
PH Y S ICAL RE VIE% C VOLUME 18, NUMBER 4 OCTOBER 1978

Systematic study of the structure of odd-niass lanthanum nuclei. III. Levels in 33La

from the decay of 5-h ' Ce
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Levels of '"La populated by the P decay of the 9/2 5-h isomer of '"Ce were studied by y-ray
spectroscopy, y-y coincidence counting, and conversion-electron spectroscopy of mass-separated ' Ce
sources. The '"La level scheme was greatly extended and substantial differences from previous level schemes
were found. Both the observed negative and positive parity levels are accounted for in terms of decoupled
band structure by calculations based on thee particle-plus-triaxial-rotor model. Deviations of this simple
picture from the experimental data are discussed.
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I. INTKODUCTION

In an attempt to gain a better understanding of
the nature of transitional nuclei, we have under-
taken a systematic study of the odd-mass La nu-
clei. ' Our earlj. er work on La and La re-
vealed the ability of the weak-coupling model to ex-
plain the behavior of these isotopes. However,
this model fails for "'La." In this present work,
we establish a detailed knowledge of the low energy
excitations of "'La. We then test the current mod-
els against our data, showing that the dressed n-
quasiparticle formalism fails to account for all the
' 'La levels and their properties. Finally, we show
that the totaL low energy structure of '"La can be
accounted for, via triaxial model calculations, by
requiring that al1 low energy excitations arise
from decoupled bands built on the g,~~ proton hole,
the d,is proton particle, and the i't»&, proton parti-
cle excitations. The one failing of this picture ap-
pears when we attempt to account for a —,

' level
that is observed at 173 keV but is predicted at ap-
proximately 400 keV. However, if the model is ex-
tended to include configuration mixing, resulting
from coupling of the d,~, particle to the 2, core
level (e.g. , —,"~ tfsts2;)) with the s,~, single-particle
state through a nonspin-flip matrix element, the
energy of this —,

' level could be lowered signifi-
cantly. We have discussed our initial results else-
where. '~

The last detailed studies of the decay of 5-h ' Ce
were those of Abou-Leila et al.' and Gerschel
eg aE.'~ from which a level scheme for '"La was
deduced and J"values were determined. The au-
thors of these works concluded that the 535-keV
level was probably a ~ shape isomer and that the
"'La core had an oblate deformation.

'

However,

this interpretation was shown to be incorrect by
Leigh et a/. e Additionally, Ba(tv, t) reaction studies
by Nakai et al.' support a J' assignment of ~2 for
the 535-keV level.

In a series of related works, Stephens et a$. ,' "
Leigh et al. ,

' and Nakai et a/. ' reported on studies
of the single-particle states and high spin, negative
parity levels in odd-mass La nuclei and interpreted
their results in terms of the odd particle coupled
to a symmetric rotating core with a small prolate
deformation. Recently, Chiba et al."have re-
ported on an in-beam y-ray study in which positive
parity yrast levels were observed. In addition,
they observed two negative parity levels which they
proposed were unfavored& and ~2 members of the

Ayy/2 negative parity band . The interpretation of the
high spin levels of '"La also has been discussed by
Deleplanque et al." Meyer-ter-Vehn" and Toki and

kaessler" have extended the particle plus-rota-ting
core model to include a triaxial core shape and

have made calculations for levels in '"La. ' For the
lighter mass "La and "'La, Butler et a$."have
shown that the values of the reduced transition
probabilities in the Qyyi2 yrast band can be under-
stood with this triaxial model.

Additional measurements on '"Ce and its decay
have included conversion-electron measurements
(Abdumalikov et al."and Abdul-Malek and Nau-
mann"), level lifetime measurements (Abou-
Leila et al. ,' Babadzhanov et al,"Berg et al. ,

'
.

and Morosov et at.e'), and determination of the
spins of the 97-min and 5-h ' 'Ce isomers and the

sLa ground state. Three determinations of the
half-life of the long-lived isomer also have been
made. '~' ' Measurements of the quadrupole mo-
ment of the 535-keV level have been under-
taken" "; however, the results have been incon-
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sistent with each other and with ofher data. Most
of these data are summarized in the Nectar Data
Sheets for A. =133.'9

II. EXPERIMENTAL PROCEDURE

The production of '"Ce sources necessarily leads
to the production of the daughter activity "'La, on
mhich we have previously reported. ' Many of the
details of the experimental procedures are de-
scribed in that work and in Refs. 1-4, including
source production, chemistry, mass separation,
y-ray spectroscopy, y-y coincidence experiments,
and data reduction.

The ' 'Ce radioactivity was produced by the
Ba(o., xn) reaction at the Lawrence Berkeley Lab-
oratory 88-inch Cyclotron. The targets were

. transported to the Lawrence Livermore Laboratory
where the cerium was chemically separated from
the target material. The Ce fraction mas mass-
separated onto thin Al foil. These sources tQen
were counted with large volume Ge(Li) detectors,
low energy photon spectrometers, and a Compton
suppression Ge(Li) system. The efficiency and
linearity of these systems are routinely calibrated.
Energy calibration of the "'Ce lines was made by
counting sources simultaneously with '~Ta, "Co,
~'OAg", and '338n as well as with '"Ba which is pro-
duced by the source. The y-ray singles spectra
were analyzed with the computer code GAMANAL. '
A La-Ce separation mas performed on one source
after mass separation; both fractions were counted
so that positive assignment of y rays to the parent
and daughter could be made.

In additon to these studies, a portion of the Ba
target material with Ce activity was counted im-
mediately upon receipt (approximately 2.5 h after
the end of irradiation) to observe the decay of the
97-min '"Ce isomer. Neither chemistry nor mass
separation was performed on this portion of the
source. Sources on which chemistry and mass
separation had been performed were available for
cou~ting approximately 8 h after the end of irradia-
tion; virtually no activity due to direct production
of this short-lived "'Ce isomer mas observed.

Internal conversion-electron measurements mere
performed using a spectrometer with a trochoidal
magnet which transports the electrons from the
source to the detector in a magnetic fieM. Mass-
separated sources deposited on a thin Al foil were
used for the conversion-electron spectrometry.
We used a 4-mm-thick Si(Li) detector with a full
width at half maximum (FWHM) of 2.5 keV at 400
keV. Two conversion-electron spectra mere taken.
For electrons in the range of 200 to 700 keV, a
magnet current of 40 A mas used; a magnet current
of 100 A was used for electrons in the range of 400

to 2000 keV. A useful data overlap occurred be-
tween 400 and 700 keV in these two runs, allowing
a check of the normalization and uncertainties. The
calibration sources used mere ' Cs, 3 Ce, 'Bi,
and '"Sn. The overall absolute uncertainty in the
intensity determination for these sources was 10%;
however, the relative uncertainties mere taken to
vary from 3% near the normalization points to
greater than 10% where no calibration points ex-
isted. A straight line constant extrapolation in the
region above 1 MeV gave reasonable results in
terms of transition multipolarity.

For y-y coincidence counting, me used the mega-
channel coincidence system, "which both accumu-
lates the data and sorts the data during accumula-
tion. Coincidences from a mixed source of '"Ce
and '"La were detected with two 30-cm' Ge(Li)
detectors in a 90' configuration. A standard slom-
fast coincidence system with a 100-ns timing win-
dow mas used. By setting a second timing window

below the timing peak, me automatically corrected
for chance coincidences. The total coincidence
rate of approximately 150 coincidences per second
had a true-to-chance ratio of approximately 12 to
1. Coincidence gates and nearby background gates
(3 to 6 keV wide) were set on the gate spectrum.
The resulting coincidence spectrum, with the back-
ground subtracted, was analyzed with GAMANAL to
obtain coincidence peaks and then scanned visually
to find weak coincidences of interest.

III. DATA AND RESULTS

The '"La level scheme we pi'opose differs sub-
stantially from that deduced by Gerschel. "Even
for some levels at the same energy in these two

,
'schemes (e.g. , 654 keV), the depopulation of the levels
'.is very different. The spins and parities which. we de-
duce are almost completely different from those pro-
posed byGerschel. Our level scheme also differs
greatly from thatproposed by Chiba et al." Notably,
we donotobserve the~ levelat1313keVor the ~2

level Bt 1294 keV as proposed by Chiba et &E. The
characteristics of the level that me tentatively sug-
gest at 1188 keV are consistent with a ~2' assign-
ment which also is indicated by Chiba et al. How-
ever, they place the 178-keV transition between
the 654- and 477-keV levels, whereas our data
shorn that this transition must be placed elsewhere
in the level scheme.

The decay of '"Ce results in a very complex y-
ray spectrum which includes the parent, daughter,
and granddaughter decays. Figure 1 shows a por-
tion of the y-ray spectrum from 390 to 520 keV,
taken with the Gompton suppression Ge(Li) detec-
tor. In all, approximately 290 y rays are assigned
to 5-h ' Ce decay and 5 y rays are assigned to 97-



1816 E. A. HENRY AND R. A. MEYER 18

4&7.Z2

104— 432.55 475.49
404. 78 422. 92 444. 2

min '"Ce decay. The y-ray energies, relative in-
tensities, and placements are summarized in Table
I.

The '"Ce conversion-electron spectrum taken at
a magnet current of 100 A is shown in Fig. 2. Be-
cause the background is rapidly decreasing and the
detector efficiency remains constant, useful con-
version-electron data were obtained up to nearly
2 MeV. The conversion-electron data are summar-
ized in Table II, along with the deduced conversion
coefficients and transition multipolarities.

The conversion coefficients are normalized to
e~(477y) =0.00982, the conversion coefficient for
an E2 y ray. In the conversion-electron data, the
intensity due to the 475-keV y ray cannot be mean-
ingfully separated from that of the 477-keV y ray;
thus the 477-keV+ 475-keV photon intensity is used
in the normalization. The resulting normalization
could be as much as 3.4% uncertain if the 475-keV

y ray is pure M1; This uncertainty is included in
the calculated conversion coefficients. Multipolar-
ities are determined by comparing the deduced
conversion coefficients with the theoretical calcu-
lations of Hager and Seltzerl and Trusov. "

The efficiency of the conversion-electron detec-
tor system is not known accurately above 1 MeV.
However, an internal check using the '"Ce data in-
dicates that the assumed constant efficiency prob-
ably is acceptable. The 1912-keV level has a 1377-
keV y ray to the ~ 535-keV level, as well as a2

+1782-keV y ray to the ~2 130-keV level. The 2036-
keV level has a 1494-keV y ray to the &'(&') 541-
keV level plus a 1500-keV y ray to the ~2 535-keV
level. The deduced conversion coefficients of the
1377- and 1782-keV y rays are consistent with
E2(+Ml) and E1 multipolarities, respectively.

Likewise, the conversion coefficients of the 1494-
and 1500-keV y rays are consistent with E1 and
E2(+M1) multipolarities, respectively.

The y-y coincidence results are summarized in
Table III. Approximately 125 gates were set which
resulted in useful coincidence relationships. The' 'La level scheme we have deduced for the 5-h
'"Ce decay is shown in Fig. 3. Energy sums and
coincidence data were used to establish 55 definite
levels and 8 tentative levels. One additional level
is based on the decay of 97-min '"Ce (Fig. 4). Ap-
proximately 9P/& 'of thepho'ton intensity assigned to
'"Ce is placed in the proposed level scheme. The
absolute photon-plus- conversion- electron intensi-
ties are given on the level scheme drawings.

VFe obtain the '"Ce fractional P-decay intensities
by summing the intensity of the transitions to the
ground state. The multipolarities of the 87- and
130-keV y rays are taken from Gerschel et gl. , '
whereas the 97-keV y ray is assumed to be M1 for
normalization purposes. The P decay to the ground
state is assumed to be zero. Multiplying our rela-
tive y-ray intensities by the factor 0.0387+0.0012
gives the intensity per 100 decays of '"Ce (assum-
ing the relative intensity of the 477-keV y ray is
set at 1000). Decay directly to the ground state
must be a first-forbidden unique transition
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FIG. 1. A portion of the g-ray singles spectrum from
400 to 480 keV taken with a Compton-suppression spec-
trometer.

FIG. 2. The Ce conversion electron spectrum from
0 to 2 MeV taken with the trochioidal spectrometer sys-
tem using a Si{Li)detector.
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TABLE I. Summary of the y-ray energies (in keV), relative intensities, and placements of y rays following '~~ Ce decay. The p rays of
uncertain assignment are indicated by a question mark.

E (AE ) I (hI)
Placement

From To E (hE ) I (AI )'
Placement

From To

42.7 (1)?
58.39 (3)
76.9 (5)
87.939 (11)
97.261 {10)
97.261 (10)

130.803 (10)
173
174.0 (5)
174.0 (2)
177.3 (2)
178.6S (3)
204.16 (12)
211.65 (6)
221.97 (9)
224.16 (7)
228.59 (6)
248.95 (2)
256.6 (2)?
261.396 (14)
264.70 (10)
274.84 (7)
278.0d

282.42 (5)
287.73 (8)
294.23 (5)
300.54 (10)
307.30 (6)
315.45 (8)
319.03 {7)
320.72 (10)
339,03 (5)
342.65 (9)
346.39 (5)
350.03 (11)
351
360.96 (10)
364.19 (4)
369.9 (2)
371.9 (3)
376.71 (9)
376.7 (3)b

380.7 (2)
384.6
389.37 (9)
392.16 (8)
397.75 (6)
404.78 (4)
407.10 (10)
408.0
410.39 (10)
415.4
419.16 (5)
422.92 (5}
432.55 (4)
437.69 (7)

2.0 (3)
491 (10)
350 (50)
131 {3)
44.8 (10)

1000 (150)
457 (10)
&2.4

9 (2)
1.6 (8)
1.3 (5)

31 (1) .

1.3 (4)
7.0 (5)
2.2 {4)
3.6 (4)
9.7 (S)

34.0 (8)
1.3 (5)

44.4 (10)
1.8 (4)
3.4 (5)
6
7.4 (5)
4.4 (6)

12.7 (6)
6.1 (10)

23.8 (9)
5.1 (6)
8.0 (7)
3.4 (7)

24.9 (15)
3.0 (5)

106 (2)
19(4)

&2.3
2.4 (6)

32.0 (8)
4.8 (10)
1.3 (4)
3.9 (5)

-20
1.9 (5)

&1.7
5.4 (5)
8.1 (5)

15.3 (6)
43.3 (9)
6.3 (5)
24d

18.4 (6)
2.5 (6)

12.0 (6)
18.1 (6}
90 (2)
4.2 (5)

130
535
174
87
97
97

130
1 1-53

174
1735
654

2036
~ ~ ~

1365
~ ~ ~

765
2035

784
~ ~ ~

1045
1310
838

2062
2036

765
1690
2036

784
1468
1365
2036
1735
2200
477

1188
1396
838
495
~ ~ ~

867

~ ~ ~

1218
1365
477

~ ~

495
535
495

1561
541
~ ~ ~

1784
1468
563

1092

87?
477

97
0
0
0
0

980?
0

1561
477?

1857
~ ~ ~

1153
~ ~ ~

541
1806
535
~ ~ ~

784
1045?
563

1784
1753
477?

1396
1735
477

1153
1045
1715
1396
1857

130
838?

1045?
477
130

495

~ ~ ~

838?
980

87
~ ~ ~

97
130
87

1153
130

~ ~ ~

1365
1045

130
654

444.2 (1)

453.27 (5)
455.28 (10)

460.5

475.49 (6)
477.22 (4)
495.07 (7)
498.72 (8)
502.04 (9)
504.73 (8)
510.36 (7)
523.76 (5)
535
541.09 (10)
546.86 (8)
551.2 (2)
553.16 (15)
557 7 (3)"
560.09 {7)
566.5"
571.06 (10)d

580.4
581.12 (10)d

591.24 (10)
597.36 (14)d

602.5 (3)
611.83 (6)
615.39 (12)

621.8'
634.5 (2)
639.3 (2)
644.74 (4)
653.75 (12)
656.47 (11)
669.0 (2)

678.3'

684.28 (8)
689 48 (4)
692.36 (12)
697.19 (6)
699.58 (7)
702.37 (11)
707.41 (6)
711.42 (7)
736.32 (11)
739.0 (3)
740.84 (12)
742.9 (2)
747.76 (13)
754.25 (12)
759.04 (13)
765.19 (12)

)

(6)'

59 (2

25.4 (9)
2.8 (9)
30249

~]
81 (2)

1000
15.4 (6)
5.1 (5)
5.1 (12)

13 (3)
528 (12)

80 (2)
3 (1)

75 (10)
5.8 (5)
1.8 (5)
1.7 (5)

2SO (50)
15 (6)
-1.7

4.1 (10)
&1
15.7 (15)
5.5 (7)
9.6 (8)
5.9 (7)

66.2 (16)
6.9 (8)

42 (6)
14 (6)
2.8 (10)
6.6 (10)

50.2 (12)
11.2 (10)
3.3 (6)
3.9 (5)

21 (4

10.4 (8)
105 (3)

2.6 (8)
9.8 (5)
6.2 (5)
3.1 (5)

10.1 (7)
12.5 (7)
4.1 (6)
2.0 (10)
7.0 (8)
3.2 (8)
5.1 (7)

10.8 (6)
4.2 (7)
6.7 (7)

541
980
541
950

1857
591
563
477
495

1967
1690
1045
1045
654
535
541

1735
1092

~ ~ ~

2035
~ ~ ~

1365
1561
591

1092
1967
1396
1092
1153
2018

765
2036
1690
784

1310
1857
765

1218
1468
1735

~ ~ ~

2062
1194
1748
838

1188
867

1785
2137

~ ~ ~

1310
1734
2155

.765

97
S35

97
495

1396
130
87

0
0

1468
1188

S41
535
130

0
0

1188
541

~ 0 ~

1468
~ ~ ~

784
980

0
495

1365
784
477
535

1396
130

1396
1045

130
654

1188?
87

541
784

1045
~ ~ ~

136S
495?

1045
130
477
130

1045?
1396

~ ~ ~

563
980

1396
'0



K. A. HKNRY AND R. A. MKYKR

TABLE I. (Continued)

E (hE ) I (BI )
Placement

From To E (hE ) I (LhI )
Placement

From To

769.9 (2)
779.16 (14)
784.55 (8)
790.2 (2)
792.8 (2)
798.59 (15)
802.1 (3)
805.4 (2)
811.2 (3)
819.47 (15)~

829.42 (15)
834.77 (15)
838.1 (2)
841.37 (14)
844.19 (14)?
862.29 (13)

867.2

877.13 (14)
879.5 (2)
887.7 (2)
901.79 (15)
906.13 (11)
914.8 (3)
930.87 (12)
943.70 (9)
950.99 (7)
961.8 (4)
963.6 (4)
968.7'
972.34 (9)

983.9 (2)

990.13 (5)
997.25 (11)

1000.2 (3)
1004.49 (10)
1016.22 (9)
1019.24 (14)
1022.24 (12)
1036.3 (3)
1066.3 (3)
1073.20 (12)
1076.6 (2)
1081.1 (2)
1085.43 (13)

1091.7 (2)

1107.1 (3)
1109.44 (14)
1121.5 (2)
1128.0 (2)

1129.7 (2)

1135.9 (3)
1143.0 (4)
1152.05.(11)

867
867

~ ~ ~

2360
1365
1958
1857
95.0

1365
2200

838
1318

~ ~ ~

950
867

1912(7)

~ ~ ~

1365
~ ~ ~

1690
1045
1715
2036
1735
1092
1748
2122
2018
2137
2029
2036

(8)'

1785
1092
2062

~ ~ ~

2175
1690
18SO
1857
2122
1735
1850
2137
1857
1194
2155
1218
1912

(10)'
1784
2501
2122
1806

2.9 (5)
5.0 (8)

246 (6)
2.2 (6)
2.8 (7)
3.4 (6)
4.2 (7)
3.9 (6)
7.6 (15)

22.7 (12)
25.7 (9)
10.9 (6)
3.7 (6)

12.7 (7)
7.1 (7)

17.7 (6)

}in&
9.3 (8)
4.9 (7)
6.2 (12)
5.0 (7)

11.1 (7)
3.4 (7)
4.4 {11)

14.6 (10)
32.5 (8)
4 (1)
4 (1)

~3c
24.9 (11)

5

19.2
75 (2)
6.3 (6)
2.2 (6)
9.0 (6)

12.3 (6)
3.0 (6)
9.9 (8)
3.1 (15)
2.2 (8)
7.3 (8)
3.8 {7)
6:6 (10)

12.0 (12)

31 (2)

2.8 (7)
4.9 (7)
2.5 (7)
6.0 (10)

12.3

1.7 (6)
1.3 (6)

11.3 (8)

87

~ ~ ~

1S61
563

1153
1045

130
535

1365
0

477?
~ ~

87
0

1045

477
~ ~ ~

784
130
784

1092
784
130
784

1153
1045
1153
1045
1045

~ ~ ~

784?
87

1045
~ ~ ~

1153
654
784
784

1045
654
765

1045
765

87?
1045

97
784

1045
654

1365?
980?
654

1154.68 (10)
1168.76 (14)
1172.05 (10)
1174.1 (3)
1180.1 (2)
1183.33 {9}
1187.1 (2)
1190.33 (10)
1196.28 {11}
1199.9 (2)~

1207.04 (11)
1212.9 (2)~

1217.7 (3)
1221.2 (3)
1225.4 (3)
1233.64 (11)
1238.0 (2)
1245.1 (2)
1249.1 (3)
1251.68 (15)

1258.2

1265.57 (15)
1270.95 (14)
1277.47 (10)
1287.58 (7)
1294.07 (11)
1301.2 (3)
1305.0 (2)
1309.7 (2)
1314.1 (2)
1316.1 (2)
1333.21 (15)
1348.02 (12)
1352.9 (5)
1362.41 (9)
1365.8 (2)
1369.9 (4)
1377.22 (7)
1380.19 (11)
1395.1 (3)
1404.51 (11)
1407.5
1419.9 (3)
1423.1 (4)
1432.22 (7)
1435.6 (3)
1447.7 (4)

1455.3 (5)

1465.3 (2)

1472.08 (11)
1494.85 (5)
1498.9 (3}

1500.41 (6)

)e

)e

16.9 (9)
4.5 (9)

15.1 (9)
3.8 (10)
3.0 (7)

28.0 (9)
3.6 (7)

11.8 (7)
16.1 {10)
40 (3)
15.6 (9)
20 (2)

2.8 (7)
6.2 (15)'
1.8 (6)

12.8 (8)
3.6 (7)
5.4 (10)
4.3 {6)
8.5 (7)

-12 22.2 (10)'

9.2 (8)
9.5 (8)

16.0 (11)
21.9 (8)

7.6 (7)
2.7 (7)
3.8 (8)
5.0 (10)
4.9 (10)
4.6 (15)
5.9 (11)
7 2 (7)
1.2 (7)

15.4 (7)
2.9 (6)
1.2 (6)

44 (1)
6.4 (7)
2 2 (7)
5.4 (6)
1.2 (6)
3.0 (7)
1.1 (5)

30.6 (8)
1.3 (6)
0.8 (4)

-1.2 2.3 (6)'

18.9 (8
0

7.1 (8)
82 (2)
7.4 (5)

-2
121 (4)

2200
2036
1735
1715
1715
1967
1778
1753
1850
1735
1748
1690
1753
1784
2175
2018
1715
2029
1785
2036
1912
1735
1396
1806
2062
1850
1857
1778

~ ~ ~

1850
2360
1857

~ ~ ~

2501
2137
1857

~ ~ ~

2734
1912
1857
1958
1967
2062
1983
1958
1967
1912
1983
2018
2501
2029
2249
2035
2036
2062
2155
2036

1045
867
563
541
535?
784
591?
563
654
535
563
477
535?
563
950
784
477?
784
535?
784
654
477
130
535
784
563
563
477?
~ ~ ~

541
1045
541
~ ~ ~

1153
784?
495
~ ~ ~

1365?
S35
477
563
563
654?
563
535
535
477
541?
563

1045
563
784
563
541
563
654
535
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TABLE I. (Continued)

E (hE ) I (AI)
Placement

From To E {hE ) I (EI )
Placement

From To

1506.28 (12)
1521.03 (10)
1526.56 (6)
1544.47 (15)
1557.82 (10)
1567.9 (3)
1573.65 (10)
1584.62 (6)
1595.43 (11)
1601.3
1612.3 (2)
1620.0 (2)
1623.0 {3)
1636.7 (2)
1640.2 (3)
1646.9 (3)
1653.4 (2)
1658.9 (3)
1664.4 (2)
1678 3 (3)
1683.2 {3)
1686.0 (4)
1698.0 (3)
1705.5 (3)
1712.4 (3)
1720.2 (2)
1722.7 (3)
1726.7 (3)
1769.36 {8)
1782.03 (7)
1824.4 (4)
1837.3 (3)
1846.5 (4)
1852.3 (2}
1858.0 (3)
1872.4 (4)
1876.3 (3)
1887.3 (3)
1890.3 (3)
1899.1 (2)
1905.1 (3}

5.3 (7)
14.5 (9)
63 {2)
3.1 (6)
9.2 (13)
1.9 (8)
8.1 (6)

61 (2)
6.9 (6)

-1.8
3.8 (6)
4.6 (7)
2.4 (6)

11.5 {6)
3.7 (6)
3.1 (8)

12.3 (8)
4.3 (5)

19.2 (8)
6.6 (12)
3.5 (5)
1.8 (5)
7.5 (6)
4.2 (7)
3.2 (6)

32.7 (8)
4.5 {7)
5.0 (6)

31.1 (7)
17.6 (8)
2.4 (8)
3.1 (7)
1.1 (5)

14.0 (7),
2.0 (5)
0.8 (4)
2.6 (14)

25.9 (8)
1.8 (7)
4.2 (6)
1.7 (5)

1983
2062

-2062
~ ~ ~

2035
~ ~ ~

2137
1715
2249
2137
2175
2155
1753
2200
2175
1778
1784
2200
2200
2155

~ ~ ~

2851
2572
2367
1850
2200
1857
1857
1912
1912
1967
2501
1983
1857
2367

~ ~ ~

2018
2367
2029
2036

477
541
535

477
~ ~

563
130
654
535'?

563
535
130
563
535
130?
541
541
535
477

~ ~ ~

1153
867?
654
130
477
130
87

130
87?

130
654
130

0?
495?
~ ~ ~

130
477
130
130

1931.4 (2)
1941.83 (15)
1960.3 (5)
1962.9 (3)
2001.9 (3)
2018.23 (11)
2030.4 (3)
2044.09 (7)
2051.45 (12)
2057.4 (3)
2063.8 (3)
2069.2 (3)
2075.0 (3}
2090.5 (3)
2095.8 (4)
2111.84 (13)
2119.2 (2)
2132.1 (3)
2147.2 (3)
2160.0 (4)
2167.6 (4)
2186.1 (4)
2196.4 (4)
2210.6 (4)
2217.1 (4)
2237.0 (5)
2249.9 (8)
2279.1 (6)
2291.2 (7)
2314.4 (8)
2320.1 (9)
2349.0 (10)
2367.6 (10)
2373.6 (6)
2441.8 (11)
2474.8 (11)
2575.7 (4)
2604.0 (9)
2720.5 (10)
2734.1 {11)
2863.4 (13)

7.6 (11)
7.3 (6)

-1.8
6.5 (10)
1.8 (4)

34.8 (8)
2.5 (4)

17.8 (6)
1.1 (2)
0.4 (1)
0.94 (10)
0.66 {10)
0.65 (8)
0.99 (10)
0.49 (8)

15.2 (9)
32 (2)

1.0 (1)
2.2 (2)
0.90 (10)
0.94 (10)
1'.9 (2)
0.38 (7)
1.05 (8)
0.40 (6)
0.35 {7)
0.19 (5)
1.3 (1)
0.41 (6)
0.32 {5)
0.72 (7)
0.27 (4)
0.20 (5)
0.48 (6)
0.13 (5)
0.31 (7)
0.63 (6)
0.30 (4)
0.07 (3)
0.16 (3)
0.10 (3)

2062
2029
2501

~ ~ ~

2132
2018
2029
2132

~ ~ ~

~ ~ ~

2200

~ ~

2572
2200
2249
2132

~ ~ ~

2298
~ ~ t

2851
2298

~ ~ ~

2367
2250
2367

~ ~ ~

2851

~ ~ ~

2367
2851
2572
2572

~ ~ ~

2734
2851
2734

130
87

541

130
0
0

87

~ ~ ~

130

~ ~ ~

477?
' 87
130

0

~ ~ ~

130'?

~ ~ ~

654
87'?

~ ~ ~

130
0?

87

535

~ ~ ~

0
477
130?
97?

~ ~ ~

130?
130

0?

Normalized to I47» = 1000 for 5-h ' Ce decay and I97y 1000 for 97-min '3 Ce decay.
"These y rays are assigned to 97-min " Ce decay by their half-life.' The y ray is observed in coincidence data only.

Interference from ' 3 La decay.' Intensity determined or apportioned from coincidence data.

(log f,t &8.5). The Q value, lifetime, and log ft val-
ue give a decay to the ground state of &18%. This
adds less than 0.1 to the deduced log ft values for
excited levels.

The log ft values are determined from the inten-
sity balance at each excited level. The Q value is
taken as a systematic value of 3300 keV (Ref. 36)
and the half-life as 4.93 h." The decay branches

and log ft values are summarized on the level
scheme drawings (Figs. 3 and 4). For levels below
2300 keV with well-known P branches, the uncer-
tainty in the log ft values falls between 0.12 and

0.21, assuming there is no ground state P branch.
Most of this uncertainty results from an assumed
uncertainty of 200 keV in the Q value.

Only a total I8 branch to the 8V-, 9V-, and, 130-



1820 E. A. HENRY AND R. A. MEYER

aO

4)

P) CO~ ail

CD 'IO
CO

CO ~ A

CON ~ N
CD

«D ~ v

e cO

o
IOPl
ID
V

N
M all

CD
~H V

N
Ch Ch ~

~ CO
' CO

CO ~ A ~ ~ A

aD

CD

IO +
V

aI

Ial
N ail N
co e ailPl CO
CO

aO allN Fl

(jl aO
ail acl

N
ID N

'I

an

aO
CO N Ch

CD C C
cia co

Ii

IalI- CV

(st'o) gt tzz
(Lt'0) QL'L8Z

(tt'0) s'ting

(Lz'0) g'8L9

(9z'0) 6t'sgi
(ze't) ss'8t z:;
(96 o) o8 Los;;
(&&'0) SL'899,'.'
(s'6) ss'08L;;

I
(er'0) o8 oLZ

(960'0) 96'098

(ec o) tt LoL

(trt'0) t'888
(so'o) 6 tLc

(gt o) zc gcL

(rt o) e 69L

(er o) gr eLL

(Z'8'0) Z'L98

(Z'0) 68'9';;
(rz 0) LC 688

(68CI ZZ La::
( LZ

' t ) 6t ' tagE::
(09'0) SL'L6C :;
(sz o) Ot'Lot

(og o) Lo'sw ::
(E '8K ) 6E '8S

(t8't) 8L'000 i"
(zr o) sos

(zL o) ec otv;;
(o.t) z ate:;

(ee o) Lz &su;;
(e.z) eo. tos;:

(s 6) ss'ny;;
(r c ) et sLt :;

(Lo'0) S'091
(tz'oi oz tes

(SC'0) 8'LLt ——-—-—-——a

(t 6) 9L czs ii

(tr Kt) 666 L8;:
(S'8-69't) t9Z'L6::

(8 8-CO't) L'ZO

(O'LZ) E08'OH;:

aD

IO

IVI all

N

+N
all

+ +N

+N
all

oa

N
all

+N + + +
N N N

Pl

+N
Ml



SYSTEMATIC STUDY OF THE STRUCTURE QF. . . III.

6O tH Crl N Co CO W IA

, ocr w or h IO cO cO h IA 00
A * A A

CII
O

P

0 egt g eg Ql CA ~ N CO 40 eH Q0 0 0 0 0 0 0 0 0 h 0
V V V V

IA

e 5 oe(ee II
Cg IO IA COI 0 CO g I5 5

-'i

ICI rl I
I - I

6r'

(ll o) 8z'sst
(88 O) Lrrr. el 8

(89 o) ez zs8
(Se.O) S rrrrrr::

N,
~tN lA IA

M
r e $5

N N
IC& 0 N

Crl
IA

lO
CC6 Nerr'0OI IXI

I

I }!
II

}L
I

I rl

}I

, I

}I

I }I

il

(C8'l) 96C'l9Z:;
(os o) cl sos ~:

(s'Qz) 9c'Ols::
(cl o) 8rre

!
(9l'0) 69'LCV

(Lo o) z lss

!
(8c 0) sc les:;
(Lz o) sc srs;:
(Sl '0) 8' l96

(sc o) srr. roor::
(eo o ) cll —----~
(l9'r) L'Lrsi:

(/0'0&) co'osc
(8''0) Ztl'rrL "
(16Z'0) 89'669 e —-—- ———- ——-
{rr.o) l Loll

(Lo'o) L o8c

(rls'0) c'8L9 I

(or o) s mr
( lo 0) OL

'
t sz ——-

(Cl O) Lrr'999

(OZ'0) 9L'Ltrl
}I(60'0) LC'r1r8

(oc 0) s9 rrz

(lo'0&) 9'lr8C —---—~-—-—
(rro'0&) 0'08S
(9'r'0) l'Z08

(66'0) ZO'sz8::
(fz'0) l'L88 li

I}
(60'I ) 666

I

(sc o) ls sszr::
(OZ'0) Str'SrC

(ll o) zs'zzy
(Ol'0) 8Z'rr89::

{60'0) 0'800 L

(09 O) Zr r8S
(rs o) cz fez
(oz o) oo zos

(cs r) &L tr 9

(co o) cl 906

(zr o) c scor

(LL o) e nzr

~ 6

ID

P& h,
mIA

I
N

IN

I
N

IN
Ch

I
N
O6

0
I NN

~H

A

~ I
N N
IA OI

+N
Ol

I A

N + IN N
666

OI

+N
IA

+'
N

I
N +N
IA

+N
lrl

+N

+
I N t +N N N N

OI

+
IA

N + t + t + +N N N N N N
OI h & IA IA



1822 E. A. HENRY AND R. A. MEYER

CO, tzz

ICZ

CO

o
ICZ
CO

IO

CO

o o
ICZ IZI CXz N

N cS.

O O CZz O

lO lD
ICI Cn N

I M g
~H

ICI M CO
Ill N lh

\g) IZI

N CO
~ ~

I R O

(Lt '0) L8 OC6

(st'0) tzMtt
(Zl'0) t'081l
(ot o) o'8czr ——

(8C'Z) Z9 085t::
(tr o) sz esL

(80'0) 0'1Lt

(66 o) co'ecc
1

(Zz'0) 98'9irS

(t'0) 8r)'689;
{sz t) ee ose

(Sz 0) t'l80t
(85'0) 50'ZLll

I(rs l) 6 celt
~(II 0) Z 00Zr !

(Zl'0) LC'ZOL

(st o) 9'c9e

(o9 o) oo Lozt

(sr o) cc oett;;
(tt'0) L'Llzt

i L

A L
1 F

(m. O) O CZ9t

(rrt'0) t'LSttI———--——
(or o) z loct P
(Zl'0) 6'9t'9t 1——————

I
. (06'0) 9('6(I

{so o) L eztt
(Iz 0) z rzzr I

(Lt o) o cs9r "
r

(8o o) o ecL

{80'0) Z'QQOt

(Lt '0) t '6Ãt f
(ct o) so.zstl::

~ —-——.—-

(80'0) C'990t

(9tz'0) cd'580t

{z9 o) 8z 96rr

(rz8'C) 85'LSZl

(et o) L eocl

(9z 'r) z'ozll

(9c o) se oLzt
I

I

I l

I
1

I

I

+
N N

CI6

+

IrO

N
N

!
N N

IN

N

I
N

INN

a
N I IN N

I N I
I

N ~ N
CII

+N

+N

+ +
N N

+ + N + + +I

N N ~ N N N
CII



SYSTEMATIC STUDY OF THE STRUCTURE OF. . . III.

N

all

ICI
CO N

00N M
O ON N

Ol
CO

O

O CO
O N

O
NN

N
Ch

R m
00 IO an CO

'at Ch IO F00

Ã$$
e~ e 5O
~V re

cO IA M N N
N acl IJI ~ ao 0 N
all cc IJI ~ all IA

acl ao W n ch
ICI

O
CO Ch

O I'

+
+
4I

(zt o) s 09&

(st o) o 699
(6Z'0) Z'tte

(8Z'0) OZ'Clot

(9ta'0) L't60t
(6Z'0) Lo'fr6zt

(et o) t 9tct
(o9 o) to zect

(sz o) 6t oect
(6t O) L 9ZLt

(6t 't) 9C 69Lt

(80'0) O'898t

(ot'0) Z'L98

(Cz'0) 0'8ztt
(Sc 0) z'8szt

(69't) Zz'LLCt

(so'0) 9'scN
(89'0) CO'ZSLt

(6o o) t ozet
(st o) t soe
(eo o) t.s6ct
(eo o) t CZN

(OZ'0) ZL'86%

(Cz'0) s'Z09

I

(80't) CC'Cett J E

(tZ'0) ts'%ON

(et t) Zz ZCN

(Zt'0) C'LCSI

(zt'o) 6 6tN
(CO'O) L'LtN ——-———————————.———.——-

(oz'0) ez'9ost
(Os'0) c'zset

(OS'0) 8't&9
(96'0) K'ZL6

(6t '0) o9'cczt
(to'0) c ssst
(66 o) s Lect

(tc t) cz etoz
(1L 0) 6 C86 J L

(tz o) t sszt
(80'0) C S9tat

(et o) t 66et

(8Z 0) Ce I06t
(ot'o) t ocoz

IN
Ch

+N
lll

J a

L
1

ICI

III

Pl all

+I
N

I
N N

+I
+I N
N

A A

I I
N N

Ch

IN

IN I I
N N

rH

I I IN N N
Ch

I
N I

N

+N

+N

Ch

+N
all

I

+N
aal

+ + + + +N N 'N N N
Ch & ICI ICi



1824 E. A. HENRY AND R. A. MEYKR

Ch N
IO

an

N

In
all

N

Iaa

~4 0 Ca

N I
N

r4
N N N

(Zl'0) L'896

(St'0) 9 9L01

(50 o) o catt
(Lo o) 6 looz'

(89'o) 60'ssoz

(Bco o) t'zctz-
(Lz'0) 98 mL

(90'0) 6'c86

(CL O) L 16O1

(50 o) 6 zsct

(lc o) ss czst
(Lo o) c 'lost

(st o) 90 6sL

(6t o) +.60tt
(Bo o) o oost

(81 o) o ozst

(SZ 0) C BL91

(Bc'o) ez zzol
{Le.O) L.otzt
(Lo o) 9 szzt-

(st'o) c ztsl
(N '0) 2 01st

)Ct O
%t
~H

Fl
N all In

(ttl'0) 65'BZZ

(Lo'0) 5 995

(LZ O) BO ZL9t

(sc.o) z8'Lsst
(tlz't) 99'BLt

(OC
.0) 2%.282

(cz o) ss'ooc
(ct'0) 2L'ozc

(sz 0) c 6c9

(ss o) oL cd
(6 2) ct o66

(Ll 0) SL Bslt
(cc.o) Bs tsn
(sl.c) s8 96et
(9'9) ts'Oost

(Lo o) t so61
(Sz'0) BLZ

(BC '0) 61'L69

(LS'0) 22'9101

(19'0) LO'LLzt

(50'0) 5'Lost
(82'0) 6'8601

(gs 0) co'1ZSt

(zs 2) ss szst
(ez o) 9 tcot

Ch Oa, C, Ch ~ O

J a
a

a

J ~

+
+
4j

In
O

Iaa an

+IN

IN
~h

+IN

+N
Cla

IN
Ch

II
N

I

IN
Caa

+I
+ N
N

+l I
N N

Ch

.IN
Oa

IN

IN

I
N N

I 4
N N
I Oa

N
~Il

N N N

I

N OI N
Oa

IN
Oa

I
IN M

0
I

N N

I IN N

I

an

+
N
Ol

I
N N

Oa

+N
IJI

+ 4N N
an

N+ +N N
ln oa

N
~n

A
+N

Oa

+N
an

4' N+ + ~ + +
N ~ N C4 N N

Ch ha an an



SYSTEMATIC STUDY OF THE STRUCTURE OF. . . III. 1825

Lll
co
N

O

N O
LCl
N

NN
O O

O
O

g N
N

Lfl

CD N

LCI OI

C71
ch e
N N
N N

Ch Irl O g
g

Co e-I

LO CO LIl CO
LCI LCl

~ ~ ~e ee Lcl co Lcl
co

LCI Iee
Irl w IO

LC9 LIl

N e ~ \0O N CO N C99
~ e ~

LIl K O W h
Ch CO O

(9r '0)
(ero o)

(soo o)
(zto o)

(so o) 6 69et
(zro o) o e09z-
(9oo o) r tclz

(6Z'0) 0'869t
(sro'0) 0'96tz

(zto o) e ttcz
(8to'0) 9'rLCZ

(COO'0) 5'OZlZ

(ZI'0) 59'ZÃ
(Zrr'0) LL'trKS

(59'0) 89'trsrt

(o~ o) L9 9c9t
(lt'0) 6'859t

(VL '0) rr'099t

(Lt '0) l '
ZZlt

(szo o) z 69oz

(85'0) tr8'trrz
(59'0) K'59rrr

(9Z'0) Et '565r

(zz t) z ertz
(Loo.o) e.et zz—

(980'0) 9'L9tz '

(090'0) I'OICI +-—
(It'0) 65'86L

(et o) r erst
(Zt '0) tr'Zrlr

(co 0( ( usI --~
(LO'0) E'068t

(pro'0) O'Lczz

(050'0) t '6lzZ

(8oo o) 9'L9cz

(Lo o) 6'sett
(8Z o) zo 8&ct

(900'0) E'sstrr

(tro'0) 5'9tr8t

(Lo'0) E 096r
5'50/r I

8'560Z I

8'r0t(Z

8'rrltrz
I
I

I

I

I

I

I

J Ler

+

Lfl

+

I
N
Ch

+N

Ch

+

Ch M

+I"
N

+I

Ch

~e

+ +N

I
N

I 4
I N IN W N

Irl
Ch

+

+
I N+
N ~ N

Ch

+N
LIl

I+ NN
~H

+N
LIl

+ + + + + +
N N N

Lll LCl



1826 E. A. HENRY AND R. A. MEYER 18

TABLE II. The conversion-electron relative intensities as well as the deduced conversion coefficients and
transition multipolarities for transitions in '33 Ce.

346E
364E
404E
432E
444E
453E
475E+

477E
510E
523E
542E+

510L
611K
617Kb,c

644E
689K
784E
819E
829E
834E
906E
950E
972E
990E

1016E
1091E
1128E+
1129E

1151E+
11S4E

1183K
1199Kb
1212b
1233K
1277K
1377E
1432E
1494K
1500K
1526K
1584E
1664K
1769K
1781E

Ece

307
325
366
393
404
415

438
471
485

503
573
579
605
650
745
780
790
795
867
912
933
951
977

1052

1089

1115
1144
1160
1173
1194
1237
1338
1392
1454
1460
1486
1544
1625
1730
1743

1„(~„)
320 (70)

68 (21)
291 {35)
94 (15)
58 (7)
31 (5)

1000
643 (34)
47 (5)

107 (8)
45 (4)

-25
29 (4)
61 (5)
38 (3)
9.4 {10)
7.5 (9)
3.1 (7)
2.6 (5)
5.3 (7)
6.1 (7)

16.6 (16)
3.4 (S)
2.5 (5)

2.4 (5)

2.5 (5)
3.3 {5)
4.0 (6)
2. 1 (4)
2, 1 (4)
1.2 (3)
3.5 (5)
2.4 (4)
1.8 (4)
7.8 (11)
3.6 (8)
1.5 (3)
0.5 (2)
0.60 (18)
0.40 (16)

I (DI )

106 (2)
32.0 {8)
43.3 (9)
90 (2)
59 (2)
25.4 (9)

1081
528 (12)

80 (2)

~ ~ ~

66.2 (16)
42 (6)
50.2 (12)

105 (3)
246 (6)

22.7 (12)
25.7 (9)
10.9 (6)
11.1 (7)
32.5 (8)
24.9 (11)
75 (2)
12.3 (6)
31.2

~ ~ ~

28.0 (9)

~ ~ ~

12.8 (8)
16.0 (11)
44 (1)
30.6 (8)
82 (2)

121 (4)
63 (2)
61 (2)
19.2 (8)
31.3 (7)
17.6 (8)

0.032 (8)
0.023 (8)
0.071 (3)
0.011 (2)

~ t ~

0.013 (3)

0.00982'
0.0129 (9)
0.0062 (7)

~ 0

0.0072 (8)
0.0064
0.0061 (9)
0.0062 (6)
0.0016 (2)
0.0044 (6)
0.0031 (4)
0.0030 (7)
0.0025 (6)
0.0017 (3)
0.0026 (4)
0.0023 (3)
0.0029 (5)

~ ~ ~

0.0013 (3)

~ ~ ~

.0.0017 (4)
0.0008 (3)
0.00084 (13)
0.00083 (15)
0.00023 (6)
0.00068 (11)
0.00061 (14)
0.00026 (6)
0.00028 (12)
0.00020 (7)
0.00024 (10)

N 1,E2
E2, N 1

N2+ ((31%)E3
E2 (+N 1)

~ ~ ~

E2 (+N 1)

E2
Nl + (&3%)E2
E2

~ ~ ~

N 1 + {+5%)E2
Nl
N 1 (+E2)
Nl (+E2) .

E1 + (5 + 3%)N2
N 1 (+E2)
N 1 (+E2)
Nl, E2
N 1, E2
E2 (+N 1)
N 1 (+E2)
N 1 (+E2)
(N 1)

E2, N1

~ ~ ~

N 1 (+E2)
E2 (+N 1)
E2 (+N1)
E2 (+N 1)
El
E2 (+N 1)
E2 (+N 1)
El
El
El
El

' Normalization.
Interference from ' La.

'Corrected for 615;keV y ray from ' Ce and 617-keV y from ' La.

keV levels can be deduced. A weak photon at 42
keV, which could feed the 87-keV level, is ob-
served in spectra taken under favorable experi-
mental conditions. The large difference between
the M1 and E2 conversion coeffcients means that
this transition, if present, could account for 20 to
90%%uq of the observed feeding of the 87-keV level,

with the remainder due to P feeding. The multi-
polarity of the 97-keV y ray is M1 but could contain
substantial E2; thus the feeding to the 97-keV level
ranges from 1.V to 3.5%. Because this is a low
spin level, no direct P feeding from the high spin
5-h '33Ce isomer can occur.

In addition, a 33-keV transition is possible from
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TABLE III. Summary of the y rays in coincidence with the gated y ray.

Gate Coincident y rays Gate' Coincident y rays

87
97

130

222+ 224
228
248

261

282
294
300
307
315
319
339
346
364
389 + 392
397
404
410
419
422
432

444
453
460
475 + 477

495
504
510

523
541
546
567
581
611

617
621
644
653
678
684
689
697
699
707
711

{389),453, 475, (678), 1769
346, 397, 444, 1494
346, 364, 404, 410, 432, 460, 523, 634, 653,

707, 736, 819,914, 1265, 1494, 1584, 1595,
(1623), 1653, 1720, 1726, 1782, 1837, 1852,
1887

541, 1091
130, 528, 1152
261, 404, 477, 611,906, (930), 950, 1183, 1233,

1251, 1277
248, 307, 644, 653, 689, 784, 811,972, 983,

990, (1016),(1091),(1129), 1154
1190
248, 611,784
689
130, 261, 346, 477, 930, 950
617
510, 834
248, 611,784, 1265
130, 307, 510, 617, 1500, 1526
130, 371, 597, 699, 1362
(87)
597, 1362
130, 248, 444, 510, 617, 1500, 1526
130, 224, 1494
829
261, 477, 510
130, 747, 1172, 1190, 1221, 1287, 1294, 1404,

1419,(1465), 1472, 1498
97, 130, 504, 581, 754, 1207, 1494, 1521
87, 504, 1494
130
87, 178„307,510, 611,615, 689, 711,(841),

887, 972, 983, 990, 1199,1212, 1221, 1258,
1287, 1377, (1380), 1432, 1472, 1500, 1526

597, 699, 1362
410, 444, 453, 541, 689, 990
130, 319, 346, 404, 422, 477, 560, 644, 689,

702, 811,867, 972, 983, 990, 1016, 1091,
1109, 1129, 1154, 1314, 1455

130, 656, 1036, 1081, 1129, 1152, 1196, 1258
504, 689, 1207, 1316
477, 711
422
174, 444, 617, (798)
130, 248, 294, 307, 339,461, 477, 622, 639,

653, 740, 759, 784
211,315,408, 477, 805, 968, (984), 1022, 1348
611
261, 346, 404, 477, 510, 784
130, 261
(87), 444, 453, 541, 1091
498, 566, 784
261, 300, 346, 477, (504), 510, 784
{617)
130, 364, 397, 495
130
346, 477, 502, 546

736
740
747
754

802
811
829
834
867
906
930
943
950
961+963
972
983
990

1016
1022
1073
1091
1107 + 1109
1128
1129
1152 + 1154
1183
1190
1196
1199
1207
1212
1221
1233
1251
1258
1265
1270
1287
1294
1314+ 1316
1362
1377
1380
1404
1419
1432
1455
1465
1472
1494
1498
1500
1506
1521
1526

130
611,784
432, 475

611
261, 339, 611,644, 684,

963, 990, 1073, 1128,
(432), (475)
178, 510
419, 602, 834
829
510
248, 307, 784
784
364, 397, 495, 597, 615,
248, 307, 653, 784
130, 784
261, 477, 510, 784
261, 510, 617
248, 261, 477, 510, 784
261, 510
617
178, 784
178 510 678 765
477, 510
(784)
510, 523
130, 228, 477, 510, 523
248, 307, 784
130, 282, 432, 475
130, 523
477
444, 541
477
432, 475
248, 307, 784
248, 477
346, 477, 523, 617
130, 339
477
130, 432, 475
130, 178, 432, 475
510, (541)
130, 178, 364, 397, 495
477
178, (477)
432, 475
130, 432, 475
477
432, 475, 510
(248), 432, 475
432, (475)
130, 410, 444, 453
130, 432, 475
130, 346, 404, 477, 523
346, 477
444, (453)
346, 477

689, 906, 930, 950,
1183, 1233

1004
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TABLE III. {Continued)

Gate' Coincident y rays

1573
1584
1595
1620 + 1623
1636
1653
1720 + 1722
1769
1782
1852
1887

130,432
130
130
(130)
130
(278)
130
87
130
130
130

'Gates were 4 to 8 keV wide, centered on the y ray of interest.
"The y rays in parentheses appeared weakly in coincidence

gates or were interfered with by other 7 rays and thus are

tentative.

the 130-keV level but is unobservable because of
the presence of x rays at that energy. However, a
coincidence between the 97-keV y ray and the 346-
keV y ray which feeds the 130-keV level points to
the existence of this transition. The possibility ex-
ists that a weak isomeric transition from the 5-h
'"Ce could make a very small contribution to the
feeding of the 97-keV level. As a result of these
uncertainties, the IS feeding to the 130-keV level
cannot be accurately determined; only a range of
log ft values can be deduced. Decay of the 97-min
isomer of "'Ce is only incompletely known (see
Fig. 4). If we assume that the 97.26- and 76.9-keV
transitions have M1 multipolarity and if we ignore
the placement of the 577-keV y ray, a crude esti-
mate can be made that about 50/z of the decays go
to each of the 97- and 174-keV levels.

The spins (or limits on the spins) and the parities
of most of the excited states of "'La are deter-
mined by this experiment. The ground state of .

"'La is —,
" (Ref. 23), the spin of the 5-h isomer of

' 'Ce is measured to be&2, and the spin of the 97-
min isomer is —,. On the basis of the available
Nilsson states and systematics, the parities of the
two "'Ce isomers are minus and pIus, respective-
ly. The spins and parities of the 130-, 477-, and
535-keV levels are established to be —,",+', and

~2, respectively, from the conversion-electron
data of Gerschel' and the reaction results of Nakai
et gE.

The MI multipolarity of the 87-keV y ray and a
transition from the +' 477-keV level effectively
limit J to +' or +' for the 87-keV level. On the
basis of systematics, we assign this level to ~2'.
The 97-keV level is fed through the decay of both
the high spin and 1ow spin '"Ce isomers. From
conversion-electron data, " the 97-keV transition

is found to be largely M1. There is no transition
to thi. s level from the +' 477-keV level. With this
evidence, we assign the 97-keV level a J' of ~2'.

The transitions that depopulate the 174-keV level
have no observable long-lived component. This
level is fed by the —," isomer and has transitions to
the —,

"97-keV level and to the —,
"ground state. On

the basis of these data and systematics, we assign
the 174-keV level a J' of —,".

The spin and parity assignments to other excited
levels in '"La are summarized in Table IV. These
assignments are based on log ft values, deduced
conversion coefficients, (HI, any) reaction studies,
and the assumption that the transitions for which
we do not have conversion coefficients are E1,
M1, or E2 multipolarity. For all 1.evels below
1600 keV, except the 1045-keV level, first-forbid-
den unique P feeding is possible. However, above
1600 keV, first-forbidden unique p decay is possi-
ble only to definitely established levels at 1748,
1753, 1784, 1806, 1958, and 2122 keV.

IV. DISCUSSION

It has not been possible previously to account for
the density and properties of the low energy levels
in" La. In this discussion, we first examine the
negative parity levels and show how all their prop-
erties can be accounted for up to approximately 2

MeV. Next, we discuss the positive parity levels
and the difficulty encountered when trying to ac-
count for their properties with a "dressed" n-
quasiparticle model. We then extend the concept of
decoupling to the positive parity levels in an at-
tempt to ac.count for all observed levels up to ap-
proximately 1.5 MeV

A. Negative parity levels

We have discussed some details of the negative
parity levels previously '4 We .have shown that
the particle-plus-triaxial-rotor model can repro-
duce both the level energies and the ratios of
transition rates of the levels built upon the bye/2

single-particle state gt 535 keV. We extend these
discussions and include a more detailed compari-
son with the symmetric rotor case (y =0'). This
comparison is important because the value of y
cannot always be extracted from the level energies
of the core nuclei. Such a case is ' 'Pd which is
best fitted w'ith a symmetric rotor calculation, '7~'

even though y =24' is extracted from the level en-
ergies of '~Pd and ' 'Pd.

Shown in Fig. 5 are the experimental negative
parity levels in '"La up to approximately 1750 keV
and the levels from two calculations using particle-
plus-triaxial-rotor code, written by J. Meyer-ter-
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3/2

5/2

T
/2

- 97 min 1/2

LA

CD

CD
CD
CD

l74. 1 -"50

133
58"75

='6. 0

97.26 =50 =6.0

0

133L
57 76

FIG. 4. The decay of the 97-min isomer of 133Ce.

Vehn. " The first calculation (a) uses "standard"
parameters'~ derived from the energy levels of
'~Ba and '~Ce where the effective Fermi surface
parameter X~ has been fitted to reproduce the en-
ergy of the + level. In the second calculation (b),
y was set to 0' and P was fitted to reproduce the
energy of the, , level. Then, A,~ was fitted to re-
produce the energy of the&, level. The energy of
the~m, level increases for d~( 1.0 (the position of
the ~~, level is insensitive to X~).

%'e see that the calculation with the standard pa-
rameters is significantly better than-the calculation
with y=0'. The levels are more compressed for
y =23.6' and are much closer in energy to the ex-
perimental levels. More importantly, the level or-
dering is better with the standard parameter cal-
culation than with the y =0' calculation. The ~2

level is below the ~2 level, not above it; the ~2,

level is closer to the ~2, level than to the ~2, level;

TABLE.IV. Summary of the experimental evidence for spins and parity assignments to ' La excited levels.

Level Reasons for J assignment Level J Reasons for J" assignment

541 2 (2 )

654

784

-,'(-,')

950 — (- —)
9+ ~ 7+. 5+

980 +5

9
2
7+. 9+
2 & 2
13
2
7+. 5+- (-)
7
2
9 ll
2 ~ 2

— (- —)5 7 9

1045

1092

1153

1218

1310

1365

1396

1468

1561

1690

'7'9
2 &2
11
2

9 '('ll )

1715
1734'P (2 )

9 (11 )

1748

563 — (-,—)
9+. 7+ 5+

logft; 346' is E2,N 1;no y ray to 2 level.

1494' is El; y ray to 2 level; no y ray to

-,"~evel.

432' is E2 (+N 1);logft; no y ray to 2

level.
3+ 5+523' is E2; no y rays to 2 or 2 levels.

logft; 784' is El.
logft; y ray to 2 level; no y ray to 2

level.

&19y is M 1 (+E2);no y ray to g level.

(HI, Xny) reactions.

logft;51' isN1;pray to 2 level.
5 11+

7rays to 2 and 2 levels.

617' is M 1;y rays to no other levels.

logft; y ray to 2 level but not 2 level.

logft; y ray to '2' level.

829y isM1 (+E2);y ray to 2 level.

61ly is M 1;P feeding consistent with zero,

all other 2 or 2 levels have demonstr-

able P feeding.

y rays to 2 and '2 levels.

logft, transition to '2' .
644' isM1 {+E2);yrays to '2' and

2 (2, 2 ) levels.

1584' is E1, logft.

y ray to '2'.

689' is N 1 (+E2);y rays to '2' and

— (-,—) levels.
'5 7'9

logf t y rays to 2, 2, and 2 (2 ) levels.

2501

2851

1753 --—"(- )
1784 7 11

2 2

1806

1850

1857

1912

1958

1967

1983

2018

2035 2 2

2036

2062

2122

2137 —', {-",j
2175

2200

2360

9 11
2.& 2
9 11
2 ~ 2

logf $u

logf1" t, y ray to '2' level.

logf '" t, y rays to '2' and '2' levels.
'7 '7" 11logft;7 rays to 2, 2 and 2 levels.

logft; 1769' is El.
logft; 1377' is E2 (+N1); 1782y is El.
logf t;y ray to —,.1Q 13

logft; y ray to —,
' and —", levels.

logft.
972' isN1;y ray to 2 level.

logft; y ray to 2 level.

logft.

150&y is E2 (+M 1);y ray to 2 level.

1526' and 1277' are E2 (+N 1).

logf +t; y ray to '2' level.

logft; y ray to 2 level.

logft; y rays to ~i and 2 (2, 2 ) levels.

logft; y rays to '2 and 2 (2, 2 ) levels.

logft;7 ray to —', level.

1664y is El; y ray to 2 level.
'7 7 11logft; y ray to 2, 2, and 2 levels.

logft.

logft;y ray to 2 level.

logft;pray to 2 and 2 (2 ) levels.

logft;y ray to '2 and 2 levels.
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1750—

1500—

1250—

1000—

750—

7/2 ,9/2

/ 9/2 (ll/2 )

19/2 /
11/2

9/2 (11/2 )i 5/2 (7/2 ,9/2 )I 9/2, 11/2 /

15/2
2

1 9/21

7/2& & /
«/ /

/
3/21 / /

13/22 l
11/21]

-/

9/22

5/21/

13/21~~

7/22

i 11/2,

1 9/21

5/21

3/21

1 3/21

13/2 ~
'

500—
9/2

15/2

9/2-

1 5/21 15/21

250— 7/2

7/21

7/21

0- 11/2
Experiment

11/2(

y = 23.5 deg

8 = 0.206

F
0.700

a, = 1.00

I 1/20

y=0deg

g = 0.171

ZF
= 1.000

~ = 1.00

FIG. 5. The experimental negative parity levels up to approximately 1750 keV (a) are compared with calculations
using the particle-plus-triaxial-rotor model (b) zd the particle-plus-symmetric-rotor model (c).

and the level density has increased dramatically
near the ~2 level. This last phenomenon results
from two effects. First, in the y =0' calculation,
levels with j =&2, &2 (resulting from the coupling of
the h»/, orbital to the 4; core state) rise very
rapidly in energy with increasing deformation. Sec-
ond, for y = 23.5 the 2; core state is near the 4+, core
state, resulting in additional levels with g

in the vicinity of the ~2 level.
Although the levels calculated with y =23.5' com-

pare favorably with our experimental results, the
levels of higher energy are still somewhat higher
than the experimental values. Toki and Faessler'~
have calculated the levels of "'La using a particle-

plus-triaxial-core model but with a variable-mo-
ment-of-inertial treatment of the core. This meth-
od results in a closer quantitative agreement be-
tween theory and experiment for the yrast levels
and in a corresponding compression for the lower
spin levels. A compression of levels also can oc-
cur when higher orders of R' are included in the
rotational Hamiltonian. '-

A comparison between triaxial-rotor and sym-
metric-rotor calculations of transition rate ratios
are given in Table V for the, ~, ~~, and+,
levels. The values from the triazial-rotor calcu-
lation are within a factor of 2 to 4.4 of the experi-
mental values for the given ratios. The symme-
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TABLE V. Values of experimental transition rate ratios compared with those calculated using a particle-
plus-triaxial-rotor and a particle-plus symmetric rotor.

Level J"
Transition rate

Ratio Expt.
Triaxial rotor

Theory Expt. /Theory
Symmetric rotor

Theory Expt. /Theory

1045 9
21

9 7
2

1
2

1

9 11
2 1 2

Q

0.089 0.22 0.40 0.24 0.37

1153 13
2

1

13 15
2

1
2

13 11
2

1
2

Q

&0.056 0.61 0.61

1365 ll
21

ll 9
2

1
2

11 11
21 20

0.32 1.41 0.23 1.85 0.17

ll 13
21 21

ll ll
2

1
2 0

0.30 0.60 0.50 0.75 0.40

11 9
21 2

li ll
2

1
2

Q

2,4 0.46 2.5 0.44

11 7

1 1

1 20

(0.04 0.039 0.038

1396
22

5 9
22 21

+5 7
22 21

0.0114

tric-rotor calculation yields very similar results.
Taken as a whole, however, the ratios calculated
with the triaxial rotor give slightly better agree-
ment with the experiment than do those calculated
with the symmetric rotor.

A number of negative parity levels with j=+~, +~,

or ~2 are found experimentally between 1400 and
1V50 keV. Efforts to correlate these levels with
those calculated near the ~2 level have not been
completely successful. In general, however, cor-
respondence can be found between experimental
and theoretical levels on the basis of relative ener-
gy. For example, the 1468.90-, 1561.3-, and.
1V15.41-keV levels could correspond to the &2, ~2

and +~ levels, respectively, which are predicted by
the particle-plus-triaxial-core calculation. When
the transition rates are considered, however, it is
typicaljy found in experiment that one transition
from such levels is substantially weaker or strong-
er than is predicted by theory.

B. Positive parity levels

The main features of the N= V6 systematics,
shown in Fig. 6, are similar to those of the N = V8

nuclei. First, the level structures are compressed
as pairs of protons are added to "'Sb. Next, a
second low-lying —,

"level usually associated with
mulfiparticle effects becomes evident as pairs of
protons are added. Third, 3,

' and —,
' ' levels are

compressed well below the first phonon energy of
the core nucleus. Finally, the + ' to +2' transition
exhibits the typical hindered M1 characteristic of
E-forbidden transitions between 1g,~, and 2d,&, sin-
gle-particle levels. 4' However, significant differ-
ences between the N= V6 and N = V8 nuclei also are
apparent. The crossover where the 2d,~, level re-
places the Igv~, level. as the ground state occurs
between Z =53 and 55 in N= V6 nuclei, but between
Z =55 and 5V in N=V8 nuclei. The low-lying —,','
and —,',' levels are compressed much more below
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3/2 —800
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51'b76

(3/2, 5/2)

5/2 16.8 nsl
7/2

129I
53 76

3/2 &0.2 ns

5/2 8.8 ns

1/2 3.79 ns

7/2 9 4

5/2

131
55 76

1/2' 0.83 ns

r7/2 1.12 ns

/3/2 &0. 1 ns

~5/2 1.30 ns

5/2
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57La76

(7/2 )

(7/2 )

5/2

3/2
135'
59 76

0

F&G. 6. The systematics of the low-lying positive parity levels in N=76 nuclei. |,'Data taken in part from Refs. 40-42.)

the core phonon energy in the N = 76 nuclei than in
the N= V8 nuclei. The low-lying —,

' ' state has be-
come the ground for "spr (N = 76), whereas in
'"Pr, the —,',' level is rising in energy when com-
pared to the —,

' ' level in '"La. Finally, the —,',' lev-
els in '"La and "'La appear to behave differently.
However, as we will detail later, there is reas.on
to suspect that the half-life of the —,

'+ level in "La
is in error (see Table VI}.

In Fig. V, we show the Z =5V systematics, in-
cluding the low-lying positive parity levels and the

level which is largely Ayy/2 in nature. These
systematics clearly illustrate the compression of
the level structure, with —,',' and —,

'+ levels dropping
well below the core phonon energy. The lowest 222'

and —'," levels are found near the core phonon ener-
gy. The hindrances of the E1, M1, and M2 transi-
tions and the enhancements of the E2 and E3 tran-
sitions out of the ~2,: level to lower positive parity
levels are given in Table VII. The most noticeable
trends are the increased hindrance of the ~2 to +'
M2 and the decreased enhancement of the ',, to,
E3 transition as neutron pairs are removed from
'"La. It has been suggested that the E3 enhance-
ment of the ~2, to +2, transition in '"La is due to

the participation of the octupole vibration. ' How-
ever, because the 3 octupole state in the even-
even Ba nuclei is slowly decreasing in energy with
decreasing A, and because the, , level retains its
h»&, single-particle character, the decreases in
the E3 transition rate can be attributed to the
changing nature of the —,

' ' level. Thus the 2d,/,
single-particle state may contribute less to the —,','
level in ' La than in the heavier La nuclei.

Nuclear models, including weak-coupling, three-
-particle models with phonon coupling, and the
"dressed" three-quasiparticle model, have been
invoked to describe nuclei with A =133. These
models have been discussed extensive1y in rela-
tion to '"La and thus will be reviewed only briefly
here. In general, each of these models explains
the level structure of '"I,a less successfully than
that of the La, nuclei ~carer closed shells.

The weak-coupling model" has successfully ex-
plained the levels of odd-mass nuclei near closed
shells (e.g. , 's'La). The weak-coupling model can
account for the +' and ~2' levels as we11 as for nu-
merous other positive parity levels near the first
phonon energy which are observed in '"La. How-
ever, the clustering of the Qg Q, and Qy levels
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Transition 1291a 131C b ac

v+ s+
20 ~ 20 H(N)

E(E2)
100
25

600
0.63

210-250
26-31

+ s +

21 20 H(N1)
E(E2)

6400
1.5

110

+ 5 +

21 20

+
3 +

21 +-
1

+
g

+

2
1

2 0

E(E2)

H(N1)
E(N1)

H(N1)
E(E2)

67,

&~16

&~170

&~110

%1.2

0.81

58

(9.4

'Data from Ref. 43.
"Data from Refs. 44 and 45.
' Data from present experiment and Ref. 29.

T1 /2
(exp&)/T 1/2

(Weisskopf estimate).
' T»2(%eisskopf estimate)t T»2 (expt. ).

Assuming 5 = 0.176; 5 ~& 0.03 from L1/L2 conversion-

electron ratio of Ref. 17.
g See text.

TABLE VI. N 1 hindrances and E2 enhancements for transi-

tions in N = 76 nuclei. On the basis of our decay scheme, the
level half-life attributed to a 742 keV level by Ref. 21 is actually
the half-life of the —' level at 87 keV.

21

in '3'La near the ground state cannot be explained
by weak coupling.

The application of the cluster-plus-vibrational-
field model has led to success in calculations of I
and Ce nuclei, ""particularly near N =82. For
Ce nuclei, however, the agreement between theory
and experiment deteriorates as N decreases. Cal-
culations of the La nuclei using cluster-plus-vi-
brational-field models have not been undertaken.

A microscopic theory of collective excitations,
i.e., the dressed quasiparticle formalism, has
been developed by Kuriyama et al.' ' to describe
the low-lying —,

' ' and —,
' ' states in spherical nuclei.

This formalism treats consistently both types of
lowest order perturbation effects that are neces-
sary to calculate the properties of excited states
composed of one quasiparticle and one phonon.
These effects (Fig. 8) are the conventional diagram
that usually is treated as phonon-quasiparticle
coupling [Fig. 8(a)] and the diagram that explicitly
accounts for the Pauli principle [Fig. &(b)]. (See
Refs. 56 and 60, Chap. 3, for a detailed discus-
sion. )

Using the dressed three-quasiparticle formalism
with a pairing-plus-quadrupole force, Kuriyama
eE al. have calculated energies and reduced transi-
tion probabilities for the low-lying —,

' ' and —,
' ' lev-

11/2 &0.5 ns

—1500

(9/2 )

l(I)8')
—1250

~ (7/2 )

ll/2 0.56 s

5/2

3/2
129
57 72

(9/2')

11/2 1?0 ps

7/2

5/2
~ 3/2'

131
57 74

11/2

11/2 60 ns

9/2

1/2 0.83 ns

7/2 1.12 ns

3/2 &0. 1 ns

i5/2 1.30 ns

5/2

133
57"'76

0
11/2 (& 20 ns)

9/2

1/2 &0.08 ns

/3/2 &0.08 ns

5/2 0.52 ns

7/2 4.0 ns

5/2

135
57 78

11/2 &0.48 ns

9/2+

9/2

11/2+

1/2

3/2 (5/2 )

5/2

5/2 89 ns

137
57 80

5/2 1.50 ns

I

7/2

139
57 82

—1000

—750

—,500

—250

—0

I'IG. 7. The Z= 57 systematics of the low-lying positive parity levels and the lowest P level.
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TABLE VII. Transition hindrances or enhancements for Z = 57 nuclei.

Transition

H(N1)
E(E2)

Laa a La
I

- 210-250

13s La

540

'37 La

=670

La

390
~&0.20

H(M2)
E(E3)

19 13-19
«&139

11 ~ 5 E(E3)g
2{} 2 0

H(E1)'2 0 2

0.72 4.3

9.8 X 104 ~&6.6 X 10' ~&1.03 X 104

'Data from Ref. 8.
"Data from present experiment and'Ref. 29.
'Data from Refs. 1, 8, and 46.

Data from Refs. 2, 48, and 49.
'Data from Refs. 50 and 51.

Tp j2 (expt)/T
& p (Weisskopf estimate).

T, (%eisskopf estimate) jT, (expt. )

els in '" '"La.' '~ The level energies calculated
by Kuriyama et al. using two estimates of the
quadrupole-force strength are reproduced in Fig.
9 (Ref. 60, Chap. 4). Calculated reduced transition
probabilities and their ratios for which experi-
mental data are available are summarized in Table
VIII. The theoretical results are given for cases
with and without coupling between the dressed
three-quasiparticle and one-quasiparticle modes.

A comparison of the level energies calculated by
Kuriyama ef of. (Fig. 9) with the experimental La
levels (Fig. 7) reveals that the. calculation repro-
duces the general trend of the —,

' ' and —,',' levels.
In particular, the agreement for '"La is quite good
when a small shift of the single-particle energies
is taken into account. However, the detailed agree-
ment between theory and experiment deteriorates
substantially for '"La and '"La. It is evident,

(U,U, —V,V, U)V2 + VlU2)

(a) (b)

FIG. 8. The conventional lowest order diagram that is
usually treated as phonon-quasiparticle coupling (a) and
the lowest order diagram that explicitly takes into ac-
count the Pauli principle (b).

+
g 3/21

l
l ]—5/zz

IIII~l
l~I

l

ll
Il

l l X = Z30l~I Q

lg
II
ll
ll
lg 5/z't+ mwa~waa~ &

1
gl +

Q ~/~~ m wm~mam~ 7/2
N =-74 ] 76 78 80

I 1

1000—

500—

I
3/2

/
5/22

I
I

=—---—5/21

7/2
80N = 76 78

La

FIG. 9. The levels of odd-mass La nuclei as calcu-
lated by Kuriyama et a/. In (a) a constant quadrupole-
force-strength parameter of X'0= 230 is used; in (b) the
value of Xo is chosen to reproduce the average energies
of the 2' phonons in the adjacent even-even nuclei ~

however, that the calculated energies are very
sensitive to the quadrupole- force strength.

It is of interest nevertheless to compare the re-
duced transition rates and their ratios with the ex-
perimental data available and to examine trends as
neutron pairs are removed from '"La (Table VH&).
Reduced transition probabilities are calculated by
Kuriyama et al. , both with and without coupling ef-
fects (Ref. 60, Chap. 4). First, we can see that
the experimental ratio of the &(E2) values for
transitions out of the —,',' level to the —,',' and ~2'
levels is substantially larger than the calculated
ratio for both '"La and '"La. A similar effect is
seen for transitions out of the a3' level, although
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in this case, the effect of coupling improves the
agreement between theory and experiment. We
note that the B(E2) value for the transition from
the j- 1 state to the j state is not affected greatly
by the inclusion of coupling because the anomolous-
coupling-like component of the j- 1 state remains
dominant. Other transitions, where the matrix
elements are small, are sensitive to small admix-
tures (Ref. 60, Chap. 4). Compared with the tran-
sitions to the ~2,

' level, transitions from the —,',' and
—,', levels are more collective than the calculations
by Kuriyama et aL would suggest for both "~La and
'"La.

The B(MI) values for both "'La and '"La have
been calculated by Kuriyama et al. and are in good
agreement with our experimental values. This
agreement reflects the success with which the cou-
pling among low-lying states has been carried out.
Unfortunately, the lack of accurate mixing ratios
for transitions between low-lying levels in '"La
precludes any comparison with calculated B(E2)
values for that nucleus.

In addition, further comment is needed on the
rapid descent of the —,',' level in La nuclei with de-
creasing mass. As currently formulated, the
dressed quasiparticle theory does not calculate the

level at this low energy. Although the coupling

among modes with different transferred seniority
quantum numbers can lower the —,' energy some-
what, the main influence for this level would come
from the inclusion of dressed five-quasiparticle
configurations (Ref. 60, Chap. 2). Below, we dis-
cuss the influence of the s~, state through its in-
teraction with the —,"(d,~,2, ) configuration (via the
nonspin-flip matrix element).

Thus overall, the dressed three-quasiparticle
theory explains rather we11 the properties of the
La nuclei near the N =82 closed shell. In particu-
lar, the behavior of the —,

' ' level is reproduced
with some success. On the basis of the level ener-
gies, however, this theory may not be applicable
in detail to '"La and lighter La nuclei;. Kuriyama
et al. point out that when the j-1 state (the ~5,

' lev-
el in this case) falls below the j state (the +, + lev-
el), a growth of instability toward quadrupole de-
formation is indicated (Ref. 60, Chap. 3). In '"La,
the —,',' level does fall below the ~2,

' level. As a re-
sult, the applicability of the dressed three-quasi-
particle theory to ' 'La shouM be regarded as sus-
pect.

We have shown that the particle-plus-triaxial-
rotor model successfully accounts for the proper-
ties of the decoupled system arising out of the bye/2

orbital. '4 This success has led us to consider

TABLE VIII. Reduced transition rates and their ratios for transitions that have experimental data avail-

able. The theoretical values are from Kuriyama et al. {Ref.60) for cases with coupling effects (value in

parentheses) and without coupling effects.

Nuclide Theory Experiment' Experiment jTheory

B(E2; — ~ — )21 20

B(E2; — M — )2 2

B(E2; — ~ — )21 2

B(E2; — ~ - )20

La

'"La

'3' La

135 La

0.029 {0.029)

0.041 (0.021)

0.4 (0.2)

9.7 (9.6)

0.25

0.13

1.8

13.5

8.6 (8.6)

3.2 (6.2)

4.5 (9.0)

1.4 (1.4)

B(E2;—21

B(E2; 2
1

+
)20

+

)20

'35 La 0.075 (0.038) 0.022 0.29 (0.58)

B(E2; — -' )2
1

2 0

B(E2; — ~ - )2
1

2
Q

B(M1;— — )2
1

2
Q

B(M1; — — )2
1

2
Q

135 La

135 La

135 La

135 La

33 La

9.3 (8.4)

0.7 (0.32)

. . . (0.0021)

. . . (0.0026)

. . . (0.010)

)5.0

0.0027

0.0064

0.017

(1.3)

(2.5)

(1.7)

' Data from this work and previously cited references.
"The multipolarity of the — to — transition is approximately 33%%1 + 67% E2 from the conversion

21 20
electron data {see Ref. 2).
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whether the positive parity levels can be accounted
for by a decoupled system built on the d,&, and g,~,
orbitals. To test this on the simplest possible
model, we have assumed as a starting hypothesis
that the d,/, particle and the g7/, hole do not inter-
act to a significant degree. Thus, the d,~2 and g7/2
systems are calculated separately using the par-
ticle-plus-triaxia1-rotor model. Shown in Fig. 10
are the energy levels resulting from these calcu-
lations. In the first column, we give the experi-
mental positive parity levels below 1 Me7 and sev-
eral levels for which J"values are not known, but

which are expected to have positive parity. The
third and fourth columns list, respectively, the
levels calculated for a g,&, proton hole (because the

g7~~ orbital should be largely filled) and for a d,~2
proton particle. The deformation parameters were
P =0.206' and y =23.5', the same as for the nega-
tive parity levels. In each case, the Fermi energy
was fit to the j- 1 level. After arbitrarily adjust-
ing the &' level to match our experimental value,

',the cumulative calculated level structure was ob-
tained (see column 2, Fig. 10). Thus we see that
the energies of the &' and ~2' levels corresponding

TABLE IX. Comparison of the transition rate ratios and reduced transition rates from experiment with
calculations using the particle-plus-triaxial-rotor model. Mixing between the d and g7/2 families of levels

5/2
is not included.

Level

97

174

3+
2

Quantity

B(ml, -' ~ -' )
1 P

B(E2,—' ~ —' )2
1

2
p

B(N1, -' ~ — )2

Experiment

&0.19'

0.0033

0.031

Theory
b

0.52

0.2559

3.6765

Experiment/Theory

0.013

495

541

563

950

7+
2

7 +

2

(5 )

g+
2

g+
2

(2)

(2)

3
21 21

T(1 ~' 5 )2
1

2
Q

T(-' ~-' )2 1 2

T(-' ~ -' )21 2Q

T(-' ~ -' )21 21

T(-' ~ -' )21 2p

T(-' ~ -' )2 1 2 ]

T(-' ~ -' )2
1 2

Q

T(-' — )
1 1

T(-' ~ -' )
1 . P

T(-' -' )21 21

T(-' ~-' )2
1

2
p

T(-' ~ -' )22 21

T(-' ~ -' )2 1
2 p

T(7 5
21 21

T(-' ~ -' )2 1 2
p

T(-' ~ -' )22 21

T(2 2 )
2 P

100

1.0

1.0

2.1

2.1

0.89

0.77

0.77

0.77

58

0.084

1.17

0.106

1.29

0.51

1.94

10

0.65

1.72

12

0.85

19.8

1.63

1.74

0.40

0.077

1.18

'B(N1) values are in p~; B(E2)values are in (e b)2: see Ref. 2.
"Triaxial rotor calculation.
'Assuming pure N 1 transition.
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to the first members of the yrast-decoupled band
built on the d,/, and g,/, states are accurately pre-
dicted. A —,',' level is predicted somewhat lower
than the lowest &2' level while experimentally, the

level is seen substantially loger in energy.
Several additional &', &', and ~2' levels are ob-
served and can be correlated with calculated lev-
els. Also, the ~2' and ~2' levels observed by
Chiba et al."are calculated at 1376 and 1498 keV,
respectively. The fact that these levels are found
100 to 200 keV below the calculated energies is
consistent with the results for the ~ level.

Transition rate ratios and reduced transition
rates are summarized for the decay of seven posi-
tive parity levels in Table IX. The following cor-
respondences can be made: The 950-keV level
could be either the &' or &' member of the 1g7/2
family; the 563-keV evelisprobab&y the ~2' mem-
ber of the 1g,~, family; and the &' member of the
2d /, family could be at either 495 or 541 keV.
Based on its energy, the &' member of the 2d@,1
family could be at either 495 or 541 keV; however,
there is a 10- to 20-fold difference between theo-
retical and experimental transition rate ratios if

1200—

1000—

9/2

7/2+
I 7/2'

'1/2 j'
/ 1/2

9/2 (7/2, 5/2 ) /

3/2

7/2 (5/2 )
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5/2

7/2'

1/2

7/2

1/2

3/2
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5/2

'3/2' ~
/ 11/2

/ 7/2' /
+~ 9/29/2 (7/2 ,5/2 ) I/

7/2 (5/2') r/

7/2 (5/2 ) I 9/2+
+

3/2'

11/2

9/2

5/2

7/2

9/2

1/2
I

I

r
r

r
/

400—

200 —1/2+

7/2
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5/2

7/2

3/2

~5/2 /
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m d5/2 particle

7/2

5/2 3/2

XF
= 0.950 gF

= 0 630

5/2
7l 97/2 hol e vr d5/2 parti cl e

FIG. 10. The low-lying positive parity levels found in this work (a), the cumulative level structure calculated by the
particle-plus-triaxial rotor model when the + level is arbitrarily adjusted to agree with experimental results (b}, as
well as the calculation of the yg &2

family (c) and the 2d~~2 family (d) with the particle-plus-triaxial-rotor model.
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either of these levels is +'.
The largest apparent discrepancy between exper-

iment and theory appears in the B(E2) and B(M1)
values for transitions originating from the &' level
to the —',,

' and —,
' ' levels of the d,~, family. The

B(E2) value for the 1V4-keV transition out of the
—,
'+ level is 0.81 times the single particle B(E2)
value (see Table VI) if the half-life of the 174-keV
level is 0.83 ns. However, enhancements over the
single-particle B(E2) value for corresponding —,

' '
to —,

' transitions in ' La, ' SCs, and ' Cs are
)52, o12, and 6'7, respectively. If the B(E2}en-
hancement for the 174-keV transition was compar-
able in value to these, the discrepancy between
theory and experiment would disappear. A remea-
surement of the lifetime of the 174-keV level could
clarify this situation.

The discrepancy between the predicted and the
experimentally observed energy of the —,

' ' level in
the d,i, system deserves further mention. The lev-
el occurs at a lower energy than is predicted the-
oretically. This can be understood in terms of the
mixing of the s,~, single-particle state (which may
be several MeV higher than the d,~~ state) with the
—,
' ' state, resulting from coupling the d,~, single
particle to the 2; core state (e.g. , —,'+( d i,2~+)).

Configurations such as —,'+~ d,i,2;) are known to in-
teract strongly mith their nonspin-flip partners,

~ sy/20') in this case, through large nonspin-flip
matrix elements. "'~

An example of this interaction is known in '4'Sgn,

where the odd proton can be excited above the Z
=50 shell closure to the d,i, state. The lowest-ly-
ing level resulting from coupling this d,~, proton to
the core 2, state is the —," level. This level has the
—,
"

~ s,~20;) configuration as a major component.
Such an effect can also be seen in g,~, systems
where the odd particle occupies the g,~2 single-
particle orbital and the d,~, single-particle orbital
above it is empty. Then a —,

" level is at low energy
or even becomes the ground state, as in ~~Be.

In the cluster-plus-vibrational-field model, the
interaction of paired nonspin-flip configurations
such as those described above increases with in-
creasing particle-core coupling strength. The in-
teraction lowers the J- 2 level until it becomes
lower in energy than the parent J state. A pre-

requisite for the effect is that the proper single-
particle orbital must be available above the parent
orbital for occupation by the odd particle or odd
hole.

This requirement is most easily seen in hole
systems. In Ag nuclei ' "where a hole occupies
the g,~, orbital, no lorn-lying —,

"level is observed,
because there is no d,i, hole state at an energy
above that of the parent state. Similarly in '"La,,
the g,i, hole state has no spin-flip partner and the
J-2 level arising from the ~~'. ~g, &22~+) configuration
occurs at the unperturbed position (Fig. 10}.

Hopefully, calculational approaches being devel-
oped by loki and gaessler"'" which treat this in-
teraction for the triaxial nucleus mill be able to ac-
count for the J- 2 states in the particle systems
such as the decoupled d,~, system of '"La.

V. SUMMARY

We have extended substantially the experimental
knowledge of "'La level structure. The particle-
plus- triaxial-rotor model enables successful cal-
culations of the properties of the low-lying negative
parity states. The dressed three-quasiparticle
model and the weak-couphng model do not ade-
quately explain the properties of the low-lying
positive parity levels. Calculations applying the
particle-plus-triaxial-rotor model to the 2d,~, pro-
ton particle and the 1g,~, proton hole can predict
the low-lying positive parity states surprisingly
well. If such a calculation included mixing, even
better agreement with experiment could reasonably
be expected.
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