
STUDIES OX THE LOW-LYING LEVELS OF Ne24

levels is the more probable 5.58-MeV counterpart but
does indicate the first substantial difference observed
among the properties of the 0" and Ne' nuclear struc-
tures.

In summary, it has been demonstrated that the low-
lying levels of the Ne" nuclear structure possess prop-
erties that are generally compatible with a simple
two-body j-j—coupling shell-model representation in-
volving essentially pure configurations. It thus appears
that the effects of 1d5y, subshell closure are important
in the description of nuclei in this mass regio~, in which

the existence of pronounced collective behavior has
been previously well documented.
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The Si"(6, t) Si"reaction and the S"(d, t) S"and Ar" (d, l) Ar" reactions were studied at deuteron energies
of 21.6 and 21.0 MeV, respectively. Angular distributions were obtained for triton groups from these (d, t)
reactions leading to levels in the residual nuclei Si", S",and Ar" with excitation energies up to approximately
3.5 MeV. Spectroscopic factors for the strong (d, t) transitions were extracted using now standard distorted-
wave Born-approximation (DWBA) analyses. The (d, t) spectroscopic factors from this work are in reason-
able agreement with previous neutron-pickup experimental data on Si", S", and Ar", whenever the latter
are available. Recent 2s-1d shell-model calculations are in reasonable accord with these data. In the particular
case of the Ar" (d, s)ArN data, it appears that the theoretical calculation which uses a "realistic" inter-
action derived from nucleon-nucleon scattering gives better agreement with these data than the theoretical
calculation which uses a modified surface 8 interaction.

I. INTRODUCTION

W THIS paper represents the second in a series of three
papers dealing with deuteron induced reactions on

the even-even, T=O, target nuclei Si" S" and Ar"
which lie in the upper half of the s-d shell. The first
paper' in this series presented data for the (d, d) and
(d, d') reactions on the above mentioned nuclei, while
the present work and the third paper' present data
for the (d, f) and (d, P) reactions, respectively. The
general purpose of this series of experiments has been
to investigate the equilibrium shape of these nuclei
using the (d, d') reaction and also to investigate the
neutron hole and neutron particle structure relative to
these even-even cores with the (d, t) and (d, p) reac-
tions, respectively. In the case of Si" it had been sug-
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f NATO Fellow on leave of absence from the Center of Nuclear
Research, Saclay, France. Present address: Center of Nuclear
Research, Saclay, France.

'M. C. Mermaz, C. A. Whitten, Jr.,~Iand D. A. Bromley, Phys.
Rev.tI187, 1466 (1969).' M. C. Mermaz, C. A. Whitten, Jr. , J. W. Champlin„A. J.
Howard, and D. A. Bromley (to be published).

gested' that the combination of single nucleon pickup
and stripping reactions on this target nucleus could be
used to study possible changes in the equilibrium shape
of the core as a nucleon is either added to or subtracted
from that core.

Considerable data have been reported for the single
neutron pickup reactions (p, d) 4 ' and (He', n) r ' on
Si', S', and Ar'; the present work, however, represents
the first study of the (d, l) reaction on these target
nuclei. The very large neutron binding energies for
these even-even, T=O, target nuclei —ranging from
15.09 MeV in S" to 17.18 MeU in Si"—made it neces-
sary to use incident deuteron energies of ~21 MeU
in order to study a reasonable range of excitation

' G. Ripka, in Proceedings of the International Nuclear Physics
Conference, GatHnburg, Tennessee, 1966 (Academic Press, Inc. ,
New York, 1967), p. 833.

4 G. D. Jones, R. R. Johnson, and R. J. Griffiths, Nucl. Phys.
A107, 659 (1968).' R. R. Johnson and R. J. Griffiths, Nucl. Phys. A108, 113
(1968).

6 R. L. Kozub, Phys. Rev. 172, 1078 (1968).
78. H. Wildenthal and P. W. M. Glaudemans, Nucl. Phys.

A92, 353 (1967).
8 L. W. Swenson, R. W. Zurmuhle, and C. M. Fou, Nucl. Phys.

A90, 232 (1967).
9 C. M. Fou and R. W. ZurmCihle, Phys. Rev. 151, 927 (1966).
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Fzo. 1. Triton spectrum from the Si"(d t) Si" reaction with Eq=21.6 MeV and Bi,b= 55'.

energy in the residual nucleus. The recently reported
(p, d) reaction studies on Si28, S", and Ar'6 were per-
formed at incident proton energies between 27.5 and
33.6 MeV, while the (He', n) reaction studies were
performed at incident helium-3 energies between 10
and 15 MeV.

The experimental (d, t) angular distributions meas-
ured in this experiment are presented in Sec. III, while
the distorted-wave Born-approximation (DWBA) anal-
yses used to fit these experimental data are discussed
in Sec. IV. The spectroscopic information resulting
from these DWBA analyses is presented in Sec. V;
and comparisons are made with the results of the pre-
viously mentioned (p, d) and (He', a) reaction studies.
Recently an extensive series of shell model calculations
in the s-d shell region has been performed by Halbert,
Glaudemans, McGrory, and Wildenthal at the Oak
Ridge National Laboratory. "Within an s-d shell basis
the energy level structure for nuclei with 17&3&39

"E.Halbert, in Proceedings of the Third International Sym-
posium on the Structure of I.ozv Medium 3Iass Euclei (University
of Kansas, Lawrence, Kansas, 1968).

is determined, as well as the spectroscopic factors for
single nucleon transfer reactions such as (d, t) and

(d, p). These theoretical calculations are compared
with the present (d, t) experimental results in Sec. V.

In the deuteron elastic and inelastic scattering stud-
ies' previously reported we have adduced evidence for
a stable oblate equilibrium deformation for Si" and
spherical equilibrium conhgurations for S" and Ar".
The present complementary studies, while consistent
with this interpretation, do not provide strong sup-
portive evidence.

II. EXPERIMENTAL PROCEDURE

The (d, t) experiments reported herein were per-
formed in a 30-in. Ortec scattering chamber using 21.60-
and 21.00-MeV deuteron beams from the Yale MP
tandem Van de Graaff accelerator. Typical deuteron
beam intensities varied between 20 nA for measure-
ments at the most forward angle (15') to 750 nA for
measurements at angles past 60'. A AE-E telescope of
silicon surface-barrier detectors (140 p for 5E, 530 tl,

for E), standard electronics, and a Landis-Goulding
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particle identifier, " the latter fabricated in this labora-
tory, identified and energy analyzed the triton groups
of interest. The triton spectra were stored in a standard
1024-channel analyzer.

In the Si"(d, t) experiment performed at 21.60 MeV
a self-supported foil of natural silicon (Si's 92.7%
abundant) oxide was used. This foil was a mixture
of the chemical forms SiO and SiO~ and was approxi-
matelv 400 ttg jcm' thick. In the S"(d, t) and Ar" (d, t)
experiments performed at 21.00 MeV, a gas cell target
was used. The wall of the gas cell was 0.1-rnil Havar
foil"; a two collimator system, consisting of a vertical
front slit and a circular back aperture, defined the
effective interaction volume in the gas cell. The sulfur
target was HsS gas (S" 95.0% abundant) purchased
from a commercial source, while the A" gas was sepa-
rated by the Yale Isotope Separation Group and was
made available for these experiments by Dr. A. Howard
and Dr. W. W. Watson, to whom we are much in-

debted. The gas cell pressures were typically 20-30
cm Hg. During all runs the target condition was moni-
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FIG, 2. Experimental Si"(d, t) Si" angular distributions for the
—,
'+ ground state and the $+ 0.96-MeV level. The solid curves
represent t„=2 (1d) DWBA fits to the experimental data.

tored by an additional surface barrier counter which
detected elastic deuteron scattering events.

In the Si"(d, t) experiment the absolute cross sec-
tions were determined by measuring the (d, t) yields
at E~——21.60 MeV under the same experimental condi-
tions as used to measure the elastic deuteron scattering
yield from the same silicon target at E&=18.00 MeV.
The absolute deuteron elastic cross sections on silicon
at this energy had been measured in a previous experi-
ment. ' A conservative estimate of the accuracy of the
Si"(d, t) absolute cross sections determined by this
method is &20%, excluding counting statistics. How-
ever, since the silicon target condition and beam inten-
sity were continuously monitored using the monitor
detector system the accuracy of the relative Si's(d, t)
differential cross sections is significantly better, being
mainly limited by the counting statistics. During the
series of runs the ratio of elastically scattered deuteron
monitor counts to integrated beam charge remained
constant; no evidence for any deterioration of the sili-
con target was detected.

In the S"(d, t) and Ar" (d, t) experiments the pri-
mary difficulty in determining accurate absolute cross
sections was the uncertainty in the gas density along
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the beam path reQecting local gas heating by the beam.
In the Ar" (d, t) experiment we were able to estimate
this effect quite accurately by plotting the deuteron
elastic monitor counts per microcoulomb of beam as a
function of the beam intensity and extrapolating this
curve to zero beam current (or no heating effect). In
the Sss(d, t) experiment the HsS gas was cracked by
the beam —mainly at the entrance and exit foils of the
gas cell—so that the gas density in the cell decreased
monotonically as a function of time. This cracking
effect was monitored by analyzing the H2S gas sample
before and after a series of runs. After a series of
runs representing approximately 2500 p, C of integrated
charge at beam currents between 10 and 300 nA, the
amount of hydrogen gas in the sample had increased
by a factor of 30. The monotonic decrease in the gas
density due to this cracking effect made it difficult to
determine the local heating effect with good accuracy.
Conservative estimates of the a,ccuracy of the S"(d, t)
and Ar"(d, t) absolute cross sections are &15 and
&8'Po, respectively, excluding counting statistics. How-
ever, as in the Si"(d, t) experiment, the use of a monitor
detector to continuously monitor the target condition
allows the relative (d, t) cross sections in these two gas
cell experiments to be determined to a much higher
degree of accuracy (mainly statistically limited) .

III. EXPERIMENTAL RESULTS

A. Siss(d, t)Si"

At an incident deuteron energy of 21.60 MeV,
Si"(d, t) data were obtained for laboratory angles

between 20' and 70'. Figure 1 presents the triton
spectrum obtained at a laboratory angle of 55'. The
experimental energy resolution was approximately 70
keV. All known levels in Si" up to an excitation energy
of 3 MeV were excited with some strength in this ex-
periment. The Si' excitation energies shown in Fig. 1
were taken from a Si"(He', a) Si" experiment" which
used a magnetic spectrograph. In most cases, the spin
assignments were taken from the compilation of Endt
and Van der Leun'4; in some cases spin assignments
were made by comparing the level diagram of Si"
(2",= —s) with that of its T,=+—,

' mirror nucleus
Al2~. '4 The use of a silicon oxide target resulted in a
very strong triton group from 0"(d, t) 0"ground-state
reaction which obscured the Si"(d, t) Si" ground-state
triton group at i7~,b= 70'. A small carbon contamina, tion
in the target produced a rather weak C"(d, t)C"
ground-state triton group which, as it moved kine-
matically across the spectrum, interfered in turn at
one or two angles with each of the Si'~ triton groups
with excitation energies between 2 and 3 MeV.

Figures 2—4 present the Si"(d, t) Si'7 angular distri-
butions measured in this experiment. The error bars
on these data and on all succeeding experimental data
represent only statistical errors and errors in the back-
ground subtraction; they do not include the error in
the normalization of the absolute cross section dis-
cussed in Sec. II. Except possibly at the most forward
angle ( ~,e=b02'), the angular distributions to the as+

ground state and the as+ 0.96-MeV level (Fig. 2) are
quite similar and indicate l„=2 pickup transitions. The
transition to the —,'+ 0.96-MeV level is quite weak and
the experimental statistics, particularly at the forward
angles, are poor. The angular distribution to the —',+
0.78-MeV level (Fig. 3) has an t =0 pickup shape.
Data for the 2+ 2.17-MeV level could be obtained only
for angles greater than 35' because of the experimental
background a,nd the interference from the C"(d, t) C"
ground-state group. For laboratory angles between 40'
and 70 the angular distribution to this level is quite
isotopic (Fig. 4). Since this s+ level would not be
excited by a first-order direct reaction mechanism, its
~20-pb/sr cross section between 40' and 70' gives
some indication of the cross sections due to second
order direct and/or compound nuclear reaction mecha, -

nisms in this mass and energy region. The angular
distribution to the s+ 2.65-MeV level (Fig. 3) shows
some forward peaking, but the weakness of this transi-
tion makes the assignment of an /„=2 pickup shape
very tenuous. The data points at Oi,b =40' and 45' for
the as+ 2.65-MeV level were blocked by the C"(d t) C"
ground-state group. The angular distribution to the
~+ 2.87-MeV and —,'+ 2.91-MeV doublet, which was
unresolved in this experiment, is quite interesting

3S. Hinds and R. Middleton, Proc. Phys. Soc. (London) V3, -

727 (1959).
P. M. Endt and C. Van der Leun, Nucl. Phys. A105, 1

(1968).
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(Fig. 4). The cross section to this doublet is large,
but the angular distribution falls off very slowly with
increasing angle and does not resemble an /„=2 pickup
shape. This most probably indicates that both the ~3+

2.87-MeV level, whose angular distribution could have
an /„=2 pickup shape, and the ~+ 2.91-MeV level,
which would be excited by second-order direct and/or
compound nuclear reaction mechanisms, are being ex-

cited with some strength in this (d, t) experiment. In
a Si"(d He')APr experiment performed at Ed=16.1,
17.0, 38.0, and 20.0 MeV" it was found that the ~+

3.000-MeV level in AP' was excited more strongly than

the ~+ 2.976-MeV level. The general characteristics of

the Si"(d, t)Si" angular distributions presented here

agree with the previous (p, d) '' and (He', n) r' "
neutron pickup studies on Si"; however, most of these

studies found a more definite l„=2 pickup shape for
the angular distribution to the ~+ 2.65-MeV level and

found that the angular distribution to the 2+ 2.87-MeV

and 2+ 2.91-MeV doublet has a definite l =2 pickup
shape.

II. S»(d t)Ss~

At an incident deuteron energy of 21.00 MeV,
S"(d, t) S" data were obtained between laboratory
angles of 15' and 75'. Figure 5 presents the triton

spectrum obtained at a laboratory angle of 65'. The
experimental energy resolution was typically 90—100
keV. The (tt, t) transitions to the ground state and

erst two excited states of S" were studied in the

present work. . The excitation energies and spin and

parity assignments for these three levels were taken
from the s-d shell compilation of Kndt and Van der

Leun. '4 A small air contamination in the H~S gas target
produced a weak 0"(d, t) 0"ground-state triton group
which interfered with the data for the —,'+ 1.24-MeV

level at |jj,b =40'. Figures 6 and 7 present the S"(d, t) S"
angular distributions measured in this experiment. The
angular distribution to the s+ ground state of S" (Fig.
6) has an /„=0 pickup shape, while the angular dis-

H. E. Gove, K. H. Purser, J. J. Schwartz, W. P. Alford, and
D. Cline, Nucl. Phys. A116, 369 (1968).

~' S. Hinds and R. Middleton, Proc. Phys. Soc. (London) 75,
444 (~960).
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TAnzx I. Optical model parameters used in the DWBA analysis of the experimental (d, t) angular distributions.

where
V(r) =U (r) —Vp(1+e') ' p—imp(1+e") '+4W'(d/dx') (1+e") '

U, (r) = (Ze'/2rp, A"') P3 —(r/rp, A' P) 'g;
U, (r) =Ze'/r& r)rppA "P

x= (r rp&"'—)/a; x'= (r r'pA"'—)/o'

1. Deuteron parameters~

8+Si28
g+ S32

d+A36

Vp

123.0
110.87
86.41

t'p

0.89
1.005
1.215

~pc 8
1.30 0.945
1.30 0.8737
1.30 0.513

Wp Wb
109.2
82.04
43.6

F p

1.385 0.539
1.417 0.585
1.66 0.592

2. Triton parameters'

3. Neutron well parameters

147.1 1.40 1.30 0.61

ro =1.25 F, a=0.65, X=25.00

1.40 0.61

~ Reference 1.
b S"=4Wgp. 6'~ is the parameter often quoted in the literature. S" is

the value we put in the DWBA computer program ~r,rz.
e Reference 23.

tributions to the —,'+ 1,24-MeV and ~+ 2.23-MeV levels
(Fig. 7) have l„=2 pickup shapes. These l„assign-
ments are in agreement with previous (p, d) ' '7 and
(He', o.) ' "neutron pickup studies on S".

C. Arse(d f)Ares

were determined to be 1.180+0.010 MeV, 2.635+0.020
MeV, 2.985~0.020 MeV, and 3.200&0.020 MeV. These
excitation energies are in good agreement with those
obtained from other Ar" studies. ' ' A level in Ar" has
been reported at 1.70&0.03 MeV.' The spin of this
level should be -',+, as its analog in CP' at 1.762 MeV

At an incident deuteron energy of 21.00 MeV,
Arse(d, f)Ares data were obtained between laboratory
angles of 15' and 80'. Figure 8 presents the triton
spectrum obtained at a laboratory angle of 30'. The
experimental energy resolution was typically 65-70 keV.
An arrow in Fig. 8 marks the BE line in the triton
spectrum —tritons with energies less than this amount
stop in the 140-p 5E detector. In this experiment
angular distributions could have been obtained for
levels in Ar" up to an excitation energy of approxi-
mately 5 MeV. However, no levels in Ar" above an
excitation energy of 3.2 MeV were populated with
appreciable yield. Since the excitation energies for
levels in Ar'5 were not known accurately, ' an energy
calibration curve was established in this experiment
to determine the excitation energies to good accuracy.
Under the same experimental conditions as in the
Ar"(d f) runs, data on the Ne"(d f)Ne" reaction
were tak.en at a number of angles. The peak positions
of the Ne" ground state, the 0.350-MeV and the 1.747-
MeV levels were then used to construct a triton energy
calibration curve. At forward angles in the Arse(d, f)
runs, the OM(d, f)O's ground-state triton group was
detected, reflecting a very small oxygen contaimination
in the Ar" gas, and its peak positions were used to
establish additional points on the triton energy cali-
bration curve. Using this calibration curve the Q value
for the Ar"(d, t)Ar" reaction was determined to be—9.007&0.010 MeV, in good agreement with the pub-
lished value of —8.895~0.017 MeV. The excitation
energies of the Ar" levels studied in this experiment
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FIG. 7. Experimental S32(d, t)S" angular distributions for the
23+ 1.24-MeV level and the —,'+ 2.23-MeV level. The solid curves
represent l„=2 (1d) DWBA 6ts to the experimental data.



STUDY OF THE (d, tl REACTION

COUNTS PER CHANNEL

I
50

10
i I I i

IOO 1,000
i i

IOO—
Z E I.INE c,-,'~ Ar

l50 =2 .00 O' V

Q = —9.007+0.0 0 tteV

200—

250—

3.200 MeV /2
- 2.985 MeV 5/2

2.655 MeY

500— I+
1.180 MeV /2

550

GROUND STATE 2

400—

.450.—
Fzo. 8. Triton spectrum from the Ar" (d, t) A" reaction with By =21.00 MeV and gl, b ——30'.

is known to be a 2+ level. '4 This state is excited ex-
trernely weakly in the present Ar" (d, t) Ar" work. The
(d, t) cross section to this level is less than 7 pb/sr for
laboratory angles between 30' and 80'.

Figures 9-11 present the Ar"(d, t)Ar35 angular dis-
tributions measured in this experiment. The angular
distributions to the 2+ ground state and the 2.985-MeV
level of Ar@ (Fig. 9) show characteristic 1„=2 pickup
shapes. The spin of the 2.985-MeV level is very prob-

ably ~+, since its analog in CP' at 3.006 MeV has been
tentatively assigned spin ~

" and its excitation energy
fits well with the systematic position of the main 1d5~2

neutron hole strength as observed in Si'7 and S".The
angular distribution to the ~~+ 1.180-MeV level (Fig. 10)
shows a characteristic l„=0 shape. Considerable struc-
ture and forward peaking is exhibited by the (d, t)

'9 P. Taras, L. W. Oleksiuk, R. E. Azuma, and J. D. Prentice,
Phys. Rev. 164, 1386 (1967).
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IV; DWBA ANALYSES

Distorted-wave Born-approximation (DWBA) anal-
yses were performed using the Oak Ridge computer
code Jvr.IE""in order to obtain spectroscopic informa-
tion from the experimental (d, t) angular distributions.
The deuteron and triton optical model parameters used
in these analyses, as well as the bound neutron well
parameters, are presented in Table I. The deuteron
optical model parameters were those obtained from a
study of 18-MeV deuteron elastic scattering on Si',
S", and Ar".' The triton optical model parameters
were those obtained by Glover and Jones from an
analysis of 12-MeV triton elastic scattering on Al~."
No spin-orbit terms were included in either the deu-
teron or triton optical model potentials.

In most of the DWBA calculations the bound neu-
tron wave function, or form factor, was calculated using
a Woods-Saxon potential where the radius parameter
ro„, the diffuseness parameter a, and the spin-orbit

O.OI

04 204 OO 60
~c.m.

80 1004

10.0

AF (d, t)AP

~ I/2+ I.ISO MeV

FIG. 9. Experimental Arl(d, t)Ar" angular distributions for
the —,

'+ ground state and the —',+ 2.985-MeV level. The solid curves
. represent l„=2 (1d) DWBA fits to the experimental data. I.O

angular distribution to the 2.635 MeV level of Ar"
(Fig. 11). A doublet would be expected in Ar" at about
this excitation energy, since its mirror nucleus CP' has
levels at 2.645 and 2.695 MeV. '4 However, when the
energy calibration curve discussed previously is used to
predict the Q value corresponding to this Ar" (d, t) Ar's

triton group, the predicted Q value varies by less than
4 keV between gq,b = 30' and 70'. This implies that this
experimental triton group either corresponds to a very
close lying doublet in Ar" or that only one member of
a possible doublet is being excited with any appreci-
able strength in the Ar" (d, t)Ar" reaction. As is dis-
cussed in Sec. IV, we have attempted to 6t the angular
distribution to the 2.635-MeV level with DWBA curves
assuming either 1„=2 (1d3/s) or /„=1 (2p», ) neutron
pickup.

The angular distribution to the 3.200-MeV level in
Ar" (Fig. 11) shows some forward peaking. The spin-
parity assignment for this level is almost certainly ~~,
since its analog in CP' at 3.163 MeV has been given
a de6nite assignment of —, .""As will be discussed in
Sec. IV, we have attempted to 6t this angular distribu-
tion with a DWBA curve which assumes l„=3 (1fq~s)
neutron pickup.

I D. D. Watson, Phys. Letters 22, 183 (1966).

Cg
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FIG. 10. Experimental Ar' (d, t)Ar" angular distribution for
the —',+ 1.18-MeV level. The experimental data are fitted with
two 1„=0 (2s1g~) curves. In the solid curve the d+Ar36 optical
model parameters of Table I are used, while in the dotted curve
deuteron optical model parameters similar to the d+Si' param-
eters of Table I are used.

"R.H. Bassel, R. M. Drisko, and G. R. Stachler, Oak Ridge
National Laboratory Report No. ORNL-3240 and Suppl. , 1962
(unpublished) .

~' G. R. Stachler, Nucl. Phys. SS, 1 (1964)."R.N. Glover and A. D. W. Jones, Nucl. Phys. 81, 268
(1966).
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strength 3 were fixed at 1.25 F, 0.65 F, and 25.0,
respectively. The depth of the Woods-Saxon well V„
was then varied to reproduce the experimental neutron
separation energy of the given neutron pickup transi-
tion. In those cases where the (d, 1) transition cor-
responded to the pickup of a shell-model orbital at
or below the Fermi surface the value of V„was between
54 and 60 MeV. However, when the (d, t) transition
corresponded to the pickup of a shell-model orbital
above the Fermi surface the value of V„necessary to
bind this orbital at the experimental separation energy
could be much greater than 60 MeV. In those cases
the form factor was also calculated under the condition
that ro„was increased to make V„=60MeV. The shapes
of the (d, 1) DWBA angular distributions calculated
with ro„variable and V„—60 MeV were quite similar
to those calculated with ro„ fixed at 1.25 F. However,
there were considerable variations in the absolute mag-
nitude of the DWBA cross sections, and therefore
considerable variations in the deduced spectroscopic
factors. It was concluded that the differences in the
spectroscopic factors obtained by these two procedures
would give some indication of the uncertainties in the
experimental spectroscopic factors rejecting uncertain-
ties in the assumed neutron form factor."

The fits of the DWBA calculations to the experi-
mental (d, 1) angular distributions are presented in
Figs. 2, 3, 4, 6, 7, 9, 10, and 11.All the DWBA curves
were calculated without a radial cutoff. A radial cutoff
at the nuclear surface was found to have little or no
effect either on the shape or on the magnitude of the
DWBA (d, t) angular distribution. With the exception
of the 1„=0fits for the ~~+ 0.78-MeV Si'~ level and for
the -',+ 1.18-MeV Ar" level, the DWBA fits for the
strong (d, t) transitions studied in this experiment are
reasonably good. At Eq=21.6 MeV, the experimental
1„=0 transition to the -', + level in Si" (Fig. 3) has a
broad shoulder between 40' and 65' rather than the
oscillatory behavior displayed by the experimental
l„=0 transitions to the ts+ levels in S" and Ar" (Figs.
6 and 10). The reason for this is not known. In some
preliminary data taken at this laboratory at E&=21.0
MeV the experimental /„=0 transition to the 0.78 ~+
level in Si'~ shows a definite minimum between 40' and
45' with a further maximum near 60'. The DWBA
fit for the l„=0 transition to the —',+ 1.18-MeV level in
Ar" is considerably improved if deuteron optical model
parameters similar to those used in the Si"(d, I) DWBA
calculations are also used for this Ar" (d, 1) transition.
The dotted line in Fig. 10 is the DWBA curve ob-
tained with these parameters. The spectroscopic factors
obtained from the two DWBA curves shown in Fig. 10
are almost identical.

The l„=2 DWBA fit to the ~+ 0.96-MeV level in

'4W. T. Pinkston and G. R. Stachler, Nucl. Phys. "l2, 641,
{1965).
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Fro. 11. Experimental Ar" (d, t)Ar" angular distributions for
the 2.635-MeV level and the -', 3.200-MeV level. The (d, t)
angular distribution to the 2.635-MeV level is fitted with DWBA
curves under the asumption that it represents either an /„= 1 (2p3/s)
transition or an 1„=2 (1d3f2) transition. Two 1„=1(2psf2) DWBA
curves are presented; in one r, =1.25 F {V„=78.5 MeV), while
in the other r, =1.53 F (V„=60.7 MeV). These two/„=1 (2pa~g)
DWBA curves differ in absolute magnitude by a factor of 3.5.
The (d, t) angular distribution to the 2 3.200-MeV level is fitted
with two 1„=3 (1fqy) DWBA curves; in one r„=1.25 F (V„=
71.4 MeV), while in the other r, =1.45 F (V„=59.1 MeV).
The two 1„=3 (1fq~s) DWBA curves diGer in absolute magnitude
by a factor of 3.

Si'~ (Fig. 2) is not good. The difficulty here may lie
with the experimental data. At the forward angles the
errors on the experimental data are quite large; and
data were obtained only for center-of-mass angles
greater than 22.5', while the DWBA curve suggests
that the cross section peaks at approximately 15' to
20' in the center-of-mass system. In Fig. 2 the normal-
ization of the DWBA curve to the experimental data
is quite uncertain; this is reQected in a large uncertainty
in the l„=2 spectroscopic factor for this transition.
DWBA analyses are not presented for the Si"(d, 1)
transitions to the s+ 2.65-MeV level (Fig. 3) and to
the s+ 2.87—s+ 2.91-MeV doublet (Fig. 4). The transi-
tion to the 2+ 2.65-MeV level is quite weak. , and the
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TABLE II. Spectroscopic factors for the Si~(d, t) Si" reaction.

This experiment Other neutron pickup reactions on Si'

Level in Si"

G.S. -', +

0.78 MeV ~+

0.96 MeV —,'+

Sj98(d /) Sjsr

Ed, =21.6 MeV

rp„——1.25 F

4.15
1.10

(0 75)e

rp„variable
t/'„~60 MeV

4. 15
0.78

(0 48)'

(f, d)
E„=27.6

MeV~

2. 14
0.65
0.37

(p, d)
E„=33.6

MeVb

3.45
0.64
0.34

(He', n)
EH,3= 10

MeV'

2.0
0.7
0.5

(He', a)
EH,3= 15

MeV~

2.99
0.42
0.38

~ Reference 4.
Reference 6.
Reference 7.

d Reference 8. The spectroscopic factors in Ref. 8 are relative. In that
paper the sum of the spectroscopic factors to all levels less than Z~ =3.00

MeV was set equal to 6.00.' In our experiment there is a large uncertainty in the (d, t) spectroscopic
factor to the z+ 0.96-MeV level in Si» due to a large uncertainty in the
normalization of the DWBA curve to the experimental (d, t) angular
distribution.

experimental angular distribution cannot be definitely
assigned as an l =2 pickup transition. The experimen-
tal angular distribution to the 2+ 2.87-~+ 2.91-MeV
doublet does not resemble an /„=2 pickup transition.
As was discussed in Sec. III, there is a reasonable
possibility that the 2+ member of this doublet is rather
strongly excited in the (d, t) reaction.

As shown in Fig. 11, we have attempted to fit the
(d, /) angular distribution to the 2.635-MeV level in
Ar" assuming both /„=1 (2ps/s) neutron pickup and
l„=2 (1ds/s) neutron pickup. Two /„=1 DWBA curves
are shown; one was calculated with the bound neutron
parameter rs„set equal to 1.25 F (V„=78.5 MeV)
while in the other rs„was set equal to 1.53 F (V„=60.5
MeV). In the forward angle region the experimental
data are definitely fit better by the /„= 1 (2ps/&) DWBA
curves. An intercomparison of the experimental data
by themselves shows that the forward angle structure
of the 2.635-MeV Ar" (d, t) angular distribution is dis-
placed some 5' to 7' toward smaller angles as compared
to the strong l„=2 (1d) neutron pickup transitions in
the Ar'"'(d, t) and S"(d, /) reactions. An /„=1 (2p)
assignment for this Ar" (d, t) angular distribution
would be in agreement with the 27.5-MeV Ar" (p, d)
experiinent of Johnson and ("riffiths. ' However, in an
Ar" (P, d) experiment at 33.6 MeV, Kozubs found that
the (p, d) angular distribution for the 2.635-MeV level
was very similar to that for the —,'+ Ar" ground state,
and he therefore assigned this transition as l„=2 (ss+) .
The present data would definitely favor an /„= 1 assign-
ment for this transition, but both l„=1 (2P3/s) and
/„=2 (1ds/s) spectroscopic strengths were calculated
for this transition (see Table IV). If an /„=2 (1ds/, )
transition is assumed, the large uncertainty in the
normalization of the l„=2 DWBA curve to the experi-
mental data reQects itself in a large uncertainty in the
extracted spectroscopic strength.

The experimental (d, /) angular distribution for the
3.200-MeV level in Ar" is Gtted quite poorly by

l„=3 (1fr/s) DWBA curves (Fig. 11).The l„=3 (1f&/Q)

DWBA curves peak at approximately 20' with a mini-
rnum at 45', while the experimental data show a broad
maximum centered at 30' to 35'. The shapes of the
l =3 (1fr/s) DWBA curves are almost identical for
rs„——1.25 F (V„=71.4 MeV) and rs„——1.45 F (V„=59.1
MeV), although their absolute values differ by a factor
of 3. The use of a radial cutoff at the nuclear sur-
face (R,=4.15 F) does not improve the fit of the
DWBA curves to the experimental data. The reason
for this poor fit is not known. One possibility might
be that this 3.200-MeV level in Ar" is actually a
doublet, but extensive studies of CP', the mirror nu™
cleus to Ar", have not found two levels in this energy
region. '4

V. SPECTROSCOPIC INFORMATION
AND DISCUSSION

TAnr. z III. Spectroscopic factors for the S"(d, t) S"reaction.

This
expenment

Other neutron pickup
reactions on Si"

Level in S"

G.S. —,'+
1.24-MeV $+
2.23-MeV -', +

l S@(d, t) Sn

Ed =21.0
MeV

0 0.87
2 0.55
2 2.40

(p, d) (He', )
E„=33.6 EH,3=15.0

MeV MeVb
1.04 0.9
0.98 1.1
2.77 2.9

~ Reference 6.
Reference 9. The spectroscopic factors in Ref. 9 are relative. In that

paper the sum of the spectroscopic factors to the z+ ground state and to
the $+ 1.24-Mev first excited state of S31 was set equal to 2.00.

"R.H. Bassel, Phys. Rev. 149, 791 (1966).

Using the relation

do/dQ r (d, &) =3 33Sdo/dQ. own/i(d, ]),'

spectroscopic factors were obtained from the DWBA
analyses discussed in Sec. IV. The ratios between the
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TxsLz IV. Spectroscopic factors for the Ar 8(d, t) Ares reaction.

This experiment Other neutron pickup experiments on Ar"

Level in Ar~
Ar" (d, t) Ar"

8~=21.0 MeV
rp„=1.25 F r0 variable

V„60MeV

(p, d)
E„=27.5 MeV'

(P, d)
E„=33.6 MeVb

r()„=1.15 F r0~=1.35 F

G.S. -', +

1.18 Mev —,'+
1.70 MeV (-', +)
2.635 MeV (-,'+)

(2 )
2.986 MeV —,

'+
3.200 MeV —,

'

2
0

(2)
(2)
(1)
2

(3)

3.4
1.4

&0.2
(0.5)~
(0.11)
2.6

(0.33)s

3.4
1.4

&0.2'
(0.5) s

(0.032)
2.6

(0.11)s

2.92
2.50

(0 12)e
2.47
0.63

3.03
1.29
0.1
0.42'

2.31
0.64

1.76
1.05

0.28'

1.53
0.37

~ Reference 5.
Reference 6.' In the present experiment the 1,70-Mev (z+) level is excited very

weakly; see Sec. III. However, we are able to put an upper limit on the
possible l„=2 (id5~2) spectroscopic strength for this transition.

~ There is a large uncertainty in the spectroscopic strength for this

transition, due to a large uncertainty in the normalization of the DWBA
curve with the experimental angular distribution.

~ In Ref. 5 it was assumed that the angular distribution to the 2.635-MeV
level corresponded to an /„=1 (2@3~2) neutron pickup transition.

In Ref. 6 it was assumed that the angular distribution to 2.635-MeV
level corresponded to an l„=2 (1d3g2) neutron pickup transition.

iesi5

S= 2.40 +
S =2.I6

)- 2.0
C9

LLI

Z,'

LLI S= 0.56
P/2+ S = 0.83 +3/2+

~ I.O—
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O
X
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0.0— S =0.87 I/2+- ————S = I.06
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S (d, t)S OAK RIDGE SHELL MODEL
EXPE Rl MENT CALCULATION

FrG. 12. Comparison of the present S"(d, t) S" experimental
results with the shell-model calculation of Ref. 27.

experimental and DWBA (d, t) angular distributions
were taken from a "best fit" in which the forward
angle points were weighted most heavily. Tables II-IV
present the spectroscopic factors measured in this experi-
ment for the SP'(d, t) Si', S"(d, t) S" and Ar" (d, t) Ar"
reactions, respectively, together with the results from
other neutron pickup reaction studies on Si'8, S", and
Ar". ' In general the comparisons between the present
results and those of the other neutron pickup experi-
ments are reasonably good. In Table II the Si"(d, t)
spectroscopic factors are shown to be systematically
higher than those from the (p, d) 's and (He', a) r '
experiments, but the 20oro uncertainty in the experi-
mental Si"(d, t) cross sections could encompass much

of this discrepancy. It should be mentioned that two
experiments have been reported for the proton pickup
reaction (d, Hes) on Si" leading to the mirror nucleus
of Sim APr ""The Si's(d, He') spectroscopic factors
determined in those experiments for the first three
levels of AP7 are in reasonable agreement with the
present Si"(d, t) spectroscopic factors for the first three
levels in Si'~.

An extensive set of 2s-1d shell-model calculations
has been reported recently by a group at the Oak Ridge
National Laboratory; this work has been summarized
in a paper by Halbert. " In these calculations both
energy level spectra and spectroscopic factors are cal-
culated, and direct comparison can be made with the
present Si", S", and Ar" (d, t) experimental results.

In the mass region A =20—28 these shell-model
calculations use a truncated basis consisting of 1d5~2

and 2s&p particles. The two-body matrix elements in
the shell-model effective interaction are determined by
optimizing the 6t to approximately 90 observed levels
in the 20&A &28 region. This calculation predicts that
the single nucleon pickup transition from the ground
state of Si'8 to the ~~+ ground state of either AP7 or Si'7

will have a spectroscopic factor of 3.9, while the transi-
tion to the theoretically predicted —',+ 0.83-MeV level
(experimentally there is a sr+ level at 0.843 MeV in
AP' and 0.78 MeV in Si") has a spectroscopic factor
of 0.85.""These predictions are in quite good agree-
rnent with the results of our Si"(d, t) Si'r experiment
(Table II). Since the shell model basis does not con-
tain id3~2 particles, this presently available calculation
cannot predict t„=2 (1dsts) spectroscopic factors.

In the mass region A =30—33, the Oak Ridge shell-
model calculations used a id5~2, 2s1~2, and 1d3~2 shell-

B. H. Wildenthal and E. Newman, Phys. Rev. 167, 1027
(1968).
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Fio. 13. Comparison of the present Ar" (d, t) Ar" experimental results with two shell-model calculations which use a complete 2s-1d
basis. Calculation (A) uses a "realistic" interaction derived from a potential which fits nucleon-nucleon scattering, while calculation
(B) uses a modified surface delta interaction.

model basis, with no more than two holes being allowed
in the 1d5y. shell. "The effective interaction was taken
to be a modified surface delta interaction (MDSI).ss

Figure 12 compares the theoretical calculation with
our S"(d, f) S" experimental results. The agreement is
quite good.

In the mass region A =34-39, these shell-model cal-
culations used the full space of all possible 2s-1d wave
functions. Two effective interactions were used in the
calculations. One was a "realistic" interaction derived
from a potential which its nucleon-nucleon scattering
data, "while the other was the MDSI. Figure 13 com-
pares our Ar"(d, t)Ares experimental results with the

'~ B. H. Wildenthal, J. B. McGrory, and E. C. Halbert, Phys.
Letters 2'TB, 611 (1968)."P.W. M. Glaudemans, P. J.Brussaard, and B.H. Wildenthal,
Nucl. Phys. A102, 593 (1967).

results of both theoretical calculations. The experimen-
tal (d, t) results agree quite well with the theoretical
calculation which uses a "realistic interaction. " The
agreement between the (d, f) experiment and the
MDSI calculation is not as good since experimentally
the l„=2 spectroscopic strength to the ~+ level in Ar"
at 2.985 MeV is found to be 2.6, while the MDSI cal-
culation finds a spectroscopic strength of only 0.46
for a predicted 2+ level at 3.18 MeV. Also, in the MDSI
calculation the next two predicted ~+ levels at 4.74 and
5.49MeV have spectroscopic strengths of only 0.09
and 0.39, respectively. Thus the MDSI calculation
predicts much less l„=2, 1d5~2 spectroscopic strength
at relatively low excitation energy in Ar'5 than is
observed experimentally.

A quite interesting comparison can be made between
various theoretical predictions for the first 2+ levels
in Ar" and S". An earlier shell-model calculation of
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Glaudemans et al.29 for the mass region 29&A &40 pre-
dicted a -',+ level in the T=-', isobaric doublet Cl"-Ar"
at 1.67 MeV, in good agreement with experiment. This
theoretical calculation assumed a closed id5i2 shell at
Si", so that the shell-model basis consisted only of 2$yp
and idei2 orbitals. Since this theoretical level 2+ level
at 1.67 MeV has a closed 1dst2 neutron shell, there
would be no l„=2, id5~2 spectroscopic strength to such
a level in the Ar"(d, t)Ar" reaction. Experimentally,
the l„=2, id5i2 spectroscopic strength to the first ~+
level in Ara' at 1.70 MeV is very small, in agreement
both with the calculations of Ref. 29 and the more
complete shell-model calculations shown in Fig. 13.
The good agreement between the 2sj~2-id3~2 shell-model
calculation of Ref. 29 and experiment for the first 2+
level in Ar" can be contrasted with the rather poor
agreement between this calculation and experiment for
the erst ~+ level in S".In S" the first ~5+ level is found
experimentally at 2.23 MeV, while the calculation of
Ref. 29 predicts the first —',+ level at 3.18 MeV. This
rather poor agreement is not surprising since both
experiment and the more complete shell-model calcula-
tions of Ref. 27 agree that there is a large id5i2 neutron
hole component in the wave function for this level
(Fig. 12); the shell-model basis of Ref. 29 does not
include id5p neutron holes.

The Si'8, S", and Ar' (d, d') scattering studies at this
laboratory' have indicated that Si" most probably has
an oblate static deformation while S" and A" appear
to be spherical vibrational nuclei. At least for S" and
Ar", the good agreement between the spherical model
calculations' and the present S"(d, t) and Ar"(d, t)
experimental results would tend to reinforce the con-
clusion drawn from the (d, d') work that the equilib-
rium shape of nuclei in the upper half of the s-d shell
changes from a poorly stabilized oblate shape at A = 28
to a spherical equilibrium shape at A=32, with this
spherical equilibrium shape being retained up to the
end of the shell at A =40. However, it should be empha-
sized that the extent to which agreement between the
spherical shell-model calculations and experiment can
be used to indicate that the nuclei under consideration
indeed have spherical equilibrium shapes is very much
open to question. For example, it is well established
that Ne" is a strongly deformed nucleus""; at the
same time the spherical shell-model calculations" are
successful in fitting the energy level sequence of the
E=—,

' ground-state band for this nucleus quite well.
Any simple rotational model is certainly at variance

with our experimental results. For single nucleon pickup

29P. W. M. Glaudemans, G. Wiechers, and P. J. Brussaard,
Nucl. Phys. 56, 548 (1964).

"A. J. Howard, J. P. Allen, and D. A. Bromley, Phys. Rev.
139, 81135 (1965).

"A. J. Howard, J. P. Allen, D. A. Bromley, J. W. Olness, and
E. K. Warburton, Phys. Rev. 15'7, 1022 (1967).

transitions in this model, there is a sum rule limit of
two on the spectroscopic factors to levels where E is a
good quantum number —no band mixing. Experimen-
tally, this limit is certainly violated in the l„=2, id;~2
Si"(d, t) Si" ground-state transition, and is probably vi-
olated by one S~~(d, t) S3' transition and two Ar" (d, t) Ar'5

transitions (see Tables III and IV).
The weak-coupling modep' "presents a rather simple

framework in which the low-lying energy structure of
odd-even nuclei can be discussed. In this model a single
particle or hole couples both to the 0+ ground state of
an adjacent even-even nucleus and to a collective exci-
tation (usually 2+) of this same nucleus, producing the
low-lying energy structure of the odd-even nucleus. In
the case of AI', where a id5i~ proton hole is coupled
to the ground state and erst excited 2+ level in Si", the
weak-coupling model is able to explain rather well
both the level structure of AP' up to 3 MeU '4 and the
relative excitation of these levels in inelastic scatter-
ing."AP~ is the mirror nucleus to Si'7, whose structure
was studied in the present Si"(d, t) experiment. In-
elastic proton scattering on P", the mirror nucleus to
S", indicated that the weak-coupling model may also
have some validity for this nucleus. "It would be very
interesting to perform an inelastic scattering experi-
ment on CP', the mirror nucleus to Ar", in order to
determine whether its low-lying energy level structure
could also be discussed within the framework of the
weak-coupling model.

In conclusion, we find that the current ORXL shell-
rnodel calculations provide rather excellent reproduction
of the available data pertaining to the Si", S", and
Ar" systems; this is most gratifying in light of the
relative complexity of these calculations. At the same
time the present data do not provide significant insight
into the question of the equilibrium shape of nuclei in
the upper end of the sd shell beyond that already re-
ported from our deuteron scattering studies.
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