PHYSICAL REVIEW C

VOLUME 11,

NUMBER 4 APRIL 1975

Angular correlation and decay mode measurements in *Ca using the
42 3 41 . %
Ca("He, ay) Ca reaction

S. L. Tabor, R. W. Zurmiihle, and D. P. Balamuth
Physics Department, University of Pennsylvania, Philadelphia, Pennsylvania 19174
(Received 18 November 1974)

y-ray angular correlations have been measured for the 2.010, 2.960, 3.200, 3.526,
3.740, and 4.090 MeV states in 4!Ca using the ‘2Ca(He, av)*!Ca reaction. An E3
strength of (1.5 18‘_?) Weisskopf units has been determined for the 2.010— 0 MeV tran-
sition from the measured mixing ratio, 6 =—0.095+0.022, and a previous lifetime
measurement. The decay scheme and angular correlations imply a spin assignment
of JT=3"* for the 3.526 MeV state and strongly suggest that J™=3* for the 3.740 MeV
state and J" = 3* for the 4.090 MeV state. Decay schemes have been measured for
four T=3% states in 4!Ca at 5.814, 6.820, 7.146, and 8.54 MeV. Analog to antianalog
state transitions have been observed from the 5.814, 6.820, and 7.146 MeV levels.
Such a transition was not reported in a previous study of the decay of the 5.814 MeV
state. The 8.54 MeV state decays primarily by neutron emission but has a 1 to 3% y-
decay branch. In addition, the ‘'K(He, ¢)4'Ca reaction was used to verify the 7= %
assignment for the 5.814 MeV state and the “°Ca(d, py)*Ca reaction was used in the

study of the 3.731-3.740 MeV doublet.

NUCLEAR REACTIONS “Ca(He, o), E=18 MeV; “K(CHe, t), E =18 MeV;
9ca(d,p), E=11 MeV; measured coinc. ¥ spectrum, L,(6y). 0g deduced
6, B(A), J, branching ratios.

I. INTRODUCTION

The shell closure at Z=N =20 has been the sub-
ject of considerable experimental and theoretical
work in recent years. In particular, the possible
presence! of low-lying deformed states of a many-
particle many-hole nature has led to intensive
study of nuclei in this region. The nucleus *Ca is
of interest in this connection for a number of rea-
sons. Because of its accessibility to both single-
‘nucleon pickup®~* and stripping®-® reactions, much
is known about the overlap of states in **Ca with
those in both %°Ca and *2Ca. This information is
clearly useful in investigating single-particle de-
grees of freedom. In addition, the study of elec-
tromagnetic transitions in #Ca®-'® has enabled ad-
ditional information to be accumulated concerning
possible collective components of the wave func-
tions. The recent availability of a “!Ca target has
led to the location of much of the collective
strength in this nucleus using a-particle inelastic
scattering.!®

The present work was undertaken with a view
towards extending our knowledge of the electro-
magnetic properties of levels in **Ca. In particu-
lar, the determination of the (E3/M2) mixing ratio
for the transition from the lowest 3* state to the
ground state gives some indication of the collective
strength present in the * level. [The strength is
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too small to be observed in the (@, @’) experiments
referred to above.] In addition, information has
been obtained which restricts spin-parity hypothe-
ses for several other levels up to 4.727 MeV.
Finally, the electromagnetic decays of four 7'=3
levels have been studied. These states, which lie
at excitation energies between 5.814 and 8.54 MeV,
are the isobaric analogs of low-lying states in

4lK. Consequently, they have relatively simple
configurations and it is possible to make some prog-
ress towards an understanding of their decays
from a theoretical point of view. In particular,
these states can decay by AT =1, M1 transitions
which have been calculated theoretically by Mari-
puu®® and others within the framework of the shell
model. Measurement of the branching ratios of
these states thus gives information both about the
analog states and the low-lying T =73 states to
which they decay.

In the present work the electromagnetic decays
of levels in *'Ca were studied by measuring the
angular correlations of y rays in coincidence with
a particles populating states in *'Ca via the
“Ca(®He, a)*'Ca reaction. In one case the
40Ca(d, py)* Ca reaction was used. A singles mea-
surement of the ®*K(®He, t)*'Ca reaction was also
performed for excitation energies near 6 MeV.
The experimental arrangement and the main con-
siderations leading to the choices of reaction,
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TABLE I. Results of angular correlation measurements and the mixing ratios determined

from them.

E; Ep Jy Jp 4, A, 62
2.010 0 2 I 0.050= 0.017 —0.019+ 0.025 —0.095% 0,022
2.960 0 4 < 0.173 0.030 —0.003+ 0,044 0.307+ 0.033
3.200 0 2 % —0.153+0.139 0.136%0.209 0.001% 0,090

7.64:%-0
7 1
T 7 0.597+4-1%
1
~3.995518
% L —0.094% 0,067
9.10¢ 113
3.526 2.670 -12*- -;- —0.100+ 0,135 0.168+0.200 —0.216+ 0.072
3.11::%
3.740 2.010 g- % 0.164+0.048 —0.002% 0,071 0.148+ 0,032
—-9.38+%-%
3.740 2.605 2 2 —0.130+ 0,056 —0.028+ 0,084 —0.030+ 0,047
5381118
4.090 2.010 % 2 —0.126+0,047P 0.016+0,071° 0.458++ 0.100
6.071:8
3 2 —0.060+ 0.046
4,090 0 £ I —0.143+ 0,055 —0.150+ 0,084 —0.298+ 0.054

~ofen
of~a

3.04:0-82
—0.013+ 0,039

8.50%4-48

2 When two values of 6 are consistent with the correlation and spin hypothesis, they are

listed on successive lines.

b Correlation for the unresolved sum of the 4.09—2.01 MeV and 2.01 —0 MeV transitions.

geometry, etc., are discussed in Sec. II. The data
reduction and analysis procedure are also de-
scribed in Sec. II, and the results and conclu-
sions are presented in Sec. III.

II. EXPERIMENTAL METHOD AND DATA ANALYSIS

A considerable amount of experimental informa-
tion already exists concerning the radiative de-
cays of levels in *'Ca. Meclntyre!® has performed
an extensive study of the *°Ca(d, py)**Ca reaction
for levels below E,=4.5 MeV. Additional work
using the %°K(*He, py)**Ca ** and other reac-
tions®-*1+15-18 hag also been reported. Since two
of the principal motivations of the present work
were to assign spins in a model-independent way
and to measure electromagnetic multipole mixing
ratios, it was desirable to prepare the initial state
in such a way that its alignment was known
a prviori. The'2Ca(*He, @)*'Ca reaction was chosen

for this reason. If the « particles in this reaction
are detected along the beam direction, then in the
residual nucleus “*Ca only the | M| = 3 magnetic
substates can be populated. For comparison, if
the #°Ca(d, p)*'Ca reaction is used, both the | M|
=% and | M| =% magnetic substates can be populated
and an additional free parameter enters into the
analysis of the measured angular correlations.
Another advantage of the (*He, @) reaction in the
present experiment results from our interest in
the T'=3 states in *'Ca. These states can be
reached by direct single-neutron pickup from the
T =1 target *Ca, but are isospin-forbidden in
first order in the (d,p) reaction since the *°Ca+d
system has isospin T'=0.

The experiments reported here were all per-
formed using the University of Pennsylvania zero
degree spectrometer and associated angular cor-
relation apparatus. The equipment has been de-
scribed in the literature,? so only a brief outline
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will be presented here. Qutgoing particles from
a nuclear reaction were detected at 0° with respect
to the beam by a solid-state position-sensitive de-
tector located at the focus of a magnetic spectro-
meter. This arrangement combines good energy
resolution with the large count rates obtained at
forward angles from direct single-nucleon pickup.
As a result of the small acceptance half angles of
the spectrometer (1.75° and 3.5° in the vertical
and horizontal planes, respectively) corrections
to the alignment resulting from the finite size of
the particle detector were judged to be negligible.
For the **Ca(®*He, a@)*Ca experiments, an 18 MeV
3He** beam from the University of Pennsylvania
tandem accelerator was incident on a 100 ug/cm?
target of Ca metal enriched to 94% in “3Ca on a 50
ug/cm? carbon backing. The target was never ex-
posed to the atmosphere. The same beam was uti-
lized for the **K(®He, ¢)*'Ca singles measurement;
in that case the target consisted of *'KC1 of areal
density 200 pg/cm? evaporated on a gold backing.
The *Cal(d, py)*'Ca measurements were performed
with a 7 MeV deuteron beam and a natural calcium
target of areal density 400 ug/cm? evaporated on
a carbon backing. Protons from the (d,py) reac-
tion were detected at 23° rather than 0° relative to
the beam. y rays were detected in time coinci-
dence with particles using an array of four 7.6
%x10.2 cm NaI(T1) crystals placed at angles of 90,
113, 136, and 159° with respect to the incident
beam. y rays were also detected in coincidence
with particles from the 6.820 and 7.146 MeV states
using a 65 cm® Ge(Li) detector placed at 90°. For
each coincidence event the particle energy and
position, y-ray energy, time difference, and rout-
ing information were written onto magnetic tape
for subsequent off-line analysis. In addition, var-
ious live displays were generated to monitor the
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progress of the experiment. Finally, the particle
and y singles spectra were sampled and stored
using the same electronic circuitry as for the co-
incidence events. These spectra were useful for
estimating the fractional radiative decay width in
the case of unbound states as well as serving to
monitor the stability of the over-all system.

Afterwards, the y-ray coincidence spectra were
accumulated by placing digital windows on the par-
ticle energy and momentum corresponding to a
particular state in **Ca and on the time-difference
spectrum. The same particle windows and a dis-
placed equal-width time window were used to ap-
proximately subtract random coincidences from
the y spectra. The yield of a given y ray at a given
angle was usually obtained by summing all counts
in the full-energy peak; in some cases the single-
and double-escape peaks were included in the sum.

The experimental angular correlations were
fitted to a series of even-order Legendre poly-
nomials; the resulting normalized coefficients are
listed in Table I as a summary of the experimental
data. The coefficients presented have been cor-
rected for the finite size of the y detectors.

For purposes of obtaining spin assignments and
multipole mixing ratios, the experimental angular
correlations were directly compared with theoret-
ical predictions generated by the computer program
M2. The analysis procedure is described in more
detail in a previous report®? on angular correlation
measurements on *°Ca. The agreement between the
predicted and measured correlations was quanti-
fied by calculating the normalized x*. For a
given spin hypothesis, the full range of values of
the y-ray multipole mixing ratio 6 was first
scanned in discrete intervals. An iterative pro-
cedure was then used to determine the value of
6 for which x? achieves a local minimum and to

00 02 04 06 08 10
cos? 8

FIG. 1. The 2.010— 0 MeV 7y-ray angular correlation and the X? fit to the data. Predicted angular correlations for
the best-fit value of 6, and for 6 =0, are shown for comparison.
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estimate the uncertainty in 6.2 The values of §
which are consistent with the experimental angu-
lar correlations and previously known spin re-
strictions are also presented in Table I. The
phase convention defined by Rose and Brink*! is
used for 5.

III. RESULTS AND DISCUSSION
A. T=}states

2.010 MeV level. The angular correlation of the
2.010 MeV y ray from this state was measured
simultaneously with that of the 1.943 and 2.010
MeV y rays from the 2.670 MeV 3* state. The
isotropic angular correlation of the 2.670 MeV
level was used to verify the isotropy of the sys-
tem. Two independent measurements were made
of the 2.010 MeV angular correlation. The corre-
lation resulting from the combined statistics of
the two measurements is shown in Fig. 1 along
with the y® fits. The best fit value of the mixing
ratio is 6(E3/M2)=-0.095+0.022. The values
of 6 obtained from the separate measurements
agree well within this uncertainty. The predicted
angular correlation for the best fit value of & is
shown as a solid line in Fig. 1(b) for comparison
with the data. Although it is rejected at the 0.1%
confidence level, the predicted angular correla-
tion for a pure M2 decay is shown as a dashed
line in the same figure just to indicate the nature
of its deviation from the data.

.The E3 strength of the * —Z- transition is de-
termined by this mixing ratio and the lifetime
measurement of Holland and Lynch,®® 7=0.8+0.2
nsec. These measurements yield a strength of
B(E3)=150*% e®fm® or 1.5%3:2 Weisskopf units
(W.u.). The effects of uncertainties in the life-
time and mixing ratio determinations were added
in quadrature to estimate the uncertainty in the
value of the transition strength. The small value
of the mixing ratio does not significantly affect
the M 2 strength reported by Holland and Lynch.?®
The other possible value of mixing ratio which fits
the measured correlation, 6=1.78, is unlikely
because of the unreasonably large E3 strength of
125 W. u. that it would imply.

Kurath and Lawson®® have treated the 2.010
MeV state as a d,,, hole coupled exclusively to
the J =0, T=1 state of the core. They were able
to explain most of the retardation of the M2 ground
state transition strength of this level as an isospin
cancellation effect without requiring significant
admixtures of core-excited states. The E3
strength for the single particle transition

lfﬁ/z(‘] =0,T= 1)d3/2_1>J"=3/2"’ ing |f7/21>ﬂ=7/2- ’

assuming bare nucleon charges, is about % the

experimental value.?” However, the measured

E3 strength is consistent with the 2p-1h picture
because an assumption of reasonable octupole ef-
fective charges would raise the calculated strength
to the experimental value.

If the lowest 3* state were exclusively an f,
particle weakly coupled to the 3~ state of the *°Ca
core, the ground state E3 transition strength of
the 3* state in *'Ca could be equal®’ to that of the
3- state in *°Ca, which is 31+3 W.u.?®. The small
effect on the 3~ state from Pauli principle block-
ing of some degrees of freedom by the extra nu-
cleon was ignored in making this comparison.
Hence, the measured E3 strength indicates a
rather small, if any, admixture of this core-ex-
cited configuration.

A somewhat larger admixture of the core-excited
configuration appears to be present in the 3.370
MeV i+ state. This is suggested by the value of
4.5+2.0 W.u. measured by Lieb et al.'® for the
ground state transition strength of this state.

2.960 MeV level, Seth et al.?® have assigned
JT=L" to this state based on an [ =0 angular dis-
tribution in the “*Ca(p, £)*!Ca reaction. The exper-
imental angular correlation implies an (E2/M 1)
mixing ratio of §=0.307+0.033 for the 2.960-0
MeV transition. The observation of a decay branch
to this state from the 7.146 MeV T=3 state will
be discussed with the latter state.

3.200 MeV level. Lynen et al.* have assigned
1 =3 to this state in the **Ca(®*He, a)*'Ca reaction.
However, Johnson et al.!® have suggested that
J"=2* for this state by comparison with a possible
analog level in *'Sc.

The observed angular correlation of the ground
state decay y ray of the 3.20 MeV level is consis-
tent with spin hypotheses of &, I, and . The
possible mixing ratios are listed in Table I. Spin
and parity J" =%" are unlikely for this state be-
cause the mixing ratio and lifetime'* would imply
an M2 strength of greater than 35 W. u. Similarly,
the assumption of positive parity for this state
would imply even greater M2 strengths for all
thre}e spin hypotheses for the mixing lratio solu-
tions with 6> 1.

The value of mixing ratio implied by the y-ray
angular correlation and the spin hypothesis of
J =§ agrees well with the value | 6| < 0.10 measured
by Lieb et al.!”

3.526 MeV level. Two Cal(p, d)*'Ca reaction
studies?'® have assigned [ =2 for the transferred
neutron to this state. An older **Ca(*He, a)*'Ca
study* assigned I =3 for this state, but the (*He, )
reaction appears?® less able to distinguish between’
1=2 and 1=3. The question of [ value is further
complicated by the neighboring 3.495 MeV level
which was not resolved from the 3.526 MeV &tate
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FIG. 2. The 3.526—2.670 MeV vy-ray angular correlation and the x? fit to the data. The best-fit angular correla-
tions for the two spin hypotheses are also shown.
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FIG. 3. y-ray spectra measured in coincidence with particles from the (*He, @) and (d, p) reactions at an excitation
energy of about 3.73 MeV. The single lepton escape peak of the 3731 keV v ray is labeled “SE.”
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lin any of these pickup reactions.

MciIntyre'® has shown that the 3.526 MeV level
decays to the 1.943 MeV -, 2.010 MeV 2* and
2.670 MeV 3* states. The angular correlation of
the 3.526—+2.670 MeV transition is shown in Fig.
2. The observed correlation has been fitted for
spin hypotheses of § and £, which are consistent
with 7 =2. Even if [ =3 for this level, J = is un-
likely because of the decay branch to the 3* state.
The ¥? fits for spins 2 and 3 are also shown in
Fig. 2. J=3 does not fit the measured correla-
tion at the 0.1% confidence level. Therefore the
spin is 2. This confirms the I=2 assignments and
also the positive parity of the state.

3.731 and 3. 740 MeV levels, States at approxi-
mately this excitation energy have been seen with
an / =2 angular distribution in both pickup®-* and
stripping® reactions. McIntyre and Donahue'?
have shown that two states exist near this excita-
tion energy. The 3.731 MeV state decays to the
0, 1.943, 2.463, and 2.578 MeV levels, while the
3.740 MeV state decays to the 2.010 and 2.605
MeV levels.

The different decay modes of these two states
provide a means of identifying which one is popu-
lated in a given reaction. We have measured y
spectra from this region of excitation in **Ca in
coincidence both with a particles detected at 0°
relative to the beam from the *2Ca(®He, ay)*'Ca re-
action and with protons detected at 23° (near the
stripping peak) from the *°Ca(d, py)*'Ca reaction.
These spectra are shown in Fig. 3.

The spectra in Fig. 3 indicate that the (®He, a)
reaction populates predominately the 3.740 MeV
level and that the (d, p) reaction populates both
levels with comparable strength. The spectrum
in Fig. 3(a) shows the two decay branches to the
3.740 MeV level. The 3.731 and 1.268 MeV y rays
are very weak, indicating that the 3.731 MeV level
is at most weakly populated. On the other hand,
the presence of the 3.731 and 1.268 MeV y rays in
Fig. 3(b) proves that the (d, p) reaction populates
the 3.731 MeV level. The unresolved 1.730-1.788
MeV peak in Fig. 3(b) is too strong to be produced
solely by the 3.731 -~ 1.943 MeV transition. It in-
dicates that the 3.740 MeV level is also populated
in the (d, p) reaction.

Thus, it is the 3.740 MeV state which is popu-
lated by ! =2 neutron transfer in the (*He, o) reac-
tion. The observation that both states are popu-
lated in the (d, p) reaction is consistent with the
assignment of / =2 to the 3.740 MeV level and !
=1 to the 3.731 MeV level made by Seth and Iver-
son®® from a high resolution (d, p) study. The fact
that both states are populated in the (d, p) reaction
invalidates the J = § assignment made from a
(d,p) vector analyzing power measurement.®

The observation of a decay branch from the 6.820
MeV 3*, T =32 state to the 3.740 MeV state and
the I =2 assignment to the latter state strongly
suggest that J"=3" for the 3.740 MeV state. We
will return to this point in the discussion of the
6.820 MeV state. Seth, Saha, and Greenwood®
have assigned J" =3* to the 2.605 MeV level. The
mixing ratios implied by the measured angular
correlations and these spin assignments are given
in Table I.

4,090 MeV level. The angular distribution to
this state has been assigned I =2 in the “*Ca(p, d)-
4Ca reaction®'® and ! =0 dominates in the
39K (®He, p)*Ca reaction.®* An assignment of [ =3
was made to this state from the 2Ca(®He, a)*'Ca
reaction.* This discrepancy is probably due to
the difficulty of distinguishing between I =2 and
1 =3 in the (3He, a) reaction.

Since the two y rays in the 4.090~2.010 -~ 0 MeV
cascade are not resolved in the NaI(Tl) spectra,
the correlation of the sum of these y rays was
compared with the calculated correlation for the
possible spins of 2 and 3. The previously mea-
sured mixing ratio was used for the 2.010 MeV
transition. Both spin hypotheses are consistent
with the unresolved correlation. The measured
correlation of the 4.090 ~ 0 MeV transition is also
consistent with both spin hypotheses. The result-
ing mixing ratios are listed in Table I.

The posgibility that J™=32* for the 4.090 MeV
level is highly unlikely in view of its ground state
decay branch. If the M1 transition strength of the
4.090—~2.010 MeV branch is only 0.01 W.u., the
mixing ratio for the ground state branch implies
an M2 transition strength of 4 W.u, and an E3
strength of 100 W.u., These enhancements are
unreasonably large and strongly suggest that
J™=32* for the 4.090 MeV level. The angular cor-
relation is consistent with 6(M 2/E1) =0 for the
ground state transition if J = 3.

B. T=1states

5.814 MeV level, This level has been identified®*
as the isobaric analog state (IAS) of the 3* ground
state of *K. Ina previous study'* of its decay
scheme using the **K(®He, py)*'Ca reaction, decay
branches to the 3.400, 3.740, and 4.090 MeV levels
were observed. No decays were seen to the cor-
responding antianalog or T. (AIAS) state at 2.010
MeV.

Because of the apparent absence of the IAS
—AIAS transition, the population of a nearby state
(5.98 MeV) with comparable strength in the (*He, a)
reaction, and the recent reassignment®? of the
analog of the !K ground state in 'S¢, we decided
to seek other evidence for the analog state assign-
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ment with the (®He, ) charge-exchange reaction.
The triton spectrum from the *K(*He, t)**Ca reac-
tion was measured in the magnetic spectrometer
at 0° relative to the beam. Only the 5.814 MeV
state was strongly populated in this region of exci-
tation energy. The nearby ground-state peak from
the 3°CI1(*He, ¢ )**Ar reaction was used to verify the
spectrometer calibration. We conclude that the
5.814 MeV state is the analog of the 'K ground
state as previously reported.

Subsequently, we measured the y spectrum from
the 5.814 MeV state populated in the (*He, a) reac-
tion. This is displayed in Fig. 4. In contrast to
the (°He, py) work, a (4+2)% 5.814—~2.010 MeV
decay branch was observed. This weak 3.804 MeV
y ray can be seen between the full-energy and
single-escape peaks of the 4.090 MeV y ray. A
y-ray line shape obtained from 4.43 MeV y rays
is drawn as a dashed line in the figure for compar-
ison. The line shape has been shifted to corre-
spond to 4.090 MeV without changing the energy
dispersion and has been normalized to equalize

8.54 » 172+ T=3/2
8.36 e
a0, l
7.146 65 35 7/2” T=3/2
. + -
6.820 s - 20 —10 34 1/2 T=3/2
814 + -
5.8l — 22— lge 29— 3/2 T=3/2
4727 160 (172,3/2)%
+
4.090 30 70 5/2+
3.845 22—78 1/2
3740 7 67733 \__372+
3.400 100 172+
2.960 100 7/2-
2.670 L 7129 S /2%
2.605 /"'OIO \__5/2%
2010 100 372+
1.943 /100 \__3/2~
0 7/2~
4| Ca

FIG. 5. Decay scheme of some 7= % states in 4!Ca. Only the T'= % states fed by the T=3 states are shown.

Branching ratios for the 7= %

states are taken from Ref. 13 except for the 4.727 MeV level.
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the areas of the full energy peaks. The 3.209 MeV
y ray indicates a previously unreported (7 3)%
decay branch to the 2.605 MeV level.

The decay scheme of the 5.814 MeV level is
shown in Fig. 5. The relative branching ratios
of the other decay branches have been taken from
Ref. 14. The branching ratio of 4% to the 2.010
MeV level is below the upper limit quoted by
Knopfle et al.*

Maripuu®® has calculated the strengths of AT
=1,M1 transitions between analog and antianalog
states in a shell model framework. The transition
strength between states with J =1 +3 is predicted
to be 20 to 200 times greater than between states
withJ =1 — 3. Hence the 5.814 ~2.010 MeV transi-
tion is expected to be weak.

Without a knowledge of the lifetime of the 5.814
MeV state, the strength of the 5.814~2.010 MeV
transition cannot be compared with the calculation.
There is at least qualitative agreement with the
calculation of Maripuu since the IAS—~ AIAS transi-
tion is not the predominant decay mode.

' 6,820 MeV level. This is the analog of the 0.980
MeV 3* level in K. No y decays were seen from
this state in the (°He, py) study™* and it was sug-
gested that o emission might be the principal de-
cay mode. In the present (*He, ay) experiment y
decays have been observed from the 6.820 MeV
state, and the' ratio of coincident y rays to the
number of @ particles in the singles spectrum is
consistent with a 100% y-decay branch. Because
of the observation of y rays and the extremely low
penetrability factor for 210 keV « particles, no

attempt was made to search for an a-decay branch
of the 6.820 MeV state.

The y decay spectrum from this state measured
with the Nal crystals was difficult to interpret
because of its complexity. To better determine
the decay scheme, another coincident y spectrum
was measured with a Ge(Li) detector, which was
placed at 90° relative to the beam to eliminate
Doppler shifts. The resulting spectrum is shown
in Fig. 6. Decay branches can be seen to the fol-
lowing levels (branching ratios in parentheses):
2.010 MeV (5+3%), 2.670 MeV (31+6%), 3.740
MeV (20+6%), 3.845 MeV (10+5%), and 4.727 MeV
(34 £6%).

The 660 and 727 keV y rays prove that the 6.820
MeV state decays to the 2.670 MeV 3* state. The
energy of the primary y ray for this branch, 4150
keV, provides a more accurate determination of
the excitation energy of this state: 68203 keV.
The decay branch to the 2.670 MeV 3* level sug-
gests that the 2.670 MeV state is predominately
the antianalog of the 0.980 MeV level in *K. The
energy spacing between 7', and T'. states would
then be reasonably similar to that for the 5.814-
2.010 MeV pair. SinceJ=1I+3, the T, to 7.
transition is predicted® to be strong.

A second decay branch leads to a state at 4727
+ 3 keV, which decays to the 2010 keV level. The
4727 keV state is presumably the one observed at
4724 keV by Knopfle et al.'* in the (*He, py) reaction
and at 4743 keV by Belote et al.®* in the (*He, p)
reaction. The latter identification provides an
1 assignment of 90% [ =0 and 10% ! =2 and re~
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FIG. 6. y-ray decay spectrum from the 6.820 MeV state measured with the (He, @y) reaction and a Ge(Li) detector.
The single and double lepton escape peaks of the 4150 keV 7y ray are labeled “SE” and “DE,” respectively.
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stricts J™ to 3*, 3*, or $* for the 4727 keV state.

The possibility J" =3 for the 4727 keV state is
extremely unlikely because of the 6.820 —~4.727
MeV transition. Maripuu®® has calculated an M1
strength of 1.95 W.u. for the 6.820 ~2.670 MeV
transition. An assumption of only & of this pre-
dicted strength and the observed branching ratio
would imply an E2 strength of 1200 W.u. for the
6.820 ~ 4.727 MeV transition if J"=3* for the latter
state. Thus the spin of the 4.727 MeV state is re-
stricted to 3* or 3*. There is no evidence in Fig.
6 for the 10% ground state branch from the 4.727
MeV state that was reported in Ref. 14, although
such a weak branch would not be inconsistent with
the spectrum. A ground state branch is extremely
unlikely, however, because of the restriction
J"= %+ or %+ .

The 3082 keV y ray implies a decay branch to the
3.740 MeV state. The spectrum is consistent with
the existence of the secondary y rays but they are
not prominent. The existence of a decay branch
to the 3.740 MeV level strongly suggests that J"
=3* for this level because the other possibility,
J™=3%, would imply an unreasonably large E2
transition strength between the 6.820 and 3.740
MeV levels. The assumption of & the predicted®
strength for the 6.820—~2.670 MeV transition would
imply an E2 strength of 100 W.u. for the 6.820
- 3.740 MeV transition if J"=3* for the 3.740 MeV
state.

The T, — T. transition is predicted®® to be strong
between the 3* states and it does have a larger
branching ratio than the corresponding transition
between the 3* states. However, after dividing
by Eys, the transition strength to the 4.727 MeV
level is more than 8 times stronger than that to
the 2.670 MeV level.

Similarly, the 5.814—~4.090 MeV branch has by
far the strongest transition strength among the de-
cay modes of the5.814 MeV state. This leads to
an interesting similarity in the decays of the 6.820
and 5.814 MeV levels. The strongest transition
from each level is to the 4.727 and 4.090 MeV
levels, respectively, whose level spacing is al-
most identical to that of the 7. states at 2.670
and 2.010 MeV.

This correspondence may be accidental. If not,
one hypothesis which might account for these fea-
tures is that the dominant configuration of the
4.090 and 4.727 MeV levels is

l ds/z-lfv/zz(J =1, T=O)>.r=5/z,1'=1/2
and
l's 1/2-1f7/22(J =1,T= 0)>.r=3/z, T=1/2

respectively. StrongM1 transitions would be ex-
pected to such states from the 5.814 and 6.820 MeV

states. For example, the M1 strength of the tran-
sition®”

| ds/z -1f7/22(J =0,T= 1)>J=3/2,T=3/2
- ds/z -1f7/22(J =1,T= 0)>J=5/2,T=1/2

is equal to that of the 6170 keV transition in
428¢, which is 2 W.u. Some support for this hypo-
thesis is provided by the 39K(oz, d)*Ca reaction,
which is expected to preferentially populate 2p-1h
states whose two particles are coupled toJ =1,
T=0. This reaction is observed® to strongly
populate levels at 4.10 and 4.74 MeV.

7.146 MeV level. This state is the isobaric
analog of the lowest £~ state in #K at 1.294 MeV.
It is rather weakly populated in the (*He, a) reac-
tion at 6, =0°, but coincidence y spectra have been
measured for this state with both the Nal and
Ge(Li) detectors. The 7.146 MeV state is observed
to decay only to the ground state (65+ 7%) and to
the 2.96 MeV state (35+7%). The 7.146—2.960
y ray in the Ge(Li) spectrum implies an excitation
energy of 7146 + 4 keV.

The decay scheme of the 7.146 MeV level is of
interest primarily because of the information it
yields about the T =3 states to which it decays.

It has been known for some time that it is possible
to explain some of the properties of low-lying
states in the calcium isotopes by mixing deformed
states with those predicted by the shell model. In
particular, the calculations of Gerace and Green!
predict two low-lying -~ states, the ground state
and a state at 3.22 MeV. These states result
mainly from mixing (1p-0h) and (3p-2h) configura-
tions. (Particles and holes refer to the f-p and
s-d shells, respectively.) In the Gerace and Green
picture the wave functions of the two states are

| g.s.) =0.92| 1p-Oh) +0.38| 3p-2h) ,
| 3.22) =0.38| 1p-Oh) — 0.92| 3p-2h) .

Possible experimental counterparts for these
states are suggested by the work of Seth et al.,?®
who studied the **Ca(p, ¢ )*'Ca reaction. They ob-
served two strong [ =0 transitions to the ground
state and the 2.960 MeV state, the same states to
which the 7.146 MeV level decays.

For the decay of the 7.146 MeV state to the
lower T =73 states, the isovector M1 decay is ex-
pected to dominate over any possible isovector
E2 component, which should not show any collec-
tive enhancement. The experimental angular cor-
relations, although limited by poor statistics,
are consistent with pure M1 decays. Now the M1
operator is a one-body operator, and in the sim-
plest approximation can only connect the analog
state to the (3p-2h) component of the T, states.
Consequently, the ratio of reduced transition
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probabilities is

B(M1)(7.146 ~2.96) _<o.92)2_5 9
B(M1)(7.146-0) \0.38/ 7"

After removing a factor E,° from the branching
ratios, the ratio of experimental transition
strengths from the 7.146 MeV state to the 2.96
MeV state and to the ground state is 2.7:1, in
reasonable qualitative agreement with the above
prediction.

8.54 MeV level. This level is populated strongly
by ! =0 neutron pickup®s3; hence J"=3*. Martin
et al?® have identified the 8.54 MeV level as the
analog of the 2.67 MeV level in K.

The 8.54 MeV state is unbound by 180 keV to s-
wave neutron decay. The a-y time-difference
spectrum in coincidence with @ particles from this

level shows a weak, narrow peak corresponding
to y emission and a broad peak shifted by an
amount equal to the neutron flight time to the Nal
crystals. The particle spectrum in coincidence
with y rays also shows a weak peak at the energy
of this state after an approximate subtraction of
random coincidences.

We conclude that neutron emission is the domi-
nant decay mode but a weak y-decay branch does
exist. The value of the y branching ratio depends
on y-ray multiplicities and detection efficiencies,
but it is in the range of 1 to 3%. Not enough y
rays were observed to determine the y decay
scheme.
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