PHYSICAL REVIEW VOLUME

146,

NUMBER 3 17 JUNE 1966

Inelastic Alpha-Particle Excitation in the Even Tin Isotopes

N. Baron, R. F. LEoNARrD, JorN L. NEep, AND W. M. STEWART
Lewis Research Center, National Aeronautics and Space Adminisiration, Cleveland, Ohio

AND

V. A. MADSEN*
Oregon State University, Corvallis, Oregon
(Received 7 February 1966)

Angular distributions were measured for elastic and inelastic alpha-particle scattering by isotopically
enriched targets of 116Sn, 118Sn, 10Sn, and 12Sn using the 40-MeV alpha beam of the NASA 60-inch cyclotron.
Two states of energies close to 1.2 and 2.4 MeV were the only strong excitations observed. The inelastically
scattered groups of alpha particles were analyzed using a distorted-wave Born approximation (DWBA)
and the nuclear vibrational model. The results of these calculations are in good agreement with the known
spins and parities: 2+ for the first excited state and 3~ for the second. DWBA calculations were also carried
out for the 2% excitations using eigenfunctions of the pairing plus Q-Q potentials. The calculated cross
sections show a tendency to decrease with increasing neutron number. The experimental trend is qualita-
tively similar but much less regular. The absolute cross sections calculated using only cloud configurations
are short of experimental values by about a factor of 4 when the Gammel-Thaler 40-MeV proton-alpha
interaction is used. The relation of this discrepancy to the contribution from extracloud configurations is

discussed.

INTRODUCTION

N studies of nuclear inelastic scattering to collective
states using the distorted-wave Born approximation
(DWBA), close agreement with experiment has been
obtained with only the interaction strength as a free
parameter, since the optical parameters for the dis-
torted waves were obtained from elastic scattering fits.
The interaction strength is not really free, since in the
nuclear-vibrational model it is proportional to the
deformation parameter 8, which may be obtained from
other reactions. In the use of a particle model for the
nuclear states, the strength is again not a free parame-
ter, since it is related to the free nucleon-projectile
interaction strength. The relation need not be simple,
however, because of the presence of other nucleons and
because the interaction is treated in first order in the
DWBA and exactly in free collisions. In fact, it may be
optimistic to expect a simple local interaction to be
capable of representing the collisions that produce the
nuclear excitation. Empirical studies are important in
order to obtain further information on the interaction.
In a recent calculation! of the absolute cross section
for excitation of the first excited state of 8Ni by 40-MeV
alpha particles, satisfactory agreement with experiment
was obtained using a phenomenological potential ob-
tained by Gammel and Thaler? by analysis of data for
elastic scattering of protons from alpha particles. How-
ever, in addition to the uncertainties discussed above,
the strength of the phenomenological free-particle
potentials decreases with increasing energy, so it is not
clear even what free-particle strength is appropriate.
The present experimental study was undertaken both
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to obtain further information about the interaction
strength and to make comparisons of the ratios of
absolute differential cross sections from one isotope to
another with the prediction of the distorted-wave
calculations. The particle-model calculations are made
under the reasonable assumption that the same alpha-
particle-nucleon interaction strength is appropriate for
all the isotopes, so the calculated cross-section ratios are
independent of interaction strength. The distorted-wave
calculations of the relative cross sections as a function
of neutron number provide a test of the systematics of
the nuclear wave functions.

EXPERIMENTAL RESULTS

Angular distributions were measured for elastic and
inelastic scattering of alpha particles by isotopically
enriched targets of 15Sn, }8Sn, !20Sn, and '22Sn using the
40-MeV alpha particle beam of the NASA 60-inch
cyclotron. The scattering system, pictured in Fig. 1,
included magnetic analysis of the incident beam and
particle detection by lithium-drifted silicon semicon-
ductor counters. The over-all energy resolution of the
experiment was held between 80 and 120 keV. Cross
sections were obtained for elastic scattering (20° <8, ...
<150°) and for the excitation of two strongly excited
states (20°<6,.,.<90°) in each of four even tin
isotopes. No other strong excitations were observed. A
typical energy spectrum is pictured in Fig. 2. The
diffraction peaks in the angular distribution are about
10° apart, necessitating the collection of data every 2°.
The experimental angular resolution was 1°. Details of
the experimental procedure and tabular data on the
cross sections are given elsewhere Experimental
angular distributions are shown in Figs. 3 to 6.

#N. Baron, R. F. Leonard, J. L. Need, and W. M. Stewart,
National Aeronautics and Space Administration Report No.
NASA TN D-3067, 1965 (unpublished).
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F1c. 3. Angular distributions (experimental and theoretical)
for elastic and inelastic scattering of 40-MeV alpha particles from
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TasLE I. Summary of black disk and DWBA analyses of inelastic scattering.

863

Distorted-
wave Born Coulomb-
approximation Fraunhofer excitation
Tin- Excitation deformation deformation deformation
isotope energy Spin parity parameter, parameter parameter,
target (MeV) J* Bowba Br: Bc
116Sn 1.287 2+ 0.13+0.04 0.11 0.11
2.325 3- 0.15+0.03 e cee
118Sn 1.207 2+ 0.1040.02 0.12
2.359 3 0.154-0.03 e ..
1208n 1.176 2+ 0.12£0.02 0.12 0.11
2.410 3~ 0.14+0.03 oo .-
1228n 1.123 2+ 0.13+0.03 0.10 0.11
2.454 3= 0.14+0.03 e 0.326

and W are the depths of the real and imaginary parts,
respectively, of the nuclear optical potential, and 4 is
the mass number of the target nucleus. In the calcu-
lation, the parameters V, W, ro, and @ are varied in
order to minimize X2 In practice, it was found that
attempts to optimize all four parameters simultaneously

obtained by fixing 7o and searching for optimum values
of the other three parameters. Repeating this procedure
for various fixed values of 7o allowed the determination
of a complete set of four parameters, which minimized
X2,

resulted in incomplete searches. Best fits were finally
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TasLE II. Summary of black-disk and optical-model analysis of elastic scattering.
Strength Strength of
of real part imaginary
of nuclear part of Nuclear Total Optical
optical nuclear optical Diffuseness radius reaction model Fraunhofer
Tin- potential parameter parameter constant cross radius radius
isotope w a 70 section Rowm Ry
target (MeV) (MeV) F) (¥) (mb) ¥) F)
116Sp 60.1 18.7 0.712 1.46 1888 7.83 7.88
118§ 61.8 26.3 0.671 1.46 1896 7.83 7.82
120Sn 58.0 28.0 0.708 1.46 1981 791 7.98
1228n 62.1 30.3 0.684 1.46 1991 791 8.02

The optical-model parameters that gave the best fit
to the data are listed in Table II along with the calcu-
lated total cross sections, which are in good agreement
with the values measured by Wilkins.® The angular
distributions predicted by these optical potentials are
compared with the experimental data in Figs. 3 to 6.
There were many other sets of optical-model parame-
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Fi1c. 6. Angular distributions (experimental and theoretical)
for elastic and inelastic scattering of 40-MeV alpha particles from
1228n.

8 G. Igo and B. D. Wilkins, Phys. Rev. 131, 1251 (1963).

ters, however, which were found to give almost equally
satisfactory fits to the experimental data. Several sets
of parameters which fit the 12Sn data almost as well as
those in Table II are listed with relative values of X? in
Table III.

All the satisfactory potentials were found to be
identical beyond a radius of about 8 F, indicating that
elastic scattering occurs mainly at the nuclear surface.
This effect was first noticed by Igo® in an analysis of
data on elastic alpha scattering from argon, copper,
and lead. The size of the nuclear radius given by the
application of Blair’s sharp-cutoff model’ is listed in
Table II as Ry. and is indeed seen to be about 8 F.
A similar value for the nuclear radius is readily ob-
tained from optical-model parameters when we define

Rom=red'?+-a.

These values are also listed in Table II.

ANALYSIS OF INELASTIC-SCATTERING DATA
Blair Sharp-Cutoff Analysis

Attempts to determine the deformation parameters
for the 2* states by normalizing to the Fraunhofer
prediction’ for the most forward experimental peak were
satisfactory only for 16Sn, 120Spn, and !%2Sn, since the
data for '8Sn were not carried far enough forward to
give a suitable peak for normalizing. These Fraunhofer
deformation parameters By, are listed in Table 1.

Distorted-Wave Born Approximation Analysis

The cross section in the distorted-wave approxi-
mation is

>z

k final states

|| K¢} |

o )25’ )

do (
dQ \dx#?

where K is the transition form factor. In the collective-
vibrational model the form factor for transition from
the ground state of an even nucleus to an excited one-

6 G. Igo, Phys. Rev. 115, 1665 (1959).
73. S. Blair, Phys. Rey. 115, 928 (1959).
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TasLE III. Alternative optical-model parameters for *Sn.

Strength Strength of
of real part imaginary
of nuclear part of Nuclear
optical nuclear optical Diffuseness radius
potential potential parameter constant X2 ratio to best fit for 2°Sn
|4 14 a 7o (parameters listed in
(MeV) (MeV) (F) (F) Table I)
316 145.0 0.710 1.19 4.00
117 48.0 0.707 1.36 1.04
103 42.6 0.705 1.38 1.03
871.7 38.5 0.708 1.40 1.02
66.1 31.1 0.710 1.44 1.00
52.0 249 0.703 1.48 1.02
434 22.5 0.710 1.50 1.02

phonon state of angular momentum L is

K(r)=YM(#)(Bsroed'?) 2T +1)72(d/dn)U(r), (3)

where U is the optical potential, and 7,43 is the nuclear
radius. The parameter B;, which is a measure of the
vibrational amplitude, is determined by normalizing
the calculated differential cross section to the experi-
mental data. All other parameters are determined from
fitting the elastic scattering data with the optical model.
The DWBA is not capable of accounting for two-step
processes, which are important in excitation of two-
phonon states,®? so the calculations made are based
on the assumption that these strong excitations are
one-phonon states. The optical parameters are those
listed in Table IT. Angular distributions, calculated with
the D.R.C. code! using Eq. (3) are shown in Figs. 3 to
6 along with the experimental data for both 2+ and 3~
states. The deformation parameters determined from
the normalization are listed in Table I.

The excitation of collective states can also be studied
using a particle model.!'**2 The form factor consists of a
constructively coherent sum of single particle terms,
which in the pairing plus Q-Q or O-O interaction model!
is given by the expression

1
K = 'LY M(p _2_____
(n)=it¥, (7)(2L+1)1/2
EAE;

X.__._._._____
(EitEj)*— ()

NL 3 . .
= G YLl 72U

i’

/ ar'rR; (rYw (v )R;(r')

X / dr'r*R;: (r)or(r,/)R; ('), (4)

(1;‘%) Buck, Phys. Rev. 130, 712 (1963), Phys. Rev. 127, 940

®J. G. Wills, Ph.D. thesis, University of Washington, 1963,
(unpublished).

10'W. R. Gibbs, V. A. Madsen, J. A. Miller, W. Tobocman, E. C.
Cox, and L. Mowry, National Aeronautics and Space Administra-
tion Report No. NASA TN D-2170, 1963 (unpublished).

11, S. Kisslinger, Phys. Rev. 129, 1316 (1963).

(11926% Yoshida, Nucl. Phys. 38, 380 (1962), Phys. Rev. 123, 2122

where N is a normalization constant, Uj; is the
combination of occupation parameters U;V;+V;U;.,
E; is the j-level quasiparticle energy, wy is the radial
part of the single-particle multipole operator, and
v.(r,r’) is the radial harmonic of the alpha-nucleon
interaction.

A comparison of calculations using the particle-model
form factor with the experimental data is shown in Figs.
7 to 10. The optical parameters used in these calcu-
lations were 7o=1.46 F, V=60.5 MeV, W=25 MeV,
and ¢=0.693 F for all isotopes, so the ratios of absolute
cross sections given by the calculations will depend only
on differences in the wave functions and not on differ-
ences in optical parameters. This procedure is justified
by the quality of the optical-model fits to the elastic-
scattering data using the uniform set of parameters. A
comparison for 6Sn is shown in Fig. 11. The alpha-
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F1c. 7. Comparison with experiment of the 115Sn (a,a’) differ-
ential cross section calculated using particle-model nuclear wave
functions (calculated cross section multiplied by 4.16).
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ential cross section calculated using particle-model nuclear wave
functions (calculated cross section multiplied by 5.16).

nucleon interaction was taken to be a linear combination
of two Yukawa form factors with a strength appropriate
to the Gammel-Thaler? 40-MeV phenomenological
potential. The calculations were made using only the
nuclear cloud®? configurations, those neutron levels in
the major shell beyond neutron and proton magic
numbers of 50. [The coefficients of the radial integrals
in Eq. (4) were taken from Yoshida’s work.!?] The
binding-well parameters are standard nucleon-optical
parameters ro=1.25 and a¢=0.65. The well depth is
determined from the single-particle binding energy,
which for all isotopes is taken to be 7.5 MeV for the
3sy2 level. Energies relative to it were taken from
Kisslinger and Sorensen’s paper.’* As was previously
found,! the absolute magnitudes are not highly sensitive
to small changes in the binding energies.

The calculated cross sections shown in Figs. 7 to 10
are low by a factor of approximately 4. This discrepancy
can be understood in the following way. Yoshida!? has
treated forward-angle scattering by using the adiabatic
approximation.” He finds that the cross section for
multipole transition of order A is proportional to the
quantity S»2(%wy)/ S\ (Aw) where

$i=2 " ('Y 20, 2
- "I #Ui¢ (S
v (Ej+E;p— (hwx)2\] PV | 4) ®)

(1;613-;). S. Kisslinger and R. A. Sorensen, Rev. Mod. Phys. 35, 853
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and Sy’ is its derivative with respect to #w. The quantity
Sy has the same coherence properties as the form factor
Eq. (4), so Yoshida’s results and the cross section
calculated from Eq. (4) should be closely related.
Yoshida has tabulated quantities S;® and Sy’®, which
are limited to nuclear cloud configurations, as well as
S» and Sy’ which include all configurations. Since the
cross section calculated herein includes only cloud con-
figurations, we may obtain an estimate of the error
incurred by calculating the cross-section ratio expected
from Yoshida’s result using the adiabatic approximation
with only cloud configurations to that including all
configurations,

l[Sz“’(hw)T] I[Sz(h&»):l?}‘l.

©)
Sy (hw) ) U Sy ()

This ratio turns out to be about 0.17, which is not
greatly different from the ratio that we have obtained
of about 0.25 of calculated to experimental cross section.

Aside from the question of absolute magnitude, it is
interesting to compare the calculated cross-section
ratios with the experimental values. It is expected that
the cloud configurations alone will give a good repre-
sentation of these ratios since the extracloud configu-
rations give nearly the same fractional contribution to
S, and Sy’ for all the even tin isotopes. The calculated
and experimental ratios of cross section to average cross
section for all isotopes are listed in Tables IV and V. It
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is seen that the calculated ratios show a monotonic
decrease with mass number. The experimental values
also tend to decrease with mass number, but the de-
crease is somewhat erratic. The calculated ratios were
tested to see if variation of the binding energies of the
single-particle levels with separation energy from
isotope to isotope would improve the agreement. This
change affected the results only slightly.

DISCUSSION AND CONCLUSION

In Figs. 3 to 6 it may be observed that the experi-
mental angular distributions of the first excited state
(2+) are out phase with the elastic distribution, while
those of the second excited state (37) are in phase with
the elastic distribution. Hence, the Blair phase rule is
obeyed. In addition, the magnitudes of the 3~ cross
sections are only slightly smaller than the 2% cross
sections, which by comparison with the experimental

TaBLE IV. Ratio of absolute cross section to average.®

Atomic mass Calculated Calculated
number, Experimental ratio® ratio®
A ratio (uniform) (best)
116 1.14 1.19 1.22
118 1.23 1.07 1.20
120 0.81 0.90 0.80
122 0.82 0.83 0.76

a Obtained using the absolute differential cross section at the 37° peak.
The average is over the four isotopes of tin, A-116, 118, 120, 122.

b Calculated using uniform optical parameters quoted in the text.

¢ Calculated using best-fit optical parameters listed in Table II.

Scattering angle, em_,deq

Fic. 11. Comparison of optical model fits with uniform optical
parameters, ro=1.46 ¥, V=60.5 MeV, W =25 MeV, ¢=0.693 F
with best-fit optical parameters listed in Table II for the iso-
tope 16Sn.

results of Saudinos* for 44-MeV alpha particle scat-
tering in the iron-nickel region would rule out the
possibility that they are 4* two-phonon states.

The optical model analysis provides a potential which
is typical of those usually obtained from analysis of
elastic alpha scattering. The potential, however, is not
unique and others can be found which fit the experi-
mental data very nearly as well. The similarity of the
outer edges of good potentials and the results of the
sharp-cutoff analysis are consistent with the concept
that alpha-particle scattering is a surface phenomenon
with more deeply penetrating particles being absorbed.®

TABLE V. Ratio of total cross section to average.

A Experimental ratio® Calculated ratio
116 1.12 1.23
118 121 1.08
120 0.81 0.95
122 0.86 0.76

a The experimental total cross sections were computed by multiplying
the calculated total cross sections by the factors quoted in Figs. 7-10
needed to bring the calculated cross sections into agreement with
experiment.

1 R. Beurtey, P. Catillon, R. Chaminade, M. Crut, H. Faraggi,
A. Papineau, J. Saudinos, and J. Thirion, Compt. Rend. 252, 1756
(1961); and J. Saudinos, France, Commissariat i I’Energie
Atomique Rept. No. 2146, 1962 (unpublished).
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The DWBA calculations using the vibrational model
fit the experimental angular distributions quite well.
If the spins had not already been known they could
have been assigned on the basis of the vibrational
model, since calculations based on other spin assign-
ments differ considerably at forward angles. Values of
the nuclear-deformation parameter 8 obtained using
the vibrational model are shown in Table I. Also shown
in Table I are: (a) deformation parameters 8, measured
by Stelson and McGowan'® using Coulomb excitation,
and (b) one B; value obtained using the Bohr-Mottelson
formula, from the B(E3) values of Hansen and
Nathan,'® who measured the angular correlation of
gamma rays in coincidence with back-scattered 18.5-
MeV alpha particles. The agreement between values of
B2 measured by the two methods is satisfactory. The
B3 values determined here, however, are smaller by
about a factor of 2.3 than that measured by Hansen
and Nathan. McGowan et al.,'” who measured 8; values
for some of the same isotopes (*Cd, 2Cd, 14Cd, 16Cd)
reported in reference 16, also found values that are
smaller than Hansen and Nathan’s by factors of 2 to 2.5.

The angular distributions obtained using the particle
model also fit the data quite well. As in Ref. 1, thereis a
slight tendency for the calculated curves to peak at
slightly lower angles than the experimental points. The
two-Yukawa-potential approximation to the Gammel-
Thaler 40-MeV phenomenological proton-alpha inter-
action gives a cross section which is lower than experi-
ment by a factor of about 4. This result seems to be in
rough agreement with that expected from only the
cloud-nucleons’ configurations on the basis of Yoshida’s
estimate using the adiabatic approximation. This result,
along with the Yoshida’s success in calculating E2
transition rates of the right order of magnitude,
indicates that the extent of configuration mixing given
by the pairing plus Q-Q potential is sufficient to explain
collective properties of these nuclei.

1;55 g H. Stelson and F. K. McGowan, Phys. Rev. 110, 489
a3 o).' Hansen and O. Nathan, Nucl. Phys. 42, 197 (1963).

17 F. K. McGowan, R. L. Robinson, P. H. Stelson, J. L. C. Ford,
and W. T. Milner, Bull. Am. Phys. Soc. 9, 107 (1964); F. K.

McGowan, R. L. Robinson, P. H. Stelson, and J. L. C. Ford, Jr.,
Nucl. Phys. 66, 97 (1965).
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It was found previously! that good agreement with
the absolute cross section could be obtained for %8Ni
(e,a’) using the same alpha-nucleon interaction form
factor with about 50 percent greater strength than that
used here for the tin isotopes. The former strength was
taken from the Gammel-Thaler analysis? of 10-MeV
proton scattering from alpha particles, while the 40-
MeV strength? used here is probably more appropriate.
Thus, use of the 40-MeV strength for the 3Ni (a,a’)
calculation would have resulted in a cross section low
by only a factor of about 2, as compared with 4 in the
tin isotopes. However, the nickel wave functions of
Kisslinger did include some core nucleons, the 1fz,
shell neutrons, while those used here for tin did not
include any extra-cloud nucleons. The two calculations
thus appear to be roughly consistent.

The calculated cross sections (Table IV) drop off
smoothly with increasing isotope number, whereas the
experimental cross sections are about equal for !'6Sn
and '8Sn and again for *°Sn and 22Sn. Since the calcu-
lated cross sections are not sensitive to small changes
from isotope to isotope of the single-particle-binding
energies or to optical parameters, it is concluded that
inelastic alpha scattering is a sufficiently accurate tool
for testing nuclear wave functions systematically, and
that in the case of tin the pairing plus Q-Q eigen-
functions do not describe in sufficient detail the dif-
ferences between even isotopes.
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