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Angular distributions of the %S(p,¢)®S reaction at £,=40 MeV have been measured for
states in %2S up to an excitation energy of 11 MeV. Assignments of the L transfers on the
basis of the characteristic shapes of the angular distributions yield several new spin and

parity assignments for states in 32S. Transitions to several unnatural parity states in

325

were observed with a cross section of about 5 pb/sr. For transitions to the natural parity
states distorted-wave analyses based on current shell-model wave functions were performed
and compared with the experimental differential cross sections.

NUCLEAR REACTIONS %s(p,t), E,=40 MeV; measured o(E;,6); enriched tar-
get. S deduced levels, L, J, .

I. INTRODUCTION

In the simplest shell model, the 2s,,, subshell
is filled at 32S. The one-particle, one-hole as-
pects of the *8 level structure can be studied by
means of the single-nucleon transfer reactions on
the adjacent nuclei 3'P and *3S. Since one starts
from nonzero spin ground states, the spin values
in the final nucleus *2S cannot be determined un-
ambiguously. The two-nucleon transfer reactions
on the even target nuclei 3°Si and 3*S, however,
allow unique spin and parity assignments. They
also provide information about the two-particle,
two-hole character of the 32S levels.

Among the single-nucleon transfer reactions
only the 3'P(d, n)**S (see Ref. 1) and *'P(*He, d)*>S
(see Refs. 2 and 3) have been studied. The two-
nucleon transfer reaction **S(p, £)*2S was used® to
locate the lowest 0%, T'=2 state in 32S, but no ang-
ular distributions were measured. In the *°Si
(*He, 7)*?S reaction only the ground state transition
has been studied so far.®

The present investigation of the **S(p, £)’*S reac-
tion has two aims. One is to extend the present
spectroscopic information about the levels of 328,
The assignment of spins and parities to previously
unassigned levels furthers the realm of testing
nuclear structure calculations simply on the basis
of their predicted energy level spectra. The other

aim is to test available shell-model wave functions.

The comparison of experimental differential cross
sections with the results of microscopic distorted-
wave Born approximation (DWBA) calculations
based upon matrix elements of the coupled two-
particle creation (or annihilation) operator can
provide a sensitive test of the wave functions of

13

the initial and final states.

Shell-model wave functions for states of both
the target and final nucleus have been calculated
by Wildenthal et al.®*” Older calculations® were
carried out by diagonalizing a Hamiltonian con-
sisting of a combination of free and surface 6 two-
body matrix elements in a truncated
(1d;.,)" 1(2s,/,)"2(1d,,)" s basis space with z, > 10,
In the following we refer to these wave functions
as FPSDI wave functions. In more recent calcu-
lations,” the constraints on the configuration space
were removed and the two-body matrix elements
were treated as independent free parameters in an
empirically adjustment to best fit experimental
ground state binding energies and level spacings.
We refer to these wave functions as DSD wave
functions.

Spectroscopic amplitudes calculated from these
two sets of wave functions were used with DWBA
to predict relative cross sections of transitions to
states in 32S. The consistency of the ratio of the
measured to calculated cross sections then gives
measure of the goodness of the theoretical wave
functions.

II. EXPERIMENTAL PROCEDURES AND RESULTS

The present experiment was carried out with a
40 MeV proton beam from the Michigan State Uni-
versity cyclotron. The reaction products were
detected in a position sensitive wire-counter plas-
tic-scintillator combination on the focal plane of
an Enge split-pole magnetic spectrograph. The
target consisted of two layers of enriched **S
(9.6% %S, 0.4% 3°s, and 90.0% **S), sandwiched
between layers of Formvar and carbon foils in
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FIG. 1. Composite triton spectrum from the %S(p,¢)®S reaction.

order to inhibit evaporation during the bombard-
ment. The target thickness obtained was about
140 pg/cm?  Throughout the experiment, the
target thickness was monitored by continuously
recording of the elastically scattered protons from
the target material.

Figure 1 shows a composite triton spectrum
obtained at 6y, =24°. The whole excitation energy
range was covered in two passes, one from 0 to
6 MeV, and the other from 5 to 11 MeV. An over-
all energy resolution of about 30 keV was obtained.
The spectra were analyzed by the peak fitting pro-
gram AUTOFIT.?

Angular distributions were measured from 4° to
55° for transitions to states in %28 up to 10.8 MeV
of excitation. They are displayed in Figs. 2—-4
and 6-8. Error bars reflect only statistical un-
certainties. The absolute cross sections were
obtained by normalization to the elastic scattering
of protons on 3*S obtained between 25°and 50°under
identical experimental conditions. The measured
elastic scattering cross sections were assumed to
have the values calculated in the optical model
from the parameters of Becchetti and Greenlees.®
The accuracy of the absolute cross sections thus
determined is estimated to be about +20%.

The excitation energies of the levels observed
in the present experiment are given in Table L
Also shown are data from the recent compilation
of Endt and van der Leun.’® Spin and parity assign-
ments are indicated where they could be made from
comparison to the angular distributions of low-
lying states with known spin, since the shapes of
the angular distributions with the same L value

change very little with excitation energy. Values
in parentheses indicate less certain assignments.

III. DISCUSSION OF THE RESULTS

A. L=0 transitions

Four levels with excitation energies varying
from 0 to 8.51 MeV were observed to be popu-
lated by L=0 transitions. They are displayed in
Fig. 2. The state at 7.54 MeV in *2S was previous-
ly assigned as 0* or 1* (see Ref. 10). The obser-
ved angular distribution eliminates the 1* value
unambiguously. The transition to the 8.51 MeV
state is very weak (0~ 11 pub-sr), but the key
features of an L=0 angular distribution, maxima
at 0° and around 25° and minima near 15°and 37°,
are still evident.

B. L=2 transitions

Twelve levels are observed to be excited by
L=2 angular distributions. They are shown in
Fig. 3. In order to identify L=2 angular distrib-
utions, a smooth curve characteristic to an L=2
shape was derived from averaging over known
experimental L=2 angular distributions. This
curve is superimposed in Fig. 3 to the data as a
dotted curve. The present 2* assignments agree
in all cases with those of previous experiments
and, furthermore, in some cases ambiguities
have been removed from previous data.

C. L=4 transitions

The angular distributions for four transitions
exhibit the characteristic features of L=4 trans-
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TABLE I. Energy levels of 32S observed in the *S(p,¢)*2S reaction, compared with previous data. The excitation en-
ergies have an estimated uncertainty of +5 keV for levels up to 8 MeV of excitation and +8 keV for higher excited
states. The assignment of the isospin quantum number T =1 is made on a comparison of the excited *2S spectrum with
that of 32P; the state seen at 7.116 MeV in °2S is assumed, consistently with the literature, to correspond to the 2*
member of the *’P ground-state doublet.

Ey (MeV)  J7 Ey (MeV) Jr do/dQ 2 Ey (MeV) JT Ey (MeV) JT do/dQ ?
Present work Reference 10 (kb/sT) Present work Reference 10 (ub/sr)
0 o+ 0 o* 2200 8.336  2*;(T=1) 57
2.230 2+ 2.230 2* 375 8.502 (0-2)~
3.778 ot 3.779 ot 88 8.507 o* 11.0
4.280 2+ 4.282 2% 90 8.694
4.459 4* 4.459 4* 121 8.725 12.0
4.696 4.695 1* 4.9 8.790
5.007 5.007 3~ 62 8.848
5.415 5.413 3* 4.0 8.862
5.5563 2* 5.548 2+ 4.6 9.025 9.022 (2-4)" 15.0
5.797 5.798 1 8.8 9.061 (0-2)"
6.230 6.224 2° 7.5 9.196 2t (T=1) 42
6.417 4* 6.410 (1-4) 32 9.207 1*; T=1
6.584 6.581 ° 9.238 1°
6.621 4~ 9.290 1
6.662 2* 6.666 (1,2)* 12 9.389 2"
6.769 6.762 (2-5) 9.468 9.464 2+ 5.7
6.851 (4%) 6.852 (2—4) 5.4 9.486 1-
7.000 7.003 1*; T=1 7.2 9.650 2*;(T=1  9.650 2* 1.5
7.116 2t (T =1) 7.116 2t; T=1 145 9.660 1
7.190 9.704 9.711 2* 9.1
7.349 7.348 ree
7.415 7.434  (0-2)" 9.820 9.817 (2*,3") 18.5
7.485 (1-3) 9.920 2t 9.919 29
7.536 0*;(T=1) 7.535 (0,)*;(T=1) 160 see
7.637 10.276  4%;(T=1) 28
7.702 7.702 (2-4) 10.370 2 10.371 2* 60
7.877  (0-2)" “ee
7.914 10.530
7.951 (2-4)~ .o
7.966 q* 22 10.780 2+ 10.779 (17,2%) 41
8.121 8.126 17;T=1
8.266 10.823 2* 10.827 (17,2%) 84
8.204 (2

3 All cross sections are taken at the maximum in the angular distribution.

> From Ref. 11.

fer. One additional transition has most probably
an L=4 character. The data are displayed in Fig.
4. Here again a characteristic shape has been
obtained from experimentally known L=4 angular
distributions and drawn as the dotted line through
the present data. Figure 5 displays this experi-
mental L=4 shape together with the corresponding
L=2 shape. The differences between the L=2

and L=4 shapes are significant. The L=2 angular
distribution shows a minimum near 32°, whereas
in the L=4 angular distribution this minimum lies
around 44°. The present results yield new assign-
ments of 4* to levels at 6.42, 7.97, and 10.28 MeV
in 328,

D. Other transitions

Two natural odd-parity states were excited in
the present experiment, the 3~ state at 5.01 MeV
and the 1”7 state at 5.80 MeV. The angular dis-
tributions are displayed in Fig. 6. The transition
to the 3~ state is quite strong (0~ 62 pb/sr),
whereas the transition to the 17 state is very weak
(Gmax =9 ub/sr). In the 3'P(*He, d)*?S reaction?
the 3~ state at 5.01 MeV is quite strongly excited
by Il,=3 transfer indicating a predominant
[(14, 25)**1f,/,] 1p-1h configuration. The observed
(p, t) strength points to some admixture of the
type [(1d, 2s)®, (1 ,/,)%,,] in the ground state
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FIG. 2. Angular distributions of L =0 transitions ob-
served in the 34S(p,¢)3%S reaction. The solid lines are
the results of DWBA calculations.
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FIG. 3. Angular distributions of L =2 transitions ob-
served in the ¥S(p,t)S reaction. The dashed lines
represent the average experimental shape; the solid
lines are the results of DWBA results.
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wave function of 3‘S.

Several transitions to known unnatural parity
states in *2S are observed with cross sections
smaller than 10 ub/sr. Their angular distributions
are shown in Fig. 7. The angular distributions of
transitions with undefined angular momentum are
collected in Fig. 8.

IV. DISTORTED-WAVE ANALYSIS

A. Differential cross-section calculations
Microscopic distorted-wave Born approximation
calculations were performed using the two-nucleon

transfer option of the code DWUCK."” In this option
the two-particle form factor is calculated by taking
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FIG. 7. Angular distributions of transitions to un-
natural parity states.

into account the individual motions of the two nuc-
leons and projecting out the zero relative angular
momentum part according to the method described
by Bayman and Kallio.'® The optical potentials
which were used for calculating the distorted waves
in the entrance and exit channels were adapted
from the literature'*'’® and are given in Table II.
The DWBA calculations were normalized accord-
ing to the procedure of Baer et al.,'® where

2
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TABLE II. Optical potential parameters used in the
DWBA calculations.

’

vV w, Wy 7, a v, a ¥e
(MeV) (MeV) (MeV) (fm) (fm) (fm) ¢m) (fm)
p 475 13.0 1.25 0.70 1.25 0.70 1.25
t 173.9 20.6 1.15 0.72 1.50 0.82 1.40

<ﬂ> =9.72 D2e(TgIN51| T N, @T+1)7'05 (6).
aQ exp

The factor D,? is a normalization constant which
arises from makingthe zero-range approximation.
The constant 9.72 comes from the choice of the
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range parameters of the two-body interaction and
the size of the outgoing particle in the code DWUCK.
The Clebsch-Gordan coefficient accounts for the
coupling of the isospin of the residual nucleus Ty
to that of the transferred neutron pair to yield the
isospin of the target nucleus T',. The quantity J
is the total angular momentum of the transferred
neutron pair and obw () is the differential cross
section calculated by the code DWUCK. The factor
€ deals with the goodness of the wave function
description of initial and final states. A value
€=1 would indicate an ideal wave function descrip-
tion if the other assumptions, such as the domin-
ance of a single-step process, were valid.
Spectroscopic amplitudes have been calculated

TABLE III. Spectroscopic amplitudes for %S —A=32.

EX
J' T, MeV) J T (D5D5 (51,51 (D3,D3) (D5,S1) (D5,D3) (S1,D3)
0t 0 0.00 0 1 +0.2159% +0.3140 +0.8541
0.00 +0.4326°  +0.2875  +0.7437
3.68 —0.0316% —0.3487 +0.2180
3.84 +0.0456° —0.3228 +0.3123
7.35 +0.2468%  +0.0657 —0.0726
7.12 -0.0827°  +0.1085 +0.1971
7.99 +0.09132  —0.1711 —0.0681
7.19 +0.2370°  -0.1435 —0.1022
2t 0 220 2 1 +0.1268% +0.1824 +0.2002 +0.0228 +0.8034
2.40 —0.2670° —0.0422 —0.4791 —0.2710 —0.6465
4.55 -0.17182 +0.0636 —0.4106 —0.5739 +0.0339
4.17 +0.1050 P —0.3144 +0.3248 +0.3635 —0.1583
5.44 +0.06972 +0.6962 +0.0057 —0.0068 +0.3856
5.46 -0.1316° —-0.5627 —0.1064 —0.2384 +0.3930
6.64 -0.16132 +0.1731 —0.5548 +0.4848 +0.2884
6.95 —-0.1301P —0.0568 +0.4046 —0.5688 —0.1587
4~ 0 4,92 4 1 —0.1472° —0.9167
4.82 +0.2996° +0.9889
5.60 —0.04522 —0.5450
6.65 —0.1645° —0.7011
6.15 -0.13382 —0.0139
7.55 -0.1477° —0.1578
7.52 +0.0853 2 —0.1469
7.94 +0.1606" +0.0379
ot 1 6.95 0 1 —0.2776% —0.6944 —0.0256
7.24 +0.2965°  +0.6132  +0.0181
2t 1 671 2 1 -0.11242 —0.2808 —~0.0064 +0.2989 ~—1.2350
7.29 +0.1384 +0.0315 +0.0919 —0.1711 +1.2486
7.70 —0.20812 —0.9212 —0.4881 —0.2839 +0.0738
8.07 +0.2241° +0,9074 +0.3891 +0.0058 ~—0.0096
8.78 +0.0612°2 —0.1464 +0.3220 +0.1418 —0.1300
9.08 +0.2361° —0.1974 +0.9432 —0.6328 —0.0192
9.18 —~0.37032 +0.1102 —0.9731 +0.1356 —0.3605
9.77 +0.0724 P —0.2800 +0.4090 +0.2088 —0.2625
4 1 942 4 1 +0.3625°2 +0.8535
10.08 -0.3226° ~0.3854

2 FPSDI wave functions (see Ref. 6).
Y DSD wave functions (see Ref. 7).
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TABLE IV. %S(p,t)3%s. Comparison of experimental
transition strengths with microscopic DWBA predictions
(see text).

Ey (MeV) €

JE Ty Exp. FPSDI DSD FPSDI DSD

o* 0 0 0 0 1.91 1.60
2* 0 2.23 2.20 2.40 1.38 0.81
ot 0 3.78 3.68 3.84 0.89 2.34
2+ 0 4.28 4.55 4.17 0.81 3.83
4* 0 4.46 4,92 4.82 1.11 0.81
2+ 0 5.55 5.44 5.46 1.06 1.50
4* 0 6.42 5.60 6.65 1.06 0.53
2+ 0 6.66 6.64 6.95 0.68 11.7

@) o 6.85 6.15 7.55 8.94 1.28
2+ 1 7.12 6.71 7.29 1.17 0.89
0t (D 7.54 6.95 7.24 0.55 0.64
4t 0 7.97 7.52 7.94 23.4 13.8

2t (1 8.34 7.70 8.07 0.62 0.85
o* 0 8.51 7.35 7.12 0.85 0.81
2t () 9.20 8.78 9.08 9.79 0.55
2t (1) 9.65 9.18 9.77 0.08 2.02
4t ) 10.28 9.42 10.08 0.60 1.92

from the two wave function sets described above.
The results are presented in Table III for the
various final states in 3%S. Using these numbers,
theoretical differential cross sections were cal-
culated with the code DWUCK. These predicted tri-
ton angular distributions are shown as solid lines
in Figs. 2-4 in comparison with the experimental
data. As shown, each calculated angular distri-
bution is independently normalized for a best fit
to the experimental data. From these fits, the
quantity € was determined assuming an empirical
normalization factor D= 33 x10* MeV? fm3. The
results are listed in Table IV. The correspond-
ence assumed in Table IV between experimental
and theoretical levels is based on their excitation
energies positions and in a few instances on a
comparison of the cross sections. For a given

J and T, the reliability of the wave functions de-
creases with increasing excitation. Further, the
high density of above ~9 MeV also makes the cor-
respondences between theory and experiment am-
biguous in this region.

B. Nuclear structure discussion

The extraction of nuclear structure information
by DWBA analysis is considerably complicated if
two-step processes are present. In a one-step
process, as it is described by DWBA, the dom-
inant relative s-state motion of the two neutrons
in the outgoing triton ensures that only natural
parity states [7=(~)’] canbe reached in transitions
from a 0% target. Hence, the observed excitations
of the unnatural parity states at 4.70 (1*), 5.41

(3*), 6.23 (27), and 7.00 (1") MeV must proceed
through two-step processes. Thus the quantitative
aspects of the DWBA analysis for the comparably
weak allowed transitions should be taken with cau-
tion.

The strength of the ground -state transition is
underestimated by both the FPSDI and the DSD
wave functions. However, the inclusion of about
10% (1f,,)%,, pickup adding constructively to the
FPSDI or DSD spectroscopic amplitudes can eas-
ily make up for this discrepancy without changing
the shape of the angular distribution. As discus-
sed in Sec. IIID. the strong excitation of the 3~
state at 5.01 MeV clearly indicates the existence
of f,/,° components in the **S ground state wave
function. The shape of the angular distribution of
the transition to the first excited 0* state at 3.78

T T T T T T

Ry

345 (p.t)32s
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22 ol

T
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FIG. 9. Influence of small (fy/5)%),; admixtures to the
DSD spectroscopic amplitudes on the shapes of the L
=0 angular distributions to the ground and 3.78 MeV
states. For the ground-state transition only the full
line is shown since the (fy/,)%,; admixtures result in
no significantly different angular distributions.
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MeV is not reproduced (see Fig. 2) by either set
of wave functions. In this case again, the inclusion
of a small amount of (1f,/,)%,,, pickup, which now
interferes destructively with the FPSDI or DSD
spectroscopic amplitudes, improves the fits con-
siderably. This is shown in Fig. 9 for the DSD
wave functions. The predicted strength, however,
is reduced by a factor of 2, thus worsening the
value of € (see Table IV). The L=0 transitions to
the 7.54 and 8.51 MeV levels are quite well accoun-
ted for by both sets of wave functions, the DSD
being slightly favored over the FPSDI wave func-
tion.

The magnitudes of the cross sections for the
transitions to the first and third 2* T=0 states at
2.23 and 5.55 MeV are well reproduced by both the
FPSDI and DSD wave functions. The FPSDI wave
functions also predict the strengths of the transi-
tions to the second and fourth 2*, T=0 states at
4.28 and 6.66 MeV correctly, whereas the DSD
wave functions underestimate them by factors of
4 and 12, respectively. Both sets of wave func-
tions reproduce quite well the magnitudes of the
differential cross sections of the transitions to
the first and second 2*, T=1 states. For the
third and fourth 2*, T=1 transitions, the FPSDI
wave functions fail quite drastically to predict
the strength, whereas the DSD wave functions
yield them fairly well.

The shapes of the L=4 angular distributions are
quite poorly reproduced at the very forward angles
by the DWBA calculations. The transition
strengths for the lowest 4*, T'=0 states at 4.46
and 6.42 MeV are in good agreement with the
FPSDI and DSD predictions. This good agreement
deteriorates for the higher 4*, T=0 states. The
FPSDI wave functions underpredict the magnitude
of the differential cross section for the third and
fourth 4*, T=0 states by factors of 9 and 23, re-

spectively. The DSD wave functions account well
for the strength of the third 4%, T=0 transition
but underestimate that of the fourth by a factor of
14. The transition strength to the first 4%, T=1
state at 10.28 MeV is predicted fairly well by both
sets of wave functions.

V. CONCLUSIONS

The 3S (p, £)3%S reaction has yielded evidence for
several new levels in *2S up to an excitation en-
ergy of 11 MeV and has established many new
spin-parity assignments. Some of the new assign-
ments nicely confirm excitation energy predic-
tions of sd-shell-model calculations, as can be
seen from Table IV. The measured differential
cross sections are reproduced reasonably well
with microscopic distorted-wave Born approxi-
mation calculations which are based on either of
two different sets of shell-model wave functions.
The essential differences between these two shell-
model calculations are a relaxation on the trunca-
tion of the configuration space and a different
specification of the Hamiltonian. The two sets of
wave functions yield agreements with the experi-
mental strengths that are comparable to each
other and to the results of similar shell-model
DWBA analyses!” of other two-nucleon transfer
results in the sd shell. Some of the discrepancies
between observation and the shell-model predic-
tions apparently stem from the omission of the
1f,/, orbit in the model space.

The excitation of unnatural parity states in %S
suggests that two-step processes play some role
in the reaction mechanism. These processes are
not included in the present DWBA calculations. A
more detailed quantitative analysis of the present
data must therefore await a better understanding
of the reaction mechanisms involved.
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