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Proton-y-ray coincidence measurements have been made on the reactions P('He, pp)''S'l i 3

and 3 K( He, py) Ca at incident He energies of 12 and 13 MeV. The protons were detected at
0' to the beam direction, thereby preferentially selecting L= 0 transfers of neutron-proton
pairs. A Ge(Li) detector at 90 detected the p rays with good energy resolution. Angular dis-
tributions for the 3 P(3He, p)~ S reaction were measured with a magnetic spectrograph. These,
together with previous results on the BK(3He,p) Ca reaction, gave precise information on
the intensities of the states excited, as well as their energies. The main purpose of the ex-
periments was to measure the y decay of the lowest-lying isobaric analog states in ~3S and

Ca. The analog state in 33S was found to decay primarily (85%) to the 842-keV level and sec-
ondarily (15%) to the ground state. The analog state in 4 Ca decays in a more complex fashion
to several states. The strongest transition (55+) is to the 4091-keV state. y-ray decay
schemes for several other low-lying even-parity levels in ' S and Ca were also measured,
The observation that the 4091-keV level of Ca decays (347&) to the ~ ground state and (58%%up)

to the 2+ level at 2009 keV suggests a T assignment. The implications of the measurements
are discussed, particularly with reference to the structure of low-lying two-particle —one-
hole states in these nuclei.

I. INTRODUCTION

The study of the y-ray decay properties of ana-
log states is of interest because these states,
while lying at excitation energies normally of
several MeV, are expected to have relatively sim-
ple configurations. This is particularly so when
the states are the isobaric analogs of the ground
states of neighboring nuclei. The y decay of such
states to lower-lying levels gives valuable informa-
tion about the (usually more complex) structure of
these levels. The y decay of analog states has
been studied by several authors (as described, for
example, in the review articles of Endt' and
Hanna' ). In the region of the upper s-d shell,
Erne, Veltman, and Wintermans3 have studied
the y decay of negative-parity analog states, which
are presumed to be formed by the coupling of a
single f,i, nucleon to a core consisting of "S and
some nucleons in the unfilled 1d3i, shell. It was
found that most of these analog states displayed a
marked preference for decay to states having one
unit less isospin, but having the same spin and
parity as the emitting state.

In previous experiments, analog states in the
region of the 2s-1d shell have been mostly excited
and studied via resonances in radiative-capture

reactions. In the work reported here, the y decay
of analog states that are bound (and thus not reach-
able in capture reactions) is studied by means of
the ('He, py) reaction. In the simplest shell-model
picture, the target nuclei "P and "K may be re-
garded as single-hole states in the 2syi2 and 1d3/
proton shells, respectively. The "S and "Ca
states that are isobaric analogs of the ground
states of "P and "K are therefore expected to be
mainly of two-particle —one-hole nature. These
states can be easily reached by means of the
('He, P) reaction on "P and "K and with the L = 0
transfer of a T = 1 neutron-proton pair. The angu-
lar distributions for such transfer are expected to
peak strongly at 0' to the incident beam direction.
Thus, in order to preferentially select these L = 0
transfers, the proton detector in the present pro-
ton-y coincidence measurement was placed at 0'.
In order to sort out the y-decay schemes, a high-
resolution Ge(i.i) y-ray detector was used; and
precise information on the energies and intensities
of the states excited by the ('He, p) reaction was
obtained from magnetic -spectrograph measure-
ments.

In addition to the information on the analog
states, the present experiments produced data
on the y decay of many other low-lying states in
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Most of the states populated strongly
at 0' in the ('He, p) reaction are probably of posi-
tive parity and have predominantly a two-particle-
one-hole structure. (For the T states, both T =0
and T = 1 neutron-proton pairs may contribute in
the case of direct L = 0 transfers. ) Previously,
little was known of the y decay of these states,
although they presumably have a relatively simple
structure.

The present measurements on "P and "K tar-
gets complement previous ('He, py) measurements4
on an "Al target (which, in the simplest picture,
has a ground state consisting of a single 1d,&,
hole).

II. EXPERIMENTAL ARRANGEMENT

The experiments were performed with 'He
beams of 12 and 13 MeV at the EN and MP tandem
Van de Graaff accelerators of the Max-Planck-
Institut (MPI) in Heidelberg and also at the FN
tandem at the Argonne National Laboratory (ANL}.

A. Proton Angular-Distribution Measurements

These measurements were performed at ANL
with a split-pole magnetic spectrograph. ' The
target was 45-pg/cm' Zn, P, on a 10-pg/cm' car-
bon backing. The emergent protons were detected
in nuclear emulsions, which were then developed
and scanned by an automatic scanning machine. '
During the measurement, the photographic plates
were covered with thin acetate foils to prevent
scattered 'He and other undesired particles from
reaching the emulsion. The energy resolution ob-
tained [-20 keV full width at half maximum (FWHM)]
was adequate to study the groups of interest. An
angular distribution was measured at nine angles
in the range 7-49 . The region of excitation stud-

ied in "S by these means extended from 0-7.97
MeV. A surface-barrier detector was used in the
target chamber to monitor elastically scattered
'He ions, and these data were then used to nor-
malize the proton yields at the various angles.

B. Proton-y Coincidence Measurements

These measurements were performed at both
the MPI and the ANL with very similar experi-
mental arrangements. Since the arrangement
used at ANL has already been described in the
literature, ~ ' the description given here will be
restricted to the system used at Heidelberg. Fig-
ure 1 shows a schematic diagram of the experi-
mental setup. The incident 'He beam was colli-
mated by a series of tantalum apertures, which
were shielded by a cylinder of lead around the
beam line in order to minimize the background
counting rate in the y-ray detector.

The targets [0.7-mg/cm' Zn, P, for the "P-
('He, py) reaction and 1.0-mg/cm' KI (natural) for
the ' K('He, py) reaction] were evaporated onto
gold backings 100 p, m thick. The proton detector
was either a lithium-drifted' or an ion-implanted
silicon counter with an active depth of 4-5 mm
(thick enough to stop 30-MeV protons). A 50-gm-
thick gold foil was placed in front of this detector.
The total thickness of gold (150 gm) was sufficient
to stop the incident 'He beam completely but al-
lowed the high-energy protons from the ('He, p}
reactions (whose Q values are 9.787 and 8.978
MeV for the targets "P and "K, respectively) to
reach the silicon detector with relatively little
energy loss. The contributions to the coincidence
y spectra, from the other isotopes in the target
(iodine, zinc, gold, and "K) were relatively very
small and, because of the good energy resolution
obtained in the y spectra, were easily separated
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FIG. 1. Experimental arrangement with the target chamber b ller, earn co irnation and shielding, and the detector@ for
measuring coincident particles (-0') and p rays (-90'.)
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from the data sought on the "P and "K target
isotopes. The proton detector was placed at 0'
to the beam direction and subtended an angular
range of +28' at the target. When a lithium-drifted
silicon detector was used, it was cooled by pump-
ing liquid nitrogen through the copper support for
the detector. The ion-implanted detector was
cooled to -60'C by circulating methanol in a
similar fashion. The resolution width for the de-
tected protons varied from about 300-800 keV
(depending on the energy) and was mainly deter-
mined by the energy loss and straggling of the
incident 'He beam in the target material. To
minimize the number of detected "knock-on"
protons from hydrogen impurities in the target,
the chamber was kept below 10 ' Torr by means
of a pump directly below the target.

The y rays were detected by a 38.5-cc liquid-
nitrogen-cooled Ge(Li) detector" which could be
positioned at angles in the range from 30-120'
relative to the beam direction. The distance from
the front face of the detector to the target was
6 cm. The total angle subtended at the target by
the detector was 38'. Between the detector and
the wall of the target chamber, 18 mm of lead
were inserted to reduce the number of low-energy
y rays detected. This also served the purpose of
providing a more favorable balance between the
counting rates in the proton and y-ray detectors.

The y -ray detector gave a resolution width
(FWHM) of 2 keV for the 1.17- and 1.33-MeV y
rays from a "Co source. In the ('He, pr) coin-
cidence measurements, the resolution obtained
was somewhat worsened by Doppler shifts, by
counting-rate problems, and by the energy dis-
persion (-2 keV per channel) available in the p-
ray spectra that were accumulated. The resolu-
tion (FWHM) obtained in these measurements was
typically 6 keV for 2-MeV y rays and 9 keV for
4-MeV y rays.

Each laboratory measured the counting efficien-
cy of its germanium detector as a function of y
energy. The measurements at MPI made use of a
"Co source for y-ray energies up to 3.5 MeV, and
a Monte Carlo calculation (including the effect of
the Pb in front of the detector) was used for the
higher energies. For the ANL detector, cali-
brated y-ray sources were used for energies up
to 3.5 MeV, and use of the 0.992-MeV resonance
in the 27AI(p, y) reaction extended the measure-
ments up to E„=10.8 MeV.

The y-ray energy scale was calibrated against
a "Co source which gives several y rays between
800-3500 keV. A further calibration for both the
particle and y-ray energy scales was obtained by
using known transitions in the reactions '2C-
(SHe, py)'~N and 2"Al('He, py)29Si.

The principal experimental problems in the coin-
cidence measurements stemmed from the low
cross section for the ('He, p) reaction (typically
about 100 pb/sr at 8 = 0') and from the low over-
all counting efficiency in both detectors. The low
counting efficiency for the y rays was an unavoid-
able property of the germanium detector. For the
particle detector, a small solid angle was re-
quired in order to preferentially select those pro-
ton groups corresponding to L = 0 transitions.
Thus, in order to achieve usable coincidence
counting rates (-2-5 counts/sec) it was necessary
to use relatively thick targets (-0.5-1.0 mg/cm'),
beam currents of -200 nA, and high singles count-
ing rates in the detectors (as high as 30000 counts/
sec in the germanium detector). To maintain good
y-ray resolution at these high rates, considerable
care was necessary in selecting and adjusting the
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FIG. 2. Electronics for the three-parameter coinci-
dence measurements at the MPI. This block diagram
shows the connections of the preamplifiers, amplifiers,
base-line restorer (BLR), constant-fraction pulse-height
trigger (CFPHT), time pickoff (TPO), time-to-pulse-
height converter (TPHC), gate and delay generator (GDG),
single-channel analyzer (SCA), linear gates (LG), analog-
to-digital converters (ADC), SIGMA-2 computer system,
and magnetic tape (MT).
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associated electronic circuitry.
Figure 2 shows a block diagram of the electron-

ics used in the three-parameter measurement
(of the y-ray energy, the particle energy, and the
time difference as measured with a time-to-pulse-
height converter}. The outputs were fed into the
on-line SIGMA-2 computer system" at the MPI,
and the digital coordinates for each event were
stored on magnetic tape and could later be sorted
either with the SIGMA-2 or an off-line CDC-3300
computer. The time resolution (FWHM) achieved
with this was 16nsec. By setting a window over
a portion of the time spectrum that did not in-
clude the coincidence peak, it was possible to
determine the contribution of random coincidences
to the data. The y-ray spectra were then cor-
rected by subtraction of the random contribution.
The 4096 channels used for the y-ray spectra
covered the y-ray energy range from about 0-8
MeV; the particle energies and the time spectra
were recorded in 1024 and 512 channels, respec-
tively.

III. RESULTS

A. Measurements with Magnetic Spectrograph

The proton groups from the 3'P('He, p)"S reac-
tion were measured at laboratory angles of 7, 10,
13, 19, 25, 31, 37, 43, and 49'and for a bom-
barding energy E('He) = 13 MeV. The primary
purposes of the measurements were (a) to estab-
lish the relative intensities of the various proton
groups detected in the corresponding proton coin-
cidence measurements, (b) to determine accu-

rately the energies of the levels thus populated in
"S, and (c} to find out which transitions have angu-
lar distributions peaking strongly forward.

Figure 3 shows the proton spectrum obtained
with the spectrograph at a laboratory angle of 7'.
The proton groups are numbered and the corre-
sponding excitation energies are listed in Table I.
The excitation energies measured in this experi-
ment, believed to be accurate to within +15 keV,
are listed in column 2 of Table I. For comparison,
the values given by Endt and Van der Leun" are
given in column 3. At the higher excitation en-
ergies (above the first isobaric analog state), the
level density becomes quite high; in this region
therefore, only those levels seen in the present
work are listed in column 3 of Table I. In the re-
gion of excitation energy below 5.5 MeV, the agree-
ment between the level energies determined in
this experiment and those given by Endt and

Van der Leun is generally good (within 15 keV},
although there is some evidence that the values
measured here tend to become slightly higher
than those given by Endt and Van der Leun as one

goes to higher excitation energies. Above 5.5
MeV, the high-level density precludes a meaning-
ful comparison.

Angular distributions were obtained for most
of the levels listed in column 2 of Table I. In a
few cases (including, unfortunately, a possible
T = —,

' level at E, = 7920 keV), the proton groups
were masked at some angles either by groups
from impurities (indicated by an X in Fig. 3) or
by strong neighboring proton groups. In Table I
are listed the angles G,„at which the angular
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FIG. 3. Magnetic-spectrograph spectrum of protons from the P( He, p) 3 S reaction. The bombarding energy was 13
MeV and the spectrograph angle was 7 . The numbers refer to the positions of the observed levels in Table I. An X by
a peak indicates that it is due to a contaminant.
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TABLE I. Results for the 3 P( He, p) S reaction.

Excitation energy
Peak Magnet Endt
No. (MeV) (keV)

Yield
at

~mm

ln
(d,p) (3He, n)

Section
of

Fig. 4

10

12

14

15

16

17

18

19

20

843 842

1967 1968

2315 2313

2870 2869

2938 2937

2973 2970

3220 3221

3843 3832

3947 3935

4068 4049

4109 4095

4158 4145

4224 4213

4389 4377

4439 4425

4742 4732

4761 4747

4931 4920

4955 4941

5177

5210

5294 5272

5287

150

70

70

35

7o

200

Flat

]00

]00

12'

70

200

70

23

Not resolved

35

110

Weak

23

Weak

25

15

Weak

30

82

Wegk

25

29

20

Weak

26

26

g+
2

g(+)
2

7
2

(2 2)

(2)

(2)

(2)

(3)

(4)

(2)

(3)

(3)

(2)

(c)

(a)

(a)

(c)

(a)

(a)

(a)

22

24

25

26

27

28

29

30

31

32

33

5351

5414 5399

5495 5479

5616

5728

5882

5907

5931

5994

6083

6251

6278

6384

150

70

15'

70

20o

23

560

86

85

Weak

Weak

54

Weak

Weak

Weak

Weak

60

(g 7
)

P, r=$
(3)

(2)

(a)

(a)
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TABLE I (Continued)

Peak
No.

Excitation energy
Magnet Endt
(MeV) (keV)

Yield
at

~max

&n

(d,P) ('He, &)

Section
of

Fig. 4

36

37

40

41

44

45

46

47

48

49

50

54

55

56

57

6635

6697

6802

6912

6983

"018

7052

7153

7183

7206

7351

7383

7415

7473

7498

7521

7580

7613

7679

7830

7860

7920

20o

10

250

20'

70

Weak

22'

14'

10

]00

30'

23

Flat

70

Contaminant obscures

14

33

55

27

50

65

Weak

30

60

90

62

30

85

56

Weak

Weak

Weak

Weak

(Strong)

&q+, T =$

(f+, &=))

(2) (6900)

(3) (7348)

(a)

(a)

distributions reach a maximum and also the rela-
tive yields measured at those angles. Some of
these angular distributions are plotted in Fig. 4,
and column 9 of Table I indicates the section in
which they are displayed.

In Fig. 4, the various angular distributions have
been sorted into groups that exhibit similar char-
acteristics. For example, there are several dis-
tributions that peak strongly toward 0', suggesting
an L = 0 deuteron transfer. Among the more in-
tense transitions in this group are those populat-
ing the 842-keV first excited state and the 5479-
keV isobaric analog state (both of which have spin
and parity —,").

From measurements at those angles at which
contaminants do not interfere, it is evident that
the transition to the state at E, = 7920 keV is a

strong one. The data are, however, insufficient
to establish the shape of the angular distribution.

The angular distributions of protons from the
"P('He, p)"S reaction has been measured previ-
ously by Cox, West, and Ascuitto, "who used a
bombarding energy of 6 MeV and detected the pro-
tons with semiconductor counters. Their angular
distributions are frequently very different in shape
from those measured here (e.g. , their distribution
for the ground-state group is peaked very strongly
forward). These differences are perhaps attribut-
able to their lower bombarding energy.

B. Proton-y-Ray Coincidence Measurements

1. P( He, py) S Reaction

Figure 5(a) shows the singles particle spectrum
and Fig. 5(b) shows the particle spectrum obtained
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schemes of the states involved. In this fashion
it was possible to sort out the y rays from the
various initial states, even though the individual
states were frequently not resolved from one
another in the proton spectrum. In sorting out
the y decays, it was very helpful to have the in-
formation from the spectrograph measurement.
This supplied highly accurate energies and inten-
sities of the levels expected in the proton spec-
trum from the solid-state counter. This informa-
tion, coupled with the good energy resolution of
the y-ray detector, was sufficient in nearly all
cases to unambiguously identify a measured y-ray
energy with an energy difference between two
known levels in "S.

Figure 6 shows the y-ray spectrum obtained in
coincidence with protons leading to the analog state
at 5.48 MeV (corresponding to proton channels
475-495 in Fig. 5). The analog state decays pre-
dominantly [(85+ 5)%] to the first excited state at
0.842 MeV and also to the ground state [(15+5)%] .
These branching ratios are determined both from
the photopeaks and from the double-escape peaks,
and are based on the assumption that the primary
y rays have an isotropic angular distribution (the
spin of the analog state is presumed to be —,").

The y-decay schemes of several other levels in
"Swere also extracted from the data. For these,
however, the statistical accuracy was mostly in-
sufficient to permit the determination of useful
values for the branching ratios.

The y-decay schemes measured in these experi-

in coincidence with all y rays detected in the y-ray
counter. For comparison, Fig. 5(c) also gives the
intensities and positions of the various proton
groups that were found on the basis of the high-
resolution measurements with the magnetic spec-
trograph. The intensities shown in Fig. 5(c) were
determined by integrating the angular distribu-
tions measured with the spectrograph over the
solid-angle region subtended by the proton detec-
tor in the coincidence measurements. As the data
in Fig. 5 indicate, the transition to the state in
"S at F.,„,= 5479 keV (the isobaric analog of the
ground state of "P) is relatively intense. The
large peak near channel 300 in Fig. 5(a) is due to
deuterons feeding the ground state of "S in the
"P('He, d)~28 reaction. In the coincidence spec-
trum [Fig. 5(b)], the peaks seen in the channels
below about channel 400 contain large contribu-
tions from the "C('He, py)"N and the "P('He, dy)-
"S reactions in addition to that from the "P-
('He, py)~~S reaction.

The experimental data were analyzed and the y-
decay schemes for the levels excited were deter-
mined by obtaining (from the data recorded on
magnetic tape) the y-ray spectra in coincidence
with various regions of the particle spectrum.
Usually about 200 adjacent windows, each five
channels wide, were set over the particle spec-
trum. The corresponding 200 y-ray spectra were
accumulated from tape and then stored for use in
further analysis. The spectra were added together
in different combinations to determine the y-decay
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ments, together with those previously known" in
"S, are shown in Fig. V. Figure 7 also illustrates
the intensities [Fig. 5(c)] expected in the proton
detector for the various groups populating levels
in "S. As indicated in the figure, the present
experiments determine many previously unknown

y-decay schemes in "S. The y decays deter-
mined by the present measurements are drawn
in on the right-hand side of Fig. 7, while those
previously known and given in Ref. 12 are shown
on the left-hand side. The filled circles in Fig. 7
designate the starting points of y transitions whose
existence is quite definite. The open circles indi-
cate transitions which are either weak (&5%) or
uncertain. The levels whose decay schemes are
determined for the first time by the present mea-
surements are those at excitation energies of
2970, 3832, 3935, 4049, 4213, 4377, 4747, 6091,
6380, and V930 keV in "S. The level at 4213 keV
is seen here to decay predominantly to the level
at 2869 keV. Previously, "the main transition
from this level was thought to be to the first ex-
cited state.

An earlier measurement' of the y-decay proper-
ties of the 5479-keV analog state via the "S-
( He, ay) S reaction led to the determination of a
15 jp y-ray branch to a level at 2950-keV excita-
tion energy. As the y spectrum (Fig. 8} shows,
the present experiments give no indication of the
existence of this transition.

The excitation energy of the first isobaric ana-
log state in "Shas been previously determined as
5479+ 6 ke V" and 5479 + 15 keV." The present
magnetic-spectrograph measurements give 5495
+ 15 keV. However, perhaps the most accurate
estimate of this energy is given by the present
measurements with the Ge(LO y-ray detector,
from which the energy of the ground-state y ray
was determined to be 5475.0+ 1.6 keV. The sum
of the energies of the transitions between the ana-
log and the first excited state and between the first
excited state and the ground state was measured
as 4632.7 + 1.0+ 841.8 + 1.0 = 5474.5 + 1.4 keV.

EXCITATION ENERGY (keV)

FIG. 5. Particle spectra obtained for the ~P( He, p)33S
reaction. (a) Singles spectrum; i.e. , all particles detec-
ted at 0 by use of the arrangement shown in Fig. 1. (b)
Particle spectrum obtained in coincidence with detected
y rays of all energies. (c) Position intensities expected
for the various proton groups on the basis of the magnet-
ic-spectrograph measurements. To obtain these data,
which are plotted on the same energy scale as (a) and (b),
the spectrograph data were integrated over the solid an-
gle subtended at the target by the particle detector. The
numbers refer to excitation energies of levels in 33S.

&( IIe py) Ca Reaction

For the ('He, py) reaction on "K, Fig. 8 shows
(a) the single-particle spectrum, (b} the particle
spectrum in coincidence with all y rays, and, for
comparison, (c) the intensities and energies of
the various proton groups that are expected (after
integrating over the solid angle of the present pro-
ton detector) on the basis of the magnetic-spectro-
graph measurements of Belote et al." The analy-
sis of the coincidence data for the "K('He, py)"Ca
reaction proceeded in a fashion similar to that
already described for the "P('He, py)"S reaction.

Figures 9-11 show the y-ray spectra measured
in coincidence with various proton windows set to
cover some of the regions of interest in the parti-
cle spectrum (Fig. 8). The corresponding chan-
nels in the particle spectrum are given in the fig-
ure captions together with the energies and par-
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FIG. 6. y-ray spectrum obtained for the P(3He, py)3 S reaction, showing the y decay of the lowest isobaric analog
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FIG. 7. y-ray decay scheme for 33S. The excitation
energies and spins and parities are those given in Ref. 12
with the exception of the two analog states (underlined)
and of the 6091-keV level. In these three cases, the en-
ergies given are those determined in the present work.
The convention used here is that each closed circle re-
presents the origin of a y transition. All transitions to
any one level are represented on one vertical line. On
the left-hand side of the fl.gure are drawn previously
known (Ref. 12) transitions and on the right-hand side
are the y decays measured in the present work. (Note:
Not all known levels are included. For the sake of clari-
ty, only the levels whose y decay is known are shown
here. ) An open circle indicates that the y decay involved
is weak or uncertain. The horizontal lines on the right-
hand side have lengths proportional to the yields [Fig. 5(c)j
near 0' for proton groups from the P( He,p) S reaction.

ticipating levels for the dominant y rays seen in
the spectra.

From many such y-ray spectra (and by no means
only from those shown in Figs. 9-11), y-ray decay
schemes (many of them not previously known)

were determined for several levels in "Ca. Fig-
ure 12 shows the decay schemes previously known"
and also those measured in the present work. The
conventions used in Fig. 12 are the same as were
used in Fig. 7. Also shown are the relative in-
tensities [Fig. 8(c)] of the detected proton groups
as determined from the magnetic spectrograph
measurements of Belote et a)."

In the y-ray spectra measured for the '9K-
('He, py)" Ca reaction, the statistical accuracy
was generally better than that in the spectra mea-
sured for the "P()He, py)"S reaction. (This was,
in fact, necessary because, in contrast to the de-
cay in "S, the y decay of the analog state in "Ca
is split into many components. ) As a consequence,
it was possible to determine branching ratios for
many of the y-ray decay schemes measured in this
work. Again, it was assumed that the y rays were
emitted isotropically. For the states formed by
L = 0 deuteron transfer —and it is supposed that
most of the intense states seen in these measure-
ments are of this type -this assumption is certain-
ly valid. For other values of the transferred L,
or for spins greater than —,', the primary y rays
may not be isotropic, and thus the branching ra-
tios calculated on the basis of isotropy may be in
error. The magnitude of such an error is hard to
estimate; despite this uncertainty, the branching
ratios measured at 6)z =90' are given here because
they do convey useful information.

In Fig. 12, two sets of level energies are given:
firstly, those that could be determined from the
energies of the y rays seen in the present experi-
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ments and, secondly, the level energies given in
Tables 41.7 and 41.8 of Ref. 12 and by Johnson
et al." The systematic error of the y-energy
calibration of the present work is estimated to be
«2 keV; the relative errors of the individual level
energies are quoted below. In ~ost cases, the
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FIG. 8. Particle spectra obtained for the IK( He, p)-
Ca reaction. (a) Singles spectrum, i.e., all particles

detected at 0' by use of the arrangement shown in Fig. 1.
(b) Particle spectrum obtained in coincidence with detec-
ted y rays of all energies. (c) Intensities expected for
the various proton groups on the basis of the magnetic-
spectrograph measurements of Ref. 15. To obtain these
data, which are plotted on the same energy scale as (a)
and (b), the spectrograph data were integrated over the
solid angle subtended at the target by the particle detec-
tor. The numbers refer to excitation energies of levels
in "K.

agreement between the two sets of energies below
5-MeV excitation energy is good. In the energy
region above 5.25 MeV, the level energies deter-
mined in the present work are systematically -15
keV lower than the values given in Ref. 12. This
is most likely due to the fact that Endt and Van der
Leun" used a systematic difference between the
excitation energies given by Belote et al."and
some more precise energy values determined by
Gruppelaar and Spilling" to correct the former
values at excitation energies below 5 MeV, but
did not apply this correction above 5 MeV.

Some of the y rays observed are listed in the
captions for Figs. 9-11 and also indicated in Fig.
12. In the following we summarize the energies
and branching ratios of the transitions observed,
and include some explanatory comments where
appropriate. (The energies given are those deter-
mined in the present work. )

The previously known'~" ground-state transi-
tions from the levels at 1942.0+0.6, 2009.2+0.5,
2574.4+2.0, 2603.8+1.0, 2880.5+2.0, and 3199.4
+1.0 keV were also observed here. The y ray
from the 2881-keV level was found to be broader
than normal, either because an unresolved doublet
was being observed or because the level has a
lifetime long enough to produce a substantial Dop-
pler broadening. The previously known decay of
the 3398.4 + 1.0-keV level to the level at 2009 keV
was also observed.

The 3738.0~ 1.0-keV level decays to the 2009-
keV (60%) and 2604-keV (40%} levels. There is no
indication in the present work of a ground-state
branch from this level, although such a branch
has been reported previously. "

The 4091.4+ 1.0-keV level decays mainly to the
ground state (34%) and to the 2009-keV level (58%).
A weak branch (-8%) goes also to the 2604-keV;
and possibly there is also a transition of compar-
able intensity to the 2881-keV level, although this
is not certain.

The 4180.0+ 1.0-keV level decays to the 2009-
keV (70%) and 2604-keV (30%) levels. (Johnson
et al. '~ measured relative intensities of 50% and
50% from this level, and were unable to determine
the exact levels to which the transitions proceeded. )

The 4723.9+ 1.0-keV level was observed to decay
to the ground state (10%) and to the 2009-keV level
(90%). A possible weak branch to a level at 3495
keV could not be verified.

The 4768.4+ 1.0-keV level appeared to be fed
from a higher level (possibly the 4961-keV level).
The experimental excitation energy of this level
provides the only case in which the difference be-
tween the present value and that of Ref. 12 is
larger than could be expected from the errors.
The 4768-keV level decays 100% to the 2009-keV
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level.
The decay of the 4811.0 ~ 2-keV level was diffi-

cult to sort out. The strongest transition is cer-
tainly to the ground state. There is a fairly strong
transition to the 1942-keV level, but a branching
ratio could not be established because the y-ray
energy (2869 keV) lies too close to that of the tran-
sition from the 2881-keV state (which, as men-
tioned above, gives rise to an abnormally broad
peak in the spectrum}. A transition to the 2881-
keV level is also a possibility that cannot be ruled
out by the data. A weak transition to the 2009-
keV level exists.

The 4876+3-keV level, known" to be a negative-
parity state [since it is an I„=3 transition in the
(d, P) reaction], decays predominantly to the
ground state. It was not possible to determine
whether this level was fed by y transitions from
higher states or whether it was itself weakly ex-
cited in the ('He, p) reaction.

The 4961+4-keV level decays to the ground
state (65/0) and to the 2881-keV level (35%). There
is also a possibility that a y decay from this state
feeds the 4768-keV level.

The decay of the levels at 5111+5 and 5284~ 5
keV could not be determined uniquely. The one
certain transition here was that from the 5284-
keV to the 2009-keV level.

The 5411.5 + 2-keV level decays strongly (63/o}
to the 1942-keV level [in our measurements tran-
sitions to this level (—', ) were rarely observed]
and also (37%) to the 2604-keV level. The data
also suggested weak transitions to the levels at
2463 and 2957 keV, but these were uncertain.

The 5470+4-keV level decays strongly to the
ground state, but the measurement of its relative
intensity was rendered difficult because of the
fact that the single- and double-escape peaks for
this y ray almost coincide with peaks due to the
4961-keV y ray.

The 5716.2+ 2-keV level decays to the ground
state (25%) and to the 2009-keV (55%) and 4180-
keV (20%) levels. A possible weak transition to
the 1942-keV level could not be substantiated.

The first isobaric analog state, whose energy
was measured to be 5812.7~1 keV, decays to the
3398-keV (25%), 3738-keV (20/0), and 4091-keV
(55%) levels. The upper intensity limit for a pos-
sible weak branch to the level at 2009 keV is &5%,
however, the spectra offer no real evidence for
the existence of this transition.

The 5972~2-keV level decays to the levels at
2009, 2578, 2604, and 3398 keV with roughly equal
probability.

The 6323 ~ 4-keV level decays predominantly to
the first excited state at 1942 keV.
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FIG. 9. Spectra showing the y rays measured in coincidence with proton groups emerging in the particle spectrum for
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The 6091- and 6488-keV levels, although
strongly excited in the "K('He, p}"Ca reaction at
6~=0', showed no dominant y-ray decay modes in
these measurements.

The y decay of the second isobaric analog state
(expected at about E,„,= 6.8 MeV) could not be
determined in these measurements. It is possible
that this state, which one would expect to be ex-
cited in the ('He, p} reaction at forward angles,
decays principally by n-particle emission —even
though such decay is forbidden by isospin selec-
tion rules and inhibited by considerations of angu-
lar momentum.

IV. DISCUSSION

It is of interest to compare the y-ray decay
schemes measured here for the lowest isobaric
analog states in "S and "Ca with other measure-
ments in this mass region. Several instances
have been found in which isobaric analog states
exhibit a strong preference for an M1 y decay to
lower-lying states having an isobaric spin one
unit less than that of the emitting state, but having
the same spin and parity. These "peculiar'* y de-
cays were first noticed by Erne et al.' and have
since been summarized and discussed by several
authors (e.g. , Maripuu, '8 Kurath, '~ and contribu-
tors to Refs. 1 and 2}. It is now commonly accept-

ed that these strong M1 transitions occur between
states having the same spin and spatial configura-
tions but differing in their isospin coupling.

For the cases of "S and "Ca, there is evidence
(to be discussed below} that the T( states corre-
sponding to the lowest isobaric analog states lie
at 842 keV in ' S and at 2010 keV in 'Ca. Thus
the present measurements confirm the expected
strong y decay from the 5479-keV (-,",T = -', ) level
to the 842-keV (—,', T= ', ) lev-el in "S, but the ex-
pected decay from the 5832-keV (&', T = —,'} level
to the 2010-keV (-,",T =-', ) in "Ca was not observed.
It is furthermore interesting to note that in "S
(which one would expect to be a complicated nu-
cleus from the shell-model point of view) the y-
decay scheme of the analog state is quite simple,
whereas in "Ca (which one might expect to be a
somewhat more simple nucleus} the analog state
decays in a complicated fashion via several dif-
ferent branches.

In addition to giving precise values for the in-
tensities and energies of proton groups expected
in the coincidence experiments, the magnetic-
spectrograph measurements reported here for
"P('He, p)"S and by Belote et a/. "for "K('He, p)—
4'Ca yield information on the structure of the
states whose y decay is being studied. In a simpli-
fied shell-model description, one would picture
the ground states of the target nuclei "P and "K
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as being single holes in the 2s,~, and 1d,&, shells,
respectively. Then one would expect that the di-
rect transfer of an I.= 0 neutron-proton pair by
means of the ('He, p) reaction on these nuclei
would preferentially populate those states in "S
and "Ca that have two-particle-one-hole configura-
tions,

Among the angular distributions measured for
3'P(~He, p)S~S, there are a few that peak strongly
forward and thus suggest an I.=0 transfer. By
far the most intense of these are the ones for
those proton groups leaving "S in its analog state
at 5479 keV and in its first excited state at 842 keV.
Thus, one might anticipate that the main shell-
model configurations contributing to these states
would be

[sg/2 (2~ p)d~/a'(0, 1)](,/~ ~/, )

[ I/2 (2t 2)ds/2 ( 9 )](1/2, 1/2)

respectively. Here an inert core of "Si is as-
sumed and the numbers in parentheses are the
spin and isospin couplings for the three nucleons
in the 2s,~, shell and the two nucleons in the 1d3/Q
shell. For the 842-keV level, the configuration
[s,/, '(—,', —', )d, /, '(1, 0)]&,/, ,/» can also contribute.
[In "Cl, the d, /, '(1, 0) configuration has recently

been measured" to lie 0.67 MeV above the
d /, '(0, 1) configuration. j The idea that the 842-
and 5479-keV levels contain principally the con-
figurations s, /, 'd, /, '(0, 1) is supported by evi-
dence from other particle-transfer reactions [e.g. ,
measurements'~ on the '4S('He, a)S~S reaction] and
also by the calculations of Glaudemans et al." ~

Shell-model calculations fitting the properties
of low-lying states in the mass region 29-40 have
been performed by Glaudemans, Wiechers, and
Brussaard. " These authors assumed an inert
"Si core and considered only excitations in the
2s,~, and 1d,&, shells. More recent shell-model
calculations" include additional states with up to
tmo holes in the 1d,&, shell. With these wave func-
tions, Glaudemans, Endt, and Dieperink" have
calculated electromagnetic transition rates in A.
= 30-34 nuclei. The calculations for M1 trans-
itions were performed with (i) bare-nucleon g fac-
tors, (ii) "effective" g factors determined from a
least-squares fit to many M1 transition rates mea-
sured in this mass region, and (iii) "effective"
single-particle matrix elements also obtained
from a fit to experimental data. The stronger M1
transitions observed experimentally throughout
the s-d shell are well fitted by all three methods.
The best fit is found by using the effective matrix
elements, and the calculations with these predict
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'P('He, py)''S AND 'K('He, py)" Ca REACTIONS. . .

for the 5479-keV analog state and for the ground
state would permit an E2 transition between them.
Possibly the observed transition does contain a
large E2 component, although it would be some-
what surprising to find an E2 transition with an
intensity comparable to that of the strong M1 to
the 842-keV level. The more complete shell-
model calculations'~" show that the wave func-
tions for most of the low-lying even-parity states
in "8 contain quite large admixtures of other con-
figurations (e.g. , configurations in which addition-
al particles are raised out of the 2sy/2 and 1d,&,
shells). It is likely that through such additional
components the ground-state y-ray transition from
the analog state obtains its relatively high transi-
tion probability. It is interesting to note that the

relative intensities of 89% and 11% for the transi-
tions from the analog state in "S to the first ex-
cited state and to the ground state, respectively.
These values are in good agreement with the val-
ues 85 jp and 15% measured here.

The y decay from the analog state to the 842-
keV level is thus presumably a strong M1 tran-
sition. The relative intensity of the transition to
the ground state is therefore perhaps somewhat
surprising —at least if one considers only a sim-
ple model in which the ground state of "8 would
have the principal configuration

1/g ( I 0)ds/g (2i 2)1(g/g, y/2)

since this configuration would not permit an M1
transition. The assumed simple configurations
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y decay of the corresponding analog state in "Cl
pro" eeds &90% via the —,",7 = —,

' state at 806 ke V
and that the ground-state transition represents
less than 10/0 of the y decay. ''

Using the known'~" properties of low-lying
states in "P, one can predict that in "S the lowest
T =-,' states (in addition to the 5475-keV level) a.re
to be expected at energies of approximately 6900,
7320, and 8000 keV with spins of —,", —,", and —,",
respectively. Transitions to the three correspond-
ing levels in "P are seen" as L, =2 transfers in
the "P(t,p)"P reaction. In the (t, p) reaction,
however, these transitions are weak (a few per-
cent) relative to the strong L = 0 transition to the
-', , T = —,

' ground state of "P. In the present work
(as seen in Table I) there are several transitions
that could correspond to those seen in the (f, p)
reaction. Definite assignments are, however, not
possible. There is evidence for a very strong tran-
sition in the (SHe, p) reaction to a level at 7920
keV which y-decays to the 842-keV level. Unfor-
tunately, no proton angular distribution could be
measured for the 7920-keV level; but its strength
and the fact that a y decay is measurable, even
though the threshold for a. emission from "S is at
7114 keV, both suggest a T= —,

' assignment.
In 'Ca, the absence of a y-ray transition from

the lowest analog state to the 2010-keV state is a
striking feature. Information on the structure of
the low-lying positive-parity states in 'Ca is
available from reaction data. , including the '~K-
('He, p)"Ca measurements of Belote et al."and
of Seth et al. ,

"and also from the shell-model cal-
culations of Sartoris and Zamick" and of Lawson. "
The ('He, p) measurements show several strong
transitions whose angular distributions are peaked
in the forward direction. The most intense of
these transitions (which are presumed to involve
the transfer of I.= 0 neutron-proton pairs) are to
the "Ca states whose excitation energies (keV},
followed in parentheses by the differential cross
sections (mb/sr) measured at 8~ = 7.5' by Belote
et al. &" are 2010 (0.19), 3400 (0.07), 3730 (0.18),
4094 (0.51), 4731 (0.30), 4817 (0.17), 5832 (0.91),
and 5982 (0.38).

In the simplest shell-model description of "Ca,
one would expect the analog state at 5832 keV to
have mainly the configuration

[d~/2 (2, 2)f~/2 o& 1)](~/~ ~/» .
Similarly, the 2010-keV level would be mainly
[&fJ/Q (&&&& p)f7/2 (0 1)](&&/2,/» with perhaps also a
contribution from [d,/, '(-,', —,')f,/, '(1, 0}]&,/, «».
[In ~~Sc, the f~/~(1, 0) configuration lies 0.62 MeV
above the f,/, '(0, 1) configuration. ] One would
also expect three states at low excitation energies
with principal configurations of the type

[d~/, '(2& p)f7/2 (1,0)]

with T =-,' and spins —,", —,", and —,".Additional
possible components containing other couplings
of the two f,/, particles would be expected to be
small. All of these states should be populated
strongly in the '~K('He, p)~'Ca reaction and weakly
in the "Ca(d, p)4'Ca reaction. In the neutron-pick-
up reactions on a 4'Ca target, the states with large
(f,/, '}, , components should show up strongly and
those with (f,/, '), , only weakly.

In their shell-model calculations of the low-
lying positive-parity levels of 4'Ca, Sartoris and
Zamick" and Lawson ' took account of configura-
tions consisting of a single hole in the s-d shell
and two valence nucleons in the 2p If shell. -Their
calculations produce levels having the principal
configurations listed above, but the fits to the
known energies in "Ca are poor end therefore
they made no attempt to calculate transition prob-
abilities between these levels. Both sets of cal-
culations produce predominantly

[d3/2 (2& 2)f7/2 (0& 1)1

configurations for the lowest J= —,",T =-,' state and
for the lowest J=-,",T =-,' state. This, together
with the experimental evidence on stripping and
pickup reactions, strongly suggests that the 2010-
keV level in "Ca is the most likely candidate for
the T& state corresponding to the 5832-keV —,",
T =-,' analog state [Both. states are only weakly
excited" in the "Ca(d, p)"Ca reaction but are
strongly populated in the '~K( He, p)~'Ca reaction
and in neutron-pickup reactions'0 "on "Ca.] The
question then arises as to why the expected M1
transition between these two levels was not ob-
served, while in "S the corresponding transition
was quite strong. The answer to this may lie in
the following considerations.

Maripuu" has calculated M1 transition proba-
bilities between states formed by a single nucleon
in an orbit (l,j ) coupled to a core having J= 0 and
isospin T. That is, M1 transitions between states
(Z=j, T+ ,') and (J=j, T ——,'-) are considered. Mari-
puu points out that the isovector part of the M1
transition probability then contains the factor
(g~ -g„)', where g~ and g„are the gyromagnetic
ratios of the proton and neutron, respectively, in
the orbit (l,j). Consequently, Ml isovector matrix
elements between states with j= l+-,' are much
larger than those between states with j = l ——,'. (In
the "parallel" case, the orbital and spin-projected
magnetic moments of the proton and the spin-pro-
jected magnetic moment of the neutron all add up
to give a maximum in the quantity (g~ -g„]. In the
"antiparallel" case, a minimum in Q, -g„( re-
sults. } Thus, for example, the single-particle Ml
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transition probability between members of an iso-
spin doublet with T) = —,

' and T&= —,
' for a d,i, nu-

cleon is 1.85 Weisskopf units (W.u.), whereas
the corresponding value for a d, &, nucleon is only
0.051 N.u. —about a factor of 40 smaller. The
corresponding value for an sgi2 nucleon is 1.95
W.u. , and for an f7/, nucleon it is 2.24 W.u. These
results help to explain why experimentally ob-
served M1 transitions between d, i," configurations
are so weak" (on the order of 0.01 W.u.).

One can apply these ideas to the y decays of the
lowest analog states in "S and "Ca by considering
these states and their corresponding T& states as
consisting of a single s, /~ hole ( S) or a single
d, /, hole ("Ca) coupled to J= 0, T = 1 cores of
'4S and 4'Ca, respectively. Thus the strong M1
transition observed in "Sbetween the 5479- and
842-keV states would be explained as being an
example of a favored (j = l+ —,') transition involv-
ing an s,&, hole. The absence of an observed tran-
sition between the 5832-keV and the 2010-keV
states in "Ca would be explained as being a case
of an inhibited (j = l ——,) transition involving a
d, i, hole.

In addition to the contributions of the single
holes to the M1 transitions under consideration,
there may also be contributions arising from re-
arrangements of the core nucleons. For example,
in "S the 842-keV level could contain an admixture
of the configuration [s,/, '(2, -,')d, /2 (1,0)](,/2, /, ) .
This would then permit an M1 transition between
the d, /, '(0, 1) core configuration of the analog
state and the d~/2'(I, 0) component of the core con-
figuration for the 842-keV state. However, since
such a transition mould involve a d, &, nucleon,
one would expect its contribution to be small.
Similar considerations apply to the f,/, core nu-
cleons in the "Ca case, except that now one would
expect their contributions to be strong. The ab-
sence of an observed transition between the 5832-
and 2010-keV states in "Ca can thus be taken as
evidence that the 2010-keV level contains very
little of the configuration

[dS/2 (21 2)f7/2 (1~ 0)](3/2, 1/2) ~

Spell-model calculations ' ' also yield very little
of this configuration in the lowest J= —,",T =-,' state
calculated for "Ca.

In both "S and 4'Ca, one would expect low-lying
states of positive parity in which the two outer-
most core nucleons couple to J=1 and T=0. Thus
in "S, one expects two states with principal con-
figurations [s,/, '(2, —

2)d~/2 (1,0)](,/.
lying 1-2 MeV above the 842-keV state; and simi-
larly in "Ca, three states with mainly

Id'/2 (2| 2)f7/2 (Ii )](i/2. 3/2. oI 5/2. r=&/&)

are expected a little above the 2010-keV state.
Such states would be populated fairly strongly in
the ('He, P) reaction with the I.= 0 transfer of a
J= 1, T = 0 neutron-proton pair and should appear
only weakly, it at all, in the neutron-pickup reac-
tions on targets of "Sand "Ca. States meeting
these requirements are observed at excitation en-
ergies of 4068, 4389, and 4761 keV in ' S and at
3400, 3730, 4094, 4731, and 4817 keV in 4'Ca.
It is interesting to note that whereas the ('He, P)
transitions involving the presumed I.=0 transfer
of a J= 0, T = 1 neutron-proton pair to the analog
states and their corresponding T& states display
quite deep minima at about 30' in their angular
distributions, this feature is missing in the angu-
lar distributions for some of the levels mentioned
above (specifically, for the 4068-, 4889-, and
4761-keV levels in "S and for the 3400-, 3730-,
and 4094-keV levels in 4'Ca). This "filling in" of
angular distributions at about 30' is a character-
istic that has been observed in other ('He, p) work"
and has been used to distinguish between transi-
tions leading from a 0' initial state to final states
of either 0' or 1'. It has been suggested" that
this feature may be due to I.= 2 contributions in
the case of a 1' final state. However, the results
of the present work on the '~K('He, py)"Ca reaction
suggest the possibility that the "filling in" may be
simply a consequence of the fact that a J= 1, T = 0

TABLE H. A comparison of the relative reduced transition probabilities for y decays from the 5832-keV analog
state to the levels at 4094, 3730, and 3400 keV in ~Ca, with the relative differential cross sections (Ref. 15) for the
population of these levels in the ~ K( He, P) Ca reaction.

Excitation
energy
(keV)

y branching
ratio from

5832-keV state
Relative reduced do/d Q (7.5') Relative
y-ray transition 3 K( He, P) Ca do/dQ(7. 5') Ratio

probability (mb/sr) SK(3He, p) Ca Col. 6/Col. 4

4094
3730

3400

Spin unknown

positive parity

55
20

25

6
1.25

1.0

0.51
0.18

0.07

6
2.1

0.82

1.0
1.7

0.8
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neutron pair is being transferred and it may be
present even in the case of a pure L, =0 transfer.

The 3400-keV level in 'Ca is known' to be —,''.
The 4094-keV level in "Ca was previously known"
to have positive parity and to have a spin of either
—,', —,', or —,'. From the present observation of a
strong y-ray branch (34%) to the —,

' ground state,
it can reasonably be assumed'4 that the transition
is predominantly E1 and that therefore the 4094-
keV state has J"=-,".

The fact that the y decay from the 5832-keV ana-
log state proceeds to the levels at 4094 keV (55%),
3730 ke V (20%), and 3400 keV (24%) is further
evidence that these levels have predominantly
[d,&, '(-,', —,')f,~,'(I, 0)] configurations. The y de-
cays would then be explained as being the strong
M1 transitions expected between the f,&,'(0, 1}core
component of the analog state and the f», '(1, 0)
components of the 4094-, 3730-, and 3400-keV
states.

It has been pointed out" that if the ~'Ca states
under consideration here have predominantly the
configurations that have been discussed above,
then the branching ratios for y decay from the
5832-keV analog state to the states at 4094, 3730,
and 3400 keV should have some simple relation
to the relative cross sections with which these
states are populated in the ('He, p} reaction. The
reduced y-ray transition probabilities to these
states should be proportional to

where Jz is the spin of the final state and the co-
J ~

1/2efficient C~~' -i„~...~ is a measure of the amount
S/2

of the configuration [d,&, '(-'„',)f7~,'(1,0)]« -~,&»
contributing to the wave functions of the final
states. The cross section do/dA for the ('He, p)
reaction to these same final -states should also be
proportional to (2J&+ 1)[C„~&,-x&&~, , ,~]

' under the
assumption that the contribution from the config-
uration [d», '(,', -', )f,&,'(0,-1)]&», ,&» is small for
the J= —,', T=-,' state. (The spin of the 3730-keV
level in "Ca has not yet been measured. It would
be interesting to determine whether this level does
indeed have spin and parity —,".) Table II com-
pares these quantities. The reasonably good agree-
ment between the relative y-transition rates and
the cross sections for the ('He, p) reaction is ad-
ditional evidence that the structure of these levels
is being correctly interpreted.

The y decays of the three levels at 4094, 3730,
and 3400 keV in "Ca proceeds predominantly to
the 2010-keV level. This again is consistent with

the postulated structure of the levels involved.
These y decays can then be easily explained as
being the expected strong M1 transitions between
the predominant f,&,2(1, 0) configurations present
in the upper three levels and the f,&,'(0, 1), which

is expected to dominate in the wave function for
the 2010-keV level.

Since the y transition from the 4094-2010-keV
level is expected to be a strong and fairly pure
M1, it is perhaps a little surprising that there
exists a competitive transition (34%) to the —,

'
ground state of 4'Ca. Such an E1 transition would

be highly unlikely if the configurations of the 4094-
keV state and the ground state were of the simple
type described above. It has been shown, "how-
ever, than an admixture to the wave function of
the 4094-keV level of only 2% in intensity of the
configuration [ d, ~, '(-', , ,')f,&,'(0, 1—)]&,&, ,&» would

account for the relative strength of the observed

y transition to the ground state. This transition
would then be an E1 resulting from the filling of
the d», hole by one of the f,&, nucleons. Further
evidence for the existence of a d, /, hole com-
ponent in the 4094-keV state is found in the ob-
servations" on the pickup reaction ~Ca(p, d)"Ca,
in which this state is seen with a small but ob-
servable intensity as an l„=2 transition. In mea-
surements on the 4'Ca('He, o.)~'Ca reaction'2 the
transition to the 4094-keV state was assigned l„=3.
It would seem likely that the difficulties in distin-
guishing between /„= 2 and l„=3 angular distribu-
tions in the ('He, a) reactions (especially for weak
transitions) has led to an incorrect assignment in
this case, since an I„=3 transfer in the ('He, o.)
reaction would be very difficult to reconcile with
all of the other measurements on the 4094-keV
level.
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