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Coupled quadrupole-octupole excitations in Ca and the decay of ~K, ~Sc, and ~Sor f
G. Coleman* and R. A. Neyer

Lasorence Livermore Laboratory, University of California, Livermore, California 94550
(Received 8 September 1975)

The decay of 44K, 44Sc, and 44Sc to levels of 44Ca have been studied. For decay of 44K, ap-
proximately 125 y rays have been observed using singles, Compton-suppression, and p-p-
coincidence Ge(Li) spectroscopy. The decay data, used in conjunction with recent reaction
spectroscopy data, have led to the identification of 35 levels in 44Ca that are populated in p
decay. The levels below 4500 keV are discussed within the framework of multiple vibrations.
The levels at (~ in parentheses) 3661.53 (1 ), 3676.07 (2 ), 3711.80 (4 ), 3913.8 (5 ), and
4358.42 keV (3 ) are suggested as the two phonon quadrupole-octupole pentad.

RADIOACTIVITY 44Ca, 44K, 44Sc~, 44Sc; measured E&, I&, decav, y-y
coin: deduced levels, log ft. Compton-suppression spectrometer.

I. INTRODUCTION

The nucleus Ca, with 24 neutrons, lies in the
middle of the 20-to-28-neutron shell. As can be
seen in Fig. 1, ~Ca has the largest level density
below 4 MeV of this series of calcium isotopes. '
The major features of these can be accounted for
by the coupling of the four 1f,&, neutrons to a
~'Ca core' or more completely by including the

2p»„2p», and 1f», shell model states. ' ' In-
clusion of particle-hole excitations were found
necessary in order to explain the first excited
0' level and second excited 2 level in the ~Ca
to 'Ca nuclei. ' ' However, due to a lack of de-
tailed data on the properties of the odd parity
levels below 5 MeV no attempt has been made to
account for these levels in relation to the known

properties of the 3 octupole excitations (see
Fig. 1)"and its coupling to the quadrupole vibra-
tion." "

The levels of ~Ca have been studied by a variety
of techniques. A larger body of data has been ob-
tained from charged-particle-reaction and Cou-
lomb-excitation studies. "" In addition, level
properties have been studied by reaction spectros-
copy such as (p, p'y) 28 "and Doppler-shift at-
tenuation methods. " Recent neutron-capture y-
ray studies ' have allowed the detailed study of
level decay properties; however, these were
limited to those levels that could be populated
by the 3 or 4 capture state. Decay scheme
studies" "can provide detailed information on
the properties of the lower spin levels of ~Ca,
since the decay parents ~K and 4'Sc~ have J'
values of 2 and 2', respectively. Thus, a com-
bination of decay data and n-capture y-ray data
should provide a fairly complete set of data on the

level decay properties of 44Ca. However, past de-
cay scheme studies of ~K have been limited be-
cause of the low "Ca(n, p)~K cross section and
the low fluxes that are available for energetic
neutrons. Here we have undertaken a detailed
study using the (Lawrence Livermore Laboratory)
LLL-ICT high flux 14-MeV neutron facility. In
particular, we sought to identify levels in ~Ca
that could represent multiple vibration-coupled
excitations"' ' ' ~ 4 such as the 3 -octupole-2+-
quadrupole excitations that we have identified in
heavier nuclei. ' ' "

II. EXPERIMENTAL PROCEDURE

A. ~K decay

Sources of ~K were prepared by irradiating
calcium metal foils (& 99.999% pure) of natural
isotopic abundance in the Livermore 14-MeV neu-
tron generator at a flux of approximately 2 & 10"
neutrons/cm's for 20-min periods. No chemical
separation of the ~K was made. However, only
y rays that decay with the proper half-life were
considered for the decay scheme. Counting was
delayed at least 10 min after completion of the
irradiation to permit short-lived activities to
decay. Z rays of ~K were detected and identified
by half-life on a. variety of Ge(Li) systems avail-
able at LLL.

In the first set of experiments the energy region
was set to 0-6 MeV. Sources were counted in se-
quence for periods of one half-life on each of four
detectors: (1) 50 cm' with a 1.27-cm Pb-Cd ab-
sorber, (2) 50 cm' with no absorber, (3) 65 cm'
with no absorber, and (4) 60 cm' with no absorber.
This procedure was repeated until sufficient data
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were accumulated. Another set of experiments
was done in the same way at 0-2 MeV using the
following detectors: (l) the Livermore Compton
suppression spectrometer (CSS) system, 4' (2) 50
cm', and (3) 60 cm', all without lead absorber.
All spectrometer systems were routinely checked
for efficiency and nonlinearity with standard
sources. The spectra were analyzed by the com-
puter code GAMANAL. "' To obtain the most pre-
cise energy values, a series of experiments was
done in which energy standards were matched in
intensity with major photopeaks from the 44K

sources. The standards plus 4~K sources were
counted simultaneously on the large detectors
at 0-2 MeV with a 4096 channel analyzer and
0-5 MeV with an 8192 channel analyzer. The pre-
cision energy values of Tirsell and Multhauf"
were used.

y-y coincidence events were detected using two
30-cm' true coaxial Ge(Li) detectors mounted at
180" with Pb antiscattering shields. The data were
recorded with the LLL megachannel analyzer sys-
tem"" which uses a PDP-9 computer on line to
sort and store the data on a magnetic disk. Ener-
gy slices using the major peaks as gates were then
written on magnetic tape for analysis by GAMANAL.

B. 4~Sc 'g decay

Sources of ~Sc were prepared by the (y, n) reac-
tions on natural Sc at the Livermore linear ac-
celerator or by the (n, den) reaction on natural Ca
metal at the Berkeley 88-inch cyclotron. Scandium
was chemically separated from the Ca targets be-
fore counting. The y-ray singles spectra were ob-
served and the decay of the individual y rays was
followed by the general techniques outlined above.

In addition, a ~Ti source was prepared by the
(n, xn) reaction on natural Ca at the 88-inch cy-
clotron.

III. RESULTS

Figure 2 is the high energy portion of a typical
spectrum taken on one of the large-volume detec-
tors with Pb absorber. Table I lists the energies,
relative intensities, and level assignments of the
128 y rays identified in the decay of ~K. The in-
tensities are normalized to 1000 for the 1157-keV
y ray. Level assignments were made on the basis
of coincidence data and energy sums as outlined
below. Coincidence data for 44K are shown by full
circles in Figs. 3-7 and are given in Table II.
Only y rays positively identified as coincident
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FIG. 1. Levels of even-even calcium isotopes from N =20 to N =28. Data taken from Ref. 1.



COUPLED QUADRUPOLE-OCTUPOLE EXCITATIONS IN "Ca... 849

10

511.00 1157.002

10'-
1499.45

10

105

I

128
I

256
I

384

2150.79

I

512
I

640
I

768 896 1024 1152 1280

2519.99

10 ibi. L
4

3201.27

u 10

10
O

I I I I I I I I

1408 1536 1664 1792 1920 2048 2176 2304

3661.36

I

2432
I

2560

103

102

'e

' ~,„

4408. 9 4865.8

51.62

10—

I I I I I I I I I I

2688 2816 2944 3072 3200 3328 3456 3584 3712 3840

Channel number

FIG. 2. Spectra of 44K up to 5.2 MeV taken with 2.54 cm of Pb.

with the gate energy are listed. Table III lists
energies and relative intensities for y rays in
the decay of ~Sc '~.

Decay schemes are shown in Figs. 3-7. Those
for ~K are broken into several regions. Figure
3 shows 44K decay from all levels below 3308 keV,
Figs. 4 and 5 show that from negative-parity

levels above 3308 keV, while Figs. 6 and 7 show
that from positive- or unknown-parity levels above
3308 keV. Figure 8 shows the decay scheme of
44Sc '~. Figures 3 and 8 are drawn to scale; in
Figs. 4-7 the levels are shown equally spaced for
clarity. The level energies shown include the re-
coil energy in every case. Table IV lists the logft
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FIG. 4. 44K decay to 44Ca levels, negative-parity
levels to 4.4 MeV.

FIG. 3. K decay to Ca levels 3.3 MeV and less ~

(Nota bene: The leveL energy is the sum of the observed
p-ray energy plus recoil energy. For a 3000-keV & ray
in 44Ca the latter represents 0.110 keV. The dots on the
decay scheme represent confirmation of the placement
of the p ray by coincidence. )
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1244.747
1272.760
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TABLE I. The y rays observed in the decay of 22.1-
min 44K to levels of 44Ca.
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TABLE I (Continued) TABLE I (Continued)

E~ (AE~) Iy (bEy)
Assignment

From To Ey (EEy} E~ (AIy)
Assignment

From To

1976.913 (691)
1992.421 {516)
2144.231 (76)
2150.786 (17)
2167.841 {580)
2200.300 ( - )
2268.525 (953)
2280.800 (700)
2324.300
2338.287 (552)
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2497.291 (869)
2504.394 {62)
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f.2668 ( — ))
2711
2740.400 (800}
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322 7.132 (763)
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3278.995 (650)
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3307.728 (450)
3395.508 (44)
3404.646 (551)
3415.538 (634)
3661.363 (11)
3676,732 (624)
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3868.555 (216)
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«0.05
0.08

(0.09
0.16
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«0.05
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{1)
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(8)
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(8)
(8)

9)
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0.11 (8)

0.9
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o.s '
0.6
0.7
0.7
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¹tabene 1107.8 is 4883 to 3580.
See Ing et al. (Ref. 33).' Obscured by contaminant.
Possibly 18-min ssRb contaminant.
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FIG. 5. 44K decay to 44Ca levels, negative-parity
levels to 5.6 MeV.

values calculated from the data for ~K. The
levels, spins, and parities are known or inferred
from our data. The P-transition data was calcu-
lated from y-ray relative intensities.

The properties of the levels below 3200 keV are
well established by previous works. Above 3200
keV we will discuss the level sequence in terms
of differences between our results and those of
the previous workers. All levels below 6 MeV
that have been experimentally observed are given
in Table V. Below we discuss our new assign-
ments and the significant differences with previous
investigations. "
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FIG. 6. 44K decay to 44Ca levels, positive-parity
levels to 4.9 MeV.

The assignment of 1 to the 3661-keV level is
consistent with our logft and branching ratios and
also with the (p, p') data. " We favor J' =2 for
the 3676-keV level based on the logft value and
the strength of the transition to the 3 level at
3307 keV.

We were unable to measure the P branching to
the 3711-keV level and hence favor a 4 for theJ' assignment suggested by White and Birkett."
Our logft value is consistent with either 2' or 3'
for the 3776-keV level in accordance with reac-
tion data."

Ing et al."reported an intensity for the 682-keV
y-ray transition from this level to the 3676-keV
2 level approximately 9 times our value and did
not place a 646-keV transition to the 3711-keV 4
level. The assignment of 3 to the 4358 keV is
consistent with our logft and branching ratios.

The assignment of 3 to the level at 4552 keV
is consistent with our logft and branching ratio
data. We see no transition to the 3044-keV 4'
level by a 1509.5-keV y ray as reported in Ing
et al." We did, however, see a weak 2268-keV
transition to the 2283-keV 4' level.

We suggest either 1' or 1 for the 4866-keV
level. 1' is consistent with the fact that the level
was not observed in either neutron-capture" or
(p, p')" studies. However, the logft indicates a,
1 assignment. We do not observe a 1190-keV
y ray as reported by Ing et al."but do observe a
1285-keV z ray which we place as a transition to
the 3580-keV 0' level.

The 4884-keV level can be either 3 or 2 from
the logft and y-ray branching; we prefer 2 be-
cause the level is not observed in the (p, p') reac-
tion studies. "

The 5025-keV level reported by Ing et al." is
further supported in this work by the observation
of a 5025-keV transition to the ground state. The

TABLE II. y rays observed in coincidence with vari-
ous gate slices.

logft
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lI 1I
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I
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I
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20 24

3e7e. 07
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3044. 3

l~ 2ese. 49

2283. 11

1883.51

1157.02

g.S.

Gate '

368
651
726
877

1025
1126
1499
2151
2519

733 877
354 368

1157 1778
368 651

1101 1126
1024 1072

368 651
368 1051
682 877

y rays in coincidence

1025 1126 1157
404 1101 1156 1499 2656

375 1157 1499 2518

1157
1157
1101 1157
1157

FIG. 7. 44K decay to levels of 44Ca.

' The gates were approximately 2 to 3 keV wide cen-
tered on the y-ray peak. See discussion in Mann, Wal-
ters, and Meyer (Ref. 53) for analysis techniques used.



COUPLED QUADRUPOLE-OCTUPOLE EXCITATIONS IN 44Ca. . . 853

TABLE III. The p rays observed in the decay of +Sc +~.

Ey (AE~) Iy (DI~) p from decay of Assignment

27i.24i (i0)
1001.825 (31)
1126.064 (40)
1157.002 (3)
1499.451 (20)
2i44.300 (i00)
2i50.786 (-)b

2656.4ii (30)
330i.200 (100)

Limits

729.49
1887.2

(i4)
(1)
(1)

—0.014
&0.001

778
12.3
12.3

1000
9.01 (19)
0.02 (2)
0.011 (3)
1.11 (4)
0.0064 (8)

IT
m

gand m

3285
2283
1157
2656
3301
3307
2656
3301

3044

2283
1157
g, s.

1157
1157
1157
g.s.
g.s.

1157

' This p ray is masked by the more intense single escape peak of the 2656-keV photopeak.
The ~ray intensity was calculated from the known branching of the 330i-keV level in +K de-
cay and is I2~44 =0.0i5.

The p-ray energy is taken from Table I.

summary of level energies in White and Birkett
associates levels at 5031 keV observed in (P, P')
reaction and at 5029 keV observed in (t, a) reac-
tions to a 5005.7-keV level. It seems reasonable
to associate these with the 5025-keV level. These
arguments along with logft and branching indicate
an assignment of 2 for this level.

We observe several levels previously seen in
reaction studies" but not reported in P decay. We
observe the 3301-keV 2' state reported in neutron
capture" with approximately the same decay
properties. We will return to discussion of this
level later.

We observe the level at 3357 keV with decay
properties in agreement with White and Birkett. "
We prefer a spin assignment of 4' because of the
large logft value.

The 3580-keV level is observed in (p, p')" and

(t, n) studies, but not in neutron capture. We ob-
serve a single weak transition to the 1157-keV 2'
state and a large logft. Therefore, we favor 0'
for assignment.

A level near 4094 is seen in all reaction studies.
We suggest that the level at 4092 keV reported by
White and Birkett" may be different than the
4094-keV level that we observe. This is based
on the following arguments: (1) The 1808.92-keV
transition to the 2283-keV 4' level is significantly
different in energy than the 1810.44-keV transition
we observe; (2) we observe no 806.9-keV transi-
tion to the 3285-keV 6' level; and (3) the 2937.7-
keV transition to the 1157-keV 2' level is not ob-
served in the neutron capture work. We suggest
a low spin positive-parity assignment, possible
2' for the level at 4094.

The level at 4399 keV is seen in all reaction
studies. We suggest either 3' or 3 based on the

3
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FIG. 8. Decay of 44Sc and 44Sc .

logft and decay.
The level at 4409 keV is seen in (p, p') reaction

studies, but not in neutron capture. These facts
along with the log ft and transition data indicate a
1 assignment to this level.

The level at 4651 keV is seen in all the reaction
studies. Our data are consistent with the 2' as-
signment.

The level at 5130 keV is seen in all the reaction
data except (t, n) We p. lace the level on the basis
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of the 2847.6-keg transition, although we do not
observe the 1773- and 3973-keV y rays reported
by White and Birkett. " Our logft value is con-
sistent with either a 2' or 4' assignment.

We place a level at 5201.1 keV which corre-
sponds to the group of levels at 5215 to 5225 keV
observed in (p, p') and (t, p) studies. The log ft
and decay data are consistent with a 3 assign-
ment.

Finally, we postulate eight new levels at 4260,

TABLE IV. Logft values for observed levels.

Level
energy

(keV) % P to level' Logfot Logf, t

g.s.
1157
1183
2283
2656
3044
3301
3307
3357
3580
3661
3676
3711
3776
4094
4260
4315
4358
4399
4409
4437
4552
4572
4651
4824
4866
4884
5025
5131
5162
5201
5231
5325
5367
5561

0+
2+
0+
4+
2+
4+
2+

3
4+
0+

1
2

3+

(3')
3+

(3+)
3
3+

1

3
(3')
2+

1'
3.2
(2 )

34
0.96
1.54
0.52
0.41
0.17
0.21

29.3
0.08

& 10.01
6.33

10.93

0.35
0.11
0.11
0.36
1.52
0.03
7.21
0.02
4.29
0.19
0.08
0.09
0.36
0.71
0.07
0.02
0.06
0.12

~0.02
0.01

~0.02
0.04

8.80

8.38

8.22
6.07

6.44
6.18

7.56
7.75
7.56
6.97
6.29
7.94
5.54
8.06
5.58
6.88
7.15
6.74
6.08
5.74
6.44
6.69
6.13
6.30
6.36
6.30

—5.79
4.95

9.61

9.83
9.99

9.79

9.79
-10.4

' Percent P transitions to each level were calculated
from p-ray relative intensities using 34% transition to
the ground state (Ref. 36).

We use 5659+ 39 keV for the Q & value and 22.13+0.19
min for T&~2 as given by Ref. 1, p. 532.

Log f&t values were calculated for levels of known

spin and parity.
We adopt the value of 34+ for population of the ground

state given by Levkovskii and Kazachevskii (Ref. 36).

4315, 4437, 4573, 4824, 5325, 5367, and 5561
keV. W'e suggest 3' as the most probable J'
value for the levels at 4260, 4315, 4573, and
4824 keV. No assignments can be made for the
4437-, 5325-, and 5367-keV levels. The 5561-
keV level has a logft of 5.0 and a relatively strong
transition to the ground state which makes 1 the
most probable spin and parity.

We do not observe levels at 5157, 5309, and
5556 keV reported by Ing et al." and have assigned
the y rays to other transitions in most cases. We
also find their 3303.8-keV level to be 3301.3 keV
based on 3301.2 a 0.1- and 2144.23 a 0.08-keV tran-
sitions to lower states. We do not observe 3304.1-
and 2146.5-keV y rays. We assign the 646.5
+ 0.3-keV y ray to decay of the 4358-keV level.
Our assignment of the 2' level at 3301.3 +0.3 keV
is in good agreement with the level observed in
neutron-capture studies at 3301.4 +0.4 keV.

IV. DISCUSSION

The levels of ~Ca below 3400 keV, shown in the
left side of Fig. 9, can be accounted for by as-
suming, for the description of the positive-parity
levels, a soft core model or a linear combination
of seniorities-2 and -4 states and deformed states.
The negative-parity level at 3308 keV can be
identified as the octupole excitation. However,
no attempt has been made to describe the higher
lying levels, in particular the negative-parity
levels between 3600 and 5000 keV. Here we wish
to discuss the latter in terms of two-phonon quad-
rupole-octupole vibrations (TPQOV) of the type
that have been calculated for heavier nuclei by
Ljpas and co-workers xi, u

The positive parity levels of ~Ca and their
properties have been discussed most recently
by McCullen and Donahue" who measured the
lifetimes to the ' Ca level up to 3300 keV. They
used previously established models to describe
these levels of ~Ca and their properties. The
calculations used a wave function that was a
linear combination of (1f7&,)»„,„(1f,&,)~„~,
and rotational basis state to force a fit to the
experimental energies. The percent of each con-
figuration in the levels below 3300 keV is given in
the bottom right corner of Fig. 10 as the propor-
tion: (f»,)~„,,/(f, &,)~„,/rotational. These
wave functions were then used to calculate the
(d, p) spectroscopic factors, lifetimes, and decay
properties of the levels. In general they found
good agreement with this (f,&,)~+ rotational-band
calculation. In more phenomenological terms the
core can be considered as a soft vibrator.

The 3 octupole core vibration'~ is observed at
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TABLE V. Experimentally observed levels of 44Ca below 6 MeV.

Decay data
(This study) '

4094

4260.2
4315.2
4358.42
4399
4409.16
4437

(4)
(3)
(5)
(1)
(5)
{1)

g.s.
1157.018 {11)
1883.514 (15)
2283.109 (20)
2656.496 (25)
3044.33 (7)
3284.95 (7)
3301.30 (20)
3307.860 (35)
3357.20 (20)
3580.40 (20)
3661.525 (30)
3676.07 (4)
3711.80 (4)
3776.20 (4)

g, y) data
White b

0
1156.94 (14)
1883.44 (33)
2283.13 {17)
2256.33 (20)
3044.37 (23)
3285.02 (25)
3301.39 (36)
3307.71 (25)
3357.25 (26)

3676.43 (32)
3711.99 (27)
3776.39 (43)
3913.75 {28)
3922.62 (28)
4011.44 (46)
4092.0 (3)
4195.8 (4)

4358.32 (34)
4400.00 {15)

(P,P')

0
1158
1883
2282
2655
3045
3285
3300
3307
3357
3586
3663
3678
3713
3777
3914
3924
4012
4107
4197

4361
4401
4412

(d,P)

0
1162
1886
2289
2668
3052
3296
3302

3367

3682
3729
3792
3880
3934
4026
4104
4207

4410

(~.~) (~,P)

0
1158
1887
2288
2659
3052

0
1157
1903
2285
2655
3044

3307
3360

3670

3716
(3770)
3915

4022
4099
(4310)

3298

3592

3671

4363 4357
(4400) (4396)

0+
2+
p+

4+
2+
4+

+

2+

3
4+
p+

1
2
4
3+

5
(5')

(4')

3+

(2,3')
3

1

Mean life
(ps)

5.1
20
2.8

&0.03
6.7

17
50

& 0.04

&1.0

& 0.8

&1.0

4552.62

4572.7

4651

4824
4866.08
4884.04

(5)

(5)
(5)

4479.8

4564.9

4584,0

4651.0
4690.0
4803.6

(6)

(4)

(4)
(6)
(5)

4482
4555
4568

4588

4655

4807

4889

4598
4616
4662
4696
4826

4660 4646

4491 4488 4479

4569 4565 4562
3
5
(3')
(4')

2

5130.7
5162.28
5201.1

(4)
(5)
(1)

5325

5367

5025.6 {1)

4904.5

5005.7

5096.8
5130.0

5230.5
5289.3
5300.4

5342.2

(4)

(4)

(5)
(4)

(4)
(4)
(4)

(6)

5031
5097
5133

5215
5235
5290
5303

4914
4992
5016

5143

4912
4991

5029
5103

(5120)

4898
4991
5015

5351 5344 5333

(5172) 5222+ 20
5243 5235 5245
5296

5306

(4 5)
(2 )

(4 5)

1,2
3

&6

5560.6 (3)

5375.0

5458.9
5548.4

5733.4

(6)

(5)
(4)

{4)

5385
5405
5468
5558

5666
5743

5404
5518
5579

5660
5741

5361

5646
5729
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TABLE V (Continued)

Decay data
(This study) ' ('n, y) data

White (p,P') (d,p) (t, n) (t,p)
Mean life

ps)

5775.8 {4)

5866.7 (5)

5776
5832
5873

5810

5891 5864

' Energy level value is given in keV and the error in last significant figure is given in
parentheses; thus 1157.018 (11) represents 1157.018+0.011 keV.

D. H. %hite and R. Birkett {Ref. 32).

approximately 3500 keV in all the even-even cal-
cium nuclei as shown in Fig. 1. Roehmer" has
studied the properties of the octupole state in a
wide range of nuclei. For example, he finds the
3 octupole state in '„'Ar to have a lifetime of
110 fs, and that the level decays to ground state
with an E3 speed of 5 single particle units
(s.p.u.)," "while the El to the first 2' level is
hindered by approximately 1000 over the single
particle estimate. The speed of the E3 from the

5201

octupole state to ground state is found to be ap-
proximately constant in a given mass region. "
The lifetime of the 3 octupole vibration in 44Ca

which occurs at 3308 keV has not been measured.
However, the lifetime of the level can be esti-
mated by using our branching ratios and the E3
speed of 5 s.p.u. measured for "Ar. This gives
a lifetime of 1SO fs and E1 hindrances of 6SOO,

2600, 1450, and 2500 to the 115V- (2'), 2283-
(4'), 2656- (2'), and 3044-keV (4') level, re-
spectively. These are consistent with the E1
decay properties of octupole states in both light
and heavier nuclei. "'" "

(4, 5 ) 5096 5131

3 3307

6

4 3357
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FIG. 9. Levels of Ca. In the right-hand part of this
figure the left-hand set of levels are those that can be
assigned negative parity, on the right side are those
assigned positive parity. No parity assignment can be
made with the existing data for those in the middle.

FIG. 10. Decay properties of the proposed TPQOV
pentad. Transition energies are given to 1 keV only.
The number in parentheses is the hindrance factor for
the transition relative to a fiducial (see text). The ab-
breviation 4.0e5 is used to represent 4.0x 10". INota
bene: The decay of the 3914-keV level is taken from
the data of White and Birkett {Ref.32); see text for
origin of 606.0-keV p ray. j Values in the lower right-
hand corner of the figure next to the level energy are
the % contribution to the wave functions calculated by
McCullen and Donahue (Ref. 3), given as: {f7/g), () 2/
(f,y 2) „-q/rotational.
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The properties of TPQOV were calculated first
on a phenomenological basis by Lipas" and later
on a semimicroscopic basis by Raduta, Sandulescu,
and Lipas." The later calculations showed that the
ordering of the expected pentad of levels with J'
of 1, 2, 3, 4, and 5 depended upon the avail-
able microscopic states. However, their general
results show the 1, 2, and 4 to be low lying;
the 3 to be highest lying and the 5 to be in the
middle of the pentad of levels. In cases where
the core quadrupole vibration is relatively low
lying, the lowest member of the TPQOV can be
observed at an energy which is only 70% of the
sum of the energies of the 3 octupole and 2'
quadrupole vibration. The decay of the TPQOV
levels would be expected to proceed via an en-
hanced E2 transition to the octupole state and by
highly hindered E1 transitions to the quadrupole
vibration. Such is the case in nuclei such as '"Cd
and '~Te, where members of the TPQOV have
been jdentif jed.

For Ca, a pentad of levels arising from a
TPQOV might be expected to occur at approxi-
mately 4.4 MeV or lower in view of the "softness"
of the quadrupole vibration. The levels at 3662
(I ), 3676 (2 ), 3712 (4 ), 3914 (5 ), and 4358
(3 ) keV, shown in Fig. 10, could be considered
as members of this pentad. These levels and
their decay properties are taken from this work
and the neutron-capture z-ray data of White and
Birkett (lVota bene: We have taken the 606.0-keV
y ray observed but unassigned by White and
Birkett and assigned it as representing the decay
of the 3913.8-keV level to the 3307.8-keV level. }

Since no lifetimes are available for these levels,
we have assumed a speed of 8 s.p.u. for the tran-
sitions that require E2 character and an arbitrary
value of 20 for the transitions that are at least
Mi character since this is a typical value for
hindrance in known cases. For the levels where
we assume a M1 multipolarity for the fiducial

transition, the E1 hindrances must be considered
as lower limits only. The hindrance for the E1
transitions were calculated using the experimen-
tal branching ratios and. are given in parentheses
after the transition energy in Fig. 10. As ex-
pected, the E1 transitions are fouml to have a
hindrance of 10' to 10'. It should be noted that
the 5 level would be expected to be mixed with the
seniority-4 state [d,~, '(f i,)',i,]5 identified
in the calcium nuclei. We note that the observed
3676-keV level to ground state transition may pro-
ceed via an E3 rather than a highly hindered M2.

Although of speculative nature, it is tempting to
consider some of the higher-lying negative-parity
levels as arising from the coupling of the 3 oc-
tupole vibration with the higher positive-parity
vibrational states. The characteristic of this type
of excitation would be expected to be preferred
decay to the TPQOV pentad and hindered decay to
the levels below 3400 keV. Such are the charac-
teristics of the 4409- (I ), 4552- (3 ), and 4884-
keV (2 ) levels. However, other configurations
could account for their decay characteristics.

V. SUMMARY

We have investigated the levels of ~Ca that are
populated in the decay of 4'K and ~Sc '~. These
data with the neutron capture z-ray data of White
and Birkett" have led to the suggestion that the
negative-parity levels of '4Ca between 3600 and
4400 keV may be accounted for by considering
two-phonon quadrupole-octupole vibrations of the
type calculated by Lipas and co-workers" ""
for heavier nuclei. More positive identification
must await the measurement of the lifetimes of
the levels that form the TPQOV pentad and the
availability of the semimicroscopic calculations
for the calcium nuclei. Identification of similar
excitations in other even-even calcium and light
nuclei would be of interest.
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