
P HYSICA L REVIE W C VOLUME 3, NUMBER 6 JUNE 1971

Levels of S from S (t,p)S
J. W. Olness, W. R. Harris, A. Gallmann, * F. Jundt, * and D. E. Alburger

Bxookhaven National Labo~ato~y, Upton, Nese York 22973

and

D. H. Wilkinson
B~ookhaven National Labomtoxy, Upton, Ne'er York 1l973

and Oxford University, Oxford, England
(Received 14 December 1970)

Levels of S have been investigated via the S (t, p) S reaction, using targets of Sb&S3

with the sulfur content enriched to 86% in the isotope S3 . The excitation energies (given in
MeV) of the levels observed, together with the restrictions on spins and parities resulting
from this investigation and also previous work, are as follows: 3.29, 2+; 3.34, 0+; 4.19,3;
4,52, 1+; 4.57, 2+; 5,26, 1, 2, 3; 5.38, 1, 2, or (3); 5.50, 2, (3), 4; 5.57, 1, (2), 3; 6.20, 2, 3; 6.51,
4+; and 7.12, 1+ or 2 . Information on the y-ray branching of these levels and on the angular-
correlation patterns of major branches was obtained from two-parameter p-y coincidence
studies utilizing collinear detection of the reaction protons. The 3.29-MeV level decays by E2
radiation directly to the S36 J~ =0' ground state. An intermediate-image pair spectrometer
was used to determine that the 3.34-MeV level has J"=0+, since it decays by an EO transition
to the ground state. With the exception of the 4.52-, 5.38-, and 7.12-MeV levels, which de-
cay mainly to the ground state, the higher-lying levels were observed to deexcite primarily
by cascade transitions through the 3,29-MeV level. Ge(Li) studies of y-ray Doppler shifts
determine the following mean-lifetime restrictions for the indicated levels (excitations in
MeV): 3.29, 7 =0.20+ 0.03 psec; 4.19, v & 2 psec; and 4.57, 7. & 0.1 psec. Additional but less
restrictive limitations are given for several of the remaining levels. The lifetime of the 0+

3.34-MeV state was measured by electronic techniques which determine a mean life 7 =12.7
+0.3 nsec. The spin-parity limitations deduced herein are from a combination of the results
of the angular-correlation analysis and these lifetime limitations. No evidence was obtained
for the existence of states at 2.00 and 2.85 MeV previously reported from the 834(t, p) S@ re-
action. Finally, the observed level structure as deduced from this and previous experiments
is compared with relevant shell-model calculations on the even- and odd-parity states of this
T» =2 nucleus.

I. iNTRODUCTION

Of the even-even nuclei in this upper region of
the s-d shell, S" is particularly interesting, since
the neutron number (N = 20) corresponds to the
closure of a major shell. The proton number
(N= 16) corresponds to four holes in the same
shell, and one can therefore predict' a relatively
simple spectrum of low-lying even-parity levels
based on the coupling of these four proton holes.
An interesting feature of the calculation of these
even-parity states by Glaudemans, Wiechers, and
Brussaard' is that the lowest of these should be a
2' state at the relatively high excitation energy of
2.83 MeV. Conversely, one can also expect' a
fairly simple spectrum of odd-parity states, cor-
responding to the promotion of a single nucleon in-
to the f», shell. Theoretical calculations by Erne'
result in the prediction that the lowest lying of
these should be a J'=3 level at only 3.38 MeV.
Under the assumption that these theoretical calcu-
lations are approximately correct, an experimen-
tal description of the S" level structure should be

especially interesting, insofar as it may demon-
strate the interplay of these two distinctly differ-
ent configurations in generating the level spec-
trum of this T, =2 nucleus.

As recently as 1968, the only precise spectro-
scopic information on the nucleus S~ was that
quoted' from unpublished studies of the 8"(t,P)8~
reaction at E, = 11.9 MeV. Levels were reported
from this reaction at excitation energies (in MeV)
of 2.000, 2.885, 3.304, 3.360, and 4.204, with an
uncertainty in these determinations of +15 keV.
Angular-distribution studies of the reaction pro-
tons led to assignments J"= 2' for the 2.885-MeV
state and J' =0' for the states reported at 2.00
and 3.36 MeV. An assignment J"=2' or 3 was
additionally suggested for the state at 3.304 MeV.
Levels in S" had also been reported at E„-3.5
and -4.'t MeV from studies of the Ar (y, o.)8' re-
action at E& = 17.71 MeV.

More-recent studies' ' of the proton-pickup re-
action Cl"(d, He')8" have confirmed some of the
(t, P) results, as well as providing additional infor-
mation on higher-lying levels. From measure-
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ments at E„=28.9 MeV Gray et al."report levels
at 3.295+ 0.010, 4.523+ 0.010, 4.577+ 0.010, 6.511
+0.015, 7.12+0.02, and 7.71+ 0.025 MeV. Distort-
ed-wave Born-approximation (DWBA) analysis of
the angular distributions determines that for the
3.30-, 4.52-, and 4.57-MeV levels the pickup (pre-
sumably of an s„,particle) is 1= 0, and thus the
levels are individually restricted to have J' =1'
or 2'. For the levels at 6.51 and 7.12 MeV, their
results determine that the reaction proceeds by
l =2 pickup of a d„, proton, and thus these levels
are also of even parity with J«4. The measured
spectroscopic factors indicate that these four lev-
els account for a major portion of the s„, and

d», strengths.
Similar studies at E„=23.4 MeV by Puttaswamy

and Yntema' are in essential agreement. They re-
port levels at 3.31+0.015 and 4.58+ 0.02 MeV
formed by l = 0 pickup, and thus J' = 1', 2'. The
level reported by them' at 6.60+ 0.04 MeV is pre-
sumably that reported by Gray et al. '6 at 6.51
MeV, although the spectroscopic factors are not
in very good agreement in this case. Both
studies6' confirm an l = 2 pickup and thus even
parity for the O' S" ground state.

In summary, the experimental spectrum of S"
states determined from the individual (t, P) and

(d, He') studies appears in reasonably good agree-
ment. We note, however, that the 2.000-, 2.885-,
3.360-, and 4.204-MeV levels were observed only
in the (t, p) reaction, ' while those at 6.51, 7.12,
and 7.69 have been seen' ' only in (d, He'). This
is not in itself surprising, since as pointed out
previously ' ' the two reactions can be expected to
populate markedly different configurations.

It is from the vantage point gained by the infor-
mation summarized above that the present inves-
tigation of the S" level structure via the S'~(t, py)-
S" reaction was begun. We note that whereas the

(d, He') reaction is expected to populate primarily
the even-parity four-hole configurations of S", the
(t, p) reaction can in principle populate a broader
range of configurations. This is especially true
at the triton energies used in the present experi-
ment (E, & 3.5 MeV) since one may expect the re-
action to proceed, to a considerable extent,
through compound-nucleus processes.

A primary aim of these studies was the deter-
mination of the previously unreported electromag-
netic decay modes of these levels. In Sec. II we

report two-parameter studies of p-y coincidence
measurements which determine the principal de-
cay modes of those states of excitation energies
«7.2 MeV. These measurements utilized detec-
tion of the particles in an annular surface-barrier
detector, placed at 180 to the beam direction
(Method II Geometry of Litherland and Ferguson), '

with y rays detected in an NaI(Tl) detector. Addi-
tional measurements of the particle spectra, to-
gether with Ge(Li) studies of the Doppler shift of
some of the deexcitation y rays, are included. In
Sec. III, we describe measurements on the inter-
nal-pair deexcitation of the J' =0' 3.34-MeV state,
and a measurement of its lifetime. An analysis
of the angular-correlation data of Sec. II, together
with a summary of our conclusions on the spin-
parity assignments of the states and the multipole
character of the deexcitation y rays, are given in
Sec. IV. Finally, in Sec. V, the results of the
present experiment are compared with previous
conclusions'' ' on the S" level scheme and with
the theoretical predictions"' for this nucleus.

II. MEASUREMENTS OF PROTON
AND y-RAY SPECTRA

The triton beam for all these experiments was
provided by the Brookhaven National Laboratory
(BNL) 3.5-MV Van de Graaff a.ccelerator. The
target material was obtained from the Oak Ridge
National Laboratory (OHNL) Isotopes Division in
the form of antimony sulfide (Sb,S,) with the sul-
fur content enriched to 85.61% in the isotope S".
The relative abundances of the remaining isotopes
were: S", 13.91'', S", 0.18/o', and S", 0.30%.
Targets were prepared by vacuum evaporation of
the Sb,S, in thicknesses of 200-600 gg/cm' onto
0.003-in. backings of molybdenum. The choice of
Sb,S, as the target material was based on the fact
that it is readily evaporated to form uniform, thin

layers, and also that it ho1.ds up very well under
bombardments corresponding to energy dissipation
(in the target and backing) of -20 W.

In order to ascertain the character of the S" lev-
el scheme, a sequence of high-resolution measure-
ments was undertaken to study separately the pro-
ton and y-ray spectra, utilizing, respectively, Si
and Ge(Li) detectors and also coincidence studies
of the S"(t,Py)S" reaction. The results are re-
ported in separate subsections; it must be remem-
bered, however, that the conclusions are interre-
lated. A detailed description of the experimental
apparatus and methods of analysis used in this
work has been given previously. ' " Reference to
specific examples are also given in the fo11owing
presentation.

A. Proton-y Coincidence Measurements

A two-parameter analysis of p-y coincidences in
the S"(t,Py)S" reaction was carried out at E,
= 3.12 MeV using a 400-gg/cm3 target of Sb2S,
which was placed at the center of an 8-in. -diam
scattering chamber. Protons were detected in an
annular surface-barrier detector placed at 180 to
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the triton beam direction, set to detect protons
within the range 165'& 0~ & 170'. y rays were de-
tected by a 5x 6-in. NaI(TI) detector placed 20 cm
from the target, which could be rotated about the
target center in the range 0' & 0& &90 . The brass
walls of the scattering chamber (within this angu-
lar quadrant} were of 0.010-in. brass, so that y-
ray absorption was negligible. The gain of the
NaI(Tl) detector was stabilized using a spectrastat
which was set on the 662-keV line of a weak Cs'"
source placed near the front face of the detector.
With this system, no y-ray gain changes were ap-
parent. The particle detector was a 900-p, -thick
silicon surface-barrier detector operated at 175-
V bias, with a measured intrinsic resolution of
20 keV for 5.48-MeV n particles. A 10-mg/cm'
Al foil placed in front of the detector was used to
stop tritons elastically scattered from the target.

Time-coincident pulses from the two detectors
were analyzed by a TMC 16 384-channel analyzer
set to operate in a 128&& 128-channel mode. The
analyzer was gated on by an external coincidence
circuit of resolving time 2v =80 nsec. At the tri-
ton beam current used for these coincidence mea-
surements (-40 nA) the ratio of real/random
counts was better than 20: 1,

Coincidence data were recorded for five posi-
tions of the NaI(Tl) detector corresponding to 8&
=0, 30, 45, 60, 90 (in arbitra. ry order) and then
repeated as a check on reproducibility. The in-
dividual runs required bombardment times of
about 20 h, corresponding to a charge deposited
on the beam collector cup of 2.5&&10 ' C. A. stan-
dard current integrator was used to record the
charge deposited during each run, which then
served as a normalization for the correlation data.
The individual data were stored on magnetic tape,
and at the conclusion of the correlation measure-
ments the sum of all data was obtained for inves-
tigation of the y branching of the S" states.

Figure 1 shows a portion of the data obtained in
these experiments. The upper plot (solid dots)
shows the proton spectrum measured by the annu-
lar detector at E, =3.12 MeV using the Sb,S, target
enriched in S' . The solid curve illustrates the
spectrum due primarily to the S" contamination,
as determined with a separate target of ordinary
Sb,S,. The expected positions of proton groups 2-
17 from the S"(t,P)S reaction are indicated ac-
cording to the S" level scheme given by Endt and
Van der Leun. ' The S ground-state and first-ex-
cited-state groups were observed, though not
shown in Fig. 1. In addition to the ground-state
group from the S'4(t, P)S36 reaction, proton groups
are clearly evident corresponding to excited states
in S' at 3.29, 3.34, 4.19, 4.57, 5.26, 5.38, 5.50,
5.57, 6.20, 6.51, and '7. 12 MeV. These groups are

labeled as due to population of states in the final
nucleus S", where the quoted excitation energies
represent the best values as obtained in the pres-
ent experiment. In addition to these strong groups
listed above, we see a proton group due to C"-
(t, P,)C" resulting from carbon buildup on the tar-
get. The resolution obtained for these spectra
(-90 keV) was limited due to the energy straggling
introduced by the absorber foil required to stop the
triton beam backscattered from the thick target.
The insert shows the results of a separate mea-
surement at 0~= 135' using a. 200- p. g/cm' Sb,S,
target on a 2-mg/cm' gold backing. With this tar-
get the elastic scattering was low enough so that
the proton groups from the (t, p) rea, ction could be
detected in the presence of the tritons. With the
improved resolution thus obtained (-30 keV}, the
separation of the 3.3-MeV doublet states in S' is
clearly seen.

The lower plot in Fig. 1 shows a portion of the
two-parameter data, illustrating the proton spec-
tra measured in coincidence with y rays of 3.29
and 0.51 MeV, which (as we shall show) charac-
terize the deexcitation of the doublet states at 3.3
MeV in S". The data shown for channels 1-128
were obtained as part of the correlation measure-
ments described above, while that for the channel
region greater than 128 were obtained from a sec-
ond run covering the region 110-230, which was
undertaken to search for the possible existence of
S" states of E„&3MeV. Normalization for the
two sets of data was based on the overlap region
covering the 3.3-MeV doublet states. Before pro-
ceeding to a detailed discussion of the conclusions
allowed from the data of Fig. 1, we consider the
y-ray spectra coincident with the various strong
proton groups illustrated.

Figure 2 shows the y-ray spectra measured by
the 5x 6-in. NaI(Tl} detector in coincidence with
protons leading to the states observed below 5-
MeV excitation in S". In each spectrum, the
"background" level due primarily to S"(t,Py)S"
contributions underlying the S' spectrum is indi-
cated. In coincidence with the 3.3-MeV doublet
states, we see strong y rays of energies 3.29 and
0.51 MeV. That these y rays originate from two
different states in S" has been demonstrated in
Fig. 1(b), which shows the proton peaks measured
in coincidence with 3.29- and 0.51-MeV y rays.
The 3.29-MeV y ray characterizes the ground-
state deexcitation of the lower lying of these states,
at 3.29 MeV. The 0.51-MeV y rays result from
annihilation of the positrons resulting from the de-
excitation of the 3.34+ 0.02-MeV state which (as
shown in Sec. IV) takes place by internal-pair con-
version. In summary, these two lower-lying
states are found to decay by the transitions 3.29



-0 and 3.34-0. No evidence is found f t
tions to states at 2.00 or 2.85 MeV, and an upper
limit of 7% can be set on such possible cascades.

As illustrated in Fig. 2, both of the states at

3.29-Me
4.19 and 4.57 MeV deexcite by transitio t th'ins o e

-MeV state. From these data we conclude that
a posslbie 4.19 0 transition is less than 2' of
the observed 4.19-3.29 intensity. For the 4.57-
MeV level, we note that the peak in channel 110
(Fig. 2) is too low in energy, by -40 keV, to fit as
a 4.57- 0 tr ansition. Further, it appears in coin-
cidence with a proton peak displaced also -40 keV
from the 4.57-MeV proton peak measured in coin-
cidence with the 3.29-0 y-ray transition [see Fig

1(b)l& ')~. These data therefore point to a doublet of
levels at -4.5-MeV excitation in S":one at 4.57
MeV which decays by 4.57-3.29-0, and one at
4.52 MeV which decays by 4.52- 0. The intensity
of the 4.52-MeV y-ray peak is only 8% that of the
3.29-MeV y-ray peak, which is of the order ex-
pected for S"(t,py)S~ contributions to the net two-
parameter spectrum due to the 14% S" content in
the target. These data alone are therefore not
conclusive evidence for such a doublet nature.
However, a similar doublet separation was ob-
served ~n a separate p-y coincidence measure-
ment made at a higher bombarding energy F.,
= 3.4 MeV, indicating the kinematics are consis-
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tent with both levels being in S". Finally, we take
the excellent agreement between the excitation en-
ergies deduced in the present experiment to those
given previously by Gray et al.' as confirming evi-
dence for the existence of the weaker member of
this doublet at 4.52-MeV excitation in S". In con-
clusion, the 4.52-MeV level decays primarily
(&60/g) via a 4.52-0 transition, an upper limit of
40/g being set on a possible 4.52- 3.29 transition.
Conversely, the 4.5'1-MeV level decays via a
4.57-3.29-0 cascade, with an upper limit of 5%

being set on possible ground-state transitions
from this level.

That none of these three states decays to the
3.34-MeV state is evident from the results of Fig.
1. In coincidence with 0.51-MeV annihilation ra-
diation, which characterizes the EO decay of the
3.34-MeV state, we see a strong particle peak on-

ly at 3.34-MeV excitation in S". For the remain-
ing states, the weak peaks seen in coincidence
with 0.51-MeV y radiation would seem to be due

mainly to the external-pair conversion of those y
rays of energy greater than 1.02 MeV. (In partic-
ular, the decay of each state in S" is character-
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FIG. 2. y-ray spectra measured by a 5&&6-in. NaI(Tl)
detector in coincidence with specific proton groups from
the S34(t, p) S+ reaction at Et ——3.12 MeV, illustrating the
decay of the S@ levels at 3.29, 4.19, 4.52, and 4.57 MeV.
y-ray peaks are identified according to the levels be-
tween which the transitions occur. The expected peak
positions of some other possible transitions are indicated.
The dashed lines indicate for each spectrum the approxi-
mate background level, due primarily to the S32(t,py)S~4

reaction, as determined from the y-ray spectra coinci-
dent with proton channels adjacent to the S38 peak channels.

I p I I I I I I I I I I I I I

0 20 40 60 80 100 120

CHANNEL NUMBER

140

FIG. 3. Partial results of a two-parameter study of
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MeV, illustrating the y deexcitation of S36 states at 5.26,
5.50, and 5.57 MeV. These spectra were measured with
a 5&& 6-in. NaI(Tl) detector in coincidence with the indi-
cated proton groups. The y-ray peaks are identified ac-
cording to the levels between which the transitions occur.
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and 6.51 MeV. In these spectra, measured with a Gx 6-
in. Nal(Tl) detector, the various y-ray peaks are identi-
fied according to the levels between which the transi-
tions occur.

ized by y rays of energy greater than 3.29 MeV. )
We conclude that for each of the states observed
in Fig. 1, decays to the 3.34-MeV state represent
less than 5% of the total decay intensity. The pres-
ence in all these data of a y-ray peak at 662 keV
results from chance coincidences with the Cs'" y
ray used for stabilization of the y detector. The
fact that the 662-keV line was -10 times stronger
in the "singles" spectra determines that the ran-
dom-coincidence rates do not significantly affect
the coincidence spectra illustrated.

Figure 3 illustrates the decay modes of the
three states observed between 5- and 6-MeV ex-
citation in S" which, as indicated in Fig. 1(b). de-
excite at least partially by cascade transitions
leading through the 3.29-MeV state. From a com-
parison of the spectra shown in both (a) and (b) of
Fig. 1, it is evident that the 5.38-MeV state must
decay by an alternate mode. As illustrated in
Fig. 3, the 5.26-MeV state is observed to decay
primarily to the 3.29-MeV state, with somewhat
weaker branches to the states at 4.19 and 4.5'7

MeV. The states at 5.50 and 5.57 MeV are separ-
ated by only 70 keV, and with the experimental

particle-detector resolution of -90 keV are ob-
served as a single broadened peak in Fig. 1. How-

ever, the decay modes are markedly different,
and hence the y spectra illustrating the decay of
each were easily retrieved from the two-parame-
ter data, as shown. The 5.57-MeV state deexcites
-100% to the 3.29-MeV state, while the 5.50-MeV
state deexcites predominantly to the 3.29-MeV
state, with a weaker branch (or branches) to the
4.19- and 4.5'I-MeV state (or states).

Figure 4 shows the decay of the states at 6.-20

and 6.51 MeV. The 6.20-MeV state deexcites
mainly via comparable branches to the states at
3.29 and 4.57 MeV, with a weak branch to the
state at 4.19 MeV. The only observed decay mode

for the 6.51-MeV state is via a 6.51-3.29 transi-
tion, which is not resolved from the resultant 3.29
-0 cascade. As evident in Figs. 2—4, the range
of y-ray analysis for these two-parameter mea-
surements was only sufficient to observe ground-
state transitions for levels of E,„&5 MeV. Accord-
ingly, a second measurement was made with the
same range of proton analysis, but with the range
of y analysis set to cover possible ground-state
transitions from levels of E,„&7.5 MeV. In this
measurement the Nal(Tl) detector was set at 12-
cm distance and 0& = 55, in order to minimize
possible correlation effects on the measured in-
tensities. From these measurements we conclude
that for the levels at 5.26, 5.50, 5.5'7, 6.20, and

6.51 MeV, possible ground-state branches are in-
dividually less than 5% of the total decay modes.
Both of the levels at 5.38 and 7.12 MeV exhibit
relatively strong ground-state transitions, as
shown in Fig. 5. The 7.12-MeV level decays pre-
dominantly to the S" ground state, with weaker
branches to the 3.29- and 4.57-MeV levels. We re-
mark that some evidence for a 7.12-4.52 transi-
tion was seen from a y-ray peak at 4.52 MeV, cor-
responding to the known 4.52-0 transition. The
intensity, however, was %4%, and so this result
cannot be taken as conclusive evidence for such a
transition. For the 5.38-MeV level, the only de-
cay mode observed is 5.38-0, and an upper limit
of 10% can be placed on possible alternate decay
modes. The peaks observed in this spectrum at
E

&
——1.17, 2.13, and 3.30 MeV result from the de-

excitation of the 3.304-MeV level of S' formed
via the S"(t,j)S reaction. The fact that this sec-
ond excited state of S" decays to both the ground
state (55%) and 2.13-MeV first excited state (45%)
provided in these analyses a convenient means for
distinguishing y rays corresponding to the S'
3.29- 0 transition and to S" 3.30- 0.

The information presented in Figs. 1—5 is sum-
marized schematically in Fig. 6, which illustrates
the observed decay modes for the levels below 7.2
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MeV in S". (For completeness, the information
on spin-parity assignments obtained in the present
work is also included. ) The two-parameter data
obtained at the five angles of the correlation mea-
surement were next analyzed to obtain the angular
correlation of the prominent y rays, measured
relative to the beam direction and the collinear
particle detection. The y-ray intensities for each
angle were normalized according to the integrated
beam current. The resultant data points were
then fitted with the even-order Legendre-poly-
nomial expansion Iy(8) = Q, a„&„(cos0). The re-
sults are summarized in Table I, which gives the
a, and the normalized goodness-of-fit parameter,
X', for the two cases, where vmax and vmax=
These results will be discussed more fully with
respect to the correlation analyses given in Sec.
IV.

The branching ratios summarized in Fig. 6 were
obtained from the measured peak areas of the var-
ious transitions, after incorporating the energy
dependence of the peak efficiency curve for a 5

x6-in. NaI(TI) detector; and also small (&10%) cor-
rections due to the effect of the angular correla-
tions (Table I) on the intensities evident in Figs.
2-4.

As a final consideration, we note that some in-
formation on the lifetime of these S states is
evident from the two-parameter data partially
displayed in Figs. 1=5. The relative population of
the individual states deduced from the coincidence
measurements is within -10% error identical to
that evident in the singles measurement of Fig. 1.
This observation, in conjunction with the resolv-
ing time used in the coincidence measurements,
determines that these states have mean lives
w &40 nsec. In the above, as below, the 3.34-MeV
state is excepted from consideration.

For some of these states, an additional restric-
tion can be placed from the observation —or non-
observation —of Doppler effects in the y-ray spec-
tra measured at angles 0'~ 8&& 90'. At a bom-
barding energy E, =3.12 MeV, the detection of pro-
tons within a "backward" cone of 8~&10 ensures
that the recoil S" ions are moving forward within
a narrow cone of half angle 8„&3, with a well-de-
fined recoil velocity ns/c = 0.0070+0.0002. This
is large enough so that for states with short life-
times there should be a measurable shift in the
energy of the y rays measured at 8& = 0 and 90'.

Accordingly, for each of the states illustrated
in Figs. 2-4, the peak position of the 3.29-0
transition was determined for both 8&

—-0 and 90 .
Measurable Doppler shifts were observed in this
transition resulting from the decay of the states
at 3.29, 4.57, 5.50, 6.20, 6.51, and 7.12 MeV,
while the data for the levels at 4.19, 5.26, and

5.57 MeV were consistent with no shift. These
results imply that the initial levels in the first
group have lifetimes shorter than the slowing-
down time of S' ions in the target material, while
those in the second group have lifetimes longer
than this slowing-down time. A quantitative inter-
pretation of these results is given in Sec. II C, as
based on the somewhat more precise results of a
Ge(Li) study of Doppler shifts for the lower lying
of these levels.

B. Additional Measurements of Proton Spectra

In order to improve upon the particle resolution
(-90 keV) obtained in the data illustrated in Fig. 1,
a second sequence of measurements was under-
taken employing a 200-p, g/cm' target of Sb,S, (en-
riched in S") on a, 2-mg/cm' gold backing. With
this target the particle spectra could be viewed
directly in the presence of the tritons elastically
scattered from the gold backing. Measurements
were thus made at detection angles of 8~= 135 and
167'. In the energy region above the elastic scat-
tering background, peaks were clearly evident
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FIG. 5. Partial results of a two-parameter measure-
ment of p-y coincidences in the S34(t,py)S~ reaction at
E&

——3.12 MeV, illustrating the y deexcitation of the 5.38-
and 7.12-MeV states of S36. The y-ray peaks are iden-
tified according to the levels between which the transi-
tions occur. Evidence for a 832(t,py)S~~ contamination of
the 5.38-MeV spectrum is discussed in the text.
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corresponding to the S~ ground state and to states
at excitation energies in S~ of 3.29, 3.34, 4.19,
4.52, and 4.57 MeV. The identification of these
peaks as due to S~(t, P)S" was based on compari-
son measurements using targets of ordinary Sb,S~.
The identification of n groups from S'4(t, o.)P" was
based on the energy losses of the various peaks
due to the insertion of a 250-p. g/cm' aluminum ab-
sorber foil.

A portion of the data for 8~= 135'illustrating
the doublet levels at 3.29 and 3.34 MeV in 8" has
been shown in Fig. 1. Table II summarizes the
excitation enex gies thus determined for these
states, relative to a value 3.287+ 0.0015 MeV for
the excitation energy of the 3.29-MeV state. The
latter result is taken from the Ge(Li) measure-
ments on the 3.29-0 transition as summarized in
Sec. IIC. No evidence was seen in these data for
population of states at 2.00- and 2.85-MeV excita-
tion in 8', as previously reported' from the 8
(t, P)S reaction. From comparisons of the spec-
tra measured with targets of ordinary sulfur con-
tent and targets enriched in 8, it appears that
all of the observed peaks in the proton energy re-
gion corresponding to S~ excitation energies of
0&E«& 3 MeV ean be attributed to known states of
S" formed via S"(t,P)S resulting from the 14%
8' content of the enriched target.

In order to further check this point, additional

measurements were undertaken at 8~ = 135, 45,
and 0', using an aluminum absorber foil to stop
elastically scattered tritons. By stopping the elas-
tically scattered particles, higher beam currents
could be utilized to improve statistics —although
the poorer resolution necessitated a comparison
of natural and enriched targets for each angle and
triton bombarding energy.

To summarize the results: For all measurements,
the maximum possible population of a 2.00-MeV
(0') state is less than 5% that observed for popula-
tion of the known 0' ground state and that at 3.34-
MeV excltRtlon. Similarly the populRtlon of R

possible 2.85-MeV (2') state is less than 10% that
observed for population of the known 2' state at
3.29 MeV. In measurements at 8=45 and 135' for
E, = 3.4 MeV, which were specifically designed to
search for these states, the corresponding limits
on their population are individually &2@.

We now turn briefly to a reconsideration of the
data illustrated partially in Fig. 1(b). The two-pa-
rameter data were specifically examined for the
presence of 2.85- and 0.85-MeV y rays, which
would correspond, respectively, to the transitions
2.85-0 and 2.85- 2.00. The results were negative
indicating the population of a 2.85-MeV state, if
present, was less than 5/g that for population of
the known 2+ state at 3.29 MeV.

The only available decay mode for a 2.00-MeV

TABLE I. Results of an even-order Legendre-polynomial fit, of the form W(S)=p„a+„(coss), for p-y correlation
data measured in the S (t, Py)S reaction at E& =3.12 MeV. Solutions for the a„and the corresponding y2 are given for
v~~ =2 and 4, with ao-—1. These results are not corrected for detector size: The corresponding Q~ are Q2 -—0.93 and

4
= 0.79.

(MeV)
Transition
E.~gf a2 (%)

3.29
4.19

4.52
4,57

5.26
5.50

3.29 0
4.19~3.29
3.29 0
4.52 0
4.57~ 3.29
3.29 0
5.26 3.29
5.50 3.29
3.29 0
5.57 3.29
3.29 0
6.20 4.57
4.57 3.29
6.20 3.29
3.29 0
6.51 3.29
3.29~0
6.51~3.29~ 0

+24+5
-30+4
+47+ 5
-7+5

+53+ 5
+69+ 6
—46+ 9
+31+9
+45+6

0+6
+47+8
+17+8
+30+ 7
+57+ 12
+36+3
+24 +8
+46+8
+38 +2

157
1,8

17.9
1,8
0.7

35.0
1.0
4.3
3,4
1.4
1.3
0.7
1.3
1.9
0.8
5.9
0.5

16.4

+51+4

+55+5
-7+6

+54+ 5
+50+ 6
-43+10
+43+ 10
+49 ~6

+49+8
+12+9
+32 +8
+53 +12
+32+ 3
+29 +8
+46+ 8
+41 +2

-105+ 6
+8 +4

-43+ 6
-7+7

-28+ 6
+66+ 7
-8 +10

-31~10
-14+6
+12 +8
-10+8
+13+9
-5+8

+12 +12
+16 +3
-28+8
-22+8
-18+3

1.2
0.9
0.8
2.7
1.0
0.3
1.3
1.8
3.0
1.0
1.2
0.1
1.8
2.4
1.2
1.5
0.7
1.7

~In these cases the 3.29-MeV state is fed by cascade transitions other than those indicated.
Correlation pattern given is for the net intensity of the incompletely resolved members of the 6.51 3.29 0 cas-

cade transitions.
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J"=0' state would be by EO decay to the 0' ground
state. In the particle spectrum measured in coin-
cidence with 511-keV y rays, there is no evidence
for a peak corresponding to a state at 2.00 MeV in
S", while the known 0' state at 3.34 MeV is seen
quite clearly. From this we conclude that the
2.00-MeV state is either not populated under these
experimental conditions, or the state must have a
lifetime appreciably longer than the resolving time
(7 = 40 nsec) used in the coincidence experiment.
Thus the net evidence appears to rule rather
strongly against the existence of states in S" at
2.00- and 2.85-MeV excitation.

C. t e{Li)Measurements of y-Ray Spectra

For these measurements a 400-pg/cm' target
of Sb,S, placed at the center of a 1.3-in. -diam
glass-walled chamber was used. y rays were de-
tected by a 40-cc Ge(Li) detector mounted on a
goniometer which could be rotated to study the re-
gion 0'~ 0&~ 140'. Pulses from the detector, af-
ter amplification using standard pole-zero and dc
restoration equipment were analyzed by a 4096-
channel analog-to-digital converter and stored in
—,
' section of a 16384-channel memory. Spectra
were measured at 0& = 90 in order to determine
accurately the transition energies for those lines
which could be identified as arising from transi-
tions in S . Additional measurements at 0&-—0
and 135 were made to search for possible Doppler
shifts of these transitions, in order to gain some

information on the lifetimes of these states.
Figure '7 shows a portion of the data measured

at 0 and 90', illustrating the line shapes observed
for transitions from the levels at 3.29, 4.19, and
4.57 MeV. The dispersion is 1.162 keV/channel
and the resolution, as measured for the 1.33-MeV
line of Co", was 1.9-keV (full width at half maxi-
mum). The measured S" transition energies are:
3.29 0, 328'7+ 1.5 keV; 4.19- 3.29, 902 + 1.5 keV;
and 4.5V 3.29, 1284+ 1.5 keV. Energy calibra-
tion was based on the presence in these data of an-
nihilation radiation and of transitions from known
states' of Cl~ formed via the (t, n) reaction. Addi-
tional energy calibrations were based on sources
of Co" (1.173 and 1.332 MeV) and RaTh (2.614
MeV). Table ll summarizes the values for the ex-
citation energies of these S" states as derived
from this work. The identification of the 902- and
1284-keV lines as due to transitions in S" is based
in part upon the close correspondence of the exci.-
tation energies as determined in the Ge(Li) mea, -
surements and in the proton measurements as
summarized in Table II.

The identification of transitions from higher-ly-
ing states in S"was complicated by the fact that
the S'4(t, P)S" reaction cross section was only
equal to that of the competing SM(t, n)P" reaction
and approximately three times weaker than the 8~-
(t, n)Cl~ reaction. Also present in these data were
lines from the (t, p) and (t, n) reactions on the 14%%u~

S"present in the target. Accordingly, we present

TABLE II. Excitation energies for 8 states of E~~& 3 MeV as determined in this and previous experiments. Ener-
gies are in MeV; the corresponding uncertainties (in keV) are given in parentheses. The combined results of the P-y
coincidence measurements are summarized in column 1, while columns 2 and 3 list the results from the high-resolu-
tion proton and y-ray singles measurements. The previous results are taken from, or are averages of, the values
quoted in the references cited. The last column summarizes the best values, obtained as a weighted average of all the
entries.

Present results: method indicated
P y Protons p rays Previous results Average

3.287 ~

3.335 (10)
4.183 (8)
4.510 (12)
4.568 (8)
5.260 (10)
5.375 (10)
5.495 (10)
5.567 (10)
6.202 (10)
6.508 (10)
7.12 (20)

3.287
3.342 (4)
4.187 (5)
4.515 (6)
4.567 (5)

3.287 (1.5)
3.338 (16) d

4.189 (3)
~ 0 t

4.571 (3)

3 297 (10) b.c
3.360 (15) b

4.204 (15) b

4 523 (10) c

4.57 (10)

6.511 (15) '
7 12 (20)

3.287 (1.5)
3.342 (4)
4.188 (3)
4.518 (6)
4.570 (3)
5.260 (10)
5.375 (10)
5.495 (10)
5.567 (10)
6.202 (10)
6.508 (10)
7.12 (20)

~Taken as a calibration energy based on the result given in column 3.
bsee Ref, 3.
csee Ref. 6.

Taken from measurement of the internal-pair spectrum. The remainder of the values in this column are based on
Ge(Li) measurements.
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FIG. 6. Level diagram for S36 summarizing the results
of the present investigation. The y-ray branching data
are discussed in Sec. IIA, and the spin-parity assign-
ments in Sec. III and IV.

here only those results for which the identification
is quite certain. To check this point, the 4.19- 3.29 and 4.57- 3.29 transitions were also ob-
served in coincidence with the 3.29-0 transition
as detected by a 5x 6-in. Nai(TI) detector, thus es-
tablishing positive identification of their origin.

As is evident in Fig. 7, significant Doppler ef-
fects are seen for both the 3.29-0 and 4.57- 3.29
transitions. We take (see for examples Refs. 9
and 10) the mean velocity of the recoiling S" ions
as va/c =P, (1+Pa(cos6, )), where P, is
the velocity of the center of mass, Pa is' the ve-
locity of the recoil ion in the center-of-mass sys-
tem, and (cose, ) is the mean angle of the re-
coil ion, also in the center-of-mass system. Un-

der the assumption that the angular distribution is
essentially isotropic, we use' as an estimate
( cos9, ) =0+0.3, and thus calculate that for a,

bombarding energy F, =3.1 MeV, va/c =0.0038
+ 0.0012. Thus the kinematic 0-90' shift bE, is ex-
pected to be (0.38 + 0.12)/o of the transition energy.

The transition energies for 0& =90' were deter-
mined from Gaussian fits to the peak shapes, and
also by computing the centroid of the net peak
spectrum, after subtraction of a smooth back-
ground. The assumed backgrounds used in the de-
termination of the centroids for 8& = 0' are indi-
cated in Fig. 7, as are also the centroid positions.
From these data the Doppler-shift-attenuation fac-
tors were calculated as F(7)=~,„p/nF~, where
AE„z is the experimentally measured 0-90' cen-
troid shift. (Specific examples of this approach,
together with a discussion of the method, have
been given previously. "'")

I i I I I I I I I

620 640 660 950 970 990 2680 2700
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2720 2740

FIG. 7. Ge(Li) spectra of y rays illustrating the line
shapes observed at 0 =0 and 90' for the primary transi-
tions from S levels at 3.29, 4.19, and 4.57 MeV, formed

Y

via the S34(t, py) S@ reaction at E~ =3.40 MeV. The lines
are labeled according to the levels between which the
transitions occur. For the 0' data the centroid energy
E, of each distribution is indicated, as is also the rest
energy E, , as determined from the peak positions ob-
served at 90'. The dashed lines show the backgrounds
assumed in the centroid calculations for & = 0 . The dis-

y
persion is 1.162 keV/channel.

The results indicate no shift for the 4.19-3.29

transition, F(7) &0.06; while a full shift F(T) &0.70
is observed for the 4.57-3.29 transition. Curves
of F(r) versus T were calculated for S" ions for
the kinematics specified above, using a computer
program which accounts for the slowing down in

both the Sb,S, target and the Mo backing. The
electronic and nuclear stopping powers for S" ions
in Sb,S, and Mo were calculated from the Lindhard-
Scharff-Schist representations" of the stopping
process —and the effects of nuclear stopping were
taken explicitly into account. ' The results deter-
mine that the restrictions on F(T) given above cor-
respond to the following restrictions on the mean
life 7: 4.19-MeV level, 7. &2 psec; 4.57-MeV level,
7 &0.1 psec. For the 3.29-0 transition, the value
of F(7) calculated directly from the data of Fig. 7

is certainly too low, to the extent that the 3.29-
MeV level is populated in part by transitions from
higher-lying levels, some of which (as for exam-
ple the 4.19-MeV level) are longer lived. The con-
tribution to the net 3.29-0 intensity due to the
4.19-3.29 feeding is 15%, as calculated from the
relative intensities of Fig. 7. This contribution,
which must appear as a symmetric Gaussian con-
tribution at Eo, was directly subtracted. As based
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on the 4.57- 3.29 intensity, and on the intensity of

the 4.5'7 and 3.29-MeV peaks seen in the particle
spectra at several angles 8~, we calculate that

50% of the measured intensity results from feed-
ing of the 3.29-MeV state via the short-lived 4.57-
MeV level and from direct population in the (f, p)
reaction. The remainder (-35%) must therefore
arise from cascade transitions from higher-lying
states which, as shown in Sec. IIA, are predomi-
nantly short lived. We thus take E(v) =0.48+ 0.06
as a central value which incorporates the above
uncertainties. The corresponding value for the
mean life is ~ =0.20~0.035 psec.

We now turn fo a quantitative interpretation of
the lifetime information obtained in the P-y coin-
cidence measurements of Sec. II A. All of these
latter measurements were made on the Doppler-
shift attenuations evident in the 3.29- 0 transi-
tion, as resulting fram the deexcitation of the vari-
ous initial levels, and hence the lifetime of the
3.29-MeV level is an essential parameter of the
analysis.

For the 4.19-MeV level, the result E(v) &0.24
is in agreement with the lifetime restriction ob-
tained in the Ge(Li) measurement. The results
obtained for the 3.29- and 4.57-MeV levels were
E(v}=0.4+0.2 and E(v) =0.6+0.1, respectively.
From the Ge(Li} results on the 4.57- 3.29 transi-
tion, it is evident that the Naf(T1) result obtained
for the 4.5V-MeV level is dominated by the life-
time of the 3.29-MBV level, and we thus take for
the 3.29- 0 transition the average value E(T) = 0.55
+0.10. From curves of E(r) versus 7 calculated
for the S recoil velocity vR/c =0.0070, the corre-
sponding value of the mean life of the 3.29-MeV
level is v =0.19+0.05 psec. This is in satisfactory
agreement with the Ge(Li) results given above, and
we adopt the average value T =0,20+ 0.03 psec for
the 3.29-MeV level.

For both the 5.26- and 5.5'7-MeV levels, the ex-
perimental restriction on the 3.29-0 transition is
E(w) & 0.40, corresponding to a restriction on the
primary transition E(T) &0.6, and thus on the mean
lives of these levels of v &0.2 psec. Conversely,
the implied restriction on the primary transitions
from the 5.50-, 6.20-, and 7.12-MeV levels is
E(r}& 0.5, corresponding to mean lifetimes v & 0.3
psec. A similar restriction T &0.3 psec is ob-
tained for the 6.51-MeV level, after accounting for
possible correlation effects on the measured shift
of the unresolved 6.51-3.29-0 cascade transi-
tions.

III. DEEXCITATION OF THE S 3.34-MeV
STATE

In the P-y coincidence measurements described
above, the only radiation observed in coincidence

with the 3.34-MeV proton group was 0.51-MeV
radiation. These results determine that there is
no measurable decay to the 3.29-MeV state, which
is only 55+ 5 keV lower in excitation energy. In
view of the 0' assignment previously set forth for
this level via the (f, p) reaction', it is suggested
that the major decay is by internal-pair emis-
sion to a lower-lying state, presumably to the 0'
ground state. Since lower-lying states were also
reported' at 2.85 and 2.00 MeV, the latter of which
is also suggested as aJ" =0' level, a direct mea-
surement of the 3.34 decay mode was deemed nec-
essary. In the following, therefore, we report a
measurement of the internal-pair-conversion de-
excitation of the 3.34-MeV level, and also a mea-
surement of the lifetime of the state.

A. Measurement of the Internal-Pair-Conversion
Spectrum

The 3.34-MeV level was formed via the S"(t,P)-
S" reaction at E, = 3.4 MeV, using a 1-mg/cm' en-
riched target of Sb,S, on a 1.7-mg/cm' Ni backing.
The target was located at the object position of an
intermediate-image spectrometer used for the
measurements. The operation and calibration of
the device as an internal-pair spectrometer has
been described in detail previously, ""and we
therefore merely outline the general procedure.
Very briefly, positron-electron pairs emitted at
an angle o. = 46 + 1' relative to the beam axis are
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FIG. 8. Spectrum of internal pairs from the S34(t,p)S36
reaction, illustrating the F.O transition 3.34 0 in S36.
These data were measured with an intermediate-image
spectrometer at E& =3.45 MeV, with an instrumental
resolution of -2.8 jo. The open circles show the points
measured with the correlation bafQe in place, which
uniquely determines the character of the transition as EO.
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focused by an axial magnetic field to form an in-
termediate image at an annulus (whose radial di-
mensions determine the spectrometer resolution)
before being brought to a final focus approximate-
ly on axis. The positron-electron pairs thus fol-
low helical paths, of opposite sense, and are de-
tected in coincidence at the focal region by a pair
of crystal-photomultiplier detectors.

Figure 8 shows the pair spectrum measured for
the decay of the 3.34-MeV level. Illustrated here
are the pair events measured as a function of the
coil current providing the spectrometer field, us-
ing a spectrometer resolution of 2.8%. The energy
calibration of the spectrometer was determined
independently by measuring the internal-pair spec-
trum of the 0" 6.06-0 MeV EO decay, and also
by using the device as a simple spectrometer in
order to observe the K conversion line of the Bi"'
1.064-MeV y-ray transition.

The energy of the transition evident in Fig. 8 is
determined as 3.338 + 0.016 MeV. The transition
.is clearly 3.34- 0, and the excitation energy thus
deduced for the initial state in S" is in excellent
agreement with that obtained from the particle
spectra as summarized in Table II, No evidence
was seen for a possible 2.0-Me V pair transition,
corresponding to a possible 2.000 (0')-0.0 (0')
transition in S". However, since the internal-
pair-conversion coefficient decreases rapidly with
transition energy, "conclusions on the nonexis-
tence of a 0' state of 2.00 MeV are weaker than
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FIG. 9. Spectrum of coincidence pulses from a time-
amplitude converter (TAC) illustrating the delayed spec-
trum of pulses from the EO decay of the S~~ 3.34-MeV lev-
el. The TAC was started by a fast signal provided by a
voltage gate set on the 3.29- and 3.34-MeV proton groups,
and stopped by fast pulses from a gate set on the y spec-
trum. The open circles show the prompt peak measured
in coincidence with y rays of energy &0.6 MeV due to the
3.29 0 transition. The solid points were measured si-
multaneously with the voltage gate set to observe the
0.51-MeV radiation resulting from annihilation of the
positron. The dispersion is 0.215 nsec/channel. The
solid curve shows a two-component fit to these data,
which determines ~ (3.34}=12.7+0.3 nsec.

that obtained from the proton studies of Sec. II B.
The multipole character of the transition was de-
termined uniquely, following procedures given
previously, ""by the insertion of a special baffle
at the spectrometer annulus. The function of the
baffle is to restrict the pair flux to correspond to
P and P pairs emitted within a definite range of
azimuthal angles &u' and ~ . (This is possible,
since the helical paths of P' and P are of opposite
sense. ) The results of this measurement, which
provide information on the P'-P correlation, are
shown by the open circles in Fig. 8. Defining as
previously the ratio 8 = Y(in)/Y(out), where Y(in)
and 1'(out) are the net peak intensities measured
with the baffle "in" and "out, " respectively, we
find for the S" 3.34-0 MeV transition R =0.26
+ 0.02. From the previously established calibra-
tion" for the spectrometer, the expected ratios
are R„=0.25 if the transition is EO, R =0.1 t if
E1, while the values of R for the higher-order
multipoles are increasingly smaller. The calibra-
tion was again checked by measuring R for the0" 6.06-0 pair line, with the result for this tran-
sition R„=0.240+ 0.005. Since R is not a function
of energy for EO transitions, this establishes a
satisfactory check on the calibration and we con-
clude that the S" 3.34-0 transition is indeed EO.

B. Measurement of the Mean Lifetime

The mean life of the 3.34-MeV level was mea-
sured by the associated-particle technique. " Pro-
tons from the SM(t, p)S" reaction, initiated by
3.28-MeV triton bombardment of a 400- p. g/cm'
Sb2S, target, were detected by an annular detector
centered at 6)~= 180 . 511-keV y rays resulting
from annihilation of the positron member of the in-
ternal-pair deexcitation transition were detected
by a 3-in. -diameter && 2-in. -thick plastic scintilla-
tor coupled to a fast (RCA 8575) photomultiplier.
The spectrum of time-delay pulses was generated
by a time-to-amplitude converter (TAC) set to
operate in the range 0-200 nsec. A t=0 signal
was supplied by a voltage gate set on the (unre-
solved) proton groups corresponding to the 3.29-
and 3.34-MeV levels. The conversion was stopped
by a second pulse signaling detection of the as-
sociated 511-keV y ray in the plastic scintillator.
The pertinent data are summarized in Fig. 9. The
solid points show the spectrum measured with a
voltage gate set on the pulse region in the y detec-
tor corresponding to the energy region 200 keV
~E&~ 500 keV. The resultant spectrum shows a
flat ba, ckground (due to random counts) on which
is superimposed the time-delay spectrum charac-
terizing the lifetime of the 3.34-MeV state. For
comparison, the time resolution of the system
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(-0.5 nsec) is shown in Fig. 9 by the spectrum
measured with a voltage gate set for E&&600 keV,
illustrating the "prompt" decay of the 3.29-MeV
level. At this bombarding energy, the relative
population of these tmo sta, tes mere in the ratio
(3.34/3. 29)/(4/1). The time dispersion for these
data was established by observing the shift of the
prompt peak as a function of known delays in-
serted in one or the other of the two timing chan-
nels. The calibration gives 0.215 nsec/channel.

The delayed spectrum of Fig. 9 mas next fitted
by a, least-squares program, in which the data
mere represented as the sum of two exponentials,
with the decay time for one set as T =~ to approxi-
mate the background due to random coincidences.
From fits to various regions of the decay spec-
trum we obtain the value 7 = 12.7+ 0.3 nsec for the
mean lifetime of the 8" 3.34-MeV level, where
the quoted uncertainty was chosen large enough to
cover the divergence of solutions for the various
regions of the fit.

IV. ANGULAR-CORRELATION ANALYSIS

A. General Procedure

The angula. r-corx elation information obtained in
the proton-y-ray coincidence measurements (Sec.
II) has been partially summarized in Table I,
which shows the results of an even-order
I egendre-polynomial fit to the experimental data.
Results are shown for those y rays originating
from the indicated initial levels mhose intensities
could be reliably extracted, as a function of angle
0&, from the experimental data. Certain restric-
tions on the spins of the initial levels are immedi-
ately apparent from the results summarized in
Table I:The observation of a statistically signifi-
cant (nonzero) term in P4(cos8) for one or more of
the deexcitation txansitions determines that the ini-
tial level has J «2. Thus for the levels at 3.29,
4.19, 4.57, 5.50, 6.20, and 6.51 MeV, possible

p a g t 0 1 d' t ly
For the remaining levels, the observation of sig-
nificant terms in P,(cos8) determines 4 ~ 1.

In the following, me discuss the quantitative in-
terpretation of these results fox' each of the levels
of 8" thus studied. The method is that designated
as Method II by Litherland and Ferguson, ' and
uses explicitly the formalism of Polletti and War-
burton, ' which is in accord mith the phase defini-
tion of Bose and Brink. '8 The general procedure
has been illustrated in considerable detail pre-
viously, ''0'" and me therefore outline those spe-
cific considerations which apply to correlation
measurements in the S"(t,py)S" reaction. We
note first that the collinear detection of protons
insures that the initial levels of 8" formed by the

(t, p) reaction are restricted to magnetic substates
for which the magnetic quantum number m has
1m I ~ 1. That is, for a given level J «1, only the
m = 0 and m =+1 substates are involved in the emis-
sion of the subsequent primary- y radiations.

The procedure of analysis, very bxiefly, mas
therefore as follow's: For a given initial level as
formed directly in the (t, P) reaction, the experi-
mental correlation data were fitted by a least-
squares computer program for various sets of as-
sumed spins for the initial level and those levels
linked by the deexcitation transitions. The param-
eters of the fit mere the magnetic-substate popu-
lation parameters, P(n), where the a = Iml and
the normalization is such that P(0)+2P(1) =1. Fits
were thus attempted for discrete values of the
(I, +1)/I mixing in the ca.scade radiations. For
each such theoretical fit the normalized X' was
calculated as an indication of the acceptability of
the computed fit. The expectation value of X' is
unity for the physically correct set of spins and
mixing ratios: Probability tables were subsequent-
ly used to rule against cases for which the values
of X' mere inordinately large. Examples of this
procedure are illustrated in the following discus-
sion of the various levels.

A minor complication of these analyses arises
from the fact that the proton detectox subtends a
finite solid angle, and thus permits a, weak popula-
tion of the m =+2 substate. " This mas accounted
for in this analysis by allowing for a population
P (2) of the m =+2 substate up to 10$ of the total
population. Unless otherwise stated, the effect
mas generally small, a,nd has been incorporated
in the illustrated results.

In the following, me discuss the conclusions ob-
tained from the correlation analysis for each lev-
el studied. The information provided by the life-
time restrictions (Sec. 11) has been used in some
cases to ascertain the multipole chaxacter of the
primary transitions from these levels, and also
from the levels at 3.34-, 5.38-, and 7.12-MeV,
which were not studied in the correlation mea, —

surements.

R. Results

3.29-JI/Ie t/' Level

The observation of a large term in P,(cos8) in
the measured distribution (see Table I) coupled
with the measured lifetimes immediately suggests
4" =2' for this level. Since the transition to the
ground state must be a pure multipole of order
L =J, the only parameter of the fit is the substate
population ratio P(0)/P(1). The data were fitted
for assumed spins J ~ 4 for the initial level, with
the resultant goodness of fit parametrized as fol-
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lows: For J = 0, 1, 3, or 4, X' & 150, which con-
siderably exceeds the 0.01% probability limit at
X' = 5.5. For J= 2, an excellent fit is obtained as
indicated by a value y'=0. 84, which compares well
with the simple Legendre-polynomial fit given in

Table I for v „=4. From the measured mean
lifetime for this level, T =0.20+0.03 psec, the cor-
responding transition strengths, in Weisskopf
units (W.u.), were computed" for the alternate
possibilities of E2 or M2 character for the transi-
tion. If the transition were M2, the corresponding
transition strength would be IM(M2)i'=52+8 W.u. ,
which we reject on the basis of local systematics"
as inordinately large. Thus, the 3.29-MeV level
has even parity, 4' = 2', since it decays by an E2
transition to the S" 0' ground state. The com-
puted E2 strength is IM(E2) I' = 1.47+ 0.22 W.u,

3.34-Me V Level

IOO—

75—

50—
I I I I I I I

J=4

IOO e ~ J=5

I I I I

I I I I I

Obviously, no correlation information was ob-
tained for this level. However, in view of the 4'
= 2' assignment established for the 3.29-MeV lev-
el, it is of interest to compute the probable inten-
sity of a 3.34 (0') —3.29 (2') branch. The partial
lifetime for EO deexcitation of this level is essen-
tially the measured meanlife, v(EO} = 12.7+0.3
nsec. The partial lifetime calculated for a 55+ 5-
keV E2 transition 3.34-3.29, assuming an E2
strength of 1 W.u. , is T(E2) =22&&10' nsec. The
corresponding branching ratio for a possible E2
transition, 5.5x10 '%, implies that a, possible
branch 3.34- 3.29 would be extremely difficult to
see experimentally, even assuming a significant
enhancement of the E2 strength.

IO
X

4. 19-Me V Level

I.O

x = -(0.0& '-0.0&)
I S56

O, I I I I I I I I I I I I I I I I I
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FIG. 10. Results of a least-squares fit to correlation
patterns measured for the 4.19 3.29 0 cascade transi-
tions. The upper plot shows the measured correlations.
The lower plot shows the results of an attempt to fit these
data simultaneously for assumed spins for the 4.1S-MeU
level of 1 ~J ~5. Here we have plotted the goodness-of-
fit parameter y as a function of x&, the mixing ratio in
the 4.19 3.29 transition. As indicated in the inset level
diagram, the spin of the 3.29-MeU level is taken as J =2
(as determined previously) and the mixing in the 3.29

0 transition is given as x2 ——0 (pure quadrupole in char-
acter). The various confidence limits are indicated. For
example, the statistical probability (for a correct set of
J' and g&} that y exceeds the 0,1% limit is simply 0.1%.
As seen, only J=3 is an acceptable fit to the data ob-
tained. The solid curve in the upper plots shows the the-
oretical distributions calculated for t =3, x& ———0.03.

The experimental correlation patterns for the
two members of the 4.19-3.29-0 cascade tran-
sition are shown in the upper portion of Fig. 10.
The lower plot summarizes the results of an at-
tempt to fit these data simultaneously for assumed
spins for the 4.19-MeV level of 1 ~ J & 5. For
each assumed spin 4 we have plotted the goodness-
of-fit parameter y' as a function of x„ the (L+1)/L
mixing in the 4.19-3.29 transition. The mixing
x, in the 2'-0', 3.29-0.0 transition is identically
zero, as indicated in the insert. An acceptable
fit is obtained only for the J= 3 possibility. For
all others (including J = 0 which is not shown} the
minimal values of X' exceed the 0.2% confidence
limit, and are thus rejected. From the solution
for x, indicated for J=3, x, = —(0.03+0.03), it is
clear that the transition is predominantly dipole.
If the parity of the 4.19-MeV level is even, then
the 4.19-3.29 transition is Ml in character, and
from the lifetime restriction v &2 psec, we calcu-
late an upper limit on the corresponding M1
strength IM(M1)l &0.021 W.u. Assuming odd par-
ity for the 4.19-MeV level, the corresponding re-
strictions on the E1 strength would be IM(El) I'

& 0.0006 W.u.



LEVELS OF S FROM S (t~P)S 2337

4. M-Me V Level

Although the correlation pattern measured for
the 4.52-0 transition is not significantly different
from isotropy, the level may not have J=O, since
it connects by a y-ray transition to the J' = 0'
ground state. An acceptable fit to the data was ob-
tained for an assignment J= 1 for this level, as
indicated in Table III. The minimal value of g
for fits for J= 2, 3, 4 was 27, which greatly ex--
ceeds the 0.1% confidence limit for three degrees
of freedom. Thus for the 4.52-MeV level we have
uniquely J= 1. No information other than the crude
limit v &40 nsec is available for this level.

4. 57-Me V Level

The experimental data on the 4.57- 3.29-0 cor-

relationn

patterns are shown in the upper portion of
Fig. 11. The results of a theoretical fit to these
data for assumed spins for the 4.57-MeV level of
1 &J ~ 5 are shown in the lower plot. Possible as-
signments 8= 1, 3, 4, 5 are excluded (as well as
J = 0), since the minimal values of y' considerably
exceed the 0. 1'%%uo confidence limit. For J = 2 we
find an acceptable fit for a quadrupole-dipole mix-
ing in the 4.57-3.29 transition of x = -(0.06 + 0.06).
The result is thus not inconsistent with the transi-
tion being pure dipole. From the lifetime limit
established for this level, ~ &0.1 psec, we obtain
the following restrictions on the dipole transition

strengths: if Ml, then IM(M1)l'&0. 15 W.u. , while
if E1, then IM(E1)l' &0.0042 W.u. Either possi-
bility seems reasonable, and thus the parity of the
4.57-MeV level is not determined by this experi-
ment.

5.26-Me V Level

Analysis of the correlation data on the 5.26
-3.29 transition restricts the spin of the 5.26-
MeV level to the possibilities J=1, 2, 3 with the

corresponding restrictions on the mixing ratio as
summarized in Table III. Unfortunately, the ex-
perimental lower limit on the lifetime of the 5.26-
MeV level does not provide any interesting clues
as to the character of the transition for these vari-
ous possibilities. The angular distribution of the
resultant 3.29-0 transition could not be reliably
extracted from the data, due to a weak unresolved
contribution from the S' 3.30-0 transition.

5. 50-Me V-Level

Analyses of the correlation data on the 5.50
—3.29 transition restricts the spin of the initial
level to the possibilities J=2, 3, or 4, with the
corresponding restrictions on the mixing ratio
summarized in Table III. As indicated in Table
III, the minimal value of y' obtained for the J= 3
possibility has a statistical probability of only
0.8%, and hence we consider J=3 considerably
less probable than J=2 or 4. We note that for J

TABLE III. Summary of restrictions on the (L +1)/L mixing ratio x for the indicated transitions in S36, as deter-
mined fromp-7 correlation measurements. In some cases the correlation analysis allows more than one possibility
J,- for the spin of the initial level E;, and the corresponding solutions for x are indicated for each allowed possibility.
Less-likely possibilities J; are indicated in parentheses, as distinguished also by the larger values of X obtained in the
fits to the data. For convenience, the restrictions on the mean lives of the initial levels are also given.

(MeV) (psec)
Transition

g.~g
J;

(Assumed)
Restrictions on the (L+1)/L

mixing ratio =x X

3.29
4.19
4.52
4.57
5.26
5.26
5.26
5.50
5.50
5.50
5.57
5.57
5.57
6.20
6.20
6.20
6.2O

6.51

0.20 + 0.03
&2

&0.1
&0.2

&0.3

&0.2

&0.3

3.29 0
4.19 3.29
4.52 —o

4,57 3.29
5.26 3.29
5.26 3.29
5.26 3.29
5.50 3.29
5.50 ~ 3.29
5.50~ 3.29
5.56 3.29
5.56 3.29
5.56 3.29
6.20 4.57
6.20 3.29
6.20 4.57
6.20 3.29
6.51~3.29

2

3
1
2
1
2

3
2

(3)

1
(2)

2
3
3

x=o
x = -(0.03 + 0.03)
x=o
x = -(0.06+0.06)
x~ —0.1 or.x~5
x —0.47
x = 0.09 +0.09 or x = 2.4 + 0.5
x = -(2.4+0.5)
x & -0.25
x =+{0.02 +0.03)
x =+(0.07+0.07) or x =+(4+~))
x=+(0 27 ' )
x = -(0.17 +0.05)
x =+{0.20 +0.08)
x = -(0.05+0.13)
x = -(0 .28 + 0 .09) or x & 5.6
x = —{0.6 +0.1)
x =+(O.O3+O.O3)

0.8
1.1
1.8
1.4
1.0
0.9

1.0 or 1.5
1.2
46
1.0,

1.0 or 2.8 ~

2.6 ~

1.0
1.1
1.8
0.9
1.4
1.2

geese values of X correspond to statistical probabilities of less than 1%.
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= 4, the solution for x is consistent with the tran-
sition being pure quadrupole in character. Thus
all possibilities are consistent with the experimen-
tal upper limit on the lifetime of the 5.50-MeV lev-
el. The remaining possibilities for J are quite
firmly rejected. No attempt was made to fit the
3.29-0 correlation pattern, since the 3.29-MeV
level is populated also by cascades other than
5.50- 3.29. However, the value of X' obtained
from a simple Legendre-polynomial fit to the net
5.50- 3.29- 0 correlation pattern is X = 5.1 for
v „=2, d X'= 1.0 for v „=4. Thus these re-

cos e
I.0 O.S 0.6 0.4 0.2 Q.O

I I I I I I l I I I l

4,5T (J=2) = 3.29 (2+) ~0.0(0+)

suits also rule very strongly against possible as-
signments J=0 or 1.

5. 57-Me V Level

The 5.5f-MeV level deexcites 100% to the 3.29-
MeV level, and thus the correlation information
summarized in Table I for both members of the
cascade may be used in the correlation analysis.
The results of a simultaneous fit to both members
of the 5.57 - 3.29 —0 cascade transitions deter-
mine that the 5.5V-MeV state has J=1, 2, or 3.
The allowed mixing ratios corresponding to these
possibilities summarized in Table III. We note,
as indicated in Table III, that the minimal value of
X' obtained for the possibility of J= 2 corresponds
to a statistical probability of only 1%: Hence this
possibility has been ruled against quite strongly.

200—

l50—

IOO—

50—
I I I I I I I ) I I I

I I I I I I I I I I I I I I I I

IO =
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I X2=-0
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FIG. 11. Correlation results for the 4.57-MeV level.
. The upper plot shows the measured correlations. The
lower plot shows the results of an attempt to fit these
data simultaneously for assumed spins for the 4.57-MeV
level of 1~J—5. The inset level diagram shows the de-
cay scheme. Only for J=2 is an acceptable fit to the data
obtained —the corresponding solution for x& is indicated.
The solid curves in the upper plot show the theoretical
correlations calculated for J =2, x~ =-0.06.

The decay of this level is complex (see Fig. 6)
as was also the subsequent analysis of the corre-
lation data. The observation of a significant term
in P~(cos8) for the 3.29-0 transition (a~= 0.16
a 0.03: see Table I) restricts the spin of the initial
state at 6.20 MeV to J ~ 2. The possibility J'=4
is excluded on the basis of the lifetime restriction
v &0.3 psec: For the most favorable case of M2
character for the 6.20-4.57 transition, the. tran-
sition strength would be IM(M2) I' & 460 W.u. For
the alternative possibility J"=4', assuming no
M3 admixtures, the lower limits on the E2
strengths for the 6.20-4.57 and 6.20-3.29 tran-
sitions would be, respectively, 13 and 1 W.u.
Thus the most likely possibilities are J=2 or 3,
of either parity, or J' =4'.

The results of a quantitative analysis of these
data are illustrated in part in Fig. 12. The insert
shows the placement within the S" level scheme
of those transitions whose correlation patterns
were measured. The upper plot shows the results
of an attempt to determine the mixing x, in the
6.20- 4.5V transition; i.e., the variable mixing
ratio of the fit is defined to be x =x,. The plot of
X' vs x =x, is for a simultaneous fit to the correla-
tion patterns for the 6.20-4.57- 3.29 cascade and
for the 6.20-3.29 transition. The mixing in the
latter transition was allowed to vary, -~ ~ x, ~+
while the mixing in the 4.5V- 3.29 was fixed at
x, =0+0.1, consistent with the previous conclu-
sions on this transition. Acceptable fits are ob-
tained for the possibilities J= 1, 2, or 3 for the
indicated ranges of the mixing ratio x=x, . The
possibility J= 0 is excluded, as the minimal value
of y' for this case considerably exceeds the 0.1%
confidence limit. The possibility J=4 has been ex-
cluded from a simple fit to the 6.20-4.5V corre-
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lation pattern. The results indicate for this latter
case a significant mixing of L = 3 with L = 2 radia-
tion: from the considerations outlined above for
the E2 or M2 strengths if J =4, this is clearly not
possible.

The lower plot shows the results of a similar
fit to the 6.20-3.29 and 3.29-0 correlation pat-
terns, in order to determine the mixing in the for-
mer transition, i.e., the variable of the fit in this
case is x =x,. The influence on the 3.29-0 corre-
lation due to feeding of the 3.29-MeV state via the
6.20- 4.57 —3.29 cascade has been specifically in-
cluded, following the restrictions on x, summar-
ized in the upper plot. The dashed curves show
the variations obtained by allowing for a variation
of 2 standard deviations in the mixing ratio x, and
in the indicated branching ratios. These results
exclude the possibility 4= 1, and provide the re-
strictions on x„and also x„as summarized in
Table III.

In summary, the 6.20-MeV level is found to have
either J=2 or 3. If J =2, the results are not in-
consistent with dipole character for both of the
primary radiations from the 6.20-MeV state.
From the lifetime restriction, the parity may be
either even or odd, since reasonable dipole
strengths are computed for either case. ff 8 = 3,
then both major primary transitions have signifi-
cant quadrupole components. If the parity were
odd, then the mixing in the 6.20-4.57 transition
would be M2/F. l. Taking as a lower limit x, &0.10,
we compute a lower limit on the corresponding
M2 strength of IM(M2) I'&5 W.u. , which seems
rather improbable. Conversely, the lower limits
on the Z2 strengths, assuming a J'=3' assign-
ment for the 6.20-MeV level, are quite reasonable.
Thus we conclude the 6.20-MeV level has J= 2 or
3, with the possibility J' =3 rather unlikely.

6. 5Z-Me V Level

The only observed decay mode for this level is
via a 6.51-3.29 transition which was not experi-
mentally resolved from the subsequent 3.29-0
transition to the ground state. Thus the correla-
tion information that could be most simply ex-
tracted from the two-parameter data matrix was
the variation in angle of the net intensity of the un-
resolved members of the 6.51-3.29-0 cascade,
as given in Table I.

Figure 13 summarizes the results of an attempt
to fit these data for assumed spins for the 6.51-
MeV level of 1&J &5. The possibility J=1 is
immediately excluded, as is also the possibility
J = 0. The solution for x for the possibility J= 5
corresponds to a mixing of L = 4 with L = 3 radi-
ation, which can be excluded from the lifetime re-
striction 7 &0.3 psec, We note that of the accept-

able solutions, the minimal values of X' obtained
for J = 2 or 3 are significantly larger than that for
J=4.

Although not resolved by the NaI(T1) detector,
the energies of the transitions 6.51-3.29 (3221
+ 16 keV) and 3.29-0 (3287+ 1.5 keV) differ by
66+ 16 keV. The correlation patterns of the sep-
arate members of the cascade were extracted by
two different methods: (1) from a fit to the data, in
in which the peak at E&-3.3 MeV was represented
as the sum of two Gaussian components, and (2)
from a, fit to the Nal(T1) data, at various angles
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FIG. 12. Partial results of a least-squares fit to cor-
relation data obtained for the 6.20-MeV level. These re-
sults lead to a restriction 4=2 or 3 for the 6.20-MeV lev-
el, with the indicated restrictions on the quadrupole-di-
pole. mixing ratio in the 6.20 3.29 transition.
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I9&, to determine the coefficients a, and a4 as a
function of E&. Our conclusions on the correlation
coefficients for the individual members of the
6.51-3.29-0 cascade are also included in Table
I. The correlation patterns are evidently quite
similar, as must be the case if the cascade pro-
ceeds by quadrupole transitions linking states with
the spin sequence 4-2-0.

The "upper envelope" of the curves shown in
Fig. 13 for J= 2 and J=3 illustrates the results ob-
tained from a simultaneous fit to the unresolved
6.51-3.29-0 correlation intensity, when the re-
strictions placed on a, and a4 for the individual
members of the cascade transition are imposed.
Precisely the same plot of X' vs x is obtained for
the J= 4 possibility.

Thus we conclude that the 6.51-MeV level has
J=4, and decays by a predominantly quadrupole
transition to the 3.29-MeV level. If the parity were
were odd, the transition would beM2, of strength
&330 W.u. This possibility we reject. Therefore
we conclude the level has J' =4', and the strength
of the E2 6.51-3.29 transition is &1 W.u.

5. 38- and 7. 12-MeV Levels

No correlation data was obtained for these levels.
However, the measured branching ratios and life-
time restrictions permit some conclusions on pos-
sible spin assignments for these levels, which we
outline here. First, since both levels connect to
the J' = 0' ground state by y-ray transitions,
neither level may have J =0. For the 5.38-MeV
level, the only restriction on the lifetime is that
obtained from the P-y coincidence measurements,
T &40 nsec, which nevertheless insures that the
transitions 5.38-0 has L &4. Thus the spin of the
level is restricted to J= 1, 2, or 3. For the 7.12-
MeV level, v. &0.3 psec, which restricts the
7.12-0 transition to L&3, and thus for the 7.12-
MeV level J=1 or 2, or possibly J'=3 .

results, we reiterate that the restrictions on J'
summarized in Fig. 6 (and also Table III) have
been derived wholly from the present investigation
of the (t, p) reaction. While the previous results
summarized in Sec. I obviously provided an invalu-
able guide to the design of the present experiment,
the conclusions are nevertheless almost complete-
ly independent. It is therefore worthwhile to note
that there is in general excellent agreement be-
tween the present results and the conclusions of
Gray, et al. ' on the even-parity levels of S" as
formed in the Cl"(d, He')S" reaction. This has
been noted partially in the comparison of S" ex-
citation energies given in Table II, where the
agreement is really quite good.

It is also evident that the (d, He') reaction is con-
siderably more selective than the (t, p) reaction,
since we observe via the latter reaction all of the
states reported from the (d, He') studies plus sev-
eral others. This is not surprising, since some
of the latter grouping presumably have odd parity,
and arise from configurations which one would not
expect to form strongly via the (d, He') pickup re-
action. In the following, we discuss this feature in
detail, and include also a comparison with the con-
clusions reported previously on the (t, p) reaction.
Some recent results" on the linear polarization of

I I I ! I I I I I I I I I I I I I
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V. SUMMARY OF RESULTS AND DISCUSSION

A. Comparison with Previous Results

The description of the S' level structure ob-
tained from the present studies of the S"(t,P)S"
reaction has been presented schematically in Fig.
6, which summarizes the spin-parity restrictions
obtained in thi. s work together with the branching
ratios for the electromagnetic deexcitation of the
levels studied. Restrictions on possible multipole
mixings in the primary transitions have been sum-
marized in Table III, which also lists the informa-
tion obtained on the mean lifetimes of the S~' ex-
cited states.

Before proceeding to a comparison with previous

O. l
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FIG. 13. Results of a least-squares fit to the correla-
tion patterns of the 6.51 3.29 0 cascade transitions.
For the possibilities J = 2 and J' = 3, the "lower envelope"
shows the results of a fit to the angular intensity varia-
tion of the unresolved members of the cascade. The
"upper envelope" illustrates the results obtained when

the somewhat more poorly defined patterns of the indi-
vidual members of the cascade are included as part of
fit (i.e., the shaded region is excluded). These results
lead to a J=4 assignment for the 6.51-MeV level.
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The present experiment has provided an unam-
biguous assignment J'= 2' for the 3.29-MeV level.
This is in agreement with previous results report-
ed from the (d, He') reaction, which determine' '
the transfer as l=0 and thus J'=1' or 2'. Previ-
ous results from studies of the (I,P) reaction, '
which suggested J'= 2' or 3 are also consistent
with this conclusion. We note that the restrictions
imposed individually by the two previously report-
ed sets of experiments, ' ' ' when combined, also
point to a J' = 2' assignment for this level.

3.34-Me V Level

The determination J'=0' for the 3.34-MeV level
provides rigorous confirmation of the 0' assign-
ment quoted previously' from the (t, p) reaction.
A somewhat surprising result of the present ex-
periment was the determination that this level de-
cays by FO transition to the ground state rather
than to a lower-lying 2' state suggested previously
to be at E„=2.85 MeV.

We now discuss the lifetime of this level against
EO pair emission (the competing internal-conver-
sion process has a relative calculated strength of
only some few parts in 10' and so may be neglect-
ed). The strength of the EO transition, as comput-
ed from the measured lifetime for this state, is
0.039 in single-particle units. " Information on
EO strengths in light nuclei is sufficiently scanty
to make worthwhile our bringing it together, which
we do in Table IV. Here we have tabulated the ex-
perimentally measured EO transition strengths for
nuclei up to Ca". The strengths are given in sin-
gle-particle units" with the Coulomb correction

TABLE IV. EO transition strengths in light nuclei (all
are J~=0+ 0+). The strengths are in single-particle
units with the Coulomb correction applied.

Nucleus
Transition energy

(MeV) Strength

Be"
C|2
p16
pi8
S36

Ca4'
Ca42

Ca"

6.18
7.65
6.05
3.63
3.34
3.35
1.84
4,28

0.23 ~

2 7a
0.87
0 70
0.039
0.13b

1.lb
0.056

Prom Ref. 23.
From the summary of Ref. 3.

~prom Ref. 24.

y rays from the S"(t, py)S" reaction, which deter-
mine the parity of the 4.19- and 4.57-MeV levels,
is also included.

3.29-Me V Level

applied, where the data are taken from the indicat-
ed sources. '"'" lt can be seen from Table IV
that our present transition is the weakest so far
found in nuclei up to calcium, although not by a
large margin. It is interesting that the strongest
transitions are from "interloper" states, that is,
states whose dominant configuration is believed to
come from outside the dominant configuration of
the ground states (to which all transitions of Table
IV take place), whereas our present example need
not involve any other than the ground state configu-
ration for the excited state. We return to this in
the discussion.

4. 19-Me V Level

This level was not seen in the (d, He') reaction, ' '
but has been previously reported' from the (t, p)
reaction. The present results determine that the
level has J= 3, and deexcites by a dipole transition
to the J"= 2' 3.29-MeV level. Recent linear-polar-
ization measurements determine" that the 4.19
—3.29 transition is E1, and thus determine odd
parity for the 4.19-MeV level. A model-based
preference for a J"=3 assignment has been dis-
cussed previously. ' '

4. 52- and 4. 57-Me V Levels

The observation of these "doublet" levels at
-4.5-MeV excitation in S was first reported from
the (d, He') reaction' which determined that for
each the transfer angular momentum is l = 0, and
thus J'= 1' or 2'. From the measured spectro-
scopic factors, Gray et al. ' suggest a preference
for a J'= 1' assignment for the 4.52-MeV level.
The present experiment provides unique assign-
ments of spin for each level, in agreement with
the above restrictions, and thus the experiments
jointly determine J'= 1' for the 4.52-MeV level
and J'=2' for the 4.5Y-MeV level. The 4.52-MeV
level deexcites to the S" ground state by a pure
Ml transition. The present experiment has deter-
mined that the E2/Ml mixing ratio for the 4.57
-3.29 transition is x= -(0.06+0.06). The linear-
polarization measurements" determine indepen-
dently that the transition is predominantly M 1, and
thus provide an independent determination of even
parity for the 4.57-MeV level. These experiments
jointly suggest that the 4.57-3.29 transition may
have a small but measurable quadrupole compo-
nent.

Levels of 5. 0& F. „(lifep) & 6, 3

No levels have been previously reported within
this rarige of excitation energies in 3". The evi-
dence obtained for the existence of states at 5.26,
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5.88, 5.50, 5.57, and 6.20 MeV in the present (t, P)
studies is nevertheless quite unambiguous. Evi-
dence that the (t, P) reaction populates specifically
these states is shown in Fig. 1; that the deexcita-
tion y rays fit the S" level scheme is shown quite
clearly in Figs. 3-6.

6.Sl- and 7. 12-Me V Levels

Both these levels were seen in the (d, He') reac-
tion by Gray et al. ,

' who determined for each level
that the transfer momentum is l =2, and thus the
levels are of even parity with J & 4. In the pres-
ent experiment we have determined for the 6.51-
MeV level J' =4'. For the 7.12-MeV level we
find the restriction J=1, 2, or 3 . Combining
the two results, we obtain the restriction for the
7.12-MeV level of J"= 1' or 2'. Gray et al. ' sug-
gest that these levels are formed by proton pick-
up from the d„, rather than the d„, shell; our re-
sults confirm this for the J'=4' 6.51-MeV level.

B. Discussion of Results

Evidence Against the 2. 00-Me U (0') and
2. 85-Me U (2') Levels

As discussed in Sec. III, no evidence was ob-
tained for the population of these levels, either
directly in the (f, p) reaction or indirectly via ca.s-
cade y-ray transitions from higher-lying levels in
S". As can be seen in Fig. 6, several of these
higher-lying states are observed to deexcite di-
rectly to the 0' ground state.

Although the energetics rule somewhat against
possible transitions to the 3.34-MeV 0' state, we

would nevertheless expect to find at least some
evidence for transitions to a 2.00-MeV 0' state,
which would be energetically somewhat more fa-
vored. Also, the latter transitions mould be ex-
perimentally more easily detected. Again, the
higher-lying states are observed (see Fig. 6) to
connect rather strongly to the known J'=2' states
at 3.29 and 4.57 MeV. Although possible transi-
tions to a 2.85-MeV 2' state would be energetically
favored, and also easily detected experimentally,
no such transitions were observed.

Another point of evidence arises from the ob-
served decay of the 3.34-MeV 0' state, which is
observed to deexcite only to the 0' ground state.
An upper limit on a possible 3.34- 3.29 transition
is given in Sec. IV, which indicates such a transi-
tion mould be experimentally very difficult to de-
tect. However, a possible 3.34- 2.85 transition
mould be energetically more favored, since the
transition energy would be in this case -0.49 MeV.
From the absence of 2.85-0 or 2.85- 2.00 transi-
tions in the p-y coincidence spectrum, we set an

upper limit on the E2 strength of a possible 3.34
-2.85 transition of ~M(E2) ~'&0.02 W.u. Such an
inhibition seems unreasonably large. In conclu-
sion, the results of the present experiment cast
considerable doubt on the previous identification
of these levels within the S" level scheme.

Hinds and Middleton have reexamined" the un-
published S"(f,P)S" data that gave rise to the re-
ported levels at 2.00 and 2.85 MeV. They report
that although the proton groups are weak they ap-
pear to be definite and to behave in a kinematical-
ly correct way and that there is therefore no rea-
son for them to reject their earlier conclusions.
It would be of great interest to repeat the earlier
work under the same experimental conditions and
until this is done some doubt must remain con-
cerning the identification of these states.

Comparison zenith Theory

As mentioned in the Introduction, two calcula-
tions are available at present against which the
experimental results of this paper may be com-
pared. The first' treats S" as (1d„„2s„,) ' be-
low Ca~ and therefore generates only states of
even parity. The second' treats S" as ld„,', lf„,
above S" and therefore concerns itself only with
states of odd parity with the single exception that
the lowest-lying (J"=0') state of ld„,'lf„,' is also
considered. In Fig. 14 we compare the experimen-
tal data with these calculations, making some ten-
tative associations between experimental and the-
oretical levels.

Also shown in Fig. 14 is the theoretical spectrum
of S" levels set forth by Gray et al. ' who have cal-
culated the even-parity spectrum resulting from
the coupling of four proton holes in the 1d-2s shell.
The two results are based on tmo different inter-
action potentials: the first, a Yukawa. interaction;
the second, a realistic forces interaction as given
implicitly in the matrix elements of Kuo" which
were used in this second calculation.

As evidenced in Fig. 14, the results obtained for
a Yukawa interaction appear to give the better
agreement with the experimental spectrum, pri-
marily because of the relative position of the low-
est-lying 1' state, which me tentatively identify
with that observed experimentally at 4.52 MeV.
The observed ground-state y-ray decay of this 1'
level is forbidden in the picture given by Glaude-
mans, Wiechers, and Brussaard, ' since a transi-
tion between the 1d„, and 2s», shells via an Ml
operator would be required. Such a transition can
occur according to the description of Ref. 6, since
these authors include excitations of the d3/2 shell.
Hence, it is not surprising that the model calcula-
tion of Ref. 6 is better able to predict the correct
position of the 4.52-MeV level than is that of Ref. 1.
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FIG. 14. A comparison with experiment of the various theoretical predictions for the spectra of even- and odd-

parity states of 8~6. Tentative correspondences are indicated by the dashed connecting lines, as explained in the text.

We shall not discuss the comparison between
theory and experiment in any detail because the
more powerful computational methods now avail-
able should soon permit comparison with a more
realistic calculation. In particular we should ex-
pect, in this upper region of the s-d shell, signif-
icant mixings of these simple four-hole configura-
tions with configurations involving f„, excitations.
However, if one makes the identification between
theoretical and experimental even-parity states,
indicated in Fig. 14 by the dashed lines, the cor-
respondence seems quite reasonable, except that
the theoretical states (for a Yukawa potential) ap-
pear at excitation energies that are increasingly
too large. For the most part, the indicated identi-
fications are supported by the fact that these even-
parity levels are most strongly excited in the
(d, He') pickup reaction, which is expected to pop-
ulate preferentially these four-hole configurations.

With respect to the odd-parity levels, the identi-
fication of the lowest-lying J"=3 state is quite
certain. The cluster of levels of 5.26 &E,„&6.20
MeV were not observed in the (d, He') reaction; it
is quite likely that at least two of these levels be-
long to the spectrum of odd-parity levels predict-
ed by Erne. ' From the indicated restrictions on

J for these levels, it seems that we have not
formed the 5 level at the bombarding energy used

(E, = 3.12 MeV) in the present studies of the (t, P)
reaction. This is perhaps not surprising, since
the formation mould in this case involve a transfer
angular momentum of l= 5, which is energetically
less probable than that involved in formation of
the remaining states.

With respect to further understanding the S" lev-
el spectrum, it is evident that the identification of
possible odd-parity states at E,„-6 MeV mould be
particularly interesting. A major point of signifi-
cance with respect to further studies concerns the
J'=0' level at 3.34 MeV. Such J'=0' states are
seen to be generated both by the (ld„„2s„,) ' cal-
culation and by the (ld„,) ' lf„,' at about the same
excitation, whereas experimentally only one J'= 0'
state has been located with certainty. This must
provide reconsideration of the possible J'=0+ lev-
el reported at 2.00 MeV. It must be supposed that
the two theoretical levels will mix strongly; all
that can be said is that the J' =0' level identified
with certainty at 3.34 MeV cannot be a pure
(1d„,) ' 1f»,' state (at least if the ground state it-
self contains no 1f„,' component), because it con-
nects to the ground state by the EO transition.
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The mean lifetime of the J~ = 2 2~Ne level at an excitation energy of 2791 keV was measured

by the gas-target variant of the recoil-distance technique. The result of 84 ~10 psec is dis-
cussed in terms of the structure of mass-21 states.

I. INTRODUCTION

In 1966, the discovery" that the 2.8-MeV level
of "Ne was actually a doublet comprised of levels
with excitation energies of 2791+2 and 2797+ 2

keV resolved several apparent experimental dis-
crepancies. It was soon clear that the upper mem-
ber of this doublet was J'= —,". To date the proper-
ties of this state seem compatible with theoretical
expectations and with those of its mirror at 2432
keV in "Na. The properties of the 2791-keV level,
however, have proven to be remarkedly elusive.
Only recently has the spin-parity of —,

' been deter-
mined. "Both the "Ne 2791-keV level and its
probable mirror' at 2804 keV in "Na appear to

have quite small reduced widths for the "Ne
ground state' ' but quantitative numbers have not

yet been obtained. The smallness of these re-
duced widths is consistent with the speculation' that
the 2791-keV level is largely a P»2-hole state, i.e.,
p„, '(2s, 1d)'. Such a p„,-hole state is expected
to have parents of (J', T) = (0', 1) and (1+,0) in mass
22, and from local systematics we expect the low-
est (0', 1) state of "Ne and "Na. to dominate this
parentage. The "Ne(P, d)"Ne results of Howard,
Pronko, and Whitten' are consistent with this ex-
pectation. The electromagnetic transitions con-
necting the 2791-keV level with lower states of
"Ne should provide stringent and valuable tests
of any proposed wave functions. Accordingly, a


