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The Si('He, 2n) reaction at 32 MeV has been used to produce "S; delayed protons have been observed
following the positron decay of ' S to proton unbound levels in P. The half-life of S was measured to be
187+6 ms which, combined with previous results, gives a weighted average value of 188.0+4.3 ms. Precise
level energies have confirmed several recently observed states in P from 4.0 to 9.5 MeV in excitation
energy. From the intensities of these proton groups and assuming isospin purity for the lowest T = 3/2 level
in "P, absolute log ft values for each transition were determined. The measured excitation energies and P
decay transition rates to levels i' ' P are compared to recent shell-model calculations.

RADIOACTIVITY ~S; measured P-delayed protons, measured Tf/2
29P deduced

levels, IAS proton decay, deduced log ft values compared to shell model.

I. INTRODUCTION II. EXPERIMENTAL PROCEDURE

The nuclide "S is a relatively uninvestigated
member of the T, =-—,', A=4n+1 series of strong
P'-delayed proton precursors. ' The decay schemes
of these nuclei are characterized by strong branch-
ing (12-100%) to unbound levels in the daughter
nuclei which subsequently break up by emitting
protons of discrete energies. By accurately mea-
suring the energies and intensities of these delayed
protons, it is possible to determine excitation en-
ergies of states in the daughter nucleus and further
to determine the P decay transition strengths feed-
ing them. Such spectroscopic studies of the P'-de-
layed proton decay of "S are presented herein.

Shell-model calculations in the 2sld shell have
proved to be quite successful. in predicting energy
levels, spectroscopic factors for single nucleon
transfer reactions, and transition rates for P and

y decay. Chung and Wildenthal' have recently per-
formed shell-model calculations employing a large
basis space for the mass 29 system. Comparison
of these predictions with experimental excitation
energies and P'-transition rates from the decay of
"S to levels in "P provides a most challenging
test for such calculations since this nuclide is lo-
cated essentially in the middle of the shell.

Although P'-delayed proton decay of '9S has been
observed previously, '4 these earlier experiments
were hindered by large background produced pri-
marily by multiply-scattered electrons, as well
as by poor energy resolution. In the present ex-
periment good energy resolution, low background
delayed proton spectra covering an energy region
from 700 keV to 8 MeV have been obtained using
counter telescopes and particle identification tech-
niques in conjunction with a He- jet transport system.
More than fifteen previously unobserved delayed
proton groups have been characterized.

The "Si('He, 2n) reaction was utilized to produce
'S in irradiations of natural silicon targets with

the 32 MeV 'He beam of the Lawrence Berkeley
Laboratory 88- in. cyclotron. After degrading
through an isolation foil and helium (see below),
the incident beam energy on target was 31.3 MeV
which is expected to be near the maximum for pro-
ducing "S and still below the threshold of the com-
peting ('He, a2n) reaction at 32.1 MeV which would
produce the next lighter member in this series,
"Si. Use of the He-jet system permitted fast
transport of the produced activity to a low back-
ground area where. studies employing good energy
resolution were performed. Since this sytem has
been described previously, "' only a brief discus-
sion will be given here.

Silicon targets of 600 pg/cm' in thickness lo-
cated in a chamber pressurized with He to 1200
Torr were bombarded by the 'He beam after entry
through a 5.1 p, m nickel isolation foil. Reaction
products which recoiled out of the target and
thermalized in the helium gas were transported
through a 40 cm long stainless steel capillary
tube to a counting chamber which was maintained
at a pressure of 0.15 Torr by a high capacity
Roots-blower mechanical pump. Transported ac-
tivity was deposited on aluminum foils mounted on
a flipper wheel which rotated sequentially in 60'
steps, positioning the collected activity in front
of a counter telescope. Collection and counting
of activity on adjacent foils took place simultan-
eously so that no pulsing of the beam was required.
The detector geometry was such thai only activity
originating from the foil at the counting station
was detectable, precluding any activity at the col-
lection station from being observed. To increase
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the overall transport/collection efficiency (by as
much as an order of magnitude) a small amount of
air (1-5%) was added to the helium carrier gas
and the mixture was subsequently bubbled through
a solution of ethylene glycol. This improvement
presumably arises from aersol//cluster formation
which is known' to be important for efficient
transport in such systems.

Several ~-E counter telescopes consisting of
phosphorus diffused silicon and surface barrier
detectors of various thicknesses were used to span
the broad energy region necessary to cover a]l.l
significant proton decays. Low energy delayed
protons were studied with a telescope consisting
of a 6.3 p,m ~ detector and a 94 p,m E detector,
while a 29 pm hE-508 p,m 8 telescope was em-
ployed to detect protons with energies up to 8 MeV.
Other detector combinations were also used to
overlap the intermediate energy region. Qll of
these counter telescopes subtended a solid angle
of 0.24 sr and were followed by a large area de-
tector which rejected any long range particles
traversing the telescope. To reduce noise in the
detectors and to improve their timing character-
istics, all detectors except the 6.3 p, m detector
were thermoelectrically cooled to -15 'C.

Those AE-E events which met a fast coincidence
requirement (2v= 40 ns) and which identified as
protons were stored in eight time-routed, 512
channel spectra. The first spectrum covered
events observed during the first 50 ms of the
counting period, while the remaining seven spectra
corresponded to sequential 65 msec counting inter-
vals. Data acquired in this fashion provided half-
life information for each significant proton group.
Unrouted energy spectra were also accumulated in
a 2048 channel analyzer. Finally, individual pro-

top groups or selected energy regions were stored
on a 400 channel multiscalar which was advanced
by a precise quartz-crystal oscillator for supple-
mentary half-life information.

III. EXPERIMENTAL RESULTS

A. Proton spectra

Two of the delayed proton spectra obtained from
these 'He bombardments are shown in Figs. 1 and
2. Figure 1 represents data accumulated in
150000 p.Q of integrated beam using a detector
telescope which allowed protons to be reliably
identified from 1.8 to 8.0 MeV. The proton spec-
trum shown in Fig. 2 was obtained with a lower
energy telescope (energy span 0.7 to 2.8 MeV) in
94 000 p, C of integrated beam. Additional data,
not shown here, were also acquired and incorpor-
ated into the following analysis and calculations.

All the proton groups labeled with numbers are
attributeQ to delayed protons from "S produced
by the "Si('He, 2n) reaction, which has a thres-
hold energy of 21.6 MeV (all masses are taken
from Ref. 8 unless otherwise stated). These as-
signed peaks exhibit the same half-life to within
their respective uncertainties. No other known

delayed proton precursors can be produced at
this bombarding energy from pure silicon targets
or from the nickel entrance foil. Belayed protons
from "0and "Ne could be produced from the car-
bon or oxygen present in the He-jet additives
(ethylene glycol and air), but since these precur-
sors are gases, little activity is expected to
"stick" to the collection foil and no evidence of
delayed protons arising from either nuclide was
observed. However, two contaminant groups were
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FIG. 1. The proton spec-
trum observed following the
P+ decay of 2~8 to unbound
levels in 2~P. All numbered
peaks are identified with the
decay of 2~S (groups A and 8
arise from contaminants).
The dashed vertical arrows
indicate the energy region
over which protons could
be reliably identified.
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FIG. 2. Delayed protons
from ~9S with energies less
than 2.8 MeV. As in Fig. 1,
the dashed vertical arrows
indicate the energy region
over which protons cou}d
be reliably identified.
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observed and are labeled with letters. Group A

was observed only in the data shown in Fig. 1. No
evidence for this group can be seen in Fig. 2 or in
any of the other data that were obtained. The or-
igin of this group is uncertain, but it definitely
does not originate from the decay of "S. Peak B
is attributed to the decay of "Si since its energy
coincides with the energy of the strongest delayed
proton group' of "Si; the relative intensity of this
group was observed to vary widely from target
to target, which is consistent with its arising from
the ('He, 2n) reaction on a small magnesium con-
tamination (&0.2%) present in some of the silicon
targets.

As a further check for unknown contaminants
present in the He-jet system, a pulsed beam ex-
periment was performed in which reaction pro-
ducts retained in the target were detected by a
counter telescope protected by a slotted rotating
wheel system. '" Results from this latter experi-
ment, which were performed in vacuum, needing
no entrance foil, were in total agreement with the
assignments shown above.

A search for low energy protons with energies
less than 700 keV was performed by observing
events in a well-collimated 14 pm AE detector
which was followed by a 260 p, m E detector with
the latter placed in anticoincidence. No other
significant groups with energies greater than 350
keV were observed. "

B. Energy measurements

Energy calibration was obtained using the well-
known energies' of delayed protons originating
from "Si produced in 'He bombardments of mag-

nesium targets. Further calibrants came from
several of the large groups observed in the data
which arise from the decay of accurately known

levels in "p. In particular, group 6 is attributed
to the proto~ decay of a state at 4.954 MeV (Ref.
11) (see Table 1), while groups 1 and 7 arise from
the breakup of a state at 5.293 MeV (Ref. 11) to
the first excited state and ground state of "Si, re-
spectively. Similarly, proton decay of the lowest
7 =

& state in "p at 8.381 MeV to the first excited
state and ground state of "Si results in proton
groups Z6' and ~6'. The excitation energy of this
state and its corresponding proton decay energies
represent a weighted average of proton reso-
nance, "'"y decay, ""and P delayed proton"
data where the most accurate proton separation
energy" for "P has been incorporated. Using
these as calibrants, the energy of each group was
extracted from their observed centroid, which
after correcting to the center-of-mass system,
resulted in the final proton energies given in Tab-
le I.

C. Half-life measurements

Half-lives were obtained from seven point de-
cay curves for each observed group (the first time
group was discarded since it partially overlapped
with the settling time of the flipper wheel). Fur-
ther half-life determinations were obtained from
data taken with the multiscalar. Both methods
gave consistent results. Background was reduced
to a negligible level by particle identification and
in no case was a two component fit necessary. A
half-life of 187 +6 ms for "Swas obtained from
four independent measurements. This agreeg
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well with the previous measurements'4 of 195+8
and 180 +10 ms. The weighted. average of these
three measurements is 188.0+4.3 ms. This value
has been adopted for all subsequent calculations
and results quoted herein.

1V. ANALYSIS

A. Level assignments

The straightforward assignment of the observed
proton groups to specific levels in ' P is compli-
cated by the fact that two possible proton decay
channels are available for states with excitation
energies greater than 4.5 MeV. Thus the level
assignments given in Table I are supported, inso-
far as possible, through correspondence to known
levels in "P or in its mirror nucleus, ' Si. The
excitation energies deduced from these assign-
ments are in good agreement with the known ex-
citation energies determined from proton reso-
nance and particle transfer reactions (see Table
I).

Recent studies of Detorie et al. ,
"utilizing the

"S(p,a) reaction, have revealed several previous-
ly unobserved states in the energy region from
4.6 to 6.0 MeV. One of these new levels at 5.826
MeV has been confirmed in the present study with
proton decay of this level to the ground state as
well as to the first excited state in the daughter
nucleus, "Si, being observed. At higher excita-
tion energies, Gearhart et al."have made spin
and parity assignments for sever'al levels with
energies from 6 to 8 MeV using the "Si(p,p'y)
reaction. Assuming that the spin and parity of
"S is 2', to be consistent with the J =-,"ground
state' of its mirror, "Al, and the assignment of
J'=-,"to the lowest T= astate in "P (Ref. -19),
allowed p decay of "Swould populate levels in "P
which have spins and parities of —,", —,", or —,'+.
Qf the four levels with their J' values determined
by Gearhart et al." three levels were observed
in this work (atE„=5.967, 6.330, and 7.759 MeV)
with the fourth level at 6.832 MeV apparently being
very weakly fed (see upper limit given in Table II).
Decay of the state at 6.330 MeV, giving rise to
group l4, was observed to have a line width of
70+30 keV (once the experimental resolution had
been subtracted), consistent with the known level
width'"" of 73 + 5 keV. (All other strong groups
had level widths less than 60 keV, while no reli-
able widths could be extracted for the weaker
groups. ) Several states with excitation energies
above 8 MeV have been observed to emit delayed
protons in agreement with "Si(p,p) and 2'Si(p, p')
results. ""

Three proton groups (IZ, 27, and 19) have been
tentatively assigned to three previously unobserved

states in "P through comparison with known"'o
levels of appropriate spin and parity in the mirror
nucleus, '9Si [E„=6.107 MeV, J'=(~",—,'); E„=6.711
MeV, J'=(-, ', —", ); E„=7.070 MeV, J'=(-', ~)j.
Since level to level agreement between mirror
states (with P-allowed J' values) of "P and "Si
exists up to an excitation energy of 5.5 MeV, the
possibility of additional levels which could be
populated by allowed P transitions in this energy
region is unlikely. With this noted, assignments
of proton groups 4 and 8 to previous1y unobserved
levels at 6.356 and 7.148 MeV, respectively, are
proposed; these states then decay predominantly
to the first excited state of "Si rather than to its
ground state. Group 1'3 has been left unassigned
due to the lack of supplementary information need-
ed to determine which final state in 'Si was pop-
ulated; however, its intensity has been included
in the subsequent branching ratio calculations.

Relative intensities were determined from each
group by comparing the number of integrated
counts observed in each proton peak. Decomposi-
tion of multiplets was accomplished using a Gaus-
sian peak-fitting program. The fraction of the
total proton decays for each level are given in the
third column of Table II. For those T = —,

' levels
which emit protons to both the ground state and
first excited state in "Si, their relative intensities
and reduced width ratios are given in Table III.

Three proton groups arising from the decay of
the lowest T =

& state in "P have been observed.
Their intensities and proton branching ratios are
given in Table IV. 'The energetically allowed pro-
ton decay of this state to the third excited state of
"Si was not observed On the b. asis of penetrabil-
ity calculations alone, the proton branch to this
state is estimated to be five orders of magnitude
smaller than that for decay to the ground state.
An upper limit on the strength for decay to this
state has been determined from our data (see Tab-
le IV), but has not been included in the branching
ratios and logft calculations which follow.

B. Branching ratios and logft values

'The proton intensities are directly related to
the preceding P-decay transition rates since y de-
cay does not compete favorably with proton decay
for states which are unbound by more than -500
keV. Even in an unfavorable case such as the de-
cay of the 7'. =

& state in ' P, whose proton decay
is isospin forbidden, the partial y decay width is
0.8 eV (using the results from Ref. 12 and our
ratio of 1"~ /I') compared to the total width of
360 eV." Since the absolute branching ratio to the
analog state can be calculated nearly model inde-
pendently, as shown below, absolute branching
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TABLE II. Branching ratios and log ft values for the positron decay of S compared to shell model calculations.

Energy level
in 29p a

(MeV)

Proportion of
proton decays

(%)

Branching ratio
from S

(%)
logft"
{sec)

Theoretic al predictions '
logft E„ in 9P

(sec) J ' (MeV)

0.000

1.383

1.954

2.423

3.106

4.080

4.954

5.293

5.826

5.967

(6.O74)

6.330

(6.356}

6.505

(6.653)

6.S32'

(7.083)

(7.1483

7.241

7.366

7.526

7.759

8.106

8.231

8.381

8.532

8.787

9.390

Ep= 3.414 ~

it
Y
3+
2

5+
2
3+
2

5+
Y
'7 +

2
5t
2
7+
T

3+
2

3+
2

(—'+)
, 2

2

2
'

2

25.5 + 0.6

8.4 + 0.7

8.6 + 0.9

0.40 + 0.05

0.34 6 0.05

1.71+ 0.13

0.81+ 0.10

0.65 + 0.08

1.53 +0.13

&0.7

0.55 +0.06

2.31+ 0.13

0.72 + 0.08

0.53 + 0.08

0.18+ 0.03

0.49 + 0.08

1.48 + 0.15

2.17+0.30

39.2 + 0.9

2.44 + 0.20

0.31 + 0.06

0,92 + 0.10

0.73 + 0.06

&6 x10 5

27.2 +2.1 e

4.5 +o 4e

207 ~19'
O.S ~O.3'

&0.5

11.9 + 0.4

3.9 + 0.3

4.0 + 0.4

0.18 + 0.02

0.16 + 0.02

0.80 + 0.06

0.38 + 0.05

0.30 +0.04

0.71 +0.06

&0.3

0.26 + 0.03

1.08 + 0.07

0.33 + 0.04

0.25 +0.04

0.082 +0.015

0.23 ~0.04

0.69 ~0.07

1.01 + 0.14

18.3 +0.6

1.14 + 0.10

0.14 + 0.03

0.43 + 0.05

0.34 + 0.03

&11.0 d

5.07 +0.03

5.74 ~ 0.04

4.99 + 0.04

6.21+0.15

&6.2

4.65+ 0.02

5.04 + 0.04

4.88 ~ 0.05

6.17 + 0.06

6.20+ 0.07

5.42+ 0.04

5.74 + 0.06

5.79 + 0.05

5.37 + 0.04

&5.7

5.66+ 0.05

5.02 + 0.03

5.49 +0.05

5.58 ~ 0.07

5.99 + 0.08

5.46+ 0.07

4.83 + 0.05

4.61+ 0.06

3.29

4.43 + 0.04

5.20+ 0.09

4.40+ 0.12

4.77

5.46

4.63

7.28

7.18

4.44

4.47

4.92

5.43

6.84

5.47

6.74

6.08

5.28

6.09

4.30

5.54

5.28

8.23

5.73

ft
2
3+
2

5t
Y
3+
Y
5t
2

7+
2

5+
Y
7+
Y
'7+

2

3+
Y
5+
2

3+
2

7+
2

3+
2

7+
2
5+
2

5t
2

2

5+
2

3+
2

7+
2,

5.69

5.73

5.70
2

29 5+ T 3

5.74

6.25
2

6.34
2

0.00

1.88

2.62

3.64

5.39

6.14

7.07

7.56

7.86

7.92

7.98

8.27

8.41

8.43

8.59

9.05

9.34

9.50

9.64

9.69

9.97

8.86

10.01

10.10

10.15

Energies below 5.5 MeV have been taken from Ref. 11, while energies for states at higher excitation are taken from
Table I.

"The branching ratios and logfg values are calculated assuming coxnplete isospin purity of the T = —state at 8.381
2

MeV (see text). An allowance has been made for the 0.22% p-decay branch from this state (Refs. 12 and 21).
'Reference 2.

Logft limit for second forbidden decay to ground state adopted from Ref. 31.
These branching ratios were calculated from comparison to the mirror Al decay (Ref. 19).

~ Reference 18.
This unassigned peak is discussed in the text.
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TABLE IG. Proton branching ratios and reduced
widths for T = —states in 9P.

2

E„ in P
(MeV)

Intensities for
proton decay to
g.s. 1.779 MeV

Reduced width ratio"
v p (1.779)/v p (g.s.)

3+ g+ 7+7'2
5.293
5.826
8.231
8.532
9.390

1.14 + 0.09
0.39 + 0.05
1.96 + 0.30
1.87 + 0.15
0.34 + 0.06

7.3 + 0.7
8.2 + 0.9
0.21 + 0.04
0.57 + 0.13
0.58 + 0.08

(250) c

70
0.080
0.22
1.20

70
17
(0 015) c

(0 04)'
0.27

~These intensities are quoted as the percentage of the
total proton decays from P.

"The reduced width ratios are obtained by dividing the
observed intensity by its respective penetrability factor,
assuming the state has J'= &', &5', or &' fi.e. , &z (1.779)/
p&2(g.s.) = fI(1.779)/I(g.s.)]/ fP(1.779)/P(g. s.)], The pene-
trabilities were calculated using P =kg/(I'& + G& ) where
Fl and G& are the regular and irregular Coulomb func-
tions and L is the lowest allowed angular momentum of
the emitted proton. This expression was evaluated using
an interaction radius, R =5.3 fm.

Since the J' of these states are known, these have
been given for comparison purposes only.

ratios have been obtained by comparing the ob-
served proton intensity for each level with the pro-
ton intensity observed for the decay of the analog
state (a minor correction to account for the small
z-decay branch has been included).

The Fermi matrix element connecting members
of the same isobaric multiplet (with isospin T and
initial/final isospin projection, T,,/T, ) is given

Sy

by

(1)'=T(T + 1) —T, .T, ,

thus in the present case of superallowed P decay
of "S, (1)'= 3. Unfortunately, the Gamow-Teller
matrix element cannot be expressed so simply
since it depends on the inherent details of the
wave functions, and hence its evaluation is depen-
dent upon the nuclear model us'ed to describe the

initial and final states. Recent shell-model calcu-
lations of Chung and Wildenthal2 predict a value
of (o)'= 0.10, while an earlier estimate" using the
Nilsson formalism gave (o)'= 0.24. However,
owing to the magnitude of the Fermi contribution,
uncertainties of this order in (o)2 change the ft
value by only 7% and the logft by only 0.03. Thus
the superallowed transition rate can be calculated
nearly model independently. In this work a logft
= 3.29, as predicted' using the shell model, has
been utilized to estimate the absolute branching
ratio to the lowest T = & state in "P. The corres-
ponding branching ratios to the remaining unbound

levels have been determined through a compari-
son of proton intensities (see column 4 of Table
11).

Branching ratios to the proton bound levels were
then calculated from the mirror "Al~ "Si*tran-
sition rates" which have been renormalized slight-
ly to account for the missing strength. The re-
sulting asymmetry between P'- and P--decay tran-
sition rates of (ft)'/(ft) = 1.04+ 0.07 indicates good
overall mirror symmetry averaging over the first
four excited states. P' decay of ~S to the ground
state of "P is second forbidden so that branching
to the ground state is strongly hindered (see up-
per limit given in Table II). The partial half-
lives for each transition have been determined
from the branching:ratios using the measured
half-life of "S; after multiplication by f, the sta-
tistical rate function whose evaluation is discussed
below, the final ft value for each transition was ob-
tained. The experimental logft values are pre-
sented in column 5 of Table II, as well as in the

decay scheme shown in Fig. 3.
The statistical rate function was calculated us-

ing the method of Bahcall" which takes into ac-
count nuclear screening from atomic electrons.
Furthermore, radiative corrections"'" and cor-
rections due to finite nuclear size" have also been
included in these calculations.

TABLE IV. Proton decay of the lowest T = —state in SP.
2

Final state
in Si
(MeV)

Proton Observ ed
energy " intensity '
(M.V) I (%)

Relative
branching Penetrability
ratio (%) d I/P '

0.000
1.779
4.618
4.979

5.632
3.854
1.015
0.653

33.9 + 0.8
5.00+ 0.25
0.34 + 0.13

&1.1

86.4 +2.8
12.7+ 0.7
0.9 + 0.3

0.74
1.05
2.8x 10
7.9 x 10

0.46
0.048

12
&1400

aReference 19.
"These energies are expressed in the c.m. system.
c As percent of total proton decay.
These penetrabilities were calculated in the manner discussed in Table GI.

'I/P is the observed intensity (column 4) divided by its penetrability (column 6).
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FIG. 3. Proposed decay
scheme for ~S. Absolute
branching ratios and log
ft values are indicated
{see text).
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V. DISCUSSION AND CONCLUSION

Comparison between the experimental results
and the theoretical predictions of Chung and
Vfildenthal2 are given in Table II and illustrated
in Fig. 4. These shell-model calculations employ
their interaction" which has been fitted to the en-
ergy levels of nuclei with mass 18 to 24. Since the
A= 29 system is located near the middle of the
2s1d shell, where matrix dimensions are maxi-
mal, a truncated basis space, restricted to 6 or
more particles in the 1d,&, subshell, was employed
in these calculations.

Correlation of levels up to an excitation energy
of 6 MeV indicated that the level order has been
correctly predicted, although the theoretical ex-
citation energies are 0.5 to 1.4 MeV higher than. is
experimentally observed. To some extent this
discrepancy results from basis space truncation

since, in an additional calculation employing the
full 2s1d shell space, the binding energy of the J'
= —,
"ground state increased by 0.6 MeV compared

to the truncated basis prediction; shifts for ex-
cited states are expected to be larger. ' Similar
shifts in predicted level energies employing com-
plete or truncated 2s1d shell model spaces were
also found in the A = 29 calculations of Cole et al."
for several states with J'~ —,".

Qf the nine levels correlated, good agreement
between predicted and observed P'-decay transi-
tion rates was found. Less than a 10% difference
in logft values was o6served between theory and
experiment, excluding the highly hindered tran-
sition to the level at 3.106 MeV, whose discrep-
ancy represents only a small absolute change in
the Gamow-Teller matrix element arising from
subtle details in the wave functions. Although the
~' state at 4.080 MeV is mell above the proton
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FIG. 4. Experimental and
theoretical excitation ener-
gies, J~ and log ft values
for states in "P fed by al-
lowed P'decay of 28S. The
theoretical energies have
been normalized at the
4.954 MeV state.
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separation energy, no delayed protons from this
level were observed. However, the experimental
upper limit for this transition is consistent with
the shell-model estimate.

The strong transition rate leading to the —,
"

state at 4.954 MeV suggests that this state contains
a significant antianalog component. This seems
supported by y-decay studies of the analog state
in- the mirror nucleus, "Si, where the strongest
transition observed was to the J'=-,"state at
4.895 MeV." However, the observed M1 transi-
tion rate was found to be only 10% of that estimated
for an analog to antianalog transition using simple
shell-model configurations. Furthermore, al-
though the 4.895 MeV state in "Si was observed
to be strongly populated in the 3OSi(p, d)"Si reac-
tion, "the neutron pickup spectroscopic factor
was found to be only 23% of the Id3/2 sum-rule
limit. Thus it would appear probable that the "P
state at 4.954 MeV contains only a part of the
antianalog configuration. This is consistent with

the shell-model calculations' which indicate that
the antianalog strength is spread over many states.

Good agreement between the predicted logft
value for the third ~2' state and the observed logft
value of the 5.826 MeV level supports the idea
that this state is the mirror of the —", state at
5.813 MeV in "Si. Of further interest, this state
is found to preferentially proton decay to the first
excited state rather than to the ground state of "Si.
Similarly (see Table III), the ~' state at 5.293
MeV also favors decay to the first excited state.
This preference exhibited by these ~2' states is
consistent with the simplest single particle pic-
ture in which proton decay to the first excited
state can proceed either through 1d,~, or 1d,&,
components in the initial wave function while de-
cay to the ground state can only proceed through
a 1g,&, component which is expected to be small
at these excitation energies.

No attempt has been made to correlate levels
above 6 MeV in excitation energy due to the rapid
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increase in level density and the lack of spin and
parity information. After normalizing the shell-
model calculations to the state at 4.954 MeV (see
Fig. 4) to offset the energy difference noted earl-
ier, 21 levels with J'=&', ;", or, ' are predicted
to lie abave the proton separation energy in "P
and be fed with at least a 0.1% absolute branch,
while 20 levels with similar branching were ob-
served with one group remaining unassigned. The
predicted strength to levels with excitation ener-
gies of 4.0 to 9.5 MeV constitutes a summedbranch-
ing strength of 45% in good agreement with the ob-
served summed strength of 47%%up.

Using the spin and parity guidelines of Haman
and Cove, " those transitions which have logft val-
ues less than 5.9 are restricted to spins and par-
ities consistent with allowed P decay. Our data
then agree with all of the previous spin and parity
determinations or limits imposed by y decay and
reaction studies (see Table I) and restrict the par-
ity of the 5.293 MeV state to being positive (i.e. ,
J'= ~'). Our result for the decay to the 7.526 MeV
state is marginally above this limit but supports
the earlier tentative assignment of J'( —,

' (Ref.
19) for this state rather than the tentative assign-
ment of —,

' given by Gearhart et al."
Enhanced transition strengths to states at 8.106,

8.231, and 8.532 MeV, surrounding the 8.381 Me&,
T =-, state (IAS), are observed. Since the 8.106

MeV state is believed to have J'= —,
"and the other

two states have possible J'= —,', it is interesting
to consider whether these enhancements are the
result of isospin mixing with the IAS (J'= —,').
Taking a value for a typical Qamow-Teller contri-
bution of (o) = 0.20, which results in a logft = 5.0,
these enhancements could be explained by mixing
with the IAS of 1-6%%up for each level, resulting in
an isospin purity of -90%%up for the IAS. This would

be consistent with the isospin purity measured for
other members of this series, in particular "Ne:
~ 95% (Ref. 32), "Ar: 81+9%%up (Ref. 32), and "Ti:
91+4%%up (Ref. 33). Alternatively, the enhanced p

strength might be explained by a collective Gamow-
Teller transition as predicted in the gross theory
of P decay. "'" Determining the true source of the
enhanced P strength which is observed surrounding
many of the analog states in this series of p-de-
layed proton precursors poses a most intriguing
and fundamental problem.

We would like to thank W. Chung and B. H. Wil-
denthal for supplying these shell-model calcula-
tions prior to publication and for several helpful
discussions concerning these calculations. This
work was supported by the Nuclear Physics and

Nuclear Sciences Divisions of the Department of
Energy.

iJ. Cerny and J. C. Hardy, Ann. Rev. Nucl. Sci. 27, 333
(1977); J. C. Hardy, in Nuclear Spectroscopy and Re-
actions —Part C, edited by J. Cerny (Academic, New
York, 1974), p. 417.

W. Chung and B. H. Wildenthal, private communication.
3J. C. Hardy and R. I. Verrall, Phys. Lett. 13, 148

(1964); R. I. Verrall, McGill University, Ph. D. thesis,
1968 (unpublished).

4R. W. Fink, T. H. Braid, and A. M. Friedman, Ark.
Fys. 36, 471 (1967).

R. G. Sextro, R. A. Gough, and J. Cerny, Phys. Rev. C
8, 258 (1-973).

6R. G. Sextro, University of California, Ph. D thesis,
1973, Lawrence Berkeley Laboratory Report No. LBL-
2360 (unpublished) .

~R. D. Macfarlane and William McHarris, in Nuclear
Spectroscopy and Reactions —Part A, edited by J. Cerny
(Academic, New York, 1974), p. 243; W. Weisehahn,
G. Bischoff, and J. D'Auria, Nucl. Instrum. Methods
129, 187 (1975) and references therein.

8A. H. Wapstra and K. Bos, At. Data and Nucl. Data Ta-
bles 19, 177 (1977).

9D. J. Vieira, D. F. Sherman, M. S. Zisman, R. A.
Gough, and J. Cerny, Phys. Lett. 60B, 261 (1976).
D. J. Vieira, University of California, Ph. D. thesis,
1978, Lawrence Berkeley Laboratory Report No. LBL-
7161 (unpublished). '

"T.Byrski, F. A. Beck, P. Engelstein, M. Forterre,
and A. Knipper, Nucl. Phys. A223, 125 (1974).

i2D. H. Youngblood, 6. C. Morrison, and R. E. Segel,
Phys. Lett. 22, 625 (1966).

~3B. Teitelman and G. M. Temmer, Phys. Rev. 177, 1656
(1969).

46. C. Morrison, D. H. Youngblood, and R. C. Bearse,
Phys. Rev. 174, 1'366 (1968).

'-5T. T. Bardin, J. A. Becker, and T. R. Fisher, Phys.
Rev. C 5, 1351 (1972).

6R. A. Gough, R. G. Sextro, and J. Cerny, Phys. Lett.
43B, 33 (1973).

~N; A. Detorie, J. D, Goss, A. A. Rollefson, and C. P.
Browne, Phys. Rev. C 10, 991 (1974).~8¹L. Gearhart, H. J. Hausman, J. F. Morgan, G. A.
Norton, and N. Tsoupas, Phys. Rev. C 10, 1739 (1974);
N. Tsoupas, H. J. Hausman, N. L. Gearhart, and G. H.
Terry, Aid. 13, 510 (1976).

~~P. M. Endt and C. Van der Leun, Nucl. Phys. A214, 1
(1973).

20D. A. Viggars, P. A. Butler, P. E. Carr, L. L. Gade-
ken„L. L. Green, A. N. James, P. J. Nolan, and J. F.
Sharpey-Schafer, J. Phys. A: Math. , Nucl. Gen. 7, 360
(1974).

"P.G. Ikossi, T. B. Clegg, W. W. Jacobs, E. J. Ludwig,
and W. J. Thompson, Nucl. Phys. A274, 1 (1976).

22J. C. Hardy and B. Margolis, Phys. Lett. 15, 276
(1965).

2 J. ¹ Bahcall, Nucl. Phys. 75, 10 (1966).
24D. H. Wilkinson and B. E. F. Macefield, Nucl. Phys.

A158, 110 (1970).



P-OKLA. YKO PB, OTOX DECAY OF 9 S

~5W. Jaus and G. Hasche, Nucl. Phys. A148, 202 (1970l.
~6D. H. Wilkinson, Nucl. Phys. A158, 476 (1970).
~'W. Chung, Michigan State University, Ph. D. thesis,

1977 (unpublished); W. Chung and B. H. Wildenthal (un-
published).

~88. J. Cole, A. Watt, and B. R. Whitehead, J. Phys. G:
Nucl. Phys. 1, 935 (1975).

~~L. Meyer-Schutzmeister, D. S. Gemmell, R. E. Hol-
land, F. T. Kuchnir, H. Ohnuma, and N. G. Putta-
swamy, Phys. Rev. 187, 1210 (1969).

3oR. C. Haight, I. D. Proctor, H. F. Lutz, and W. Barto-
lini, Nucl. Phys. A241, 285 (1975).

3-'S. Baman and N. B. Gove, Phys. Bev. C 7, 1995 (1973).

3-J. C. Hardy, J. E. Ester'. , R. G. Sextro, and J. Cerny,
Phys. Rev. C 3, 700 (1971}.

338. G. Sextro, B. A. Gough, and J. Cerny, Nucl. Phys.
A234, 180 (1974).

+K. Takahashi and M. Yamada, Prog. Theor. Phys. 41,
1470 (1969); S. I. Koyama, K. Takahashi, and M. Ya-
mada, ibmt. 44, 663 (1970); K. Takahashi, M. Yamada,
and T. Kondoh, At. Data Nucl. Data Tables 12, 101
(1973).

3"J.C. Hardy, Proceedings of the International Confer-
ence on Nuclei far from Stability, Carghse, Cor-
sica, 1976, CERN Report No. 76-13, p. 267 (unpub-
lished).


