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Elastic scattering angular distributions were measured for' 46-MeV 'He over the —30 —110' range and
for 41-MeV n particles over the -25'-150' range for the neighboring targets ' Al, "' ' Si. For a
particles, l = 2 inelastic scattering data were also obtained at angles beyond —50'. For He the three Si
targets yield similar angular distributions that are different from that of Al at angles larger than —55'.
The elastic a-particle data supplement earlier back angle data to yield almost complete angular distributions.
The "Si a-particle elastic angular distribution exhibits an anamoly in the 80'-150' region. The 'He data
were fitted by optical model potentials with either volume or surface absorption, To fit all of the a-particle
elastic scattering data, potentials with both volume and surface absorption, with separate geometry
parameters, were needed. Distorted-wave Born-approximation analyses of the e-particle inelastic scattering
data yield values of P~ that are in reasonable agreement with values obtained from analyses of scattering at
other energies and incident particles.

NUCLEAR REACTIONS (sHe, sHe) at MeV and (rr, n') at 41 MeV from, +Al,
'3 'Si; enriched targets. Measured 0(0); performed optical model and D%BA

analyses; deduced scattering potentials and P2 values.

I. INTRODUCTION

At energies of a few tens of MeV both u and 'He
elastic scattering angular distributions exhibit pro-
nounced structure which usually varies smoothly
with target mass and incident particle energy. The
elastic scattering has been generally well de-
scribed by the optical model in that the parameters
of the potential have been found to vary smoothly
with target mass (A) and bombarding energy (E„„).
There are cases, however, of low energy & scat-
tering from light targets which show irregular
variations withe and/or E„„which may be due to
compound nucleus or nuclear structure effects.
This is particularly true for targets in the s-d
shell.

There are also cases where significant differ-
ences are observed between the scattering from
heavier neighboring even and odd targets. For
example, at angles beyond -50', the elastic angular
distributions of both 'He and o' particles for "Co(I
= -') have minima that are much shallower than for

2' Ni(I =0) "'
In optical model analyses' of 'He elastic scatter-

ing from a number of neighboring target pairs,
the target spin effects were found tobe consistent
with a real spin-orbit well depth -1 MeV deeper
for the I &0 targets than for the I =0 targets. For
o.-particle scattering, a theoretical study by
Rawitscher' has shown the target spin-orbit term

to be much smaller in the o'. -nucleus optical model
potential.

Target spin differences for 'He scattering have
also been accounted for by a quadrupole contribu-
tion to the elastic scattering from the I 40nucleus',
for the case of "Co and "Ni, the target spin effect
for both 'He ahd &-particle scattering has been ac-
counted for by the quadrupole contribution. ' For
an I = ~ target nucleus the quadrupole contribution
to the elastic scattering is zero; thus data from
neighboring targets that include an I = & nucleus
are favors, ble cases for further study to deter-
mine whether there are target spin effects that can-
not be attributed to such a contribution.

In the work reported here, u-particle and 'He
elastic scattering angular distributions were mea-
sured for targets of "Al(I=-', ), "'"Si(I=0), and
"Si(I= s). An incident beam energy of -40 MeV
was selected for the u-particle scatteringbecause
measurements on these targets at this energy"
had been obtained for the angular region Gear 180'.
For the 'He scattering, an incident particle energy
of 46 MeV was selected. Earlier measurements
around 30 MeV (Ref. 8) had shown only a hint of
target spin effects, While 60 MeV 'He elastic scat-
tering from "Al shows very little structure in the
angular distribution beyond -60'.'

After a brief description of- the experiment in
Sec. II, the experimental results are presented in.
Sec. III. Optical model analyses of elastic data
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from the four target nuclei are described in Sec.
IV, and Sec. V presents a comparison of distorted-
wave Born- approximation (DWBA) calculations
with our inelastic scattering data. A short sum-
mary and discussion are presented in Sec. VI.
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II. EXPERIMENT

The data were obtained with beams of n and 'He
particles from the Grenoble cyclotron. Beam in-
tensities as high as 150 nA on target were used.

For the a-particle measurements, four silicon
surface barrier detectors were mounted on two
movable arms in the scattering chamber. For the,
He measurements, particle identification was re-

quired and was achieved by using telescopes of AE
and E detectors of 300 and 2500- p,m thickness, re-
spectively. Four such telescopes were used. All
detectors were cooled to ——20'C by thermoelectric
devices. Angular acceptance of the detectors was
-0.6'.

The silicon isotope targets were in the form of
silicon oxide evaporated onto plastic backing. The
oxygen and carbon impurities limited measure-
ments of plastic scattering to angles beyond -24'
and inelastic measurements to angles beyond -45'.
Enrichments of the principal isotopes were 99.8%,
95.3%, and 95.6%, respectively, for the "Si, "Si,
and ' Si targets. Target thicknesses of silicon as
determined by measuring elastic scattering of 9-
MeV protons were 139, 162, and 120 pg/cm', re-
spectively, for "Si, "Si, and "Si. The aluminum
target was a self supporting foil 950 pg/cm' as
determined by n-particle energy loss in the foil.
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III. EXPERIMENTAL RESULTS

A. O. -particle scattering

The n-particle elastic scattering cross sections
are presented in Fig. 1 (along with the 'He elastic
scattering data) where they are plotted as ratio to
Rutherford scattering cross sections. ' Data near
180, obtained earlier at near the same energy, '
are included in the a-particle angular distributions
shown in Fig. 1.

It is observed that the elastic n-particle angular
distributions may be divided into three distinctive
regions —forward of -80', -80'-150', and ba.ck of
-150'. In the forward region, data from the four
targets exhibit very similar diffraction patterns.
We note that for ' Al, 'Si, and "Si, values of
o/a„are about equal at each of the three most for-
ward maxima, which suggests that the absolute
normalizations do not contain large errors. For
"Si, the second and third maxima could imply that
the absolute normalization may be 10-20% low.

The second angular region is more interesting in

10
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FIG. 1. Elastic scattering angular distributions plotted
as ratio-to-Rutherford scattering cross sections. The +-
particle data back of 150 are from Ref. 7. The curves
are drawn to guide the eye.

that pronounced differences between the targets
occur. The ' Al and "Si data in this region are
similar, and both are different from that of Si.
Furthermore, the "Si angular distribution is very
different from that of ' Si; both are I= 0 nuclei,
so the observed difference in this angular region
cannot be attributed to target spin effects. We note
that the present 41-MeV n-particle elastic scatter-
ing angular distribution for Si is very siimilar to
one measured at 39.5 MeV in earlier work. "

Quadrupole coupling contributions are largest
at the elastic scattering minima, both in absolute
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and relative magnitude. For "Al, the cross sec-
tions in the minima near 40', 55', and 70' are
larger than for the three Si targets and provide
some indication of a quadrupole contribution to the
elastic scattering from "Al. The differences ob-
served in this angular region are comparable to
those in the 42-MeV n-particle scattering data
from @' ' Mg reported by Blair and Naquib
The latter data, however, extend only to -70 and
do not indicate whether the distinctive behavior at
larger angles observed in the present "Si data also
characterize the '

Mg elastic Scattering.
. Other examples of n-particle scattering from

"Al and "Si include data at 22 MeV reported by
Lega and Marq" and at 27.5 MeV reported by
Bobrowska et al. ' While these lower energy data
extend to almost 180', the unusual behavior in She

present 41-MeV data for "Si at angles beyond -70'
is not observed in the 22 and 27.5-MeV data.

Pronounced differences in the 41-MeV n-particle
scattering from the four targets are also observed
in the region beyond 150'. The angular dj.stribu-
tions from ' Al and "Si exhibit a strong back angle
rise which is attenuated for "Si and attenuated
further for "Si. It has been suggested that the
magnitude of the maximum at 180' may be related
to the neutron number of the target. '4

B. He scattering

The measured angular distributions for 'He
elastic scattering are also presented in Fig. 1.
At angles forw'ard of -55' the four angular distri-
butions are similar. At larger angles, data from
the three silicon targets are similar but different
from that of "Al. The differences are qualitatively
like those observed earlier' for "Co and "Ni but
are larger in relative magnitudes. The similarity
of the elastic angular distributions for the three
Si targets (which include the I= —, isotope "Si) sug-
gests that for 'He scattering, target spin effects
could be principally due to quadrupole contribu-
tions.

A careful examination, however, raises a ques-
tion of whether the differences are indeed due to
quadrupole coupling. In Ref. 5 the quadrupole con-
tribution was deduced from the measured quad-
rupole moment of the odd nucleus ground state
and the measured B(E2) for excitation of the cor-
responding 2 state in the even nucleus. For the
case of "Co and "Ni this yielded

o„("Co)= o „("Ni)+ 0.2o „„("Ni,0'- 2').

In the present case, by using a quadrupole moment
for "Al of 15 fm' (Ref. 15) and a B(E2) for "Si of
315 e'fm' (Ref. 16) one obtains the result

o„( 'Al) = o„("Si)+ 0.038@„„("Si,0'-2') .

This implies that in the region of the deep mini-
mum (at 70' in the "Si elastic angular distribu-
tion) the inelastic scattering to the lowest 2' level
must be larger than the elastic scattering by a fac-
tor of -100 to fully account for the difference by a
quadrupole contribution to ' Al elastic scattering.
Unfortunately, 'He inelastic cross sections were
not obtained, but an upper limit of 15 for the ratio
o',+/g„could be inferred from the pulse height
spectra. It thus appears that the observed differ-
ences in 46-MeV Hescattering from Al and Si.

are not principally due to quadrupole contributions.

C. Inelastic scattering

Background due to target backing limited n-par-
ticle inelastic scattering measurements for the
silicon targets to angles larger than -50 and pre-
vented any usable 'He inelastic scattering mea-
surements.

Inelastic scattering angular distributions for n
particles were obtained for the lowest 2' states
in ".' Si and the —, level at 1.28 MeV in ' Si. For

Al more complete angular distributions were ob-
tained for the two strongest peaks in the energy
spectra. These are the -' level at 2.21 MeV and
the unresolved doublet 2 at 2.98 MeV and —"at
3.00 MeV; the latter is believed to be principally
due to excitation of the —,

"level. These are the two-
highest spi;n levels of the multiplet of levels in "Al
resulting from weak coupling of a 1d' ' proton hole
to the 1.78-MeV 2' collective level in "$i. These
are also the most strongly excited levels observed
in 18-MeV 'He scattering" and 47.5-MeV proton.
scattering" from "Al.

The inelastic scattering data are presented in
Sec. V, where they are compared with DWBA cal-
culations.

IV. OPTICAL MODEL ANALYSES

A. 3 He elastic scattering

A number of optical model fits to the 'He elastic
scattering angular distributions were performed,
using the optical model codes GENOA" and
RAROMP, with potentials of the Woods-Saxon form
factor. Ambiguities in the real well depth V are
known to exist, "particularly at lower energies.
There is also some ambiguity associated with the
choice of surface or volume absorption.

In analyses of 59.8-MeV He scattering from
aluminum, ' the ambiguity in V was removed when
large angle data were included; these analyses
also indicated a preference for surface absorption
over volume absorption. Artemov et al. analyzed
35.7-MeV 'He elastic scattering data from a num-
ber of targets including "Al and "Si; potentials
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with V-160 to 180 MeV gave equally good fits with
either volume or surface absorption. In analyses
of 37.7-MeV 'He scattering from "Al by Barnard
and Jones" (with volume absorption only), poten-
tials with V 110 and 180 MeV gave similar (good)
fits to the data.

Inasmuch as the present 46-MeV data are at an
energy intermediate between that of Refs. 22 and
23 and the 59.8-MeV data of Ref. 9, we performed
a grid-type analysis of the data from one of the
targets —"Si. A value was assigned to V and )('/N
was minimized by varying the geometrical param-
eters for the real and imaginary wells. Then V
was incremented and the procedure repeated. This
sequence was followed at. intervals of 10 MeV from
V= 80 to V= 220 MeV. Subsequently, additional
searches were performed at intermediate values
of V near the extremities of discrete families of
potential. For these searches a fixed value of 8'v
= 20 MeV was used and the spin orbit well depth
was set at zero.

Plots shown in Fig., 2 summarize the results of
the grid searches on the "Si data. Each of the
plots in Fig. 2 (except the one for rr) exhibits a
pronounced systematic behavior characteristic of
the discrete family ambiguity; the plot of x„also
shows the continuous VrR- const ambiguity within
each of the discrete families. The discrete family
behavior of the diffuseness parameter is more
pronouned than was observed in. a similar analysis'
of 'He scattering from ' Ni. All of the potentials
obtained from the grid searches (except for V= 220
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FIG. 2. Values of geometry parameters, volume inte-
grals, and X2/N as. functions of real well depth obtained
-from grid-typ4 analysis of 46-MeV 3He elastic scatteririg
data from 29Si. Jz is defined in the caption to Table I.

~—~ I I
-

I I I I Ir O-O-O
~.s —i V O~Oq O—~—O—O

~-O ~ ~

E

)2

TABLE I. Parameters of the optical model potentials that yie1d the angular distributions
compared with 46-MeV He scattering data in Fig. 1. , Well depths are in MeV, geometry pa-
rameters are in fm, volume integrals are in MeVfm3. The value of r& is 1.15 for all of the
potentials. We define Jn ——(1/A A&)4w V J rtf(r)dr, where f(r) is the radial form factor and A&
and A, are, respectively, the projectile and target masses.

Target Potential Wv rv X /N

A
B
C
D

177.0 0.693
176.8 0.693 41.2 1 ~ 10 1.12
109.4 0.806
110.3 0.803 23.9 1.47 0.928

30.9 0.621 1.17

21.1 0.898 1.08

526 14.9
525 16.3
357 21.7
359 19.4

29Si

A
B
C
D

A
B
C
D

182.3
182.3
117.9
116.3

179.3
179.4
116.5
116.0

0.695
0.688
0.804
0.781

0.663
0.653
0.770
0.753

31.8 1.40 0.925

20.1 1.67 0.758

25.6 1.45 0.888

19.1 l.60 0.807

29.3 0.964 0.947

23.4 1.21 0.797

25.3 0.963 0.944

21.1 1.14 0.836

538 10.5
535 10.3
381 14.4
369 9.6
513 4.1
509 4.4
563 8.0
357' 5.8

30Si A

C

177.9
177.4
114.1
114.0

0.653
0.651 30.5 1.29 1.03
0.748
0.744 21.1 1.51 0.895

26.0 0.810 1.07 502 9.8
500 10.1

20.6 0.991 0.989 347 12.9
346 10,1
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reasonable for all four targets) and a spin orbit
welf. depth of Eero was used. The parameter sets
thus obtained are listed in Table I and Fig. 3 shows
the fits to the experimental angular distributions.
Only the ' Al and "Si data sets contained any points
at angles forward of the minima near 30'. These
points, particularly for "Ak, differed appreciably
from all of the optical model predictions and. were
not used in calculating the y'/N values shown in
Table I.

Generally, all four' potentials obtained for each
target give good overall agreement with the exper-
imental angular distributions. In contrast to the
results obtained for the 59.8-MeV data in Ref. 9,
the analyses of the present 46 MeV data show no
preference for either of the two discrete families
of potential or for volume or surface absorption.

The 'He data cover a smaller angular range than
the n- particle elastic scattering data. The poten-
tials that gave the best overall fit to the latter (dis-
cussed below) included both volume and surface
absorption. A parameter search with both volume
and surface absorption terms in the potential was
tried for the "Al 'He data with no improvement in
the fit.

For the "Al data, a search with potential D of
Table I with V, (the spin-orbit well depth) as a
variable parameter yielded a value of V, -0.5 MeV
and a y'/N 5% smaller. Figure 4 compares the
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FIG. 3. Optical model fits to 46-MeV 3He elastic scat-
tering data. Parameters of the potentials are listed in
Table I.
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MeV) yield good fits to the data forward of -60';
the principal contribution to g'/N was from data
at larger angles.

Six-parameter searches were performed for
each of the four data sets with either volume or
surface absorption and starting values of V-180
and 120 MeV. Thus, for each target two fits were
obtained for each of two discrete real well depth
families. For these searches r ~ was fixed at 1.15
fm (a value shown by grid searches on rz to be
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FIG. 4. Optical model predictions (with potential A of
Table Q with V~= 0 and 3.Mev compared with 46 MeV 3He

elastic scattering data from 3 Si.
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"Si data with angular distributions predicted (with
potential 4 of TableI) with V, =0 and V, =3 MeV;
for these calculations r, =r~ and a, =a~. As can be
seen in Fig. 4, inclusion of the spin-orbit term has
a negligible effect except at angles &80'.
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B. o.-particle elastic scattering

A number of preliminary apfical model analyses
concentrated on the "Si data. Potentials of the
gloods-Saxon form factor with either volume or
surface absorption were obtained which would re-
produce the general trend and gross features of
the data but not the details of the structure in the
angular distribution. Potentials with l-dependent
volume absorption were also tried but with only
moderate success. In contrast to "Si, data from
the other isotopes, particularly "Al and "Si, were
more easily fitted and a number of potentials with
well depths corresponding to discrete families
yielded good agreement with the data.

The best overall agreement with the data from
all four targets was obtained in parameter
searches for potentials that simultaneously include
both volume and surface absorption with variable
geometry parameters for each of the bvo absorp-.
tion wells. The optical model parameters for two
potentials thus obtained for each of the four tar-
gets are listed in Table II. Examples of these
eight-parameter fits (~„was fixed at 1.18 fm) to
the data are shown in Fig. 5, where 40.1-MeV back
angle data' have been included.

The data shown in Fig. 5 span a large angular
range. For 'Si, 11 minima are observed in the
angular distribution and nine or more are defined
in the data shown for the other targets. The op-
tical model fits are in rather good agreement with
the data; almost all of the features of the data are
reproduced, including the region between 80' and
150 where "Si data differ dramatically from that
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160

of the other targets. The back angle peaks, which
exhibit a large variation in 180' cross section, are
also fitted by the optical model potentials repre-
sented by the parameter sets listed in Table D.

The parameter sets in Table II show sortie in-
teresting features. The values of a~ are surpris-
ingly small and for "Si r~ is significantly smaller
in the group A. potentials than for the other tar-
gets. Increasing r~ for "Si to a value near that
obtained for the other targets, as in the group B

FIG. 5. Eight parameter fits to 41-MeV n-partj. cle
elastic scattering. Parameters of the potentials are lis-
ted in Table II. The data back of 160 are from Ref. 7.
Parameters of the potentials are those of set A listed in
Table II.

TABLE II. Parameters of optical model potentials obtained from fitting the 41-MeV &-
particle elastic scattering data presented in Fig. 1. Well depths are in MeV, geometry pa-
rameters are in fm, volume integrals are in MeV fm . The value of xz is 1.18 for all of the
potentials. J& is defined in the caption to Table I.

Target Potential

A
B

179.1 0.736 27.2 1.38 0.23 4.88 1.53 0.590 440 8.5
123.3 0.831 24.7 1.30 0.25 4.66 1.70 0.506 328 6.6

28Si

29Si

30sl

A
B

A
B

A
B

177.4
121.1

172.1
142.7

167.0
155.1

0.740 43.8
0.799 20.6

0.710 30.2
0.720 . 63.4

0.769 25.6
0.731 28.2

l

0.995
1.35

1.38
.1.33

1.34
1.34

0.195
0.183

0.232
0.299

0.145
0.199

6 32 1 60 0 446 434 20
3 90 1 73 0 520 311 13

5.95 1.31 0.745 408 16
1.19 1.97 0.513 341 14

8.47 1.62 0.458 412 18
4.69 1.71 0.521 372 16
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FIG. 6. Optical model predictions for 41-MeV e-particles on Si compared with the data in the 80-150 region. Pa-
rameters of the potentials are. listed in Table II.

potentials. of Table II, resulted in a poorer fit, es-
pecially in the region between 80' and 150', where
the "Si data are most different from those of the
other targets. This is demonstrated in Fig. 6.

A grid-type analysis, like that described above
for 'He scattering, was performed for the full
angular range-of the elastic n-particle data from
"Al. Fixed values of TV~=25 Me& and W~=5 Me&
were used. For each value of V, X' was mini-
mized by varying the geometrical parameters of
the real, volume absorption, and surface absorp-
tion wells. Results of this analysis, presented in
Fig. 7, show some evidence for both the discrete
families and the contiriuous Vx~ ambiguities in the
optical model potentials that fit 41-MeV o.-particle
scattering over the almost complete angular range.
Values of a~ were in the range of 0.7 to 0.8 fm;
values of x~ were between 1.3 and 1.4 fm; and a~
values were between 0.2 and 0.3 fm. The values
of x~ and a~ varied over the largest range; for
V&120 a~ was larger than r~. The results pre-
sented in Fig. 7 suggest that potentials A and B
of Table II for each target are in two discrete
families, although the two values of V for "Si dif-
fer by only 12 MeV.

While good six-parameter fits were readily ob-
tained for "Al and "Sidata with small radius pa-
rameters and real well depths -200 Me& in agree-
ment with earlier studies, 24 the 28Si and 308i ango
lar distributions could be fitted well only by adding
to the volume absorption a substantial surface ab-

1.4
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FIG. 7. Values of w&, J&, and g /N as functions of real
well depth for 41-MeV n-particle elastic scattering on-
~~Al. The full range of the data shown in Fig. 1 was used
in the grid-type analysis. J& is defined in the caption to
Table I.
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sorption at large radius (r~-1.60 fm).
To emphasize the difference between the "Si &-

particle data and these from the other targets, we
show in Fig. 8 plots of the imaginary part of the
complex wave number, Kl(r), calculated with the
parameters of group A potentials of Table II. The
deep minimum at 3.5 fm in the 'Si curve does not
appear in a plot of Kl(r) with parameters obtained
from fitting the 'He scattering data. It thus ap-
pears that the minimum observed in Fig. 8 for the
best fit parameters obtained for the "Si n-particle
data is evidence for some n-structure effect in the
n-particle scattering. We also observe a shallow-
er minimum at larger radius for the ' Si plot in
Fig. 8. Any parameter set we found that would re-
produce the distinctive structure observed in the
"Si databetween 80 and 150 yielded a Kz vs ra-
dius plot like that shown in Fig. 8.

In the 22 MeV data of Ref. 12, the distinctive
structure is not observed although there are dif-
ferences between the Si and Al data. It thus ap-
pears that at this lower energy, a-particle elas-
tic scattering is more limited to the nuclear sur-
face and that the effect that produces the distinc-

tive structure observed in the present "Si data
has its origins in the nuclear interior.

The potentials characterized by the parameter
sets listed in Table II were obtained in searches
with eight variable parameters and one, x~, com-
mon to all of the data sets. Further analyses were
performed in which all four data sets were fitted
simultaneously with additional parameters made
common to all data sets while other parameters
were data set dependent; only potential set 4 was
used in this part of the analysis. The principal re-
sults of this were as follows: The diffuseness of
the real well depth a~ could be set at 0.74 with
only slight effect on the fits. If V was made com-
mon to all data sets, a value of V=176 was ob-
tained and the predicted cross sections for "Si
near 180' are a factor of -3 larger than the mea-
sured values. The region of "Si data between 80
and 150' was poorly fitted unless r~ was data set
dependent and, for "Si, -25% smaller than for the
other targets.

V. ANALYSIS OF THE O', -INELASTIC SCATTERING DATA

Distorted-wave Born- approximation calculations
were performed, with the code D~CK" for the +-
particle inelastic- scattering angular distributions
measured in the present work. These calculations
employed microscopic, collective form factors of
the conventional potential-derivative form. The
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e(fbi)
)0

FIG. 8. Values of the attenuation coefficient X'I and
imaginary potential W= W„+ W& as functions of R for 41-
MeV e-particles. These were calculated for potential
setA of Table II. The vertical line at 3.6 fm indicates
the half-falloff radius of the real potential.

I I I I I I

20 40 60 80 &00 )20 )40 )60

ec.m. ~"e&~

FIG. 9. Inelastic scattering angular distributions for
41-MeV e-particles on Al compared with DWBA pre-
dictions for potentials A and B of Table II.
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"Al data are compared in Fig. 9 with the DWBA
predictions obtained with both potentials A. and 8
of Table II. For each of the levels, the calculated-
angula~ distributions are very similar for the two
potentials, and good agreement with the data is ob-
tained in the angular region forward of -100'.

Figure 10 compares the DWBA predictions, ob-
tained with both sets of potentials, with the data
from three silicon targets. Again the two calcu-
lated angular distributions are similar for both

Si and Si.. For Si., however, h predicted
angular distributions for the two potentials differ
appreciably at angles larger than -80, as was
also observed above for elastic scattering. The
fits to the data are reasonably good for both the

level of "Si and the 2' level of ' Si; for the 2'
level of "Si, good fits are obtained over a much
smaller angular range.

Table II'I lists values of P2 extracted from the
DWBA fits and compares them with values re-
ported from analysis of other scattering measure-
ments. The values obtained in the present work
for potentials A. and B of Table II are in good
agreement. The agreement with other work is
reasonably good, especially for the silicon iso-
topes. We are aware of no published deformation
parameters for "Si, although Coker eI; al."have
suggested a value of P, =0.35 for the -', level based
on an interpolation between P, values for "Si and

Si. The present results confirm this value.
Finally, since it was considered possible that

the "anomalous" structure in the "Si n-particle
elastic scattering could be due to coupling effects,
coupled channels calculations were performed
which included quadrupole and hexadecapole de-
formations. Even with parameter searching, fits
to the elastic scattering data were not improved,
although the fits to the inelastic scattering data
were somewhat improved. It thus appears that the
strongly oscillating structure, observed in the "Si
e-particle elastic scattering data back of 80', is

10
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FIG. 10. Inelastic scattering angular distribution for
41-MeV e-particles on ' ' 'Si compared with DWBA
predictions for potential sets A and B of Table II.

TABLE III. Values of the quadrupole deformation parameter p& obtained from DWBA fits to
inelastic scattering data. The parameters of potentials A and 8 are listed in Table II,

Level This work
Nucleus (MeV) J' Pot. A Pot. B Other work Reaction Ref.

28Si

298i
30Si

2.21

3.0

1.78

1.28
2.23

0.41

0.36
2

2' 0.43

0.35
2+ 0.38

0.39

0.34

0.41

0.34
0.40

0.56
0.52
0.36
0.48
6.40
0.32
0.35
0.31
0.34

(3He, 3He)

(p, p')
('He, 'He')
(p, p')
(p, p")
(o. , n')
Interpolation
(d, d')
((y, n')

18 MeV
17.5 MeV
18 MeV
17.5 MeV
25 MeV

104 MeV

17
18
17
18
26
27
28

11.8 MeV 29
16 MeV 30
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not principally due to effects of coupling to inelas-
tic channels.

VI. SUMMARY AND CONCLUSIONS

We have presented measurements and analyses
of scattering of 41 MeV n particles and 46-MeV
'He for the same group of neighboring targets. The
principal motivation was to examine the data for
evidence of target spin effects such as were pre-
viously observed" in both 'He and n-particle elas-
tic scattering from "Co and "Ni. A second mo-
tivation for the a-particle data is that they supple-
ment the earlier back angle measurements' to de-
termine almost complete angular distributions.

For both particle types there is some qualita-
tive evidence for target spin effects. This is lim-
ited to the angular region between -40 and 70;
where minima observed in the "Al elastic angular
distributions are shallower than the corresponding
minima in the elastic angular distributions for the
silicon targets. The evidence being limited to such
a small range of angles, however, is less defini-
tive than was observed earlier"' in a different
target mass region.

A strong anomaly was observed in the o.-particle
elastic scattering from "Siwhich could be fitted
well only by using optical model parameters dif-
ferent from those obtained by fitting data from

neighboring targets.
n-particle data for an almost complete angular

range were fitted rather well with potentials that
include both volume and surface absorption. A

global optical model analysis failed to fit all four
data sets by using parameters which vary smooth-
ly with target mass; the most difficult regions
were 80 -150' for "Si and near 180 for "Si. Po-
tentials with radial form factors different from
the Woods-Saxon form factor were not explored
in our analyses.

In the 'He elastic scattering, the three silicon
targets are very similar and different from "Al.
It is possible that the difference is due to a target
spin effect but unlikely due entirely to a quadru-
pole contribution. Good optical model fits to all
of the 'He angular distributions were obtained
with either volume or surface absorption.

Grid-type searches. show clearly both the dis-
crete family and continuous Vx„ambiguities in
the 46-Me7 'He elastic scattering and some evi-
dence for the ambiguities in the n-particle scat-
tering.

We conclude that a-particle scattering from "Si
at 41 MeV exhibits an anomaly perhaps associated
with an n-particle structure of this nucleus. More
detailed measurements including excitation func-
tions of elastic scattering are needed for a better
understanding of the anomalous scattering.
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Energy.
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