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Differential scattering cross sections for the elastic and first excited state inelastic scattering of ' 0 and
'"0 from '-"Si have been measured at "0 laboratory bombarding energy of 33, 36, and 38 MeV and at
an '80 bombarding energy of 36 MeV. The experimental results have been analyzed in terms of
coupled channels on the basis of a rotational model, For '"0 projectiles the deformation of -"Si was

found by this technique to be P, = —0.30 + 0.08 and P, ) + 0.1. The cross sections for the

scattering of "0 by -'"Si could not be described with the deformation parameters obtained from the
"0+ -"Si scattering data. The present results are compared with recent experiments using different

projectiles and with the results of recent theoretical calculations.

I. INTRODUCTION II. EXPERIMENTAL PROCEDURE

It is generally recognized that the first half of
the 2s-1d shell exhibits rotational behavior and is
a region of ground-state deformation. ' " Recent
nuclear structure calculations of the deformation
parameters for nuclei in the 2s-1d shell have
stimulated interest in the measurement of these
parameters. "" Such data are a critical test of
these microscopic calculations. As early as 1957
it was suggested that "Sihas a static oblate de-
formation. " Until recently, however, firm evi-
dence was not available that this region of the s-d
shell exhibits a static oblate deformation. "

In this paper we describe attempts to measure
the deformation of "Siby coupled-channel analysis
of the elastic and inelastic scattering cross sec-
tions of "0+"Si and "0+"Si at energies just
above the Coulomb barrier. The main purpose of
the present work is to investigate the deformation
parameters P2 and P, as a function of the incident
particle energy and as a function of various inci-
dent particles. It has been previously shown that
heavy-ion scattering just above the Coulomb bar-
rier is dominated by surface interactions and
therefore provides an excellent method for deter-
mining nuclear shapes. "'" The use of heavy pro-
jectiles such as "0 in this energy range results
in a wavelength of relative motion between target
and projectile which is smaller than the nuclear
surface distortions. The nuclear deformation
parameters P, and P, obtained for "Si in the pres-
ent work are compared to recent results obtained
using other projectiles. "'

In this work the elastic and first excited state
inelastic differential scattering cross sections for
the scattering of "0 and "0by '8Si were measured
The "0 and "0beams used in these experiments
were obtained from the Kansas State University
Model EN tandem Van de Graaff accelerator.
Beam energies from 2'l to 40 MeV were used.
The targets were self-supporting SiQ, (99.58% en-
riched 288i). Target thickness varied from 70 to
120 pg jcm'. The beam was triply collimated be-
fore entering a precision scattering chamber. The
diameter of the beam spot on the target was less
than 2 mm. Surface barrier detectors with sen-
sitive depths of approximately 100 p, m were used
to detect the scattered particles. The detectors
were mounted on movable arms and collimated so
that in all cases they subtended less than 0.5' in
the horizontal plane as viewed from the target.

Although kinematic coincidence between the scat-
tered "0 and the recoiling "Si was tried, this
method was not found to be useful, since the mul-
tiple scattering of "Si in the target required that
the "Si detector subtend a large solid angle to in-
sure that all recoil particles were detected. The
data reported in this work were obtained from
singles spectra. Impurity peaks in the spectra
resulting from various 0+' C reactions were
eliminated by using self-supporting "Si targets,
an oil free vacuum system, and detectors which
were too thin to completely stop the resulting n
particles. A typical singles scattering spectrum
is shown in Fig. 1.



NUCLEAR DE FORMATION OF 2sSi FROM x 0 + 'Si. . . 1951

Elastic and first excited state inelastic differen-
tial scattering cross sections for the scattering
of "0by "Si.were measured at "0bombarding
energies of 33, 36, and 38 MeV from 30 to 65 in
the lab in 2.5' steps. In addition, elastic scatter-
ing differential cross sections were obtained for
these energies at angles from 15 to 30' in the lab.
The angular distribution for the scattering of "0
by "Si was measured in a similar fashion at an
"0bombarding energy of 36 MeV. Elastic scat-
tering excitation functions for ' 0+' Si were mea-
sured at 40 and 60' in the lab. The "0bombard-
ing energy ranged from 30 to 40 MeV in 0.5-MeV
steps. The elastic and inelastic differential cross
sections extracted at 40 and 60 at 40 MeV were
in agreement with the data obtained by Siemssen. "

The areas under the elastic and inelastic peaks
were normalized by measuring the elastic scatter-
ing from a small tungsten impurity which was
present in all targets as a result of the evapora-
tion of SiO, from a tungsten boat. The accuracy
of this normalization technique was verified by
comparison with beam current integration and by
comparison with elastic scattering into a fixed
monitor detector. Absolute cross sections were
obtained by normalizing the elastic scattering
yields to Rutherford cross sections at 15, 17.5,
and 20 . The uncertainty in the absolute normali-
zation was calculated to be less than 4%. The

yields for the elastic and inelastic peaks were ex-
tracted using a computer program that fitted the
data to two Gaussians with a quadratic background.
The square of the uncertainty in the area of the in-
elastic peaks was taken to be O' = A+ A ~, where A
equals the total area under the peak, including
background, and A~ equals the area of the back-
ground. If the reduced X' was greater than one,
the square of the uncertainty was multiplied by the
reduced X'. The uncertainty in the area of the
elastic peaks was taken to be either 2% or as de-
termined by the above criteria. The 2% minimum
error was a result of the normalization procedure.

III. ANALYSIS AND RESULTS

A. Elastic Scattering

As a first step in the analysis, the elastic scat-
tering cross sections were fitted using an optical-
model potential of the form

'I/O 8'o

l + exp[ (r R,)/a, ]— l+ exp[(r —8,)/a„] '

where V, and W, are the real and imaginary poten-
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FIG. 1. Typical spectrum of the elastic, Si{ Q, 60)-
Si, and first excited state jnelastjc, Sj.{60 t60) 8Sj+,

scattering of 36-MeV 0 from Si at 8&,b =57.5'.

FIG. 2. Optical-model fits to the elastic scattering of
Q and 0 from Si at various ~ 0 bombarding ener-

gies. The optical-model parameters are given in Table I.
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tial strengths and ao and a are the real and imag-
inary diffuseness parameters. 80 is the nuclear
radius and is given by

parameters were used as the starting point in the
coupled-channels analysis.

R, = r, (A, '~'+ A, '~') . (2)
B. Inelastic Scattering

V~ is the Coulomb potential of a uniformly charged
sphere and is given by

2

Vo(r) =
2

[3 —(r(R,)'], r &R,
0

Zz8 .

~Apr (3)

c.

The parameters V„S'„a„a,and xp were var-
ied to obtain the best fits to the data. V, and 8'0
parameter space was also searched for fixed a„
a„, and rp for V, = 0-300 MeV and 8;= 0-100 MeV.
Only one g' minimum was found, indicating that
there are no phase equivalent discrete ambiguities
within this range of V, and W~. The best fits for
the angular distributions are shown in Fig. 2; the
best fits to the excitation functions are shown in
Fig. 3. The corresponding parameter values are
given in Table I. Over the energy range investi-
gated the optical model parameters were found to
be independent of energy and consistent with the
parameters used by Siemssen" to describe the
elastic scattering of 40-MeV "O from "Si. These

The next step in the analysis was to fit the in-
elastic cross sections simultaneously with the el-
astic cross sections by means of a coupled-chan-
nels code. This was done using the computer code
JUPITER 1 ' on the CDC-3600 computer at Argonne
National Laboratory. The "Si was assumed to be
an axially symmetric deformed nucleus with a
surface described as

R = R,[1+P, Y,o(8')+ P4 Y4o(8')j, (4)

where 8' refers to the body fixed system. P, and

P, represent the quadrupole and hexadecapole de-
formations of the "Si. In addition, the ground
sts.te (0+), the first excited state (2+ at 1.78 MeV),
and the second excited state (4' at 4.61 MeV) were
assumed to be members of the same rotational
band. Coulomb excitation effects were explicitly
included but found to be insignificant through 67
partial waves. The radial mesh size and matching
radius were all chosen to insure high accuracy in
the final results.

Initially, calculations were made on the "0+' Si
cross sections for positive and negative values of
P, with P4= 0. Even for small values of P, the in-
elastic cross sections were not proportional to
(P,}', indicating that a distorted-wave Born-ap-
proximation (DWBA} calculation is not suitable.
TIlese pl'e11111111Rl'y CRlcuIRtlolls indicated tllat p2
had a value of approximately -0.3 or +0.2. The
introduction of a small positive hexadecapole de-
formation (Pr) greatly improved the fits and indi-
cated that for P, & 0 it was impossible to obtain
calculated angular distributions which resemble
the data. For values of Pr& 0 the fits were worse
in all cases. The influence of P4 on the 2' cross
sections was found to be around 29fq. The optical-
model parameters were then readjusted to com-
pensate for the introduction of 0+-2 -4+ cou-
pling and the final values for p, and p, were de-
termined by varying these parameters. By small
variations in the optical-model parameters, it

TABLE I. Optical-model parameters for the elastic
scattering of 0 and 0 from Si.

I

I8 20
I I I

22 24
E c.m. (IMeV}

I

26

FIG. 3. Comparison of the 60+2 Si elastic scattering
excitation functions (points) with optical-model calcula-
tions using the same potential used in Fig. 2 (solid lines).

i8O

"0
"0
180

33.00 16.75 7.00
36.00 16.75 7.00
38.00 16.75 7.00
36.00 16.75 7.00

1.35 0.49 0.38
1.35 0.49 0.38
1.35 0.49 0.38
1.35 0.49 0.60

Incident E»b Vo Wo xo ao a~
projectile (MeV) (MeV) (MeV) (fm) (fm) (fm)
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FIG. 4. Coupled-channel fits to the elastic scattering
of 60 and 1 0 from 28Si at various 6 1 0 bombarding
energies. The coupled-channel fits are for P2=-0.3
and P4 =+0.1 with 0+-2+-4+ coupling. Complete param-
eter specifications are given in Table II.
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FIG. 5. Coupled-channel fits to the inelastic scattering
of 60 from 8Si at various 0 bombarding energies. The
solid curves are for P2 =-0.3 and P4=-+0.1. The upper
dashed curve is for P2=-0.38 and P4=+0.1; the lower
dashed curve is for P2=-0.22 and P4=+0.1. 0+-2+-4+
coupling was used in each case. Complete parameter
specifications are given in Table II.

was possible to fit the inelastic scattering cross
sections equally well with several values of P,.
It was not possible, however, to simultaneously
fit both the elastic and inelastic scattering cross
sections with these parameters. The fits to the
elastic (0') scattering cross sections are shown
in Fig. 4. The fits to the inelastic (2+) scattering
for ' O+ Sj.* are shown in Fj.g. 5. It was found
that no combination of parameters yielded the
forward peaking evident in the 33- and 36-MeV

data. In determining the best coupled-channels
fits, no attempt was made to fit this forward peak-
ing. The forward peaking will be considered fur-
ther in the discussion. The values of the deforma-
tion parameters and optical-model parameters for
the coupled-channels fits are given in Table II.

It proved to be impossible to fit the "9+"Si
cross sections with the values of P, and P, ob-
tained from the "0+"Si cross sections. The best
fits to the "0+"Si cross sections that could be

TABLE II. Coupled-channel parameters for the elastic and inelastic scattering of '60 and 1 0 from 2 Si.

Incident
pro jectile (MeV)

Vo
(MeV)

wo
(MeV)

I'p

(fm)

f60
16p
"0
160
f60
180
180

33.00
36.00
38.00
38.00
38.00
36.00
36.00

-0.30
-0.30
—0.22
-0.30
-0.38
-0.30
—0.38

+0.10
+0.10
+0.10
+0.10
+0.10
+0.10
+0.10

14.00
14.00
14.00
14.00
14.00
14.00
14.00

4.00
4.00
4.00
4.00
4.00
4.00
4.00

1.31
1.31
1.31
1.31
1.29
1.31
1.31

0.49
0.49
0.49
0.49
0.49
0.49
0.49

0.38
0.38
0.38
0.38
0.38
0.60
0.38
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IO:--

ap =-0.3

and P,. If we assume a homogeneous charge dis-
tribution for a nucleus with a surface defined by
Eq. (4), the intrinsic quadrupole moment may be
expressed as"

@20=~SR,'(p, +0.360p, +0.328p~2+0. 96'Ip, p ).
2

b

0.5

P2 =-0.50

I I I I I I I I

50 60 70 80 90 IOO

ec.m.

(6)

This value has been computed for our results us-
ing 8,=1.35A' ' and is included in Table III. Since
there is some question as to whether P, Q, or the
deformation length PR is the correct parameter to
compare, the quantity P,R has also been included
in Table III.

IV. DISCUSSION

FIG. 6. Coupled-channel fits to the inelastic scatter-
ing of ~ 0 from 2 Si for P2 =-0.38 and P4 =+0.1 and for
P2 =-0.30 and P4 =+0.1. 0+-2+-4+ coupling was used in
both cases. Complete parameter specifications are giv-
en in Table II.

obtained with the deformation parameters deter-
mined from the "0+"Si data are shown in Fig. 6.
The corresponding optical-model parameters are
given in Table II.

The results of this work as well as the results
of other recent experiments and theoretical calcu-
lations are given in Table III. The intrinsic quad-
rupole moment of 2'Si can be calculated from P,

The present work indicates that the scattering
of "0 from "Si at energies just above the Cou-
lomb barrier is sensitive to the surface features
of "Si and may be partially described in terms of
a coupled-channel calculation based on a rotation-
al model of the "Si nucleus. In general the de-
formation parameter P, obtained for "Siusing
electrons, protons, o. particles, and "0 as pro-
jectiles are in agreement, but are inconsistent
with the P, obtained using deuterons or "0 as a
bombarding projectile. One possible explanation
for this inconsistency is the fact that electrons,
protons, n particles, and "0projectiles are not
readily polarized by the nuclear encounter and

TABLE III. Experimental and theoretical results for the deformation of Si.

Method

(i6P &6') CC a

(n, n') CC
(n, n') CC
(d, d') CC

V.P') «
8(E2, 0 -2 )
Q(2')
(e, e')
(~4N, ~4N') DWBA

( ~N, 5N') DWBA

( 60, 60') DWBA

SMd
HF
HF
HF
HF
PES'
HF

-0.30 + 0.08
-0.26 + 0.08
-0.32 + 0.01
-0.52
-0.34

-0.39
0.174
0.158
0.148

-0.29

~y0

Ip4l —o &

+0,08+ 0.01

+0.25

+0.10

-1.19
1~ 11

—1.34
-1.41
-1.28

1.24
1.17
1.12

Q2p (&)

-0.54 + 0.13

—0.47 + 0.02

0.56 + 0.04
—0.59 + 0.18
-0.64 ~ 0.03

-0.49
—0.56

—0.84
-0.92
—0.50 to -0.61
—0.54
-0.72

Re ference

Present work
27
19
23
22

24
24
25
26
26
26

10
11
12
13
14
15
16
17

~ CC, coupled-channel analysis.
Q(2 ) by reorientation effect.
HF, Hartree-Fock calculation.

d SM, shell-model calculation.
PES, potential energy surface calculation.



NUCLEAR QE FORMATION 0F ' Si FRQM ' 0 + S1.. . 1955

effectively act as structureless point particles,
while the deuterons and 0 projectiles are readily
polarized and thus their st.ucture must be con-
sidered in any meaningful coupled-channel analy-
sis of the scattering cross section. This interpre-
tation is consistent with recent evidence" for the
ground-state deformation of "0.

Although it is not expected that a DWBA analysis
of scattering cross sections from highly deformed
nuclei such as 'Si would have much validity, it
can be seen from Table III that the DWBA analysis
of the scattering of "0, "N, and ' N projectiles
from "Si shows the deformation of parameter P,
tending towards larger values as the incident pro-
jectile is further removed from a closed shell.

The angular distributions for the scattering of
"0 from "Si at 33, 36, and 38 MeV are all equally
well described by the same va, luce of P„P„and
optical-model parameters. This indicates that P,
and P~ have no large energy dependence over this
energy range.

The notable characteristic of the 33- and 36-MeV
inelastic scattering angular distributions is the
peaking at forward angles, followed by a distinct
minima, followed in turn by a "hump. " This min-
ima occurs roughly at the point where v„/o„„,„
falls below unity. Videvaek et a/. "have recently
observed the same signature for "'Ni("0,"0)"Ni*.
They interpret their results in terms of inter-
ference between Coulomb and nuclear excitation,
with Coulomb excitation dominating in the region
of forward peaking. An explicit calculation of
Coulomb excitation in the region below the Cou-
lomb barrier, however, indicated that Coulomb
excitation, although appreciable, may be a factor
of 2 smaller than the differential cross sections

observed in the present work. Thus, although
Coulomb excitation may not entirely explain the
forward peaking in the present work, it does in-
dicate that a coupled-charnels calculation must
consider appreciably more than 67 partial waves
to describe data in the region just below the Cou-
lomb barrier. The values of P obtained in the
present work were obtained by fitting data above
the Coulomb barrier where the nuclear potential
is assumed to dominate. A second possible ex-
planation for the forward peaking observed in the
33- and 35-MeV data j.s that Si and i80 may un-
dergo additional deformation during the interac-
tion. Presumably this would be more pronounced
at forward angles.

Comparison between the present experimental
results and theoretical calculations is difficult,
since Eq. (5) is only correct to the second order
in P, and P4. In general there is reasonable agree-
ment between the present experimental results
and theoretical calculations.

The inelastic scattering of "0at energies just
above the Coulomb barrier has been shown to
reveal the surface features of "Si. The relative
simplicity of these measurements suggests the
applicability of this technique to the measurement
of nuclear shapes. The resolution of higher
multipole orders would probably require analysis
of the 4' inelastic cross sections, the inclusion
of the finite size, and the possibility of the inter-
nal excitation of the "0projectile.

The authors are deeply indebted to Professor
%. J. Thompson of the University of North Caro-
lina at Chapel Hill for invaluable assistance with
the coupled-channel code.
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The attenuated-Doppler-shift method was used to measure the mean lives of low-lying states in "Cl
and ' K. States were populated by the (d,p} reaction and the recoil direction was defined by
coincidence with the outgoing proton. While the positions of the levels in these two nuclei give
encouragement to the belief that many of the states are well described as members of simple
particle-hole or particle-particle multiplets, it is immediately apparent that the magnetic dipole transition
rates do not fit the simple picture even if effective moments are used. A recent theoretical study has
shown that some admixtures that can be expected will significantly alter the M1 rates, but the present
results are not in good agreement with the theoretical predictions. Other available lifetime data on these
nuclei support the present contention that there are severe discrepancies between the observed rates and
those predicted by the best available shell-model calculations.

INTRODUCTION

The nuclei "Cl and ' K provide an interesting
testing ground for the shell model. In the simple
shell-model picture in which "Ca is a doubly-
closed-shell nucleus, "Cl is described by the con-
figuration (wd, „)(vf„,), and 4'K by the configura-
tion (wd„,) (vf», ), each configuration producing
a quartet of states. At a low excitation in each
nucleus, the shell model predicts another quartet
of negative-parity states of the (wd, »)"(vp„,) con-
figuration. Since this model is successful in pre-
dicting many of the gross features of the low-lying
"Cl and K levels, it is worthwhile to start ap-
plying the more stringent test of comparing elec-
tromagnetic transition rates with the theoretical
predictions.

Our measurements of the M1 rates of transi-
tions among members of the ground-state quartet

in each nucleus were not in agreement with the
simple picture. ' The present report on the mea-
surement of the lifetimes of a number of higher
states completes our study of these two nuclides.
In the interim, transition rates in "Cl and "K
have been reported by several other groups: Wech-
sung et gl. ' reported on transitions in 'K that pro-
ceed from levels up to 2.626-MeV excitation ener-
gy, James et al.' measured the lifetimes of "K
levels up to 3.153-MeV excitation energy, and
Engelbertink and Olness' studied the levels of "Cl
up to an excitation energy of 2.743 MeV.

The ' K(d, P)4OK reaction has been studied by
Enge, Irwin, and Weaner' and more recently by
Fink. A study of the "Cl(d; p)38Cl reaction has
been reported by Rapaport and Buechner. ' Early
theoretical work" showed that the energy of the
lowest four levels in one of these nuclei could be
accurately predicted from the position of the low-


