or —4.48 MeV by Ca40, using an oxidized calcium
target. These crossovers occur at angles near to 60' for
incident energies E around 40 MeV, and dejdE has the
value 1 deg/MeV.

Since inelastic data were taken with the Ca" target,
an accurate energy determination was made in that
case using this method. The energy of the He' beam
was found to be 37.7 MeV. The higher energy value,
43.7 MeV, was established by the shift in the elastic
peak from Fe" when data were obtained during the
same run both at the low and high energy and by a
knowledge of the conversion gain. Angular distributions

~ B. M. Bardin and M. K. Rickey, Rev. Sci. Instr. 35, 902
(1964).
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FIG. 3. Comparison of four- and six-parameter 6ts to the experimental angular distribution for Ni'8 at 37.7 MeV. In the four-parameter
fit labeled WzoL, the imaginary potential has the same geometry as the real potential. For WBURF the imaginary geometry is the radial
differential of the real geometry.

were run on other targets at other times at either of
these two energies. Although no direct energy measure-
ments were made for these other runs, it appeared from
a knowledge of the zero-energy channel and the con-
version gain that these beam energies were reproducible
to within 0.5 MeV.

IV. OPTICAL-MODEL ANALYSIS

The elastic scattering was analyzed for the most part
in terms of an optical-model potential of the form

V(r) = —Uo(e*+1) '—iWO(e*'+1) '+ V, ,

The term V, is the Coulomb potential due to a uni-

formly charged sphere of charge radius r,= j..4A'~' F.
Optical-model parameters were determined by fitting

the data with the aid of two automatic search routines'0
which minimize the quantity

For all of the analysis presented in Secs. V, VII, and
VIII, the experimental uncertainty Acr was set equa1
to 5'Po of 0.Fx for each experimental point. For the

"Optical-model search code written by F. G. Percy. Optical-
model search code HUNTER written by R. M. Drisko.

optical-parameter searching that resulted in the
"standard" fits discussed in Sec. VI, a slightly diferent
weighting was used. The values at the very small
angles ((15') were assigned an uncertainty of 5'P~

mainly because of the uncertainty in scattering angles.
Above 15', the statistical error from the number of
counts was used which ranged from a few percent at
small angles to about 5 j~ at the larger angles. All quoted
values of X' were obtained using the constant 5%
unccrt Rlnty.

The spin-orbit interaction was assumed to be zero,
mainly for the reason that its magnitude is unknown at
the present time. Also, its inAuence on the elastic
scattering of He' particles is probably quite weak, as
evidenced by a trial calculation with a spin-orbit inter-
action of the same strength as that required to fit pro-
ton scattering. In this trial, differential cross sections
for scattering of 37.7-MCV He' ions by CR" were cal-
culRtcd using thc stRndard parameters fol thc centi Rl

potential given in Table IV, both with and without a
spin-orbit potential with parameters V, =6 MeV,
r, =1.05 F, and a,=0.80 F. The CGect of the spin-orbit
potential in the angular range of interest was negligible
below 55'. At larger angles it 611ed in the deep minima
and decreased the maxima by some 20 P&.

Some parameter searches were attempted using a
four-parameter optical model in which the imaginary
potential either had the same geometry as the real
potential, or had a form that was the radial derivative
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TABLE II. Comparison of the optical-model parameters for Ni" at
37.7 MeV obtained with four- and six-parameter searches.

U, (MeV) ~,(F)

170.0' 1.169
171.8b 1.200
172.6' 1.147

g(F) g, (MeV) ro'(F) ~'(F)

0.738 33.2
0.730 115.7
0.712 20.16 1.562 0.802

x'

1179
1570
254

~ Four-parameter fit with surface imaginary potential.
b Four-parameter fit with volume imaginary potential.
& Six-parameter fit with volume imaginary potential.

V. POTENTIAL AMBIGUITIES

of the real potential. The results are summarized in
Fig. 3 where the best four-parameter 6ts with the
volume and derivative imaginary potentials are shown
along with the best fit for the six-parameter case where
the imaginary potential had a volume form but with
parameters different from those of the real. The param-
eters and values of X' for the three 6ts are given in Table
II. Both four-parameter potentials predicted oscilla-
tions of amplitude far greater than those of the data.
It was thus felt that six parameters were needed to pro-
vide acceptable fits, and the further analyses were con-
ducted on this basis. In the six-parameter model that
will be discussed, the choice of a volume rather than
derivative form for the imaginary potential, though
somewhat arbitrary, was guided by evidence that the
former provides slightly better agreement with the
existing data.

The inadequacy of the four-parameter model in the
present instance contrasts with some recently reported
studies for 12-MeV elastic triton scattering. "On the
other hand, Broek et al." have found that n-particle
scattering at 43 MeV could not be htted well with a
four-parameter potential. Their best fits required an
imaginary potential whose radius exceeded that of the
real potential.

with minor and fairly systematic variations of well
depth. These parameters and the potential depths that
fit the Ni" data at 37.7 MeV are included in Table IV.
The searches that led to them were started from par am-
eter sets that had been found by Armstrong, Blair,
and Bassel" to fit He' scattering data for several
isotopes at 22 MeV.

In group I, only rp and a were varied tominimize X'
for each value of Up. The imaginary potential was fixed,
8 p, rp' and a' being assigned the values given in
Table IV.

In group II 8 p tp and a were allowed to vary. The
geometry of the imaginary potential remained fixed
with the previously quoted values of rp' and a'.

The results of these searches are summarized in Fig.
4. Several discrete minima in X' are evident, namely in
the regions where Up is about 60, 120, and 180 MeV.
The values of Up that minimize X' for fixed 8'p are not
changed when lVp is allowed to vary, although this
gives substantial improvement in fit in some instances.
The values of rp and a that minimize X' likewise differ
by not more than a few percent between groups I
and II.

The 6ts obtained for the different potentials that
minimize X' in the group-II search are shown in Fig. 5.
Only at back angles do the predictions diverge sub-
stantially, and it is possible that additional data in this
angular range could further limit the number of
acceptable potentials. The asymptotic wave functions
corresponding to these three potentials are character-
ized by the partial-wave reRection coefficients, gz, ,
shown in Table III, and are seen to be closely similar.
The feature that distinguishes the diferent wave func-
tions is the number of half-wavelengths within the
nuclear potential of partial waves with small angular

TmLE III. The partial-wave reflection coefBcients for
the Ni" potentials that minimize x .

Optical-model fits to He' scattering may be expected
to evince ambiguities like those observed in studies of
deuteron' " and O.-particle scattering. ' "The variety
of potentials that has been found by other groups to
fit He' data does indeed suggest that this is so. In order
to explore these ambiguities, the He' scattering data
from Ni' at 37.7 MeV were used as a test case in the
hope that they would furnish a representative situa-
tion for the targets and incident energies of interest in
this paper.

Three groups of parameter searches were carried out in
this investigation. %ithin one group X' was minimized
for each of a number of di6erent 6xed values of Up

by varying the same set of parameters. The groups
differed in the parameters that were varied. The
geometrical parameters from which these searches were
started had been found in preliminary investigations'
to fit all of the 37.7- and 43.7-MeV data except Ca p

"R. N. Glover and A. D. W. Jones, Nucl. Phys. 81, 268 (1966}."E.I. Gibson, J. J. Kraushaar, M. E. Rickey, B. %. Ridley,
and R. H. Bassel, Bull. Am. Phys. Soc. 11, 118 (1966).
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The numbers in parentheses are
the number of half-waves for s
waves within the nuclear potential.
The upper plot shows the value of
U at r=6.26 F (the radius equal to
the classical impact" parameter for
L= I4, for which partial wave
[ nL i

='o.s).
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Dlomcnta) as Is thc case for deuteron and A-particle
scattering. ""The number of half-wavelengths of s
waves for some of the 6ts is indicated in parentheses on
the X' plot in Fig. 4. Partial vr aves whose hrst maxima lie

in the nuclear surface cannot readjust by an increase in

the number of half-waves to preserve the constant
values of g~ for the diferent potentials. For this reason
wc may anticipate a constraint of parameters that
ensures that the potential in the nuclear surface is
approximately the same for different discrete am-

biguities. That this is indeed so is suggested by the

plot in the upper part of Fig. 4 showing the value of U
at r=6.26 F (=1.5rpA'") against Uo. The radius that
is chosen here is the classical impact parameter for
1.=14, for which partia1 wave

~
nr.

~

=0.5.
In the neighborhood of each discrete ambiguity,

there is a range of continuous ambiguity vrhere other
parameters change in such a way as to compensate
changes in Uo. In particular, the product Porp is
found to remain constant within 2'Po in such regions.
The values of e are 2.38, 1.71, and 1.96 for ambiguities
centered on U0=60, 120, and 180 MCV, respectively.
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Fro. 5. Comparison oi the experimental results with the theoreticai angular distributions computed j j
using the optical-model potentials that minimize x' in the group-II search.

Angular distributions predicted by neighboring po-
tentials within the range of a continuous ambiguity
are closely similar throughout the complete angular
range, and it appears unlikely that more extensive
data will succeed in limiting them any further.

The data taken for Zr" a,t 43.7 MeV cover the widest
a,ngular range in these experiments. A group-II search
was carried out on this data in the hope of obtaining a
more de6nitive selection of the discrete ambiguities
observed for Ni'8. Discrete ambiguities were observed
for values of Us near to 90 MeV (X'= 1686), 140 MeV
(X'=1364), and 190 MeV (X'=1651). However, the
major differences between the predicted angular dis-
tributions occurred for angles greater than 130', again
outside the measured angular range. It is interesting
that the potentials where the lower two ambiguities
occur are different from those for Ni . This may indi-
cate either that the lower two are unacceptable within
the spirit of the optical model, or that the chosen values
for the fixed parameters ro' and a' were not correct.

In the group-III searches on Ni'8 all five remaining
parameters were allowed to vary in minimizing X'
for each value of Uo with the intention of exploring the
full extent of the continuous a,mbiguity centered around
Up= 180 MeV. A creeping search procedure was adopted

to constrain the search to the valley in the X' surface
appropriate to this particular discrete ambiguity. In
this procedure the starting parameters for a search with
a given value of Uo were the 6nal values that minimized
X' in a previous search with a neighborirlg value of Uo.
This process was launched from a parameter set that
was close to the one that gave the best fit in group I for
Uo ——I70 MeV. The values of X' obtained in this way
are compared with those from groups I and II in Fig. 4,
and the associated parameter variations are shown in
Fig. 6. The X plot looks like a continuous ambiguity
extending from Uo= 120 MeV to the highest assumed
value for Uo at 220 MeV. However, the l= 0 wave func-
tions were found to change by half a wavelength be-
tween Uo= 150 and 160 MeV. The X2 distribution for
group III shouM therefore be interpreted more in the
sense of a merging of two discrete ambiguities than
stretching of a single one.

In order to proceed with a mea, ningful systematic
analysis of He' scattering by different nuclei at various
energies, it is necessary to assign 6xed values to one
member of each pair of parameters whose simultaneous
variation would lead to continuous ambiguities. In the
analyses described in subsequent sections the geo-
metrical parameters were 6xed. Discrete ambiguities
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TABLE IV. The standard optical-model parameters. Values of Uo and 5'0 were obtained with a search procedure,
while the geometrical parameters were set equal to the standard values described in the text. ~

Ca40
Fe"
Ni"
Ni"
+89
Zr'0

37.7
37.7
37.7
43.7
43.7
43./

176.9
174.2
172.6
171.75
175.14
170.0

Target E (MeV) Uo(MeV) "(F)
1.14
1.14
1.14
1.14
1.14
1.14

0.723
0.723
0.723
0.723
0.723
0.723

14.5
16.8
16.2
17.2
14.88
17.42

1.64
1.60
1.60
1.60
1.60
1.60

8'0(MeV) ro'(F)

0.91
0.81
0.81
0.81
0.81
0.81

x'

1456
1267
600

2245
4611

492

x'i(&—~)

29.71
30.90
13.04
45.82

107.2
6.74

In the heading of the last column, N is the number of data in the angular distribution and Ii is the number of parameters varied.

that then emerge may be expected to lead to several
families of systematic parameters. Not all of these
possibilities were followed up and the choice that was
made was guided by considerations outlined below.

On the ground of plausibility it has been argued that
Uo for He' scattering should be about three times its
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FIG. 6. Variation of the parameters with Uo that resulted from the
group-III search on the 37.7-MeV Ni' data.

value for nucleon scattering, ' i.e., about 150 MeV. For
a particles, %ittern estimates a correction, resulting
from the exclusion principle that will reduce the antici-

pated potential by some 40 to 70 MeV, depending on

bombarding energy. It may be that corrections of a

similar order of magnitude will prevail in the case of
He'. Evidence supporting the use of the deeper po-
tentials may be found in processes such as particle-
transfer reactions involving He which depend sensi-
tively on the internal wave functions for incoming and
outgoing channels. In the Ca4'(He', n) reaction, Cline
et at. ' find. that, of three potentials that fit He' elastic
scattering equally well, only the deepest of these with
Uo ].80 MeV will 6t the reaction data. Similarly,
Drisko and Rybicki' are able to fit data from the
Ca"(He', p) reaction with a He' potential of 181 MeV,
but not with that of Ref. 10 at 94 MeV. For these
reasons, the studies described below were based on
parameters associated with the ambiguity with Uo 180
MeV.

Vr. DEPEmzmCE OZ OI TICAL-MODEL
PARAMETERS

The possible existence of systematic trends in optical
potential well depths as a function of nuclear composi-
tion was investigated by analyzing all of the 37.7-
and 43.7-MeV data with the same 6xed set of geometri-
cal parameters. The standard geometry was arrived at
by averaging the geometrical parameters obtained from
independent six-parameter searches made to fit data
from each of the nuclides. All of these six-parameter
searches were started from a set that was related to the
ambiguity with the U0=180 MeV found for Ni58.

Data from each nuclide were then 6tted by varying
only Uo and lVO, and the geometrical parameters were
assigned the standard values. Values of the parameters
so obtained are listed in Table IV. Finally, a second
six-parameter search was carried out for each nuclide,
starting from parameters that minimized X.' for the
standard geometry. The "best-6t" parameters thus
obtained are shown in Table V.

TABLE V. The optical-model parameters that yielded a minimum value for x' when all parameters were allowed to be varied. &

Ca"
Fe~6
Ni"
Nl
+89
Zr90

E(MeV)

37.7
37.7
37.7
43.7
43.7
43.7

vo(MeV)

176.9
174.2
172.6
171.8
175.2
170.1

1.164
1.146
1.14/
1.152
1.145
1.156

0.654
0.689
0.712
0.703
0.784
0.689

W o(MeV)

15.47
20.36
20.16
18.00
13.96
18.32

1.617
1.488
1.562
1.574
1.587
1.537

0.975
0.928
0.802
0.918
0.633
0.876

x'

766
483
254
464

3750
228

16.65
12.71
5.90

10.09
93.75
3.25

a In the headjng of the last column, N is the number of data in the anguIar distribution and Ii is the number of parameters varied.
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Pro. 7. The elastic angular distribu-
tions at 37.7 MeV for Ca40, I~e56,

and Ni'8. The dashed curves were ob-
tained using optical-model parameters
that minimized x' for each nuclide.
The solid curves were obtained using
the standard geometry discussed in
the text.
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The quality of its obtained ~jth the standard
geometry are compared in Figs. 7 and 8 edith the "best
its" obtained in the second set of six-parameter
searches described above. Except in the case of Ca40,
the improvement in ht obtained by varying all six
parameters is marginal. The 6t to Ca vras improved
substantially by a small increase in go' and a', leaving
the geometry of the real &veil unchanged.

The values of Uo and 8'0 that minimize X' for the
standard geometry (ro' and u' modified for Ca4') are
shove in Fig. 9. Values of the parameters as obtained
arc listed ln Table IV. Thc points for Ca, Fc

~
and

Ni" correspond to a bombarding energy of 37.7 MeV
and Y" and Zr'0 to 43.7 MeV. However, the energy de-
pendence of the potentials is so vreak for Ca4 and Ni'8

(see Sec. VII) that, ii this also applies to Y" and Zr'",
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FIG. 8. The elastic
angular distributions at
43.7 MeV for Ni", Vs',
and Zr90. The dashed
curves mere obtained
using optical-model pa-
rameters that IMQUnized
g' for each nuclide, The
solid curves mere ob-

. taHMd usUlg the stan-
dard geonMtry discussed
in the text. The insert
is a linear plot of the
small-angle Zr" data,
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thy go~ggfjon to Rn energy Of 31.7 McV wollkI bc o&~g

of the order of j. MCV for U0 Rnd 8'0, Rnd has been

ignored. .
Thc potentials that InlDHMzc + vary very littIc ovcx'

the range of A studied in these experiments. No
slgnlGcRnt rcQuctlon ln scatter of vah&s of Uo Rbout

their Rvelagc coUM be obtalneQ by RssuIQlng Rn lsosPlD

dcpen{3.ence of Uo.

There now cxlsts Q1formatlon on Hc SCRttcI'lng by
CR" Rnd Ni'8 over R suKcientIy &ride xange of born-

4RDBng cxlcx'glcs to Justify R study of the possible encl gy
dependence of tjM optical potentials. ID the RDRlysis of
energy dependence presented here, use has been IDRde of
Hc scattering dRtR froID othcI' laboratories fol CR Rt
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Fxo. 9. Values of Ua and 8'0 for the various targets studied
that were obtained using the standard optical parameters listed
in Table IV.

22 MeV " and 64.3 MeV, "and for Ni" at 22 MeV "
and 33 MeV, '4 in addition to those from the present
experiments for Ca4' at 37.7 MeV and Ni" at 37.7
and 43.7 MeV.

In order to minimize uncertainties introduced by con-
tinuous parameter ambiguities, the geometrical param-
eters were again assigned the axed values given in Table
IV for Ca'0 and Ni'. Two-parameter searches were
carried out on each set of data in which only Uo and.
g 0 were varied to minimize X'. The 6ts that were ob-
tained for Ca4' are shown in Fig. 10, and those for Ni"
in Fig. 1.1. The potentials Uo and 8"0 that gave these
6ts are plotted against bombarding energy in Fig. 12.
The error bar on Uo for Ni" indicates the uncertainty
with which the data determines Uo under the constraint
of 6xed geometry.

A systematic energy dependence of Uo, though weak. ,
appears to be demanded by the data, especially for the
Ni" target. The variation of lVO with energy is also

IO
0

IO'-

Ca {He, He ) Ca

E = 2P. MeV

(LOS ALaMOS)

lo

IO

E = 37.7MeV

{PRESENT eORK)

IOO—

E = 64.3MeV
(BERKELEY)

, ~

IIO907020 30 40
l

0 IO 50 60 80 IOO I 20 IW I@0

FIG. 10. Elastic angular distributions for Ca40 at 22 MeV (Ref. 12), 37.7, and 64.3 MeV (Ref. 1S).The solid lines are 6ts
obtained with the geometry given in Table IV for Ca4'. The well depths are shown in Fig. 12.
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I.O =
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Fj:G. 11.Elastic angular distributions for Xi'8 at 22 MeV (Ref. 12), 33 MeV (Ref. 14), 37.7, and 43.7 MeV. The solid lines are
Gts obtained with the geometry given in Table IV for Ni' . The well depths are shown in Fig. 12.

quite marked for Ni58, and is distinguished from Ca'

by a rapid decrease in 8'0 with increasing energy for
E&38 MeV. Both of these e6ects may merely react
shortcomings of the optical model. However, it is inter-

esting to conjecture that they reRect the structure as-

pects of the target. Percy" has suggested that the

"P.G. Percy, Phys. Rev. 131, 745 (&&63).

quadrupole excitation is an important source of non-
locality for the optical potential for nucleons. This leads
to an increased energy dependence of the real well for
vibrations. This excitation is also known to account for
a large fraction of the imaginary well depth of the
nucleon well. " As the energy increases the effect of
coupling to this excitation becomes weaker. " Pre-
sumably such an effect could be important for heavier
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projectiles such as the He' ion where the eRective

coupling between the elastic and inelastic channels is

stronger. This is currently being checked using coupled
channels methods.

180-
ra* l.l4F a = 0.723F

Ca

VQI. SUMMARY

The optical model has been found to give a good
account of the elastic scattering of He' ions. Because of
the dominance of absorption, many potentials are
capable of describing the present data. However, our
studies have indicated that additional data at back
angles would considerably restrict these ambiguities,
particularly those of a discrete nature.

Of the multiple parameter sets which 6t the elastic
scattel lng of 37.7-MeV He lons fl OIn Nl

q we have
selected a set which seems to satisfy the requirements
of reaction calculations and which has a real well
depth of order three times the potential for nuc].cons.
When applied to the scattering of He' ions from other
targets and over a wide range of energy, a potential
with the same geometry yields acceptable its with
smoothly and slowly varying well depth parameters.

The variation of potentials with mass member does
not show any strong dependence on neutron excess such
as has been found in the optical potential for nucleons.
The parameters may, however, show some dependence
on the structure of the target.

lTO-

ro =l.64F a'=0.9IF for Ca

r' =l,60F a' =O.BIF for Ni

20—
0

tMeV)

to-
f I I

0 IQ 20 30 40 50 60 70
lNClOENT ENERGY E {MeV)

Pro. 12. Real and imaginary AH depths as a function of energy
for Ca4' and Ni".
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