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An investigation of the p decay of 0.59 s '4sCs into levels of '~'Ba was undertaken to search for
evidence of intrinsic reflection asymmetry in light rare-earth nuclei. E~, I~, y-y coincidence, angu-

lar correlation coefficients, and internal conversion coefficients were measured. The level scheme

for ' 58a up to 1.3 MeV has been constructed. The proposed spin and parity assignments are based

upon the measured transition multipolarities and the y-y angular correlation coefficients. The levels

at 112, 175, 277, and 416 keV may be members of a decoupled K =
2 band with a decoupling pa-

rameter of -2 and a rotational parameter of 20 keV. The octupole deformed rotational structure
which is observed in the light odd-3 actinides is not readily identified in ' 'Ba.

I. INTRODUCTION

In 1950 Rainwater proposed that the discrepancy be-
tween the measured and calculated values of the quadru-
pole moments of some odd-A nuclei could be resolved by
allowing those nuclei to take on a spheroidal shape. ' It is
now well known that the properties of many nuclei can be
described with a deformed quadrupole basis. Over the
past few years, much attention has been focused on the
question of whether or not some nuclei, in addition to
breaking rotational symmetry in the intrinsic frame, also
break reflection symmetry. The nuclei in question are
found in the Ra and Th region with mass ranging from
220 to 228. A review of the extensive literature on this re-
gion can be found in Refs. 2—8.

In a recent paper, I.eander et a/. introduced the ides
that nuclei with 1V=88—90 in the immediate vicinity of
'~ Ba niight exhibit the same type of octupole deformed
character that is observed in the Z =89—90 light sctinide
region. Three reasons are given as to why this might be a
new region where refiection symmetry is also broken in

the intrinsic frame. First of all, the systematics of the 1

and 3 levels in the neutron rich Ba isotopes suggest a
minimum in the splitting of the E =0+ and 0 bands

near ' Ba. The 1 level in ' Ba at 738 keV, in units of
the first 2+ level, is as low as the 1 levels in the Ra and
Th isotopes. It was the discovery of these low-lying nega-
tive parity states in the even-even Ra isotopes that first
led to the suggestion that nuclei in the Ra and Th region
were octupole deformed. ' Secondly, the deformed shell
model calculations of Nazarewicz et a/. indicate that
Z=56, as well as Z or %=88—90, is an optimal particle
number for octupole deformation. The Strutinsky-type

calculations predict an octu)role deformed shape for '"Ba
and a shape potential for ' Ba that is very soft towards
octupole deformation. Finally, the large difference ob-
served between the experimental and theoretical masses
calculated by Moiler and Nix in the Ra and Th regions
are also found near ' 'Ba. This difference is greatest for

Ba and, as in the light actinide region, can be accounted
for by the extra 1 MeV of binding energy obtained by in-

cluding octupole correlations in the mass calculations.

The ground state (g.s.) spin of ' Ba has been deter
mined to be —,

'
by collinear fast-beam laser spectroscopy at

ISOLDE." A g.s. magnetic moment or —0.272p~ and a
spectroscopic quadrupole moment (Qs) of 1.15 b is re-
ported in the same work. From the measured g.s. spin
and Qz value, I.eander et al. calculate that ' Ba may be
octupole deformed with an equilibrium value of Ps=-0.08
(with P2

——0.172 and P4 ——0.069). However, the measured
magnetic moment is consistent with both Ps ——0 and P3+0
in the calculations.

Another indication of octupole deformation in the neu-
tron rich Ba isotopes would be the presence of a pair (or
more) of strongly perturbed opposite-parity rotational
bands in ' Ba. If unperturbed, the bands would have a
small energy splitting and be connected by collective E 1

transitions. In addition, the decoupling parameters for
any K= —, bands should be equal in magnitude but op-
posite in sign. ' This type of collective structure is ob-
served in both 2 Ra and 2 Ac (Fig. I).'s'

In a previous study of ' Ba, Rapaport et a/. found one
E 1 transition but did not identify any rotational bands. '

In their study, however, only 31 gamma rays were as-
signed to the p decay of ' Cs and the structure of ' sBa
was only determined up to 780 keV froin energy
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FEG. 1. The parity doublets observed in the light actinides' Ra and ~ At-„(Refs. 13 and 14).

sum relationships. A later investigation of ' Cs decay by
Dejbakhsh defined the structure of ' Ba up to 2.8 MeV
from y-y coincidence measurements. ' Unfortunately, no
new spins or parities could be assigned in the latter study.
Thus, to determine whether or not ' Ba does contain par-
ity doublets similar to those observed in the light ac-
tinides, we undertook a study of the P decay of ' Cs at
the one-line mass separator facility TRISTAN. Our study
of ' Cs decay principally involved y-y coincidence and
four-detector angular correlation measurements. In addi-
tion, we also measured internal conversion coefficients for
several of the most intense transitions in ' Cs decay.

EI. EXPERIMENTAL PROCEDURE

The study of the P decay of 0.59 s '4 Cs was conduct-
ed at the TRISTAN mass separator on-line to the High
Flux Beam Reactor at Brookhaven National Laboratory. '

The radioactive samples were produced by fissioning a
uranium target integrated in a positive surface ionization
source with a Ta ionizer. ' The lower work function of
Ta (compared to Re) ensured no independent production
of Ba from the ion source at low-power operation
( T=1200'C).

In both the y-ray and conversion electron (c.e.) mea-
surements, the 3=145 radioactive beam was deposited on
an aluminized Mylar tape in a moving tape collector. The
activity was measured at both the deposit point (parent
port) and 60 cm "downstream" at a secondary station
(daughter port) in the y-ray experiments. In the c.e. mea-
surements, the beam was deposited and counted at the
parent port of a second collection system. For all of the
studies, the beam deposit and tape cycle times were
chosen so as to optimize the activity of the A = 145 isobar
of interest over the activity of the other chain members.

Two Ge(Li) and two HpGe detectors were used to col-
lect the gamma singles and y-y coincidence data. The
two coaxial Ge detectors were a 90 cm Ge(Li) with a full
width at half maximum (FWHM) of 2.2 keV at 1.33 MeV
and a 79 cm Ge(Li) with a FWHM of 2.4 keV at 1.33
MeV. The two coaxial hyperpure detectors were a 76 em
HpGe with a FWHM of 2.2 keV at 1.33 MeV and a 79
cm HpGe with a F%HM of 1.9 keV at 1.33 MeV. In ad-
dition, a 2 cm planar detector with a F%HM of 0.55 keV

at 122 keV was used to measure low-energy gammas. The
SiLi detector used in the c.e. measurements has a resolu-
tion of 1.8 keV FWHM for the 662 keV E-shell conver-
sion electron line in ' Cs.

Singles spectra of ' Cs decay were taken at the parent
port with the best HpGe detector and the planar detector.
In order to correct for the daughter activity observed in
the ' Cs singles spectra, singles spectra of each daughter
in the 3=145 chain (excluding Pr) were taken at the
daughter port. To minimize the contribution of the
parent activity to the total activity in the daughter singles,
the radioactive source was moved half-way to the
daughter port and allowed to decay before moving it on to
the daughter port.

For the coincidence and angular correlation measure-
ments, the four y-ray detectors were placed around the
parent port 7.5 cm from the radioactive source. The an-

gles measured by the four detectors (six detector pairs)
were one point at 0', one point at 35', two points at 55',
and two points at 90'. The two 0+(E2)2+(E2)0+ transi-
tions in ' Ba were used to test the four detector system.
The 3=142 activity was adjusted to be approximately
equal to that of the A =145 samples. A total of 10 three
parameter yyt coincidence events were collected in the ex-
periment.

III. EXPERIMENTAL RESULTS

A. Gamma-ray energies, relative intensities,
and absolute intensities

The y rays assigned to ' Cs decay are listed in Table I.
The assignments were based upon the appearance of the y
ray in (1) the ' Cs singles spectra and (2) the coincidence
spectra gated on the strongest transitions whose half-lives
have been previously determined. ' The contribution of
the daughter gammas to the ' Cs singles was identified
and removed by comparing the intensities of the y rays in
each of the daughter singles with the Cs singles spectra.
For the majority of the y rays given in Table I, the energy
and intensity values were determined from the singles
data. In several cases, however, it was impossible to
ascertain this information from the singles spectra be-
cause the intensity of the y ray was too low or the y ray
was a member of a complex multiplet. In these instances,
the energy and/or intensity values were determined from
the coincidence spectra. The intensities of the 156-, 172-,
and 199-keV y rays were also taken from the coincidence
data as these transitions overlap with strong lines in ' Ba.
The ' Ba interference comes from the (13.8+0.8)% de-
layed neutron branch in ' Cs decay.

The absolute intensity values of the most intense gam-
ma in ' Cs, ' Ba, and ' La decay were determined by
counting a saturated 3=145 radioactive sample. The
values listed in Table II were calculated by comparing the
intensity of each y ray to the 723-keV line from ' Ce de-
cay. The absolute intensity of the 723-keV gamma was
taken as 0.59+0.07 from the work of Pfeiffer et al. ' This
method of determining the absolute intensities assumes
that all of the 3=145 daughter activity comes from cesi-
um decay, i.e., there is no independent production of Ba,
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TABLE I. Gamma rays assigned to the decay of ' 'Cs.

Energy
(keV)' Intensity' a. Int.

Placement
FrOIIl To

Energy
(keV)' Intensity 0 Int.

Placement
From To

38 24'
84.74
86.26
87.34

105.94
112.46
121.01
156.34'
164.64'
171.97'
175.36
194.56
198.93'
207.12'
214.S2
217.72
227.36
231.92'
238.41'
240.97
246.92
255.94
260.29'
277.12
279.46
289.2
293.2
304.5
307.95
317.63
319.84
323,34
328.85'
341.74'
343.44
348,21'
360.34"
367.71
369.18
378.93'
383.8
391.15
395.14
416.52
41974 '
42907 '
430.27
434.71'
435 72'
435.63'

' 439.6'
.22f

452.03~

454.28'
454.77
455 23d'
464.82'
473.76
476.26
481.34

1.8
7.7
5.8
2.28
0.79

54.1

0.4
2.4
7.5
4.3

100.0
3.4

55
16.2

1.2
g 1

3.4
1,8
7.9

28.9
2.46
2.5
0.9
2.14
4.0
1.0
2.2
2.4
1.98
3.0
7.6
5.2
1.9
0.6
4.2
1.1
1.0
5.3
0.87
8.6
0.85
1.1
5.6
5.1

1.0
1.3
5.8
5.7

10.2
29.0
4.5
0.60
8.8
8.0

10.6
1.4
1.0
1.0
1.7
1 ' 1

0.4
0.2
0.1

0.04
0.09
0.7
0.2
0.3
0.6
0.3

0.4
9
Q4
0.2

0.3
0.2
0.8
0.3
0.06
0.1

0.2
0.08
0.5
0.1

0.1

0.2
0.09
0.2
0.2
0.3
0.2
0.1

0.2
0.2
0.2
0.2
0.09
0.3
0.08
0.3
0.6
0.8
0.2
0.4
0.2
0.4
0.9
0.4
1.1

0.06
0.5
0.5
0.6
0.4
0.2
0.2
0.2
0.1

454.7

198.9

672.4
112.5
319.8
611.1
277.1

627.3
175.4
611.1
198.9
319.8
491.9
785.5
547. 1

724.3
785.5
416.6
566.7
454.7

277. 1

454.7
836.3
491.9
416.6
724.3
753.4
319.8
435.7

454.7
663.3
547.1

796.0
566.7
785.5
796.0

1137.9
566,7
672.4
416.6
836.3
627.3

1155.3
547.1

611.1
435.7

1050.5
1116.6
627.3
566.7
454.7

1240.7
663.3

1137.9
796.0

1353.5

416.6

112.5

566.7
0.0

198.9
454.7
112.5
454.7

0.0
416.6

0.0
112.5
277. 1

566.7
319.8
491.9
547. 1

175.4
319.8
198.9

0.0
175.4
547. 1

198.9
112.5
416.6
435.7

0.0
112.5

112.5
319.8
198.9
435.7
198.9
416.6
416.6
753.4
175.4
277. 1

0.0
416.6
198.9
724.3
112.S
175.4

0.0
611.1
672.39
175.4
112.5

0.0
785.5
198.9
663.3
319.8
872.3

487.18
492 OS"
500.35
503.17
517.24
525.83
528.38d'
547.06
548.99
S52.92"
554.73'
559.86
566.7
571.06
574.05
578.13
586.61
595.4e
597.48'
611.16
620.61
620.61
637,46
645.28
652.63
66O.89
663.49'
683 44'
688.48'd
693.09d

700.62'
706.63
721.13
724.26'
739.1

753.26
759.51
785.33
795.9
806.58
819.68d

851.68d

872.13
87S.03
898.92 '
920.25d

944.68
1034.02
1066.38
1101 12d'
1177.70d'
1240.30
1414.45d

171S.S9"
1976.94
2024.33d

2175.59

6.9
14.1

3.1

1.3
1.0
3.7
8.7

23.6
5.8
1.6
5.2
45
3.7
7.8
0.7
7.6
1.8

-1
1.4
5.5
1.4
2.6
7.8
2.5
1.3
1.9
2.0
6.3
1.2
1.6
3.9
2. 1

5.1

8.1

4.6
11.2
2.4
0.37
1.3
3.7
1.8
1.2
1.7
1.2
1.2
0.9
1.1
2.7
3.2
0.9
1.8
1.08
1.5
2.8
9.0
3.7
3.0

0.2
0.5
0.3
0.2
0.1

0.2
1.1
0.4
0.9
0.4
0.2
0.1

0.2
0.3
0.2
2.4
0.3

0.3
0.3
0.4
0.4
0.3
0.5
0.3
0.1

0.2
0.4
0.1

0.2
0.3
0.2
0.3
3.1

0.2
0.3
0.2
0.06
0.1

0.3
0.2
0.2
0.3
0.2
0.4
Q. l

0.3
0.2
0.2
0.2
0.6
0.02
0.3
0.4
0.5
0.6
0.4

663.3
491.9
819.8

1050.5
1353.5
724.3

1155.3
547.1

724.3
872.3
753.4
672.4
566.7

1137.9
851.5
753.4
785.5
872.3
796.0
611.1
819.8
796.0
836.3
819.8
851.5
836.3
663.3

1137,9
1299.6
1240.7
1155.3
819.8

1137.9
724.3

1155.3
753.4
872.3
785.5
796.0

1353.5
819.8
851.5
872.3

1050.5
1353.5
1240.7

1353.5
1240.7
1299.6
1353.5
1240.7

17S.4
0.0

319.8
547. 1

836.3
198.9
627.3

0.0
175.4
319.8
198.9
112.5

D.D

566.7
277. 1

175.4
198.9
277. 1

198.9
0.0

198.9
175.4
198.9
175.4
198.9
175.4

0.0
454.7
611.1
547.1

454.7
112.5
416.6

0.0
416.6

0.0
112.5

0.0
0,0

547. 1

0.0
0.0
0.0

175.4
454.7
319.8

319.8
175.4
198.9
175.4

0.0
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TABLE I. (Continued)

'%hen two decimal places are reported, the uncertainty is +0.02 keV for E~ ~ 100 keV and +0.06 keV for E~ ~ 100 keV. %hen one
decimal place is reported, the uncertainty is +0. 1 keV.
For absolute intensity/100 decays multiply the intensity values by 0.20+0.02.

'I~ corrected for daughter decay.
"Seen for the first time.
'I~ taken from coincidence gates.
Placed for the first time.

La, or Ce from the ion source. For Ba this assumption is
supported, first of all, by gamma multiscaling data. At
our operating conditions, the activity of ' Ba as a func-
tion of time can be completely accounted for by growth
from ' Cs decay alone. Secondly, the Langmuir equation
predicts that the ionization ratio of Cs+/Ba+ from a Ta
surface at 1200'C should be 8000 to 1. For La and Ce,
we know that neither are produced independently as stud-
ies at higher masses have shown that the source does not
yield either element at our operating conditions. The ab-
solute intensities of the 96- and 355-keV gammas given in

Table II concur with the literature values. ' In addition,
the intensity of the 175-keV transition (y+c.e.) agrees
with the value of 24.4 reported by Rapaport et al. '

TABLE II. Absolute intensity of the most intense gamma in

the A =145 isobars.

Nuclide fkeV) Abs. I~/decay'
Pfeiffer

et al. %%uo Diff.

145La

145Ba

145cs

355.8
96.9

175.4

0.038+0.007
0.171+0.021
0.198+0.024

0.042+0.007
0.202+0.015

9
15

'Values calculated assuxning the absolute I~/decay of the 723-
keV line from ' Ce decay to be 0.59+0.07 (Ref. 21).

B. y-y coincidence and angular correlation measurements

A total of 131 summed coincidence spectra were gen-
erated by scanning the event-by-event data. For each en-

ergy gate, three coincidence spectra were produced for the
best HpGe detector by setting the gate in each of the
remaining three detectors. The resulting three spectra
were then added together to enhance the coincidence in-

tensities for each gate. As an example of summed coin-
cidence spectra, a portion of the 112- and 175-keV gates
are shown in Fig. 2.

The results of the angular correlation study are given in
Table III. To account for the finite size of the detectors,
solid angle correction factors (Qt and Q4) were calculated
for each detector pair using the method described by
Camp and Van Lehn. ~2 For each transition in Table II,
an average Q2 and Qq value were calculated and used to
determine A22 and 344 (Aiz ——Az,„~,/Qi). The Qi and

Q4 values are of the order of 90% and 75%, respectively.
For a given cascade, the standard deviation of Qi and Q4

for the six deto:tor pairs is 0.2% and 0.8%. Because the
A&i/A~ values found for the two 0+(E2)2+(E2)0+
transitions in ' Ba agree with the theoretical values
(Table III), no other normalization factor was applied to
the data.

C. Internal conversion electron measurements

TABLE III. Experimental angular correlation coefficients.

Cascade

86-112
164-112
207-112
454-112
241-175
279-175
435-175
452-175
548-175
578-175
255-199
367-199
554-199
637-199
194-241
308-241
721-241
739-241
317-435

145B

0.51+0.04
0.46+0.08

—0.24+0.06
0.43+0.11

—0.02+0.04
—0.0220.05

0.01+0.04
0.08+0.05

—0.01+0.06
—0.06+0.07
—0.32+0.08

0.13+0.05
—0.03+0.07
—0.39+0.08
—0.14+0.04
—0.22%0.08
—0.20+0.09
—0.05+0.06
—0.20+0.07

—0.08+0.06
—0.07+0. 10

0.04+0.06
0.04+0. 11
0.06+0.03
0.04+0.06
0.05+0.04
0.09%0.05
0.12+0.04
0.13+0.08
0.03+0.08
0.21+0.05
0.23+0.09
0.47 +0.13
0.16+0.06
0.38+0.10
0.44+0. 12
0.26+0.08
0.02+0.05

6.0
8.2
2.0
0.2

26
4.2

10
0.3
3.3
4. 1

7.1

1.4
2.2
1.8
0.1

0.7
2.4
1.5
2.5

1175-359
1280-359

Theor. 0-2-0

Ba f0-2-0 cascades)
0.21 +0.10 1.36+0.17
0.15+0.09 1.17+0.06

0.3571 1.143

12
18

The conversion electron spectrum is shown in Fig. 3; no
peaks were observed above channel 1760. The area of the
112-keV y-ray peak in the SiLi detector, along with a y-
ray calibration curve for the SiLi detector, was used to
determine the y-ray intensities needed to calculate the
internal conversion coefficients. The measured internal
conversion coefficients, theoretical coefficients, and de-
duced multipolarities are summarized in Table IV. Be-
cause the 207-keV E electron peak overlaps with the
strong 175-keV L electron peak, ak for the 207-keV tran-
sition was calculated by assuming the 175-keV transition
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&Do - 112-ReU Coincidence Gate
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'1 20

4000 ii

Channel 1000

FIG. 2. Portions of the 112- and 175-keV y-y coincidence
gates.

to be pure E2 (see below). Likewise, the areas of the
199-keV E and 199-keV L electron peaks were corrected
for the 199-keV E2 transition from the beta delayed neu-
tron emission of '" Cs to ' Ba. The E-shell conversion
coefficient reported in Table IV for the 454-keV transition
is for the 454-keV gamma that feeds the ground state.
The reported value was calculated by assuming the 566- to
112-keV and 1240- to 785-keV transitions to be M 1/E2
in character. Because ak for a 454-keV transition ranges
only from 0.010 for a pure E2 to 0.014 for a pure M 1,
the median value of 0.012 was used for ak in this calcula-
tion.

The E-shell conversion coefficient of 0.05+0.02 for the
207-keV transition indicates that the 207-keV transition is
an E 1 transition. The large uncertainty in a~ is a result
of the peak overlap mentioned above. Calculations show
that the 547-keV E electron peak should have been ob-
served if the 547-keV transition was M 1 or E2. Because
no peak was observed above the 454-keV E electron peak,
we conclude that the 547-keV transition is E l. The con-

2000- ~

'1 000 Channel 2000

FIG. 3. The '45Cs conversion electron spectrum. No peaks
were observed above channel 2000.

version electron data also indicates that the transition
from the 435-keV level to the g.s. is El. The 435-keV
transition that feeds the 175-keV level is known to be E2
from the angular correlation results (see below). In addi-
tion, the E 1 character of the 547-keV gamma implies that
the 547- to 112-keV transitions is El. Correcting the
435-keV K electron peak for these two transitions yields
an ak of 0.0011+0.0012 for the 435-keV to g.s. transi-
tion, consistent with an E 1 assignment. Although the un-

TABLE IV. Experimental internal conversion coefficients 4; X 102).

Transition

86 E
112 E

L
175 E

M
198 E

L
207 E
238 E
241 E

L
435 E
434 E'

Experimental
con v. Coef.

91.9 +12
12.8 +1.2
16.9 +1.6
0.74+0.08

10.7 +2.0
1.4 +0.4
5.3 +2.0

12.6 %3.0
8.8 +1.2
0.8 +0. 1

0.11+0.12
0.11+0.12

Rapa port'

0,571
78.8+24
13.8+4. I
17.0+5. 1

13.0+3.9
2.0+0.6

11.1+3.3
9.5+2.8

7.6
58
8.4

17
0.5

12
2.0

11
7.9
7.6
1.1
1.5
1.5

Theoretical
E2

1.8
84
34
20

1.1
14
3.2

12
7.7
7.4
1.7
1.1
1.0

7.3
14
1.9
42
0.1

3.0
0.4
2.7
1.8
1.8
0.2
0.4
0.3

Deduced
multipolarity

M1/E2
M1/E2

E1
M1/E2

E2

'Reference 15.
Conversion coefficient for the 435 to g.s. 435 keV transition.

'Conversion coefficient for the 454 to g.s. 454 keV transition.
E/L ratio.
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certainty in ai, is large, the 435-keV transition that feeds
the g.s. must be E 1, as calculations show that the area of
the 435-keV E electron peak ~ould have to be 3 times the
observed value if a transition of this intensity (29.0) were
M 1 or E2 in character.

In contrast to the earlier work by Rapaport et al. , ' we

did not observe the 86-keV K electron peak (Fig. 3). Cal-
culations predict that the area of the 86-keV K peak
should be approximately 10% of the area of the 112-keV
peak if the 86-keV transition is an M 1/E2 transition.
The absence of the peak suggests that either the relative
intensity of the 86-keV y ray is incorrect or that the mul-

tipolarity of the transition is El rather than M 1/E2.
Because the (86 keV)/(199 keV} intensity ratio in the 255-,
367-, and 554-keV coincidence gates is constant, it is un-

likely that the relative intensity of the 86-keV y ray is in-

correct. Likewise, it is doubtful that the 86-keV transition
is E 1, as the c.e. data clearly indicate that both the 199-
and 112-keV transitions are Ml/E2 transitions (Table
IV}. This discrepancy can be resolved by assuming that
the 86-keV X peak is buried in the shoulder of the 31-keV
x-ray and 92-keV K electron peaks; i.e., the background
between these two peaks is not flat but is actually filled
with the 86-keV E electron peak. It should be noted,
however, that our data can not rule out the possibility that
the 86-keV transition is E l.

D. Beta branching

The beta feeding to each level was calculated as the

difference between the transition intensity (y+c.e. ) feed-

ing into and out of the level. For the majority of the tran-

sitions, the intensity was set equal to the gamma intensity

as the electron contribution is negligible. The experimen-

tal conversion coefficients were used to calculate the tran-

sition intensity for the 112-, 199-, 207-, and 238-keV gam-

ma rays and the theoretical coefficients were used for the

175- and 241-keV E2 transitions. In addition, the conver-

sion coefficient reported by Rapaport et al. was used to
calculate the intensity of the 86-keV transition. ' The in-

tensity value for the 38-keV transition is the median of
the upper and lower limits for the transition. The limits

were calculated by assuming a„„iranged from 2.4 (pure

M 1) to 5.1 (4% E2); at the maximum value of 5.1 there

is zero beta feeding to the 416-keV level. The g.s. beta

feeding of (2.9+3.0}% is in good agreement with the pre-

viously determined value of (3.2+2.0)%.'

E. Construction of the decay scheme

The level diagram proposed for ' Ba is shown in Figs.
4—6. The logfot values were calculated from the compi-
lation of Gove and Martin with Q~

——7.95+0.08 MeV. "
As can be seen in Figs. 4—6, all but two of the levels are
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FIG. 5. Part 2 of the level scheme proposed for ' 'Ba.

supported by the placement of at least three coincidences.
Five new levels are proposed: the 627-, 1050-, 1116-,
1240-, and 1299-keV levels. ' Because the 1116-keV level
is supported by only one gamma transition, its placement
is only tentative.

The 435-, 454-, and 620-keV y rays are each placed
twice in the ' Ba level scheme. As can be seen from Fig.
2, the 435-keV gamma is clearly in coincidence with the
175-keV y ray. The area of the 435-keV peak in the 175-
keV gate, however, only accounts for 26% of the intensity
of the 435-keV gamma. Because all of the transitions that
fad the 435-keV level are also observed in the 435-keV
coincidence gate, we conclude that there is also a 435-keV
to ground transition. In the same manner, the 454-keV
gamma is clearly seen in the 112-keV coincidence gate
(Fig. 2). Again, however, the area of the 454-keV coin-
cidence peak only accounts for 43% of the intensity of the

454-keV y ray. The coincidence data indicate that there
is a second 454-keV transition from the 454-keV level to
the ground state. Finally, the 620-keV y ray is seen in
both the 175- and 199-keV coincidence gates and the area
of the 620-keV peak in the two gates accounts for the to-
tal intensity observed in the singles spectra. The multiple
placement of these three gamma rays is consistent with
the previous work of Dejbakhsh. '

F. Spin and parity assignments

The ground state

The g.s. spin of ' Ba, as mentioned earlier, has been
measured to be —', . The negative parity assignment for the

g.s. is based upon the systematics of the %=89 isotones
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and the Z=56 isotopes. Both '" Nd (Ref. 25) and ' 'Sm
(Ref. 26) have a g.s. J of —', . The g.s. J of the odd-A

Ba= —,
' . The deduced logfot value of 6.6 for the g.s.

is consistent with a first forbidden transition from the —,

parent.

2. The 112-ke V level

The zero A~ values found in the four 112-keV gates
(Table III) suggest that the spin of the 112-keV level is —', ;
A44 ——0 for any cascade with an intermediate spin of —', .
In addition, the M1/E2 multipolarity for the 112-keV

transition implies that the parity of the 112-keV level is
the same as that of the ground state. Finally, a logfot of
6.0 is consistent with a first forbidden beta transition to
the 112-keV level and the —, assignment.

3. The 175-ke V level

The systematics of the first —,
' state in the Ba isotopes

and in the X=87 isotones suggest that there should be a
low-lying —, state in ' Ba. The —, state drops from 1082
keV at one particle beyond the %=82 shell in ' Ba to 34
keV in ' Ba. Likewise, the first —,

' state drops from 576
keV to 34 keV across the %=87 isotones from ' 'Gd to
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Ba. The absence of any correlations in all six of the
175-keV angular correlation gates indicates that the 175-
keV level is the spin —, level. There is no correlation when

the intermediate level of a cascade has a spin of —,'. This
assignment is consistent with the E2 multipolarity report-
ed for the 175-keV transition.

4. The 199-keV level

The spin and parity of the 199-keV level is limited to
, or —,

'
by the multipolarity of the 199-keV tran-

sition. A spin assignment of —, is ruled out by the large,
nonzero 344 values found for the 368-199, 554-199, and
637-199 cascades. The large Azz value observed for the
86-112 cascade suggests that the 199-keV level cannot
have a —', spin; Azz&0. 06 for a —,'(E2) —,'(Ml/E2) —,

'

cascade. On the other hand, the large negative Azz value
and positive 344 value found for the 637-199 cascade in-

dicates that the 199-keV level has a spin of —', rather

than —', . This conflict is probably due to the drop in

detection efficiency for the 86-keV transition, but our data
cannot rule out the possibility that the 199-keV level has a
spin of —,

' . Because the Azz/844 values from the
remaining three 199-keV angular correlation gates are
consistent with either assignment, we conclude that the
199-keV level has a spin of either —', or —',

S. The 319-keV level

The E 1 multipolarity for the 207-keV transition limits
the spin and parity of the 319-keV level to —,', —', , or

. The large, negative Azz value measured for the 207-
112 cascade rules out a spin assignment of
Azz )—0.04 for a —, (E 1)—, (M1/E2) —,

' cascade. A
spin of —,

' is also unlikely because
~
Azz

~

for the above
cascade is only within two sigma of the maximum
theoretical

~
Azz

~

value for a —,
' (E 1)—, (M 1/E2) —,

cascade.

6. The 416-ke V level

The nonzero A44 values found for the four 241-keV
cascades indicate that the 416-keV level cannot have a
spin of —', . Likewise, the fact that any correlations were

observed in the 241-keV gates negates a spin —,
' assign-

ment for the 416-keV level. Consequently, because the
416-keV level feeds the —,

' 175-keV level, it must have a
spin of —', and the 241-keV transition must therefore be an

E2 transition. The measured 241-keV K conversion coef-
ficient is consistent with either M1 or E2 inultipolarity
and the —,

'
assignment. The 241- uL /ax ratio of

0.09+0.02, is closer to the theoretical value for an M1
(0.14) rather than an E2 (0.23) transition. This discrepan-
cy is probably a result of the large uncertainty (14% and
12%, respectively) in ax and al for the 241-keV transi-
tion.

7. The 435-keV level

The spin and parity of the 435-keV level is limited to
, or —,

'
by the E1 multipolarity of the 435-keV

gamma. A —,
'

assignment is unlikely because of the large

beta feeding to the 435-keV level. For the spin to be —,+,
the measured logfot would have to be approximately 11
rather than 6. If the 260-keV transition observed in the
175-keV coincidence gate does feed out of the 435-keV
level, then the 435-keV level must have a spin of —, ; an3+.
M2 transition of this magnitude (0.9) would have been
observed in the c.e. spectrum. However, because the 260-
keV line is not observed in the 317-keV coincidence gate,
we could not conclude that there is a transition from the
435- to the 175-keV level. Our calculations indicate that
the 260-keV peak should have been easily seen in the 327-
keV gate if it does feed out of the 435-keV level. In addi-
tion, the Azz value found for the 317-435 cascade is
within one ~ of the value expected for a —', spin and only
within two 0's of the value for a spin of —', . For this
reason, and because of the uncertainty in the placement of
the 260-keV gamma, we conclude that the 435-keV level
may have a spin of either —, or —,

3+ 5+

8. The 454- and 547-ke V levels

The measured multipolarity of both the 454- and 547-
keV transitions limits the spins of the 454- and 547-keV
levels again to either —', , —,, or —,'. The M 1/E2 character
of the 454-keV transition implies that the 454-keV level
has the same parity as the ground state. The E1 multipo-
larity of the 547-keV transition indicates that the 547-keV
level has the opposite parity of the ground state.

9. The 566- and 753-ke V levels

The spins of both the 566- and 753-keV levels can be
limited to either —,

' or —', once the 199-keV level is known

to have a spin of —,
' or —', . A spin of —, can be ruled out

because 344 is always greater than or equal to zero for ei-
7 9 5 7 7 5ther a —,- —,- —, or —,- —,- —, cascade; A ~ is clearly greater

than zero for both the 367-199 and 554-199 cascades.
Likewise, a —, assignment can be ruled out for both levels

because 344 is also always less than or equal to zero for a
—-—- —and a —(E2)—-—cascade.3 5 5 3 7 5

2 2 2 2 2 2

10. The 611- and 724-ke V levels

Finally, the 611- and 724-keV levels have a spin of ei-
ther —,', —,', or —', as both of these levels feed the —,

' 175-keV
level. The negative Azz values observed for both the 194-
241 and 308-241 cascade rule out the possibility that ei-
ther level has a spin of —,; Azz )0 for a —,- —', - —,

' cascade.
Likewise, the positive 344 values for the above cascades
negates a spin —', assignment for either level as 244 & 0 for
a —,- —,- —, cascade. Consequently, the 611- and 724-keV
levels must both have a spin of —,

' .

IV. CONCLUSION

The systematics of the low-lying levels in the %=89
isotones are shown in Figs. 7 and S. The octupole rota-
tional structure marked by parity doublets in the light
odd-3 actinides is not readily identified in ' Ba. Like

Nd (Ref. 25) and '5'Sm (Ref. 26), the low-lying levels in
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' 'Ba cannot be grouped into any obvious rotational bands
consistent with the structure of the higher Z nuclides.
Rotational structure is not observed in the N =89 isotones
until 153Gd ~d 155Dy 31,32

One explanation of the structure observed in ' Ba is
that the low-lying energy levels simply arise from collec-
tive vibrations. As can be seen in Fig. 7, the energies of
the first group of negative parity levels are clustered
around the 199-keV energy of the first 2+ level in the

Ba core. Moreover, the energies of the second group of
negative parity states are clustered around the 5SO-keV 4+
level in the core. The positive parity states, in contrast,
clearly lie below the 759-keV 1 level in ' Ba (Fig. 8).
These levels, however, could be pushed down in energy by
some type of intermediate particle-core interaction involv-
ing the h»&z proton and h9&2 neutron spin orbit partner
orbitals. A second, and perhaps more serious problem,
with a vibrational interpretation of the low-lying
structure, is the —,

'
ground state. If ' Ba is a spherical

vibrator, then one ~ould expect the g.s. to be —, or —,

The g.s. of —, could arise from a three-hole f7&2 cluster
5

similar to thc If7y2 ) clllstcr states fouild ln thc X=85 lso-
tones. The —, state of the cluster, is then pushed below
the —, or —, state in the same way that the —, state is

7 9 3

pushed below the —, state in the %=85 isotones. A rela-
tively strong interaction, how&ever, ~ould be required to

account for the —,
' 175-keV level with an (f7/2) cluster

ground state.
A second interpretation of the low-energy structure in
Ba is to group the levels at 112, 175, 277, and 416 keV

into a decoupled E= —,
' band. The energies of the levels

in the band are described by the equation

E(J)=A'J(J+ I)+u'&'( —1) +' '(J+ —,)+C,

with the rotational parameter 3=20.3 keV, the decou-

pling parameter a= —2.0, and C=118.5 keV. It should
be noted that, although no spin was assigned to the 277-
keV level, it is a good candidate for the —, member of the
E=—, band. The decay of the 277-keV level is con-

sistent with a —', assignment in that it only feeds the —',
112-keV level and the —,

'
g.s.; it does not feed the —,

'

175-keV level. In addition, the small beta feeding and
logfit of 9.6 for the 277-kcV level are consistent with a
first forbidden transition from the —', parent and a spin
of —,

7

The rotational parameter of 20 keV for the K= —,

band is the right magnitude for this region as 3 ranges
from 7 to 20 keV for the rotational bands in ' Gd and

Dy. Likewise, the decoupling parameter of —2.0
matches the values predicted from silnple Nilsson calcula-
tions for the [530]—,

' orbital. The most obvious candi-
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FIG. 8. Systematics of the positive parity states in the N =89 isotones.

date for a E= ,
'

band seven—particles beyond the N= 82
shell is the [530]—, orbital as it lies very near the Fermi
surface. The level at 199 keV might be the first member
of a band built upon the —', g.s., if the 199-keV level has
a spin of —,

' . The rotational parameter for this band
would be about 28 keV.

There are two serious problems with this interpretation
of the low-lying structure observed in ' Ba. First of all,
the rotational parameters for the two proposed negative
parity bands are rather large and indicate that ' Ba is
only weakly quadrupole deformed. This conclusion is
also supported by the fact that the p2 values calculated
from the lifetimes of the first 2+ states in ' Ba and ' Ba
are consistent with small deformation. The pqlpq, z ratio
for ' Ba and ' Ba is 6.8 and 7.5, respectively, compared
to the ratio of 12.2 and 10.7 found in the quadrupole de-
formed nuclei ' Gd and ' Dy. In contrast, the decou-
pling parameter found for the K = —,

' band indicates that
' ~Ba is well deformed with P2-0.3. This discrepancy is
even worse when octupole deformations are included in
the Nilsson calculations of the decoupling parameter, as
Leander et al. predict that a decoupled band built on the
[530] —,

' Nilsson orbital should have a=1.4 if the nucleus
is octupole deformed. Secondly, the low-lying positive
parity levels are difficult to explain from a rotational
viewpoint. If the E=—, band is a decoupled band simi-

lar to those observed in the octupole deformed light ac-
tinides, then one would expect to observe a E=—,

' + band
in ' Ba near the K = —,

'
band. No decoupled band, how-

ever, can be built upon any of the positive parity levels
with a decoupling parameter of approximately 2 and a ro-
tational parameter of 10—20 keV.

Like ' Ce and ' Nd, the low-lying structure in ' Ba
cannot be readily described in the framework of the stan-
dard Nilsson model which includes only quadrupole de-
formation. Bo:ause these N=89 transitional nuclei are
only weak, quadrupole deformed, higher orders of defor-
mation may play a large role in determining their struc-
ture. Thus, although no parity doublets are observed as
predicted, it is possible that one must still include octu-
pole deformation in the Nilsson basis in order to repro-
duce the observed structure in this transitional region.
Clearly, more theoretical work is needed to gain an under-
standing of this region.
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