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The S(t,p) S reaction was studied at 18-MeV bombarding energy with an overall energy resolu-
tion of 55 keV. Excited states of S were identified at energies (uncertainties in parentheses) of
1295(10), 2835(14), 3375(17), 3690(17), 4336(20), 4478(22), 4955(25), 5064(27), 5278(28), 6000(30), and
6605(60) keV. Angular distributions were measured for protons leading to the ground state and ten
lowest excited states. The data are compared with distorted-wave Born approximation calculations
in which a microscopic two-nucleon form factor was employed. On this basis spin assignments have
been made for several states. A comparison is made between levels observed in S and those
predicted by the weak coupling and shell models.

I. INTRODUCTION

The (t,p) reaction is particularly useful for populating
states in neutron rich nuclei. For even-even nuclei, the
target spin is zero and the determination of spins can be
carried out unambiguously by comparison of the experi-
mental proton angular distributions with DWBA calcula-
tions. Angular distributions from (t,p) reactions have
been used previously to determine level spins for nuclei in
the upper sd shell. ' In addition, (t,py) angular correla-
tion studies have provided a method for spin determina-
tions. In their S(t,p) S study, Crozier et al. include
shell model calculations for S which show that in this
region of the sd shell, the predicted energy levels are in
good agreement with experiment below 5 MeV. Nuclei in
the fp shell have also been studied using (t,p) reac-
tions. " Shell model calculations are more difficult for
these nuclei and ideally a large configuration space should
be used. Casten et a/. ' have studied 1. =0 transitions for
the (t,p) reaction to isotopes of Ti, Cr, and Fe. They
showed that the magnitudes of calculated differential
cross sections are sensitive to small proportions of
transferred two-neutron configurations other than (1f7/2)
included in the DWBA form factor.

S is an interesting nucleus because, from the simplest
shell model view, there are only two neutrons outside the
closed neutron sd shell. Therefore, energy levels popu-
lated by the (t,p) reaction are expected to be largely two-
neutron configurations, with protons not playing an im-
portant role in the reaction.

There is very little previous knowledge about the excit-
ed states of S. This is because S is a neutron-rich nu-
cleus that cannot be populated by the commonly used re-
actions on readily available targets. S has a very low
natural abundance, so targets of this isotope are rare and
have not been used previously with the (t,p) reaction.

However, states at 1280(40) and 3380(100) keV have been
measured by Fifield et al. ' in the two-proton pickup re-
action Ar("B, ' N) S. States in S have also been ob-
served in the S(' C ' C) S and S(' 0 ' Oy) S reac-
tions studied by Mayer et al. ' For the (' O, ' Oy) reac-
tion two strong peaks were observed in the y-ray spec-
trum measured in coincidence with light particles, from
which energies for the first and second excited states of

S of 1296.2(.4) and 2834.4(.7) keV were assigned. Addi-
tional S states were observed in their' C and ' 0 parti-
cle spectra and assigned energies of 3.71, 4.43, and 6.02
MeV.

II. EXPERIMENTAL PROCEDURE

The S(t,p) S reaction was studied using an 18-MeV
beam of tritons from the McMaster University tandem
accelerator. The target was prepared' by completely sul-
fiding a 200-pgcm silver foil, using sulfur enriched to
81.1(0.2)%%uo in S, the remaining 18.8(0.2)%%uo being S.
Other known contaminants' in the target are trace
amounts of B, Na, Al, Si, and K. The net quantity of S
in the target was estimated as 23.0(3.4) pg cm, while the

S content was 5.0(0.8) p,gem . Silver was used in the
target since it is very reactive with sulfur, resulting in very
little of the target material being lost during manufacture.
Unfortunately, however, the silver causes a significant
background in the spectra, and contributes also to some
loss of energy resolution.

A delay-line gas counter placed in the focal plane of an
Enge split-pole magnetic spectrograph was used to detect
protons from the (t,p) reaction. The position along the fo-
cal plane and the energy loss in the gas counter were mea-
sured, while a scintillator placed behind the delay line
counter was used to measure the total energy of the parti-
cles. The detector was calibrated by changing the magnet-
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FIG. 1. Proton spectrum from the S(t,p) S reaction measured at (9~=20. States of 'S are labeled 0—10 corresponding to the ex-
citation energies given in Table I. For states of S from the contaminant S(t,p) S reaction the state numbers are indicated in
parentheses. The other shaded peaks are states of higher excitation in S and states arising from components of the target other than
36S

III. ENERGY LEVELS IN S

Excitation energies of states in S were measured by
calculating energy differences between protons corre-
sponding to adjacent states in S. Because of slight
nonuniformities in the energy calibration across the
counter, differences in excitation energies are measured
more accurately than absolute energies. Excitation energy
differences were found by taking a mean of values calcu-
lated from the proton energies at angles for which the

TABLE I. Excitation energies and spin and parity assign-
ments for states in S. Our results yield the value

Qo ——3838(30) keV for the ' S(t,p)38S ground state Q value.

State
number

0
I
2
3
4
5
6

9
10
11

Energy
{keV)

0
1295(10)
2835(14)
3375(17)
3690(17)
4336(20)
4478(22)
4955(25)
5064(27)
5278(28)
6000(30)
6605(60)

0+
2+
4+
2+(1 )
5-,6+
4+(3 )

3,4+
2+(1,3 )

3 (2+)
2+(1,3 )

(4+)

ic field to move the peak of the ' C(t,p)'"C(g.s.) reaction
to a number of positions along the focal plane. Protons
were selected from the full position spectrum by setting a
two-dimensional gate on the position versus total energy
spectrum. The overall energy resolution in the proton
spectra was SS keV. A typical spectrum, taken at 20, is
shown in Fig. 1. Because of the significant amount of S
in the target, it was necessary to measure additional spec-
tra using an enriched S target for comparison. The
shaded peaks in Fig. 1 have been identified as arising
from S, ' 0, and ' C contaminants.

peaks of interest were separated from those of contam-
inants. The determinations of the energy differences are
accurate to & 10 keV, except for that between the 6000
and 6605 keV states for which the uncertainty is +50
keV, primarily due to the poor statistics and large back-
ground. The excitation energies are presented in Table I
with their uncertainties.

Proton angular distributions were measured for the 11
lowest states in the range 20'& 0~ & 70' (laboratory frame).

The ground state Q value for the (t,p) reaction on S,
based on our data, is 3838(30) keV, which implies a mass
excess for S of —26843(30) keV. This is in good agree-
ment with the previous mass excess measurements by
Mayer et al. ' and Engelbertink and 01ness, ' which are
—26 863(10) and —26858(21) keV, respectively.

Our results for the excitation energies of the first two
excited states of S are more precise than, but consistent
with, the results of Fifield et al. ' However, our values
are approximately one standard deviation lower than the
values quoted by Mayer et al. ' A possible reason for this
discrepancy is that Doppler effects were not considered by
the latter authors, who employed the S(' 0, ' Oy) S re-
action at E(' O)=18 MeV. Using a thin target they ob-
served ' 0 nuclei (at 0~= —8') in coincidence with y rays
detected in a Ge detector set at 0&

——90'. (Angles are given
relative to the ' 0 beam direction. ) For this geometry
(recoils into vacuum) we estimate a recoil S velocity
component along the y-detection axis (z) of
(P, ) =(u, /c) -0.0035(0.0008). Correcting for this ex-
pected Doppler shift leads to revised transition energies of
1292(l) and 1532(2) keV, and corresponding excitation en-
ergies of 1292(1) and 2824(2) keV. The revised values are
in excellent agreement with the present work.

IV. DWBA CALCULATIONS

DWBA calculations of differential cross sections were
carried out using the code DWUCK4 (Ref. 18). A micro-
scopic (t,p) form factor, with the triton represented by a
Gaussian wave function with an rms radius of 1.7 fm, was
used. For two-neutron transfer spin-zero transfer is
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TABLE II. Optical potential parameters. A is adjusted to give each neutron a binding energy of {Q+S„)/2, where Q represents
the ground state Q value and S„is half the two-neutron separation energy.

Channel

Entrance
Exit
Bound state

Vo

(MeV)

172.7
54
A

(fm)

1.16
1.25
1.27

ao
(fm)

0.7
0.65
0.65

8
(MeV)

14.8

tw

1.65 0.806

8'D
(MeV) (fm)

1.25

ao
(fm)

0.47

(fm)

1.25
1.25

df (xD)
V(r) = —Vof (xo) i Wf (x —)+i WD + Vc(r, ),

dxD

with

f(x„)= 1+exp (2)

Here, A is the mass number of the nucleus and Vc(r, ) is
the Coulomb potential due to a uniformly charged sphere
of radius r, . For the bound state

df xo
V(r) = Vo f(xo)+ —L.S

45 2r dr. (3)

with the Thomas orbit coupling strength set to =25.
The proton potential is the global form of Percy with

the real depth varied about the prescribed value to obtain
the best fit to the ground state data. The triton potential
is for 20-MeV elastic scattering on Ca (Ref. 21).

V. ANGULAR DISTRIBUTIONS

DWBA calculations for a range of L transfers were
compared with the experimental differential cross sections
in order to restrict the possible spin assignments for the

S states. The experimental data are shown in Fig. 2, to-
gether with the DWBA calculations.

The calculated angular distributions for L, = 1 and
L =2 are quite similar so a distinction between these is

strongly favored over spin-one transfer, so the total angu-
lar momentum transfer is equal to the orbital angular
momentum transfer, and thus only natural parity states
are populated. The two transferred neutrons were as-
sumed to be in pure configurations. A simple shell model
picture of the S target nucleus having a closed neutron
sd shell, suggests that the most likely configuration for
transferred neutrons resulting in positive parity states is
(If7/2) . For negative parity states, it is not clear what
the most likely configuration for the transferred nucleons
would be; but calculations for L =3 and L =5, assuming
(1f7~2 ld3~q) and (1f7~21g9~q) configurations, showed that
the shape of the resulting angular distributions does not
exhibit much sensitivity to the configuration assumed,
within the angular range for which data are available.

The experimental angular distribution for the 0+
ground state of S was compared with DWBA calcula-
tions in order to choose appropriate parameters for use in
the DWBA calculations for the other states. The optical
potential parameters used' are given in Table EE. For the
entrance and exit channels

difficult to make. However, from systematics for even-
even nuclei, the 1295-keV first excited state in S (denot-
ed as 1 in Fig. 2) is almost certainly a J =2+ state. Be-
cause the experimental angular distribution for the 3375-
keV state (3) is so similar to that for the 1295-keV state, it
is likely to be a 2+ state also. The same argument applies
for the 4955- and 5278-keV states (7,9) although there are
fewer data points for the latter and the L = 3 DWBA cal-
culations also reproduce the data reasonably well. The an-
gular distribution for the 5064-keV state (8) agrees well
with the L =3 calculation but there is also some resem-
blance to the L =2 data.

The calculated angular distributions for L =3 and
L =4 are again quite similar but a definite distinction can
be made for the 2835-keV state (2). For this state the
agreement with the L =4 calculation is extremely good,
leading to a unique 4+ assignment. The other states with
which the L = 3 and L =4 calculations show good agree-
ment are the 4336-, 4478-, and 6000-keV states (5,6,10).
Comparison of the experimental data for these states with
that for the 2835-keV state (2) shows that the angular dis-
tribution for the 4336-keV state (5) is very similar, so a 4+
assignment is preferred. Also, the L =4 calculation for
the 4336-keV state (5) shows rather better agreement with
the data than does the L =3 calculation, although L =3
cannot be ruled out. The 6000-keV state (10) has an ex-
perimental angular distribution rather different from that
of the 2835-keV state (2). This leads to a preference for a
3 assignment, although L =4 cannot be ruled out.

The 3690-keV state (4) has an angular distribution of
less slope than all the other states. It is well represented
by an L =5 calculation and does not show good agree-
ment with calculations involving any other L value, al-
though, as discussed later, local systematics and model
calculations strongly favor assignment of this level as the
expected 6+ member of the (lf7&z) quartet. None of the
other experimental angular distributions are flat enough
to show agreement with an L =6 DWBA calculation.

There is a significant angular momentum mismatch in
the S(t,p) S reaction since the partial waves which con-
tribute to the distorted wave function in the entrance
channel are of higher angular momentum than those for
the exit channel. Five units of angular momentum are re-
quired for a matched condition so reactions leading to all
but the 3690-keV state are mismatched. Because of this
mismatch there is a comparatively large contribution to
the transition matrix element from the lower angular
momentum, strongly absorbed, partial waves in the en-
trance channel. The distorted wave function for this
channel in the nuclear interior is therefore important and
finite range effects may be significant. The effect of a
finite range correction in the local energy approximation
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FIG. 2. DWBA calculations compared with experimental angular distributions for states populated by the S(t,p) S reaction. See
Table I for the state numbers and the corresponding energies.

is to reduce contributions from the wave function in the
nuclear interior, and consequently, it has more effect in
the case of mismatch than for the matched condition. A
finite range corrected calculation was performed for the

L, =0 ground state, for which the mismatch is greatest
and the free parameter of this correction was varied to ob-
tain the best fit to the data. This finite range correction
was applied also to the 1295- and 2835-keV states and the
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FIG. 3. DWBA calculations showing finite range corrections.
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results are shown in Fig. 3. A slight improvement in the
agreement with the data is observed for the I.=0 and
I.=4 cases at the smaller angles, but overall there is not
much difference, suggesting that finite range corrections
are in this case not important.

VI. WEAK-COUPLING MODEL CALCULATIONS

States in S populated strongly by the (t,p) reaction are
likely to be configurations involving the two transferred
neutrons in single particle states coupled to the inert S
core. Qne could therefore expect that states observed in
the S(t,p) S reaction should be similar to states popu-
lated by the (t,p) reaction in other even-even nuclei with
the same neutron number as S (Refs. 22—26).

The weak coupling method of Bansal and French 7 can
be used to calculate the energies of particle-hole states in

S. The energy of a state with n~ particles and nh holes
is given by

E= —B~—Bh anon h+ b /2[ —T ( T + 1) t&(tz+1)—
—th ( th + 1 )]+C, (4)

where Bz and Bh are the binding energies of the particle
and hole configurations, t~ and th are their isospins, and
T is the isospin of the states in S. a and b parametrize
the interaction between the particle and hole configura-

tions and the Coulomb term C is zero in this case. The
parameters a and b are given the values —0.3 and 2.S5
MeV, respectively.

The results of the weak coupling calculation for . S are
compared with experiment in Fig. 4. The measured
strengths of the states are indicated relative to that for the
2835-keV state. States in S strongly populated by the
(t,p) reaction are expected to be those corresponding to
two-neutron states in Ca; such states are indicated by the
heavy lines in Fig. 4. The particle states of the calcium
isotopes relevant to this weak coupling calculation were
identified using the results of shell-model calculations in a
(1f7/q2p3/p) configuration space

From the shell model, the low-lying neutron states
should be (1f7/z) configurations giving a 0+,2+,4+,6+
sequence of levels. The ground and first two excited
states in S clearly correspond to the first three members
of this sequence and have energies which agree well with
the 2p-4h weak coupling levels. The overall evidence
strongly suggests that the 3690-keV state is the fourth
member of the quartet, particularly on account of its large
(t,p) strength. The 2p-4h state predicted by the weak cou-
pling model at 4.5 MeV corresponds to a 2+,4+ doublet
in Ca, of which only the 2+ state is populated by the
(t,p) reaction. It is therefore thought that the S level at
4955 keV is likely to be this 2p-4h state.

An important feature indicated by the weak-coupling
model is that the 2%co 4p-6h intruder states are predicted
to occur higher in excitation energy in S than the 2fico
states in Ca where 4p-2h 0+ and 2+ intruder states are
observed lower in excitation energy than the (1f7/2) 4+
state. Negative parity 3p-5h states are predicted by the
weak-coupling model to occur above 4.7 MeV in S. Pos-
sible negative-parity states are observed in this energy re-
gion.

VII. SHELL-MODEL CALCULATIONS

The nucleus S has 22 neutrons and hence a suitable
basis for shell-model calculations must involve both sd
and pf shell orbits. Untruncated calculations, while pos-
sible for the sd shell alone, are clearly prohibitively large
when pf orbitals are included; indeed, quite severe trunca-
tion is necessary if the matrices to be constructed and di-
agonalized are to be kept to manageable dimensions. The
most practical single-particle basis for a nucleus such as

S is probably one in which only the s~/2 d3/2 f7/2 and
p3/p orbitals are active. Two different sets of empirical
two-body matrix elements (TBME) and single-particle en-
ergies (s.p.e.) in such a basis have been proposed by
Hasper ' for positive- and negative-parity states, respec-
tively. These effective interactions resulted in predicted
level schemes in fair agreement with the experimental
data when "diagonal percentage truncation" was used.

It is well known that Hasper's matrix elements
[derived basically from a modified surface-delta interac-
tion (MSDI)] suffers from certain deficiencies, in particu-
lar, too much mixing between the sd and pf configura-
tions. This can be attributed to the very small energy gap
(only 1.5 MeV) between the d3/p and f7/2 single particle
orbits. Accordingly, Van der Poel et a/. have proposed
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a new set of two-body matrix elements and s.p.e. which
give better agreement for level energies and electromag-
netic properties in the A =34—39 nuclei.

We have carried out shell-model calculations for the S
level scheme and two-particle parentage amplitudes for
use in predicting S(t,p) cross 'sections, using the code
OXBASH (Ref. 35) and both the Hasper and Van der Poel
matrix elements. It was found that a simple modification
of Hasper's s.p.e. gave much better agreement with the ex-
perimental results for S, which was used as a "test case."
For this calculation, a full (s~/zd3/z) "(f7/qp3/q)" space
was used, with n =0,2. Basically, the f7/~3/g shell or-
bits were moved higher up in energy relative to the
s f /zd3/z orbits. This resulted in a higher excitation ener-

gy for the Oz+ state and in less cross-shell mixing, as ex-
pected.

In this work, however, we only report the results of cal-
culations using the Van der Poel et al. interaction since
global predictions with this interaction are generally ac-
cepted ' to be superior to those with the Hasper matrix
elements.

A. Level schemes

Calculations were done using the interaction of Ref. 32
in an sf/Qd3/Q7/zp3/p basis and using a variety of trunca-
tion schemes. Good agreement for the S energy level
scheme was obtained from an otherwise unrestricted
(s)/~d3/g) (f7/zp3/p) space, with the largest matrix hav-
ing dimension 26 for J =2+, T =3. An
(s)/qd3/p) (f7/pp3/p) configuration was used for negative
parity levels. Calculations were also performed in spaces
where two additional sd-shell particles were promoted to

the pf shell (i.e., including 2fico excitations). To keep the
size of the matrices down to manageable dimensions, the
distributions of the ten "valence" nucleons amongst the
available orbitals had to be restricted in some fashion.
These much larger calculations, however, did not result in
appreciably improved level schemes or parentage ampli-
tudes; thus, we only report results for the small basis dis-
cussed above.

The calculated spectra are shown in Fig. 4, and are in
generally good agreement with those experimentally ob-
served. In addition, they are in qualitative agreement
with the predicted 2p-4h states of the weak coupling
model. Predicted negative parity levels are not shown in
Fig. 4, but start at around 5.5 MeV excitation. The only
natural parity state with no experimental counterpart is
the second 0+ state,' as will be shown in the next section,
this can be attributed to the structure of this state.

B. Parentage amplitudes

The comparison of experimental &t,p) cross sections
with theoretical cross sections calculated using parentage
amplitudes from shell model wave functions is a sensitive
test, not only of the magnitudes of the various com-
ponents, but also of their phases. The DWBA cross sec-
tion does not easily factorize into convenient "structure-
dependent" and "structure-independent" terms, but is the
square of a coherent sum of multiples of individual struc-
ture and kinematical amplitudes. These structure-
dependent amplitudes are proportional to two-nucleon
parentage amplitudes: reduced matrix elements of prod-
ucts a; aj of nucleon creation operators between the S
ground state wave function and the various S excited
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TABLE III. Two-particle parentage amplitudes and enhancement factors.

Excitation
energy
(keV)

0+

Transferred
configuration

2$ )/2
2

1d3/2
1fzn

22p 3/2

Two-particle
parentage
amplitude

0.1633
0.3750

—0.6788
—0.3513

Enhancement
factor

0.65

1295
2$ ~/21d3/2

1d3/2
1fzn
1f~n2pzn

22p 3/2

0.0481
—0.0338

0.4024
—0.4451

0.1634

0.72

2835 1fzn
1fzn2pzyz

—0.5651
0.3785

1.2

3204 0+
2$ ~/p

2

1 d3/2
lf zn

22p 3/2

—0.0269
—0.0457

0.2190
—0.0012

3690 0.7570 2.1

state wave functions.
From the shell-model wave functions, we have obtained

these two-nucleon parentage amplitudes for the lowest
states in S, for which a correspondence between experi-
mental and predicted levels is possible. These parentage
amplitudes, modified where necessary to conform to the
phase convention used in DWUCK4, are listed in Table III.

' The excitation energy assigned to the second 0+ state in
Table III is that given by the shell model.

In order to compare experimental and predicted cross
sections, DWBA calculations are commonly normalized
via

0 egp =%GO DWBA ~

where X is the "normalization constant, " determined
from a global comparison between experiment and
DWBA for many nuclei, and e is the so-called enhance-
ment factor. The factor e is a measure of how well the
experimental data are described by the shell-model calcu-
lation, since the (t,p) normalization and Q-value effects
have been removed. Thus, e values are truly meaningful
only for those levels for which unique shell-model coun-
terparts can be assigned. An "exact" prediction would
produce e= 1.

When each calculated angular distribution is indepen-
dently normalized to the data, the product Xe can be ob-
tained from Eq. (5). N appears ' to depend on the
D%'BA parameters used in a particular calculation; how-
ever, N -218 is not unreasonable. The e values deduced
for the observed states are given in Table III as well. The
agreement obtained (i.e., e values within a factor of 2 of
unity) indicates that the present shell-model wave func-
tions do indeed give a good quantitative description of the

structure of the low-lying levels. DWBA calculations us-
ing the parentage amplitudes for the second 0+ state give
differential cross sections less than 1.5&&10 mbsr
The smallest differential cross section measurable under
the conditions of this experiment is estimated to be
2.0)&10 mbsr ', so the nonobservation of this state is
consistent with the shell-model predictions.

Hence, this first shell-model calculation for S has
been reasonably successful. Data such as those obtained
in the present work, for nuclei in which both sd and pf
shells are active, should allow further refinements to be
made to the TBME. It is not too much to hope that in
the future, enough such data will become available to per-
niit the determination of an effective interaction in this
mass region comparable to the enormously successful
"universal" sd-shell interaction of Wildenthal.

VIII. CONCLUSIONS

The S(t,p) S reaction has been used to identify several
low-lying levels in S, a T, =3 nucleus about which very
little was previously known. Comparison of the experi-
mental angular distributions with DWBA calculations
provides spin assignments, or significant restrictions, for
many of the states identified. Comparison of the S lev-
els found in this experiment with states predicted by the
weak coupling model reveals states of 2p-4h nature in-
cluding those of two-neutron (lf7n) configuration. In
particular, the ground state and first two excited states are
identified as the 0+,2+,4+ members of this configuration.
Shell-model calculations of S energy levels and transi-
tion strengths are found to be in quite good agreement
with the properties of the experimental levels.
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