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Decay of 3.912-h '33La to '338a and level structure of the N = 77 nucleic
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|B,eceived 20 October 1975)

The levels of 3 Ba populated from, 8 decay of mass-separated 3 La were studied by p-ray
spectroscopy and a y-y-coincidence experiment. Discrepancies in the literature on ' Ba
excited levels were resolved and the '+Ba level scheme was extended. The observed posi-
tive parity levels are qualitatively accounted for in a weak-coupling model.

RADIOACTIVITY 3La I,from decay of Ce produced by Ba(n, Xn) 1 measured
Ey, Iy, y-y coin; deduced log ft. Ba deduced levels, &, ~, ICC. Mass sepa-

ration, chem.

I. INTRODUCTION

The N= 77 isotones have been studied experimen-
tally from near the proton shell closure at '"Te
to the levels of "'Sm, 12 protons beyond shell
closure. Thus the influence of the core on the odd
neutron can be studied over a wide range of Z.
The '"Ba nucleus is central to these systematics
because it is located midway between the Z= 50
shell closure and "'Nd, which possesses a rota-
tion aligned structure. ' Unfortunately, little pre-
cise information on this central '"Ba nucleus
exists. Its levels and their decay properties are
poorly known, as pointed out in the recent compi-
lation of nuclear data for the A=133 mass chain, '
which reveals two studies of '"La P decay and one
study of the (d, p) reaction leading to levels in
"'Ba. Our study was stimulated by the success of
the particle-plus-asymmetric- rotor model in
treating nearby nuclei and by the discrepancies
discussed in the Nuclear Data Sheets for A = 133.
The systematics of the level structure in these
nuclei must be clarified to define the region where
deformation has an important role in determining
nuclear properties.

In 1966 Harmatz and Handley' studied the con-
version electrons following '"La decay and de-
duced a level scheme for '"Babased on energy
sums. In 1973 Reuland and Pagliughi4 reported on
the y rays resulting from the decay of "'La. Us-
ing NaI detectors, they performed a limited y-y
coincidence experiment to aid in developing a
level scheme for "'Ba. The level scheme de-
veloped in these two studies agreed on 12 of 23
proposed excited levels in '"Ba.

In a (d,p} reaction study, von Ehrenstein et al. '
observed five of the low-lying levels found by P de-
cay, reported two low-lying levels not seen in

P decay, and established approximately 10 addi-

tional excited levels above 1200 keV. However,
the l-transfer values for some levels are not con-
sistent with the spin and parity assignments de-
duced from P decay. For example, the l-transfer
value of 1 reported for the population of a level at
858 keV was not consistent with the proposal of
Reuland and Pagliughi that J'= 2' for that level.

Our work was undertaken to resolve such dis-
crepancies and to further explore the level struc-
ture of '"Ba.

II. EXPERIMENTAL METHODS

Our experiment was done in conjunction with ex-
periments designed to study the P decay of '"Ce.
Because "'La is the daughter product of '"Ce de-
cay, "'Ce was produced in the 224-cm cyclotron
at the Lawrence Berkeley Laboratory with the
(a, sn) reaction on BaCO, targets enriched in "'Ba.
The targets were transported to Lawrence Liver-
more Laboratory where the cerium was chemically
separated from the barium target material. ' The
cerium was then mass separated onto aluminum
foil. The '"Ce sources were counted with large-
volume Ge(Li) detectors and a low-energy photon
spectrometer (LEPS}for which efficiency and
linearity were routinely calibrated. The "'La
daughter grew into near transient equilibrium with
the "'Ce in these sources. Energy calibration of
the intense "'La y rays was made by counting one
sourcesimultaneously with '8'Ta "'Ba, "Co
&&OAgfft and &&38n

To positively identify the y rays resulting from
"'La decay, a lanthanum-cerium separation was
performed. ' The lanthanum fraction was counted
with large-volume Ge(Li) detectors and the LEPS
detector. The low-intensity '"La y rays were
calibrated against the high-intensity y rays in
these spectra. The lanthanum-free "'Ce source
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FIG. 1. A portion o ef th cerium-free lan&he~um spec-
e de-trum near 600 e600 k V taken with large-volume Ge(LQ e-

tcctor.

was counted again od
' to further confirm the assign-

ment of the y rays. The y ray singles spectra

tion of the '"La source was used to makeA portion of e
f the half-lif of '"La.a precision measurement of the - e

This measurement used an a .utomated counting de-
vice that followe ed the decay of '"La for more than

anal sis tech-10 half-lives. The instrument and analysis tec-
niques are described elsewhere. '

'd e counting was done with the meg-
1 'dence system in conjunc ion wi a

PDP-9 computer. ' Coincidences from a mixe
d ' La were detected with twosource of Ce an

i ration.' Ge(Li) detectors in a 90' configura ion.30 cm e i
d absorbers between the detectorss reduced theLea sor

standard slow-er stal-to-crystal scattering. A stan arcrys - o-c
fast coincidence system was use wi

dow of approximately 100 ns. Coincidences
were stored event by event on a disk o

nal sis. ' Chance coincidences were auto-
o dtt all corrected for by setting ama ic y

The total co-'
dow away from the timing peak.

incidence ra e o ate of approximately 150 coincidences
per secon ad had true-to-chance ratio of approxi-
mately 12 to 1.

in theanal sis of the coincidence data using e
P -, - - - ates were set onPDP-9, 3- to 6-keV-wide y-ray ga es
the spectrum from one of the detectors. A nearby

width was sub-Comp on-t -background gate of equal wi
tin s ec-tracte romd f the y-ray gate. The resul ing p
to obtaintrum was then analyzed with GAMANAL o o

coincident y rays anand scanned visually for weak
t.coincidences of particular interes .

m. DATA AND RESULTS

f the "La y-ray singles spectrum are
quite complex. Figure 1 shows a region o e

1 thanum spectrum near 600 keV.cerium-free an anu
ts and inter-Severa o e1 f the closely spaced doublets an in er-

spersed we pak photopeaks are not reporte i p
Pvious stu ies.d' s. For example, Reuland and ag-

doubletliughi did no reso v'd t solve the 565- and 567-keV ou
or the 630- and 632-keV doublet. 4

Approxima e yt 1 129 y rays were assigned to ' La
d theludin 7 tentative assignments and e

276-keV isomeric transition in ' Ba. e'" a first excited statekeV transition from the Ba
was observed in LEPS spectra; however, the cali-

r is notbration of the detector at this low energy is no
t ough for reliable intensity da a.accurate enoug

d lace-y-ray energies,'es relative intensities, an p
ments are summarized in Table I.

Conversion coefficients we
~ ~ re determined for

of the more intense transition s with the con-many o
e and Har-version electron intensities of Handl y

278 = 0.0487:tz. Normalization assumes a~( y) =ma z. o
e ual mixture ofth conversion coefficient for an equ
t most 5% uncer-1 d E2 multipolarity. It is at mos
or ure E2. Thistain if the transition is pure M 1 or pu

contribution to e o ath t tal uncertainty is substantially
int in thesmaller t anh n that from the +15% uncertainty in e

intensi y o't f the most intense conversion e ec
eaks. The ca c a e1 ul t d conversion coefficients an

deduced by comparison with theo-multipolarities uce "are i eretical values from Hager and Seltzer are given
in Table II.

The coinci ence'd results are summarized in
Table III.

The half-life of "'La was determined from sam-
les first mass separaeparated and then chemically

"'C The resulting value for theseparated from e.
La half-life is 3.912+0.008 h. ~

We determine ed the "'Ba level scheme shown in
nce data-ra energy sums and coincidence a a"' a levelwere used to place 96 y rays into the Ba

scheme with exci e27 ted levels. Nine additional y
rays are tenta ive yt' 1 placed in this level scheme,
inc u ing1 d' g y rays with more than one possible

ve at leastplacemen .t Of the excited levels, 16 have
Allone coinci ence'd ce to support their existence.
andremaining eve s1 1 (except the isomeric level an

d on a single1284.0-keV level that are based on a sing ethe
trans 1 ion al't'

~ are based ontwo or more gy
Noyrayisseenin ec 'the coincidence spectrum when

t s placed on the 1284.0-keV y ray. Thus,
o ulates either the ground statethis y ray pop a

as observed at12.33-keV level. Because a level was o serv
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TABLE I. Energies, relative intensities, and placements for y rays resulting from La decay.

E7(&E'Y) I'Y(rel. )(AI'Y)
Placement
From- To sv(&av) A'(rel. ) (&I Y)

Placement
From- To

12.33
113.6(3)
136.7(2)
158.4{3)
210.72(12)
227.85(10)
256.57(6)
278.83(3)
281.8(2)
286.34(5)
290.06(5)
291.17(5)
293.17(11)
302.38(4)
309.50(10)
324.63(12)
328.17(7)
33e.41(S)
34S.1(4)?
347.1(3)
353.26(9)
374.13(15)
385.2s(e)
428.V(2)
432.3(3) '?

435.77(10)
441.9(4)?
445.5(3)
465.53(11)
46e.3(3)
481.75(8)
494.5(3)
S11b
519.1{4)
527.51{8)
534.83(12)
S41.3(3)
556.28(8)
560.25(15)
s6s.2e(v)
s6v. 22(v)
571.9(3)
581.3(2)
s84.vv(8)
592.18(15)
595.99(14)
604.9(3)
618.2 9(12)
621.61(9)
630.60(8)
632.78 (40)
652.99(15)
664.21(13)
671.80(12)
676.50(14)
682.0{5)
684,3(5)
68e.s(3)
719.4(3)

2.1(3)
0.8(3)
0.7(3)
2.5(5)
3.0(s)
9.1(6)

1000(3)
5(2)

12.2(ll)
565(5)
174(3)

10(2}
654(5)

4.1(11)
3.1(8)

10.6(8)
21(3)
0.6(5)
1.3(6)
7.6(7)
2.4(7)

27.1(8)
1.v(6)
o.e(s)

10.4(11)
0.7(5)
1.7(10)
4.2(6)
8.7(7)

17.5(10)
1.2(6)

4576(106)
9(3)

34.v(e)
22.0(7)
0.9(5}

51.5(9)
e.o(8)

269(4}
86(2)
9.9(10)
4.8(6)

82(2)
12.S(8)

189(4}
1.3(6}

422(8)
258(6}

66(2)
462(V)

3.9(7)
3v.v(1o)
16.3(8)
14.1(7)

Q. 9(5)
o.8(s)
1.0(5)
1.9(s)

12-0

1021-862 '?

887-676
858-630
887-630
291-12

577-291
302-12
291-0
923-630?
302-0
8S7-577

1211-887
630-302
630—291

1021-676'?

887—539
1211-S58
676-302
676-291

1352—923

1112-676
1329-887?
1329-S83
1352-887
1352-883
1021-539
1352-858?

539-12
1112-577

858—302
862-302
577-12
858-291
862-291

1211-630
887-302
883-291
S87-291

630—12
923-302
630-0
923-291

1329—676
676-12

1211-539
676-0

1021-302

V21.9(3)
733.5
vs1.8(3)
vvs. 3(3)
802.3{4)
810.3(2)
821.1{3)
846.16(13)
848.4(3)?
sso.s(2)
858.50(13)
874.8(2)
887.1(2)
891.9(3)
909.5(3)
911.6(2)
920.7(2)
923.9(2)
933.0(2)
981.0(3)
992.8(3)

1009.30(10)
1021.6(2)
1038.1(2)
1043.0(2)
1061.48(10)
1080.9(4)
1099.93(13)

1111.9(4)

11vs.v(2)
1182.2{3)
1192.3{3)
1199.5(3)
1211.8 (2)
1219.5(3)
1229.9(3)
1241.0(3)
1261.0(3)
1284.0{3)
1317.2{3)

1329.4(3}

1340.2{3)
1387.3(3)
1398.5(3)
1404.7(4)
1415.9{3)
1467.8(4)
1478.5(4)
1516.1(5)
1528.5(4)
1540.0(4)
1551.1(4)
1563.4(3)
1581.7(4}
1595.6{5}'?
1608.35(13)
1620.9(4)

1.8(4)
1.1(5)

22.V(8)
1.7(4)
1.2(6)

22.3(1S)
6.9(6)

250{7)
3.4(7)

14.2(8)
202(6)
29.1{9)
14.2(7)
1.2(4)
4.1(9)

70(2}
8.9(5)
9.0(5}
5.8(7)
2.1{4)
2.7{6}

37.7{11)
3.0(5)
3.9(5)
4.2(5)

41.8(13)
0.7(3)

100(3)

0.9{4)

2.5(4)
1.Q(4)
0.6(3)

12.3(6)
22.s(v)
o.v(3)
1.7(4}
1.1(4)

12.S(V)
33.7{12)
13.1(8)

3.5(4)

1.8{3)
2.3{4)
2.0(4)
1.1(3)
1.9(4)
0.7(4)
0.7(4)
0.3(2)
2.0(4)
0.9(3)
5.6(4)
4.6(3)
0.4(2)
o.3(2)

23.0(9)
0.5(2)

1352—630
1620—8S7
1329-577
1352-577
1689-887
1112-302
1112-291
858-12

1707-858?
862-12
858-0
887-12
887-0

1211-302
923-12

1211-291
923-0

1563-630

1021-12
1021-0
1329-291
1620-577
1352-291
1620-539
1112-12
1689-577?
1112-0'?

1211-12
1211-0

1532-302
1532-291
1563-3Q2
1284-0
1329—12
1329—0
1620-291?
1352-12
1689-302
1689-291
1707-302
1707-291
1769-302
1769—291
1528-12
1528-0

1563-12
1563-0

1620-12
1620-0
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TABLE I (Contimced)

EV(~E~) A'(rel. )(&IV)
Placement
From- To E 'Y(&E'Y) IV(rel. )g IV)

Placement
From- To

1659.6(5)
16VV.3(3)
1694.6(4)
1706.7(4)
1V2O.2(2)
1v5v. 2(4)
1769.4(3)

0.5(2)
1.9(3)
2.5(3)
0.5(2)
0.3(2)
o.8(2)
3.6(4)

1689-12
1707-12
1707-0

1769-12
1769-0

1782.9(5)
1805.6(5)
1818.1(4)
1830.2(3)
1851.7(6)?
1886.7(4)?

0.5(3)
0.2(1)
0.5(1)
0.6(2)
0.2(1)
0.3(1)

1830-12
1830-0

' Energy deduced from cascade and crossover p-ray energy differences; energy of 12.2 keV obtained using LEPS.
Annihilation radiation.
Peak width indicates a possible doublet.

1286 keV in the (d, p) study of von Ehenstein et al. ,
this y ray is placed feeding the ground state.

The 276-keV isomeric transition depopulates the
38.9-h isomeric level in '"Ba and is observed in
'"La spectra taken at late times (Fig. 3). From
the intensity ratio of the 276-keV isomeric transi-

tion and the 356-keV transition following "'Ba~ de-
cay, and the known half-lives of '"Ba and '"Ba~,
we estimate that 0.03% of all "'La decays lead to
population of '"Ba: an estimate lower than that
of Harmatz and Handley. The uncertainty is ap-
proximately a factor of 2, and results primarily

TABLE IL Conversion coefficients deduced from the conversion electron intensities of Ref. 2 and experimentally de-
termined p-ray intensities.

Convers ion
line

113K
136K
158E
210K
256K
278K

L,
M

286E
290K

L(
M

291E
L)

302K
L(
M

353K
385K

L)
435K
527K
534E
556K

Ice(rel. )
'

38
7

10
16.5

1000
145

35
11

520
70
18

=120
~25
515

80
23

7
16.5

3
5.5
5
4
5

Conversion
coeffic ient

0.8
0.4
0.28
0.19
0.9
0.0487
0.0071
0.0017
0.044
0.045
0.0060
0.0016
0.034
0.006
0.038
0.0056
0.0017
0.045
0.030
0.0054
0.026
0.0070
0.009
0.0047

E2, M 1
M1, E2
E2, M1

Ml, E2
Ml, E2

E2(+M 1)

M 1(+E2)

M 1(+E2)

E2(+M 1)
M 1,E2

Conversion
line

565K
567K
584K
595E
618K

L
621K

L
632K

l
751K
810K
846K
850K
858K

L
911K

1009K
1061E'
1099E
1199E
1211E
1284K

Ice (rel

35

9
30
53

8
22

3
58

&11
2.5
0.9

11.6
1.0

11.0
1.4
2.1
1.6
1.7
3.4
0.8
0.9
e

Conversion b

coefficient

0.0063
0.0045
0.0054
0.0077
0.0061
0.0009
0.0042
0.0006
0.0061

&0.0012
0.0054
0.002
0.0023
0.0034
0.0027
0.000 34
0.0015
0.0021
0.0020
0.0017
0.0032
0.0020

E2(+ M 1)
(E2)

E2(+M 1)
M 1(+E2)
M 1(+E2)

E2(+ M 1)

M 1(+E2)

M 1(+E2)
E2(+M 1)
E2(+M 1)
Ml, E2)
Ml, E2

E2(+ M 1)
M 1,E2
M 1(+E2)
M 1,E2
Ml, E2
Ml, E2

El

Uncertainties were +15% for the strongest lines; see Ref. 2.
Normalized to a&(278') =0.0487; if the 278'' is pure M1 or E2, this value is incorrect by 5%. The contribution to the

total uncertainty in the deduced conversion coefficient is insignificant.
Deduced from comparison of experimental and theoretical conversion coefficients.
Multipolarity assumed to be 50% M 1+50/& E2.
The K conversion electron intensity for an El transition is 0.3, for an E2 transition it is 0.67, and for an Ml transi-

tion it is 0.9.
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TABLE III. p-ray coincidences resulting from La
decay.

Gate Coincident p rays

278
290+ 291
302
339
527
534
565+ 567
584
592
595
618
621
630+ 632
664
751
810

1061

286, 339, 385, 567, 571, 595, 632, 920, 1061
560, 584, 595, 621, 632, 1061
556, C,560),584, 621, 810
278
481, 671
565
278, 290+ 291, 534, 751
290+ 291, 302
469
278, 290+ 291
721
290+ 291, 302
278, 290+ 291
435
565
290+ 291, 302
278

' Gates were 3 to 6 keV wide, centered on the y ray in-
dicated.

The energy resolution of the coincidence system could
not distinguish between closely spaced doublets. It is
usually clear from the decay scheme which member con-
tributes to the observed coincidence.

Coincident y ray in parentheses appeared very weakly
or was otherwise partially obscured.

from the low intensity of the 276-keV transition.
The "'La decay scheme is normalized with the

assumption that total decay is the sum of the total
y-ray transition intensity to the ground state (ex-
cluding the 12.33-keV transition), the total y ray
transition intensity to the 12.33-keV level, and the
&+ P' decay intensity to the 12.33-keV level. De-
cay to the ground state is assumed to be negligible
on the basis of the EJ=2, 4m=no P transition
necessary to directly populate the "'La ground
state. The P' decay intensity is obtained from the
annihilation peak intensity corrected for small
contributions from P' decay to the 291- and 302-
keV levels. The e/P' ratio is then obtained using
the calculations of Gove and Martin. " The Q value
necessary for the above determinations is 19QQ

keV and was obtained by Wapstra and Gove with
systematics. " Total conversion coefficients were
estimated from Hager and Seltzer. " The resulting
normalization factor that gives intensities per 100
decays is %=1.89X10 '+8x10 '. A change of 100
keV in the assumed Q value results in an additional
uncertainty of 6.7 x 10~.

The log ft values were determined from the in-
tensity balance at each excited level. The Q value
is again 1900 keV and the "'La haU-life is 3.912 h.
An uncertainty of 100 keV in the Q value introduces
an uncertainty of less than 0.1 in the log ft value

for levels below 1500 keV, though the absolute de-
cay branches are uncertain by more than 30/o.
The decay branches and log jt values are summa-
rized in Fig. 2.

The spins and parities of the "'Ba ground state,
the 12.33-keV level, and the 288.38-keV level are
2", &', and '-', respectively. ' The ' La ground

2. '
state has a spin of »' and the parity is positive,
as required by the allowed P decay to the 12.33-
keV level. Spins, parities, or their limits are de-
duced for many levels in "'Ba from the log ft val-
ues, "by transition multipolarities determined
from internal conversion coefficients, by syste-
matics, and by the y-ray decay characteristics.
These assignments are summarized below.

291 18 ke. V /-evel Th.e logft value and the ob-
servation of a ground state transition restrictJ' to 2' or 2'. Negative parity is not expected
for low spin levels at the same energy as the hzz/2
single-particle level. On the basis of systematics,
the &' assignment is preferred because the 302.38-
keV level has J'= &'. The K-conversion coeffi-
cient of the 291.17-keV transition, though quite
uncertain, is consistent with an E2 transition.

302 36 keV .lev-el. The logft value and the
M1(+ E2) multipolarity of the 302.38-keV transi-
tion restrict J' to 2'.

539.88-ke V level. Zero P feeding suggests that
J= &. The multipolarity of the 527.51-keV transi-
tion is E2(+Ml) from the K internal conversion
coefficient so the parity is positive. This level
probably corresponds to the &' level at 500 keV
observed in (d, p) studies. '

577.56-ke V level. The logft value of 7.4 limits
J to 2, -'„or 7 The M1, E2 transition to the &'

291.15-keV level, the E2 transition to the &' 12.31-
keV level, and the lack of a ground state transition
indicate that this level is T'.

630 60 ke V le.vel -The logft .value and the
ground state transition restrict the spin to 2 or 2.
The Ml(+E2) multipolarity of the 618.28-keV tran-
sition requires positive parity. We prefer a J'
assignment of —,

"because of the identical y- ray
values branching to the known —,

"level at 722.89
keV in '3'Xe (Ref. 15); however, ~' cannot be en-
tirely excluded.

676.48-ke V /evel. The logft value and the
Ml(+ E2) 385.29-keV transition restrict .I to —,

"or
54
2

858.49-ke V /evel. Logft value and conversion
coefficients of the 858.50- and 846.16-keV levels
limit J' to 2' or —,".

868.8-ke V /evel The logft valu. e and the M1, E2
850.5-keV transition indicate J'= 2', &', or ~.
The lack of a ground state transition favors ~7'.

883.4-ke V level. The decay to only the —,
"

291.18-keV level suggests that this level has J
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FIG. 3. A portion of the low-energy y-ray spectrum
taken with the LEPS. This spectrum, taken after ap-
prox&m~tely six half-lives of ~ La, shows the 276-keV

Ba isomeric transition and the intense photopeaks
from 3 La decay in this region.

Possible transitions to the-,"or 7 levels
would be obscured by other intense transitions.
Upper limits of 0.3 and 0.9 relative units can be
placed on transitions to the ground state and
12.33-keV level, respectively.

887 15 ke V. le-vel. The logft value, the observed
ground state transition, and the Ml(+ E2) 595.99-
keV transition restrict J' to &' or —,".

923.94-ke V level. The logft value, the observed
ground state transition, and the MI(+E2) 632.78
keV transition give J' = &' or &'.

1021 62 keV leve. l -The logf. t value and the Ml
or E2 1009.30-keV transition limit J' to —,

"or &'.
1112.3 and 1352.-68-ke V levels Logft v. alues

limit J to &, &, or ~. The M1 or E2 transitions to
positive parity levels indicate a positive parity for
both levels. Lack of definite ground state transi-
tions suggests the T spin is possible. If the 883.4-
keV level is &~, the 1352.68-keV level cannot be &'.

1211.77-ke V level The logft. value and Ml or
E2 transitions to both the ground state and the
12.33-keV levels restrict J' to &' or &'.

1284.0-ke V level. The logft value and the
ground state transition limit J' to &' of &'.

Harmatz and Handley do not report a K-conversior
line for this transition, though they do report one
for the 1199.45-keV transition, which has a photon
intensity one-third that of the 1284.0-keV transi-
tion. This indicates that the 1284.0-keV transition
is E1 and limits J' to & .

1329 35 ke V le. ve-l The logft value, .Ml(+E2)
751.8-keV transition, and the ground state transi-
tion restrict J' to ~'.

1528.5-, 1563.5-, 1707.0-, 1769.7-, and 1830.3-
ke V levels. The logft values and the observation
of the ground state transitions restrict J' to &' or
&' for these levels.

1532.2-ke V level. The logft value and the ob-

served transitions limit J' to —,", &', or &'.

1620.7-ke V level T.he logft value and the tran-
sitions to both the &' ground state and —,

"577.56-
keV level limit J' to &' or &'.

1689.6-ke V level. The logft value limits J' to
7

~~ ~r orT.
In addition to the above levels, we specifically

looked for a level at 794 + 10 keV observed in
(d, p) reactions by von Ehrenstein et al. ' They re
ported an / transfer of 3, indicating J'=

& or&.
Such a level could be populated from a &' parent by
either direct P decay or through y-ray cascades.
If the level reported at 794 keV has J' =&, it
could be largely responsible for populating the ~
isomeric level. The observed population of the

level is equivalent to 16+8 relative intensity
units. The only y ray not placed that could de-
populate a level at this energy is the 519.1-keV y
ray with a relative intensity of 9 + 3. The resulting
807.3-keV level might also populate the —,

"291.15-
keV level by a 516-keV transition. This y ray, if
present, is very weak and not resolvable from the
annihilation peak. No other observed transitions
could feed a level at 807.3 keV, including an ex-
pected E2 transition from the & 1284.0-keV level.

If the 794-keV level reported in (d, p) work has
J'= —,', it could decay by E1 transitions to the
12.31-, 291.15-, and 302.38-keV levels. A y ray
at 494.5 keV is tentatively placed as depopulating
the 1352.6-keV level. If this transition feeds the
291.15- or 302.38-keV levels, a level at 785.7-,
or 796.9 keV would result. In neither case are
additional possible transitions populating or de-
populating such levels found.

Thus, the existence of a& or& level at approx-
imately 800 keV cannot be supported from these
P- decay data.

IV. DISCUSSION

Comparison with previous studies

This work confirms the 12 "Ba levels deduced
by both previous decay studies and 3 other levels
reported only by Reuland and Pagliughi. We also
report 13 new levels. No basis was found for
establishing levels at 1139, 1296, 1607, and 1679
keV as reported by Reuland and Pagliughi, or at
435, 1101, 1642, l.647, and 1875 keV as reported
by Harmatz and Handley. Many of the transitions
on which these levels were based are placed else-
where in the present level scheme.

Our P-decay study reports many of the same
levels observed in the (d, P) reaction work of von
Ehrenstein et a/. However, the reported l-trans-
fer values require J values not in agreement with
those we propose for several levels. The good
energy agreement for levels populated by these



13 DECAY OF 3.912-h ' La TO ' Ba. . . 2509

two methods indicates that doublet levels are
probably not involved.

From the (d, p) study, the 858.4'l-keV level and

possibly the 887.14-keV level would have J' = &

or —,
' . In each case J'=& requires a pure M2

transition out of the level and pure M2 transitions
cannot be accommodated by the internal conver-
sion data. If the 858.47- and 887.14-keV levels
are —,', the 846.16-, 858.50-, 595.99-, and

584.77-keV transitions would have to have 19, 26,
32, and 16% M2 admixtures, respectively, to re-
produce the experimental K- conversion coeffi-
cients. This requirement for unusually large M2
admixtures indicates that the l-transfer values
reported for these levels are unlikely to be cor-
rect. Hopefully, further reaction studies will
rectify these discrepancies.

Even parity levels of ' Ba

The low-lying positive parity levels in '"Ba can
be qualitatively accounted for by considering the
low-lying single-particle levels and the coupling
of these single-particle levels to the '"Ba core.

The ground state and the first excited state can
be identified with the 3s] /g and 2d, /, single-parti-
cle orbitals. The —,"level at 12.33 keV has a half-
life of 8.1+2.0 ns and its deexcitation by a 12.33-
keV M1 transition is hindered by a factor of 50.

Such a hindrance is consistent with a 2d, /, to
3s«, transition in this region. " The remaining
positive parity levels below 700 keV can be ac-
counted for by coupling these two single-particle
levels to the first 2' core level at 464.69 keV in

Between 700 and 1360 keV there are nine levels
with J'=&', —,", or —,", and one level with a possi-
ble J' =&'. All but two levels with —,"or —,

"can
result from coupling the 3s«, and 2d, /, single-
particle levels to the 2g and 4g core levels at
1031.77 and 1127.82 keV in '"Ba. To accommo-
date the two additional —,

'+ or —,
"levels, the 2d, /,

or 1g, /Q single-particle levels or higher-lying
core states have to be included. Thus, qualita-
tively positive parity levels with the observed
spin and parity values can be explained by a weak-
coupling model. There is substantial mixing be-
tween such states, however, because several of
the "second phonon" levels have transitions to
single-particle levels. In addition, several levels
from the suggested couplings are 200 keV or more
from the particle-plus-core state energy.

Odd parity levels of '3 Ba

Because the low-lying '"La negative parity states
are described by a particle-plus-asymmetric-ro-
tor model, ""this model might describe the

15/2 1145
13/2 1100

13/2 1035
~1016 9/2 976

807
7/2 812

\

7/2, 9/2 76(t, 5/2+

(3/2 ) 634
',7/2'~

5/2 543; yO

9/2 465
3/2

'q '~, 5/2

780

?23
698

667
5/2 , 3/2 630
7/2 577

1/2 539

621 7/2 614

405 ~
364

5/2 ~29 I

11/2 ~ 2881/
164/

~ I'

// ~
5/2 296

5/2 286

(3/2 ) ~ 268
(5/2 ) 267

(3/2 ) 155
1/2 181

11/2 106
11/2

3/2 108
83 ~~1/2 80 3/2+ 3/2

3/2 o~~~1/2 ~ 0 1/2
131Xe 133B~ 135

54 77 56 77 58 77

0 (1/2 ) 0
139

62 77

3/2 0

129T
52 77

0 1/2
137Nd
60 77

ll/2 519

11/2 446 ~ ~ .I 1 /2 457

FIG. 4. Systematics of the X=77 nuclei from Z =52 to Z =62. The dot to the left of each level diagram indicates the

energy of the 2&+ state in the even-even core nucleus.
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"'Ba negative parity states as well. It is known

that ' Ba and "Ba have prolate deformation. " In
La an pdd proton is coupled tp the '32Ba cpre

and the h„/, proton state is observed. In "'Ba an
odd neutron is coupled to the "'Ba core and the

h»/, neutron state is observed. One might expect
negative parity level structures similar to those
in "'La to appear in '"Ba.

The only negative parity level we observed in
"'Ba, in addition to the hzz/p single neutron level,
was the & 1284.0-keV level, which is 996 keV
above the '-' single-particle level. The 4,+ core

2
state is at 1128 keV. Thus, if we assume that the
1284.0-keV level is the & level associated with

the &zan/2 single particle coupled to a deformed
core, the core is either symmetric prolate or tri-
axial. For an oblate shape, the 2 level rises rap-
idly above the hery/g+4, oblate core energy as P
decreases and the core is deformed from the sym-
metric shape. "

Systematics of the N=77 nuclei

The systematics of the low-lying levels of the
N=77 nuclei ' ' are shpwn in Fig. 4. The ener-
gies of the 2,' even-even core states are indicated

by heavy dots. A number of the even parity levels
follow the general compression of level density as
the proton number is increased from '"Te to '"Ba.
However, after '"Ba, gross features remain the
same through "'Sm, except for the slow separation
of the first —,

"and &' levels. The first &+ level
remains remarkably constant in energy from '"Ba
to "'Ce. Because the even-even core 2, level is
also constant, this suggests the first —," state has
as its primary configuration the 3sy/2 single-par-
ticle state coupled to the 2, core state. It also

suggests that the second ~" level at 722 keV in
"'Xe and the possible &+ level at 630 keV in "'Ba
arise mostly from the 2d, /, single-particle state
coupled to the 2,' core state, although the modest
branching from the —,", level to the &,

' level does
indicate some mixing. Ne discuss these proper-
ties elsewhere. "

In contrast to the smooth variation of the even
parity levels, the odd parity levels undergo a dra-
matic change from '"Te to "'Nd. The hzy/g sin-
gle-particle state is seen in all the nuclei shown
in Fig. 4; however, the levels built on this state
are quite different. In "'Te and "'Xe the low-lying

and -' levels can be accounted for by weak
coupling models such as that of Kisslinger and
Sorenson" or the multiparticle model of Kuriyama,
Marumori, and Matsuyanagi. " Qn the basis of
these systematics, a -' level at 807 keV in "'Ba
might be reasonable.

Recent calculations with the particle-plus-asym-
metric-rotor model have reproduced the heavily
distorted odd parity yrast band with &zan/g parentage
in "'Nd. Other odd parity levels appearing in
"'Nd might be attributed to states with fg, /, par-
entage within an asymmetric nucleus. In-beam re-
action studies of "'Ce levels suggest a similar
nature for the odd parity levels in that nucleus.

The '"Ba nucleus resides in between these two
regions. As we have shown, the even parity level
properties of '"Ba are consistent with those of the
heavier nuclei. It is clear that further studies,
such as in-beam y-ray spectroscopy studies, are
necessary to explore the negative parity levels in
"'Ba and to find if the negative parity level struc-
tures of "'Ba, "'La, and the heavier N= 77 nuclei
are indeed similar.

*This work was performed under the auspices of the
U. S. Energy Research and Development Administra-
tion, under Contract No. W-7405-Eng-48.
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