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Evidence for weak deformation in the 88-neutron nucleus Tbt
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The decay of 6.3-h'"Dy to levels in ' 'Tb has been studied with high-resolution detectors. Sources were

prepared by the "Gd('He, 4n) reaction and chemically purified by ion exchange. A total of 329 y rays were

assigned to '"Dy decay; another 71 y rays may be associated with '"Dy decay. The proposed decay scheme of
54 levels includes 319 of the 400 y rays. The Q value for P decay was measured to be 2250 ~ 50 keV. Eleven
low-lying positive-parity levels were interpreted in the Coriolis-mixed, particle-plus-rotor model as Nilsson
states and rotational band members. Nilsson orbitals so interpreted include 5/2+[402], ground state;
3/2+[411], 147.4 keV; 5/2+[413], 218.6 keV; and 7/2+[404], 254.2 keV. The order and spacing of the negative-

parity levels are consistent with rotation-alignment model predictions. For both positive- and negative-parity
levels a deformation P of about 0.15 is required to fit the data.

RADIOACTIVITY 53Dy [from 4Gd( He, 4n)l; measured E&, I&, I~, Qe, y-y,
and P'-y coin; deduced al„ logft. 5 Tb deduced levels, &, 7t. Enriched target,

Ge(Li) and Si(Li) detectors.

I. INTRODUCTION

Experimental information about transitional
nuclei between the closed shell at N = 82 and the
stably deformed region at N= 90 is rapidly ac-
cumulating. Much of the new data, however, is
concerned with high-spin states in even-even nu-
clei' and with shape coexistence in odd-N nuclei. '
Studies of proton transfer in ('He, d) and (n, t) re
actions on Gd target nuclei' have identified proton
states in well-deformed Tb nuclei (,",'Tb„and
heavier), but for the lighter Tb nuclei, excited
states have not been well characterized. No quan-
titatively adequate description of proton states in
the region of soft nuclei presently exists.

In this paper we report the results of a detailed
study of levels in the N = 88 nucleus '"Tb as popu-
lated in the decay of 6.3-h '"Dy. Two fairly de-
tailed cases of '"Dy decay have been reported.
In the conversion-electron study by Harmatz and
Handley4 84 transitions were placed among 21 lev-
els (their paper contains references to the earlier
literature). Very recently, while our work was in
progress, Zuber et al. ' reported a study in which
more than 250 transitions were assigned to '"Dy
decay. Zuber et al. reported 14 levels which were
in agreement with those proposed by Harmatz and
Handley; they proposed 38 additional levels. Sim-
u1taneous with our work a reaction study of the N
=88 nuclei '~'Pm, "'Eu, and '"Tb has recently
been completed. ' We assign 400 transitions to

Tb decay; 54 levels are identified in '"Tb, 33
below 1 MeV.

Both Harmatz and Handley and Zuber et al. '
interpreted the &' ground state, the 80.8-kev —",

state, and the —", isomeric state as the d, &„
g, &„and It.„i,shell-model states, respectively.
In addition, Zuber et a/. proposed that states at
147.4, 240. 5, 389.6, and 572.1 keV were members
of a —2'[411j rotational band. Earlier studies' of
"'Eu by the "'Eu(p, t) and the '"Sm('He, d) reac-
tions suggest that the ground state of '"Eu is
spherical and that "'Eu has both spherical and de-
formed excited states. In the ('He, d) and (n, t)
reaction studies leading to levels in "'Tb,
Straume, Lf(vhfIiden, and Burke' indicate that the
shell model is inadequate to explain observed lev-
els and spectroscopic factors and they suggest a
possible interpretation of these levels in terms
of the Nilsson model with a relatively small de-
formation. In our study we find that most of the
low-lying positive- and negative-parity states can
be accounted for by the particle-plus-rotor model
with the inclusion of Coriolis mixing.

II. EXPERIMENTAL METHODS AND RESULTS

A. Source preparation

Sources of 6.3-h '"Dy were prepared by irra-
diation of 2 —4 mg of Gd, o„enriched to 99%%d in
"'Gd, with 'He ions from the Texas A5 M variable
energy cyclotron. Typical irradiations were car-
ried out with 1-3 LU,A of 35-MeV 'He ions for 30
min. The powdered target material was contained
in Al foil. After irradiation, the Gd,o, was dis-
solved and a carrier-free Dy fraction was separ-
ated by ion exchange. Very small quantities of
9.6-h "'Dy and the isomers of "4Tb (8.5 h, 22 h,
23 h) were observed as contaminants of the "'Dy
sources. Several hours after the chemical separa-
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tion, y rays from the daughter nucleus 2.3-d '"Tb
were also observable.

In preliminary experiments 'He irradiations
were carried out at 30, 35, 40, and 45 MeV in
order to determine the optimum bombarding ener-
gy and to assign observed y rays to the proper
nuclide. The decay of many y rays was followed
for 24 h. The combination of excitation function
and half-life made the assignment of y rays to
"'Dy unambiguous generally for transitions of
intensity greater than I/p of the intensity of the
254.2-keV line.
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B. p-ray and P' spectra

1, Singles y-ray experitnents

The 8192-channel y-ray singles spectra were
obtained on two Ge(Li) detectors. Detector A (co-
axial, 35 cm', resolution 1.8 keV at 1332 keV)
mas used for the energy range 80-2500 keV and
detector B (planar, 2.0 cm' x6.7 mm, resolution
0.58 keV at 122 keV) for the energy range 10-400
keV. Sources were counted in a variety of geo-
metries, with and without absorbers, on both
counters in order to correct for summing. Typical
spectra are shown in Fig. 1.

Analysis of spectra was carried out by a combi-
nation of computer and hand analyses. Background
stripping was performed by computer and multi-
plets were resolved by hand plotting. The 400
transitions assigned to the decay of "Dy are listed
in Table I. Some of the intensities were obtained
from the analysis of coincidence spectra for mul-
tiplets not resolvable in singles spectra. No
transitions of energy below 70 keV were found.
'Weak lines of energy similar to x-ray energies,
however, would not have been detected. The 511.9-
keV transition could be resolved from annihilation
radiation in the singles spectra; its intensity, how-
ever, was better obtained from coincidence spec-
tra.

In general the intensities reported here agree
with those of Zuber et al. ' if experimental errors
are taken into account. Two significant discre-
pancies involve the 82.5- and 444.7-keV y rays.
Our relative intensities are 100+10 and 150+40
for these y rays, while in Ref. 5 they are reported
to be 155~15 and 85~8.

2. Coincidence experiments

Coincidence experiments were performed with
three different pairs of detectors. In each case
data were taken in a three-parameter event mode
on a PDP 15/40 computer. Each event con-
sisted of the pulse heights from the two detectors
and the time between the pulses. A timing pulse
from each detector was obtained with a constant
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FIG. 1. Typical spectrum of p rays from the decay of
6.3-h Dy. Below 380 keV, a planar Ge(Li) detector
was used and for higher energies a coaxial Ge(Li) detec-
tor. Only relatively strong lines have been labeled by
their energy in keV to indicate the energy scale.

fraction discriminator and these pulses were used
to start and stop a. time-to-amplitude converter.
A Tennelec PACE system was used to digitize the
pulse-height and time information.

Detector pairs used in yy experiments included

(1) detector A and a second Ge(Li) detector of
nearly the same efficiency and slightly poorer re-
solution and (2) detectors A and B. 180 counting
geometry was employed. True-to-random ratios
were typically 80 to 1. The resolving time, full
width at half maximum (FWHM), wa, s typically 12
nsec. In coincidence experiment (1), 3 x 10'
events were recorded in the energy range 100-2000
keV. In experiment (2), 1.8 x 10' events were re-
corded and the lower energy limit in detector B
was about 60 keV.

The raw data were divided into prompt and ran-
dom events. For this purpose the prompt time
window was set to be 38 nsec, corresponding to
the full width at,—', of the maximum of the time
resolution curve. The events were sorted into an
ordered array of spectra, according to the methods
of Haenni. ' Gates were set on essentially every
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TABLE I. Energies and intensities of y rays observed in the decay of 6.3-h 30y and their placement in the level.
scheme of 53Tb.

(keV)

Assignment
Initial Final
level level
(keV) (ke V) {keV)

Initial
level
(keV)

Final
level
(keV)

Assignment

70.8(1)
71.1(1)
78.4(2)
80.82(5)
82.5(1}
88.1{2)
88.9(2)
93.06(4)
94.3{2)
94.9(2)
96.0(2)
96.7{2)
99.71(5)

124.4(2) d

125.0 (2)
127.2(1)
128.2(1)
133.0(1)
143.4(2)
144.2(2)
147.44(5)
149.0{1)
157.6{2)
159.7(3)
162.8(5)
173 3(1)
182.4(2)
185.4{2)
185.7(2)
188.5(5)
190.5(1)
191.9(4)
193.8 (1)
204.3(2)
209.9(2)
213.77(5)
218.6(1)
235.4 (1)
240.5(1)
242.0(2)
244.25(5)
247.4(1)
254.23(5)
258.0{3)
260.9(5)
262.4(1)
264.0(4) d

269.8(3)
271.0(2)
272 3(2)
274.6(1)
281.2(2)
283.1(2)
289.0 (1)
290.8 (1)
295.5(1)

9(2)
4 (2)
8(3)

1410(70)
100(10}
23(3)
42(5)

118(6)
30(3)
44(4)

9(3}
9{3)

1260(90)
14(3}
27(3)
38(2)
34(2)
82(2)
20(3)
30(4)

420(30)
95(10)
14(2)

7(2)
3(2)

42{3}
32(3)
15(2)

9(2)
6(3)

110(6)
9(4)

47(5)
35(6)
17(4)

175(10)
24(3)
43{3}
16(2)

480(30)
60(5)

—=1000
25(5)

5(3)
110(25)

6(3)
7(3)

22 (4)
21(3)

880(40)
25(3)
16{3)
27(7)
67(4)
21(4)

325.0
218.6

80 8c
163.3
660.1

24O.5'

263 Oc

722.4

725.6
213 8
740.8

147 4
389.6 '
371.6
240.5'

1151.3
254 2c
571.8
510.4
630.4

444 7
1429.6
1151.3
529 5
807.6
213.8
218 6c
772 8c
240.5 c

389 6c
325.0

10 4c
254 2c

790.1
799.9
807.6
510.4
799.9
597 5
587.5
726.6
637.5
643.5
371.6

254 2c
147.4 c

0
80 8c

571 8c

147 4

163.3

697.5

597.5
80 8

597.5

0
240.6 c

213.8
80.8

989,1
80.8

389.6
325 0
444 7C

254 2c
1238.0

957 6c
325 oc
597.5

0
0

537.5
0

147 4c
80.8

263 0
0

529.5
537.5
643.5
240.5
529.5
325.0
268.O

'
444.7 c

264.2 '
254 2c

80 8c

296.0(2)
296.6 (1)
297.6 (2)
299.5(4)
302.6 (2)
305.6 (3)
306.2 (5)
808.7(2)
317.5(2)
823.8 (1)
825.0(l)
826.6(3) d

331.6 (2)
332.9(2)
334.5(1)
335.1(2)
337.4 (2)
340.6(4) d

350.9(2) d

362.0(4) d

363.0(3) d

863.9(l)
365.9(2)
367.4(4)
368.9(4)
370.8 (2)
871.6 (1)
374.2(1)
376.1(1)
376.2(1)
378.4(3) '
383.6 (2)
384.7(2)
389.61(7)
895.9(2)
397.5(2)
400.7(2)
403.8 (4)
405.9(1)
408.7(4)
41O.8 (4)
415.75(6)
419.0 (8)
420.1(1)
424.6 (4)
425.9(3)
429.6 (1)
434.2(1)
488.2(2)
441.6 (1)
444.7(l)
448.8(1)
451.6 (1)
456.7(1)
462.6 (1)
465.8 (2)

23 {5)
140(14)
22(3)

8 (3)
24 (5)
15(2)

6(2)
7(10)

19(2)
145(15)
80(10)

9(3)
15(2)
9(2)

25(3)
10(2)
11(2)
3(1)
6(1)
2(1)
4 (2)

40 (5)
5(2)
8 (2)
8 {2)
9(2)

98(8)
22(5)

40(6)

6(2)
25(3)
15(3)

165(8)
11(4)
11(2)
14(2}
3(2)

60(5)
14(4)
10(3)

130(15)
8 (2)

65(8)
4 (1)

13(3)
33(5)

160(20)
18 (3)
44(5)

150(40)
130(15)

57(4)
23 (5)
95(14)
15(3)

740.7
61O.4'
957 6c
960.0
548.8
630.4
957.6
389.6
571.8
537.5 c

325 Oc

651.7
571.8
522.4
597.5'
660.1
726.9

1130.9
722.4

1791.4
510.4
444.7'
529.5
630.4
740.7

371.6

1365.2
630.4

1151.3
597.6

389.6 c

543.5
661.7
725.6

1130.9
660.1

1130.9
651.7
740.7

1226.5
957 6

1791.4
510.4
597 6c
651.7
660.1
444.7'
529 5
989.1
537.5
726.6

1238.0

444.7
213.8
660.1
660.1
240.5 c

325.0
651.7
so.s'

213 8c
0

325.0
240 5
389.6'
263 Oc

325 oc
389 6c
790.1
371.6

1429.6
147.4
80.8

163.3
263.0
371.6

989.1
254 2c
772.8
138c

0
147 4
254.2 '
326.O'
726.9
254.2
722.4
240 5
325.O'
807.6
537 5

1365.2
80.8

163.3
213 8c
218.6 c

0
80.8

537 5
80.8

263 0
772.8
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TABLE I (Continued)

(keV)

Assignment
Initial Final
level level
(keV) (keV) (keV)

Assignment
Initial Final
level level
(keV) (keV)

467.7(2)
468.7(2)
471.4(1)
473.6(4)
477.9(2)
480,6(2)
482.0(2)
485.7(l)

491.2(3)

500.0(l)
503.6(3)
508.8(4)
511.9(1)
513.1(1)
5 14.9(3)
515.6(3)
518.6{2)'
522.0(3)
525.5(2)
527.3(2)
532.7(3)
535.8(1)
537.5(1)
543.2(2)
544.8(l)
553.4(1)
557.6(2) d

562.3(1)
570.9(3)
571.8(1)
574 1(4)
576.3(2)
579.3(1)
581.0(3)
582.2(2)
593.8(1)
597.4(2) '
601.0(5) d

604.6(5) d

609.5{1)
610.9(2) d

6 14.3(l)
6 18.6(2)
623.1{4)'
626.5(4)
635.3{4)d

637.3(4) '
638.1(3)
640.0(3)
641.5(3)
643.2(3)
644.5(2)
647.0{4)
652.7(3)
653.4(3)

10(2)
26 (4)

150(8)
7(2}

24 {3)
44(5)
26 (3)
40(5)

15(4)

35(5)
11(4)
40 (7)

290(40)
75(10)

»{3)
16{3)
9(3)

64(5)
17(4)
23{3)

150(25)
30(6)
60(8)
30(7)

9(2)
70 (10)
13(3)
40(6)

8 (3)
26(6)
55(5)
13(3)
45(8)

140(15)
12(3)
3(2)
8(3)

21(4)
8(2)

60 (6)
16(3)

7(2)
7(2)
7{2)
5(2)

15(5)
38(5)
11(2)
11(3)
38 (6)

7(2)
26(5)
12(3)

1240.5

725.6

722.4
1226.5
571.8

1151.3
740.8
722.4
722 4c
725.6 c

726 9
1240.5
1238.0

740.8

790.1 c

772.8
790.1
537.5'
543.5
807.6
807.6

1365.2
725.6

1912.5
571.8

1S39.8
790.1
726 Sc
799.9

2011.9
807.6

1130.9

1836,0
1762.2
1341.4

790.1
960.0

1365.2
1365.2
722.4

1240.5
807.6

2011.9
799.9

772.8

254 2

240 5c
740.8
80.8

660.1
240 5c
218.6
213.8
213.8 c

213 Sc
7256c
722 4c

218 6c

263 pc
240.5
254 2c

0
0

263 Oc

254.2
807.6
163,3

1341.4
0

1365.2
213 8c
147 4
218.6 c

1429.6
213 Sc

529.5

1226.5
1151.3
726.9

163.3
325.0

726 9c
725.6
80.8

597.5
163.3

1365.2
147.4 '

654.8{3)
657.7(3)
660.0(1)
673.8 (2)
681.5(2)
685.7(2)
686.3(4)
695.0 (4)
697.4 (3)
704.0(1)
705.8 (1)

709.0(4)

711.0 {4)
714.0 (2)
719.4(2)
722.2(2)
725.6 (2)
726.9(1)
740.8 (1)
744.8 (2)
746.2 (2)
752.9(4)
754.6(4)
758.3 (3)
762.0{3)
766.2 (3)
779.9(2)
78 1.6 (2)
783.9(2)
785.6(4) d

788.4 (3)
790.0 (2)

793.3 (2)

796.0(4) d

802.4 (3)
804.8(2)
820.4 (2)
827.7(2)
82S.6(3)
83 1.4 (2)

836.0(2)

841.7(2)
843.0(3)
846.4(2)
848.7(3)
850.8(3)
857.7(2)
864.4{3)
869.5(2)
871.5(2)
S73.0 (3)
878.9(2)
886.3(2)

10(2)
9(2)

140(20)
33(3)
20(3)
14(2)
9(3)

12(3)
16(3)
32(5)
70(20)

8(2)

15(4)
28 (4)
10(3)
30(6)
14(3)
30(10)
36(6)
14(2)
28(4)
22(6)
22(6)
18(2)

16(3)
32(5)
19(3)
14(3)
3(2)

12(3)
20(4)

18(3)

5(2)
10(3)
21(4)
18(3)
35(4)
30(4)
22(3)

15(3)

14(4)
22(4)
11{3)
17(3)
16(4)
22(3)
16(3)
14{3)
38 (4)
16(3)
18(4)
22(3)

1226.5

740.8
1824.9
1341.4
1912.5
1130.9
1238.0
1226.5
1429.6
960.0

1238.0
790.0

1341.4

960.0
722.4

726.9
740.8

960.0
1836.0

1083.3
1151.3

1151.3
1226 ~ 5
2024.2
2011.9
1939.8
790.1

{1365.2
1238.0
1240.5
1762.2
1762.2
1083.3
1365.2
1083.3
1791.4
1824.9
1365.2
989.1

1083.3
1836.0
1238.0
1240.5
1429.6
1083,3
1083.3

960.0
1429.5

571.8

80.8
1151.3
660.1

1226.5
444 7
543.5
529.5
725.6
254.2
529.5
80.8

630.4

240.5'
0

213 Sc
1083.3

325 p

389.6

371.6
444

1240.5
1226.5
1151.1

0
571.8
444.7
444.7
960.0
957.6
263.0
537.5'
254 2c
960.0
989.1
529.5
147.4
240.5
989.1
389.6
389.6
571.8
218.6
213.8

80.8
543.5
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TABLE I (Continued)

(keV)

As signment
Initial Final
level level
(keV) (keV) (keV) Xy

Assignment
Initial Final
level level
(keV) (keV)

891.8(2)
896.5(3)
900.4(2)
920.0(2)
921,9(3)
928.8(3) d

937.6(2)
939.4(2)
941.5(2)
944.2(2)
945.8(3)
950.9(2)
952.7(2)
954.4(4) '
960.0(2)
963.4(2)
966.1(2)
972.4(2)
974.3(3)
978.2(3)
979.7(2)
989.4(4)

1000.0(3)
1002.5(1)
1006.8(3)
1012.7(1)
1014.2(2)
1015.7(5)
1024.2(1)
1026.7(2)
1031.2(3)
1033.7(4)
1035.3(2)
1040.0(2)
1040.2(1)
1050.1(1)
1056.8(2)
1058.5(2)
1062,7(2)
1068.4(2)
1075.5(5)
1077.6(4) '
1082.3(4) d

1087.4 (2)
1096.8(4)
1099.3(2)

1102.5(2)

1104.6(1)
1110.9(2)
1118.1(3)
1119.6(3)
1122.5(2)
1129.0(2)

1131.5(3)

20(3)
24(4)
26 (3)
21(3)

8(3)
7(2)
9(3)

18(3)
22(4)
18(3)
11(3)
26 (5)
18(3)

7(3)
80(20)
16(3)
14(2)
28 (4)
10(3)
12(3)
3 5(4)

6 (2)
8(3)

65(10)
14(4)
55(5)
20 (4)
4 (2)

130(20)
25(6)
16(4)
11(3)
30(4)
20 (5)
75(16)

170(20)
30(4)
25(4)
27(4)
24(4)

6 (3)
9(3)
8 (3)

29(4)
9(3)

25(4)

30 (4)

130(20)
20(4)
]4(4)
21(4)
29(4)
21(4)

20(4)

1429.6
1341.4
1429.6
1083.3

2011.9
1151.3

1939.8
1912.5
1762.2
960.0

1226.5

1226.5

1939.8
989.1

1240.5
1083.3
1779.4
1226.5

1822.7
1238.0
1240.5

1762.2
1429.6
1365.2
1130.9
1779.4
1858.3

1858.2
1238.0

1822.7
1341.4
1822.7
1824.9
1365.2
1824.9
1429.6
1365.2
1858.3
1779.4
1912.5

1858.3
1791.4
1762.2

537 5
444.7
529 5
163.3

1083.3
213.8

989.1
960.0
807.6

0
263.0

254.2

960.0
0

240 5
80.8

772.8
213.8 '

807.6
213 8c
213 8c

726.9
389 6
325.0
80.8

722.4
799.9

790.1
163.3

740.8
254.2
725.6
725.6
263.0
722.4
325 0
254 2c
740.8
660.1
790.1

726.9
660.1
630.4

1132.7(2)
1140.3(3)
1142.0(5)
1147.5(5)
1151.2 (2)
1153.5(4)
1159.0 (5)
1161.0(2)
1161.1(2)
1166.5(3)
1175,6(3)
1176.0(3)
1183.8(4) d

1185.7(4) d

1187.2(4)
1191.4 (4)
1194.2(3)
1199.4 (4)
1201.5(2)
1206.1(3)
1210.6(5) d

1215.0 (3)
1217.5(5)
1225.1(2)
1230.4(4)
1252.0(3)
1254.0(2)
1266.0(3)
1268.1(3)
1270.1(3)
1271.6(3)
1274.2(4)
1279.4(4)
1281.1(2)
1284.2(3)
1285.3(3)
1287.2(4)
1293.3(3)
1295.7(2)
1297.6(3)
1299.8(5) d

1301.5(3)
1306.3(3)
1308.4(4) d

1310.2(4)
1315.0(1)
1325.6(4) d

1340.5(4)
1344.6 (4)
1347.6 (3)
1375.0(1)
1380.2(2)
1383.1(3)
1389.8 (2)
1399.0(4)
1402.1(2)

24 (4)
22(4)

6(3)
5(3)

26 (4)
11(3)

7(3)

34 (5)

20(4)
10(4)
19(4)

5(2)
6 (2)
6 (2)
8(3)

26 (4)
15(3)
55 (8)
21(4)

3 (2)
20 (4)

3 (2)
55(7)
10(3)
17(3)
55 (7)
13(3)
17(4)
15(4)
16(4)
11(3)

9(3)
50 (10)
25(4)
35(6)

9(3)
11(3)
22 (4)
19(3)
6(3)

16(3)
15(3)

8 (3)
10(3)

100(15)
5(2)
9(3)
7(3)

27(5)
90(15)
80 (20)
50(10)
35(7)

9(3)
79(8)

1858.3
1939.8

1365.2

1791.4
2121.1
1429.6
1429.6
1836.0

1912.5
1912.5

1341.4
1939.8
1365.2
1836.0
1429.6
1429.6
1939.8
1822.7

1762.2
1791.4
1429.6

2011.9

1822.7
1791.4
1365.2
2011.9
1824.9
1822.7
1824.9
2024.2
2024.2
2024.2
1836.0

1939.8
1912.5
1836.0
1912.5

1858.3
1912.5
1824.9
1912.5
1779.4
2121.1
1912.5

725.6
799.9

213.8

630.4
960.0
263 0
254 2c
660.1

726.9
725.6

147.4
740.8
163.3
630.4
218.6
213.8
722.4
597 5

510.4
537.5'
163.3

740.8

543.5
510.4
80.8

726.9
537.5
529.5
529.5
726.9
725.6
722.4
529.5

630.4
597.5
510.4
571.8

510.4'
537.5
444.7'
529 5
389.6
722.4

10 4c
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TABLE I (Continued)

Ey
(keV)

Assignment
Initial Final
level level
(keV) (keV) (keV)

Assignment
Initial Final
level level
(keV) (keV)

1410.6 (2)
1422.6 (4)
1426.5(5)
1431.1(3)
1433.1(2)
1446.4 (3)
1453 .3(3)
1454.8(3)
1461.1(4)
1466.6(3)
1467.8(3)
1486.6{4)
1495.1(5)
1497.3(5)
1500 .0 (5)
1508.0 (2)
1510.9(4)
1516.5(4)
1518.7(5)
1528.2 (4)
1526.5(4)
1528.4 (2)
1533.3(5)
1537.2(2)

1549.0{5)

1558.8 (5)
1556 .4 (4)
1559.7(4)
1561.5(4)
1566.1(5)
1570.7(2)
1572.6 (4)
1577.7{2)
1583.6 (2)
1595.3(3)

13(3)
9(3)
7(3)

19(4)
22(4)
21(4)
26(4)
30(5)
11(4)

23(4)

8(8)
4(2)
7(3)
4(2)

45(10)
10(3)
9{3)
5(2)

]4(4}
10(3)
57(10)

8 (3)
80 (15)

9(3)

6{3)
12(4)
15(4)
10(4)
6(3)

65(8)
13(4)

100(20)
55(9)
25(6)

1939.8

2024.2

1822.7
1836.0
1824.9
1779.4
2121.1
1791.4
1912.5
1858.3
1939.8
1822.7

1762.2
1836.0
1779.4

1912.5

1791.4
1858.8
1791.4
1762.2
2121.1

1822.7
1824.9
1779.4
1824.9
1791.4
1791.4
2121.1
1858.8

529 5

597.5

889 6
389 6c
371.6
325 Oc

660.1
325 Oc

444.7'
371.6
444.7
325.0

254.2
325.0
263.0

389.6

263 0
325.0
254.2 '
213.8
571.8

263.0
263.0
213.8
254 2c
218.6
213 Sc
587.5
263.0'

1608.9(2)
1615.2 (4)
1617,6 (5)
1622.4 (5)
1627.8 (5)
1632.9(3)
1637.7 (5)
1645.0 (5)
1649.5(2)
1658.3 (2)
1659.3(2)
1672.2(5)
1675.8 (5)
1694.1(5)
1699.3 (4)
1710.8(5) d

1737.9(5)
1742.0 (3)
1749.3{2)
1765.2 (6)
1771 3(6) d

1777.7(4)
1792.2 {6)'
1798.1(4)
1809.8 (6)
1824.5(7) '
1838.1(5)
1859.9(4)
1913.8 (8)
1924.4(8)
1935.3(5)
1949.8(6)
1978.4(7)
2012.5(8)
2023.7 (6)

85(18)
13(4)

5(2)
4(2)
4(2)

28(7)
5(2)
4 (2)

50(15)
35(10)
25(8)

6(3)
9(3)
4(2)

15(4)
4(2)
8(3)

15(3)
30(10)
4(2)

&2
14 (4)

5(2)
16 (4)

5(2)
3{2)
8 (3)
9(2)
2 (1)
2(1)
8 (2)
4 (2)
2(1)
2(1)
7(2)

1822.7
1939.8
1858.3
2011.9
1791.4

1858.3
1912.5
1912.5
1822.7
1912.5

1912.5
1912.5
1858.8

1822.7
1912.5

2011.9
1858.3
1939.8
2011.9
2024.2
1824.9

1939.8

2011.9
2024.2

213 Sc
325 0
240.5
389.6
163.3

213.8
263.0
254 2c
163.3
240.5

218.6
213.8
147.4

80.8
163.3

240.5
80.8

147.4
213 Sc
213.8

0

80.8

p-ray intensities have been normalized to a value of 1000 for the 254.2-keV transition. There are 5.0(4) 254.2-keV
p rays per 100 decays.

b Obtained from coincidence spectra.
The transition has been found to be in coincidence with one or more transitions exciting an initial level or deexciting

a final level.
Only tentatively assigned to ~ Dy decay.

y ray of any intensity and the resulting coincidence
spectra were obtained. In the case of experiment
(1) 196 gates were set, 156 of which yielded posi-
tive coincidence information. In experiment (2)
60 gates were set; some of these transitions were
the same as those gated in experiment (1).

The results of the yy coincidence experiment
are indicated in Table I and Fig. 4. In Table I
the levels which are coupled by a particular tran-
sition are identified by footnote c if that transition has

been found to be in coincidence with one or more
transitions assigned as exciting the initial level
or deexciting the final level. Similarly, in Fig. 4
circles are used to identify coincidence relation-
ships.

The coincidence data of Ref. 5 are generally in
agreement with the results shown in Table I but
are much more limited in scope. Some significant
discrepancies are these: In the 80.8-keg gate
they do not report a 1050-keV y ray which in our
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FIG. 2. Kurie plots for the P+ decay of ~53Dy. The
data are derived from P+ coincidences with (a) 99.7-keV
and (b) 274.5-keVp rays. Lines only serve as a guide.
End points were determined by a least-squares fit.

data is much more intense than the five y rays they
list above 1 MeV. Also, in the 99.7-keg gate they
did not observe a strong 1375-keg transition and
in the 274.5-keV gate they do not report the 235.4-
keV transition.

A yP+ coincidence experiment was carried out to
determine the Q value for "'Dy decay. The y-ray

detector was detector A and the P' detector was a
cylindrical NE102 scintillator, 5 cm diam and
3.8 cm long. A total of 1.6 x 10' events was re-
corded. In five y-ray gates P' spectra were ob-
tained with sufficient intensity to analyze as Kurie
plots. The data were corrected for summing with
annihilation radiation. End-point energies were
determined by a least-squares fit of the most
linear portion of the Kurie plot. Typical Kurie
plots are shown in Fig. 2.

The Q value deduced from the P' end-point en-
ergies in these spectra was 2250 + 50 keg, in good
agreement with the predicted value of 2220 keg
by Wapstra and Gove, ' but significantly lower than
the value 2350 keV listed in the tables of Garvey
et al."and very much less than the old value of
2960 keV assumed by Harmatz and Handley. '

C. Conversion-electron spectra

A thin source of "'Dy was made by evaporation
of a few drops of a carrier-free '"Dy solution on
Al foil. The solution was prepared by taking up an
ion-exchange-separated Dy fraction in. CQl, . Con-

Io'- Dy
E c= Tb Conversion Electron Spectrum

I04-,
hC
IA ~ hC ~ Ol

M bJ yJ
IA
Al

U)I-

O I03-
O

~\

V

O

400 800

CHANNE L NUMBER

1200

FIG. 3. Conversion-electron spectrum from the decay of 6.3-h +Dy. Peaks are labeled by transition energy. Only
the more intense peaks are labeled to indicate the energy scale.
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TABLE II. Intensities of E-conversion electrons, conversion coefficients,
6.3-h ~53Dy decay.

and multipolarities of transitions in

Transition
energy
(keV) This work

Isc
Ref. 4 Ref. 5" Exp c Theo d This work

Multipolarity'
Ref. 4 Ref. 5

70.8
71.1
80.8
82.5
93.1
99.7

127.2
128.2
133.O'
147.4
149.0
173.3
182.4
185.6 0

190.5
193.8
204.3
213.8
218.6
240.6
242.0
244.2
247.4
254.2
262.4
274.5
289.0
290.8
296.4 &

302.6
323.8
325.0
334.5
363.9
371.6
376.2 ~

383.6
389.6
405.9
415.8
420.1
429.6
434.2
441.6
444.7
448.8
451.6
462.6
471.4
500.0
511.9
513.1
527.3
535.8
537.5
544.8
562.3

19(3)
14(3)

8 (2)
34(3)
2.4(10)
6.5(le)

42(3)
36(3)

8(2)
3.1(12)

eo(e)
1.6(10)

=140
14(2)
49(4)
2.5 (11)
6.0 (15)

1.9 (9)
13(2)

6(1)
2.2(s)
2.6 (9)
3.2(9)
1.4(7)
1.1(5)
7.2(11)
1.3(e)
4.5(e)
2.7(1O)
1.8 (6)
9.4(29)
1.2(5)
2.1(e)
2.1(6)
1.7(6)
3.3(s)
l.o(4)
1.4(7)
4.5(1O)

&0.3
o.4(1)
o.e(2)
o.7(3)
1.5(5)
1.7(5)

56
18

3740
3150

245
1960

3.9
38

6
213

60
18.9
18
12
35
2.4

10
~40

34
11
2.2

71
2.5

:—140
14
62
=5.2

8.5
~3 9

2.0
12
&5.3

2.2
3.1
5.3
1.4
1.1

10.8
3.5
6.7
3.2
2.0

13
1.5
2.6
3.2
2.9
6.4
1.1
1.4

=1.8)
=0.6

1.6
0.91
2.1
2.2

6.9

3.1
5.11
2.62

7.88
3.5
2.2

1.89

5.25
1.5
3.47
1.65
0.90
5.85
0.92
1.58
2.03

3.47
0.48
0.73

3.33

0.39
0.81
0.45
1.11
0.91

6(l)
5(2)
2.7(4)

32(5)
2.1(3)
1.6(2)
1.O(2) -1
1.1(2)
1.7(3) -1
5.1(8) —1
6.3(lo) -1
4.5(7) -1
4.4(e) -1
3.3(S) -1
3.1(3)-1
5(2) -2
l.e(5) -1
3.2(2) -2
2.1(2) -1
l.g(5) —1
1.9(7) -1
1.2(1) -1
3(2) -2
1.4O. ) -1
1.3(2) -1
5.9(5) -2
g(4) -2
9(2) -2

&4-2
8(4) —2
9(1)-2
8(1)-2
s(3) -2
7 (2) —2

3(1)-2
4(2) -2
4(2) -2
4.4(7) -2
2.6(11)-2
3.5(7) —2
4.1(15)-2
5.4(18) -2
5.g(18) —2

2.g(12) -2
1.4(4) -2
1.6(5) -2
3.0(10)—2
3.5(S) -2
6.4(26) -3
4.1(20) —2

le(3) -3
&4 —3
e.2(15) -3
2.s(e) -2
4.4(19)-3
2.5(8) -2
2.4(7) -2

Ml: 5.4
Ml: 5.4
Ml: 3.6
M2: 33
Ml: 2.4
Ml: 1.9
El:1.4 —1
Ml: 9.4 —1
El:1.3 —1
Ml: 6.3 —1
Ml: 6.3 —1
Ml: 4.0 —1
Ml: 3.6 —1
Ml: 3.4 —1
Ml: 3.1 —1
El:4.3 —2
Ml: 2.5 —1

El:3.2 —2
Ml: 2.2 —1
Ml: 1.7 —1
Ml: 1.6 —1
Ml: 1.6 —1
El:2.3 —2
Ml: 1.4 —1
Ml: 1.3 —1
E2:6.2 —2
M1: 1.0 —1
Ml: 1.0 —1
E2:5.1 —2
Ml: 8.9 —2
Ml: 7.5 —2

Ml: 7.5 —2
Ml: 7.3 —2
Ml: 5.3 —2
E2:2.6 —2

Ml: 5.0 —2
Ml: 4.8 —2
Ml: 4.6 —2
E2:2.0 —2
Ml 40 —2
Ml: 3.8 —2
Ml: 3.6 —2
Ml: 3.5 —2
Ml: 3.3 —2
E2:1.7 —2
E2:1.7 —2
Ml: 3.0 —2
Ml: 2.9 —2
El:4.4 —3
Ml: 2.4 —2
M1:2.3 —2
El:4.2 —3
El:4.2 —3
Ml: 2.0 —2
El:4.1—3
Ml: 1.9 —2
Ml: 1.8 —2

Ml
Ml
Ml+ E2
M2
Ml
Ml(E2)
El
Ml
El
Ml+ E2
Ml
Ml
Ml
(Ml)
Ml
El
Ml(E2}
El
Ml

Ml
Ml+ E2
El

(Ml)
Ml
(El)
(Ml)
Ml
Ml

Ml
(E2)
(Ml)
(Ml)
Ml
(E2)
Ml(E2)
(Ml)
(Ml)
(Ml)
(Ml)
E2
E2
M1
Ml
El
(Ml)
Ml+ E2
(El)
(El)

El
Ml
Ml

Ml/E2 = 80
M2
Ml/E2 = 30
Ml/E2 = 39

Ml/E2 = 3

Ml/E2=5
Ml

Ml/E2 10

(Ml)

Ml+ E2
M2
Ml+ E2
Ml+ E2
El
Ml+ E2

Ml
Ml
(Ml)
Ml

Ml
(El)
Ml
El

Ml
Ml

=Ml
El
Ml
Ml+ E2
Ml+ E2
Ml
Ml+ E2

Ml+ E2
E2
Ml

Ml+ E2
Ml+ E2
Ml
Ml+ E2
Ml
(Ml)
Ml+ E2
Ml+ E2
Ml+ E2

(El)
Ml

El
Ml+ (E2+ Eo)
El
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TABLE II. (Continued)

Transition
energy
(keV This work

IE'
Ref. 4 Ref. 5" Exp. Theo. d This work

Multi polarity
Ref. 4 Ref. 5

571.8
579.3
593.8
614.3
644.5
652.7
660.0
704.0
705.8

0.6(2)
0.6(2)
1.8(4)
0.8(3)
0.6(3)

&0.2
3.4(7)
0.4(1)
0.6(2)

0.6
0.6
3.5

~0 6

3.1

0.4

0.22
0.34
2.04

0.66
0.29
2.02

0.36

1.5(5) —2
1.1(3)-2
1.3(3)-2
1.3(5) —2
1.6(8) —2

&8 -3
2.5(5) -2
1.3(3) —2

0.9(4) —2

Ml: 1.7 —2
Ml: 1.6 —2
Ml: 1.5 —2
Ml: 1.4 —2
Ml: 1.3 —2
E2:6.1 —3
Ml: 1.2 —2
Ml: 1.0 —2
Ml: 1.0 —2

Ml(E2)
Ml+ E2
Ml
(M1)
(Ml)
(E1,E2)
Ml+ (E2+ Eo)

(Ml)

E2+ Ml
Ml
Ml

(Ml)

(Ml)
Ml

Intensities in this work normalized to 140 for the 254.2-keV transition. Relative intensities reported in Refs. 4 and 5
have been multiplied by the factor 1.40.

"Below 289 keV (except at 240.6 keV) Iz values are the same as those in Ref. 4. Many other electron lines, not ob-
served in this work, are reported in Ref. 5.

'Experimental && values are from this work only; for transitions below 173 keV, IE values from Ref. 4 have been
used. Read an entry such as 6.3(10)-1 as (6.3+1.0) x10" .

Interpolated from Ref. 12.
'For the purposes of this table and the discussion in the text, the designation Ml (or E2) is not intended to exclude the

possibility of a small admixture of E2 (or Ml) in the transition; when the experimental &E value is intermediate between
M1 and E2, the assigned multipolarity is shown as mixed.

~ Assumed to be the same transition as that reported in Ref. 4 at 135.35 keV.
gMay be a doublet.

version-electron spectra were obtained with a
cooled Si(Li) electron spectrometer. " Typical
resolution (FWHM) was 2.5 keV at 1000 keV. A

spectrum is shown in Fig. 3.
Intensities of K-conversion lines determined in

this work are listed in Table II. Normalization of
the electron and y-ray intensity scales has been
made at 254 keV. This strong transition is known
from its L,/L, «subshell ratio to be a pure Ml
transition. 4 The two scales were chosen so that
the I~ values in column 2 of Table II, when di-
vided by the I, values of Table I, result in the n~
values shown in column 5. Theoretical n~ values
are interpolated from Hager and Seltzer. "

%here the data overlap, the multipolarities as-
signed to transitions from conversion coefficients
measured in this work generally agree with the
assignments of Harmatz and Handley. 4 A notable
exception is the 213.8-keg transition which is
identified as M1+ E2 in Ref. 4; our data clearly
indicate that the transition is El. In the previous
work this transition was part of an unresolved
doublet; no such ambiguity is observed in the
present result.

The conversion-electron intensity scale of Zu-
ber et al. ' is said to be normalized to the y-ray
intensity scale on the assumption that the 244.2-
keV transition is pure Ml. Harmatz and Handley'
find this line to be part of a partially resolved mul-

tiplet and only tentatively assign it as M1. Our
data indicate that this transition may have a con-
siderable E2 admixture. The reported normaliza-
tion is somewhat puzzling since Zuber et al. ' do
not report their own electron intensities below 289
keV except for the 240.6-keg transition; in this
energy range all other entries as well as multi-
polarity assignments are from Harmatz and Hand-
ley. In general, the agreement between our data
and those of Zuber et al. is satisfactory. While
no experimental uncertainties are reported in the
latter work, the intensities listed in Table II re-
flect the precision with which experimental data
were reported.

Included in Table II also are conversion-electron
intensities as reported by Harmatz and Handley'
and Zuber et al. ' The intensities of Refs. 4 and 5
have been normalized to the scale we use. For
transition energies below 173 keg, the I~ data of
Ref. 4 are superior to our data and have been used
together with our I, values to obtain n~ values. In
both Refs. 4 and 5 additional K lines, not observed
in this work, were reported; in some cases y rays
corresponding to these transitions were found in
our spectra. However, these transitions have not
been included in Table II since experimental un-
certainties in intensities are not explicitly stated
in Refs. 4 and 5 and the assignment of multipolari-
ties would be doubtful.
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FIG. 4. Decay scheme for 53Dy decay to levels in ~ 3Tb. Energies are in keV. In (a) the heavy lines indicate principal
deexcitation paths. Circles identify coincidence relationships. A cross after a transition energy indicates that the
transition has been placed more than once. Spin-parity assignments are based on transition multipolarities and not on
logft values.
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III. LEVEL SCHEME OF i53Tb

A. Level assignments

Transitions observed in '"Dy decay have led
to the determination of 54 levels as shown in Figs.
4(a)-4(e). Of the 400 y rays in Table I, 193 have
been placed by coincidence data and 126 by energy
sums; 81 have not been placed. In all but one of
these levels, coincidence data were used to estab-
lish the existence of a level. For low-lying levels
(&1 MeV), an average of seven coincidence-as-
signed transitions was associated with each level.
Circles are used on the level scheme to identify
such transitions.

The first few excited states in '"Tb at 80.8,
147.4, and 254.2 keg are well known from previous
work, "and the present data confirm that these
levels deexcite directly to the ground state. In
both this work and in Ref. 5 the ground-state de-

cay of levels at 213.8 and 218.6 keV has been ob-
served. The —", isomeric state, whose half-life
is 173 p. sec,"deexcites by an 82.5-keV transition
to the 80.8-keV state', the energy of the isomeric
state is thus 163.3 keg. Starting with this basic
skeleton for the lowest-lying states, we were able
to generate the level scheme shown in Fig. 4.

Generally the level of confidence in identifying
the energy levels is very high because of the inter-
locking and multiple coincidence information. For
a few levels, however, only one or two coincident
transitions were observed (e.g. , the levels at
651.7, 772.8, and 1151.3 keV), or in one case
none (2024.2 keV), and the existence of these lev-
els is less certain.

Many of the lower-lying levels in Figs. 4(a) and
4(b) are found also in the level scheme of Zuber
et aL' However, 11 levels in their scheme at
452.0, 802.1, 832.6, 1087.1, 1104.6, 1192.0,
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1332.2, 1512.3, 1516.5, 1570.2, and 1577.3 keV
are not supported by our coincidence data. Levels
which we have established but which are not re-
ported in Ref. 5 are at 371.6, 543.5, 651.7, 722.4,
772.8, and 1083.3 keV and all higher-lying levels
except those at 1791.4, 1822.7, and 1912:-5keV.

The lower-lying levels proposed by Harmatz and
Handley4 are also generally confirmed by this
work. The largest discrepancy concerns the level
they propose at 323.8 keV. The 213.8- and 323.8-
keV transitions are in coincidence. The intensity
relationship between these tmo requires that the
323.8-keV transition precede the 213.8-keV transi-
tion and not the reverse as indicated in Ref. 4. In
addition, levels they report at 452.2, 674.7, 692.2,
766.0, 943.6, 967.4 keV are not supported by our
coincidence data.

8. Spin and parity assignments

Atomic-beam measurements have shown that the
spins of '"Tb (Ref. 14) and "'Dy (Ref. 15) are —,

and —,', respectively, and other evidence' indicates
their parities are positive and negative, respec-
tively. The remaining spin and parity assignments
are based on the transition multipolarities indi-
cated in Table II.

C. Excitation-deexcitation properties of levels

In a. level scheme as complex as that of '"Tb, we
felt it important to search for possible systematic
groupings of levels which would tend to simplify
their interpretation. We have found it illuminating
to group the positive-parity levels according to
their major deexcitation paths. This is indicated
in Fig. 4(a). The darkened transitions are those
that carry off most of the intensity of a particular
level. Groups of levels have been found that decay
principally to a low-lying positive-parity state or
to a level which in turn decays to that low-lying
state. Groups are identified by the low-lying level
to which they decay. These are at 80.8, 147.4,
and 254.2 keV. We would like to point out that the
systematics of states"'" in "'Eu and ' 'Pm sug-
gest that the positive-parity 147.4-keV level spin
should be 2, although & and —' are not excluded by
the present data.

The segregation of levels into groups which pop-
ulate negative-parity levels does not establish
clear patterns similar to those of the positive-
parity levels. Almost all negative-parity levels
decay primarily to the 213.8-keV -', level and to
the 263.0-keV —,

' level. There are three positive-
parity levels (510.4, 790.1, and 1151.3 keV), and
five levels of unknown parity which decay predomi-
nantly to the 213.8-keV level and/or the 263.0-keV
level and thus have been included with the negative-

parity levels in Fig. 4(b).
In Figs. 4(c), 4(d), and 4(e) are indicated the de-

exciting transitions of the 21 levels lying between
1000 and 2121 keV. Electron capture most strong-
ly populates levels at 1365.2, 1429.6, 1791.4,
1822.7, 1824.9, and 1912.5 keV. Their deexcita-
tion is primarily to levels below 600 keV. Logft
to the 1912.5-keV level implies an allowed P de-
cay, limiting it to spin values of &, -', , or —', with
negative parity. The other levels listed have logft
values consistent with allowed or first-forbidden
P transitions, limiting their spins to 2, -,', or —,

'
with either parity possible. Spins and parities are
not shown in Figs. 4(c), 4(d), and 4(e) if P-decay
systematics are the only basis available for making
assignments.

IV. DISCUSSION

A. Qualitative aspects of low-lying positive-parity states

The odd-Z, N= 88 nuclei '"Eu (Ref. 16) and
"'pm (Ref. 17) have been qualitatively interpreted
in the context of the weak-coupling model. In the
case of "'Tb, Harmatz and Handley' and Zuber
et al. ' characterize the &' ground state, the —,

"
80.8-keV state, and the —", 163.3-keV state as the

d, &„g,&„and h.,&, shell-model states, respec-
tively. The remaining low-lying positive-parity
states might then be composed of one- and two-
phonon quadrupole vibrations coupled to the d, &,
and g, &, states. One would expect predominantly
E2 transitions from two-phonon to one-phonon
states, and from one-phonon states to the zero-
phonon ground and 80.8-keV states. Transitions
from two-phonon states to zero-phonon states
should be hindered. The experimental evidence
is in disagreement with such an interpretation.
The low-lying positive-parity levels at 218.6,
240. 5, 254.2, 325.0, and 389.6 keV have ground-
state transitions that appear to be M1. Many of
the higher-lying states, presumably of tmo-phonon
character, have strong transitions to either the
ground or 80.8-keV states. While mixing of the
d, &, and g», states could enhance the Ml transi-
tion probabilities, it would also cause spreading
of the weak-coupling multiplets and lead to a re-
duced level density. A more sophisticated method
applicable to the case of stronger coupling may be
necessary. " The recent proton-transfer studies'
are also inconsistent with a simple shell-model
description.

An alternative to the weak-coupling description
mould be to describe the odd-proton in "'Tb in
terms of Nilsson states. The bandlike structure
of the level groups in Fig. 4(a) also suggests such
an interpretation. Thus the &' ground state and the
—,
"80.8-keV state might be members of a rotational
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TABLE III. Ratio of ft values for populating
2

and
2

final states in transitional and deformed nuclei from a
parent 2 state.

Daughter
nucleus

ft(5 )

ft(7 ) Reference

Spherical
149Eu

'"Pm
"'Eu
'"Tb

Eu

Rotational limit

86
88
88
88
90

2.4
2.5

&10
&15

0.2+ 0.1
&0.1

0.30

20
21
17
16

This work
22

19

band. If this were the case, the ratio of ft values
for P transitions to the —,' and —,

"states would be
given by squares of the appropriate Clebsch-Gor-
dan coefficients, "that is, the ratio R would be

(7 71 1~75)5
(7 7 I 1[5 5)2

2 2 2 2

Qn the other hand, in spherical nuclei, if the
parent state is f,&, and the daughter states are
g7/2 and d, &» R is 2.4." For '"Tb R is 0.2*0.1;
experimental values of R for several transitional
and deformed nuclei ' 7' ' are lj.sted jn TBble
III. Although neither model used to predict R val-
ues is expected to apply very well to a transitional
nucleus like "'Tb, the observed trend suggests
that a quasirotational interpretation may be ap-
propriate.

Low-lying positive-parity Nilsson states iden-
tified in more deformed Tb nuclei are —,'[411],
—,'[413], —,'[402], and —,"[404]. These have been
observed in ('He, d) and (n, t) reaction studies, '
in radioactive decay, ""and in (n, xny) studies. "
At the small deformation expected for '"Tb, the
Coriolis force is expected to induce considerable
mixing of these states. Thus in the present dis-

cussion, references to specific Nilsson states and
members of their rotational bands are made with
the implicit understanding that other components
are invariably present.

In the region of 65 protons the ground state and

& 80.8-keV state could arise from either the
—,"[413]or —,'[402] Nilsson orbitals. The most like-
ly candidate for the other 2' bandhead is the state
at 218.6 keV. Two pairs of —,

"and —,
"states have

similar deexcitation patterns. These are the pairs
at 254.2 and 444.7 keg and at 325.0 and 529.5 keg.
Qne pair could be the members of a rotational
band with its bandhead at 218.6 keg, while the
other pair could be the bandhead and first rota-
tional excitation from the —,"[404]Nilsson orbital.
The state at 371.6 keV, which decays primarily
into the ground-state band and whose spin-parity is
(5, —,', —,')', may be the —,

"member of the ground-
state band, although the energy is somewhat higher
than might be expected. Pn the other hand, the
experimental energy seems rather low for this
state to result from a vibrational excitation and
we very tentatively assign the 371.6-ke7 state as
the —,

"member of the ground-state band. The most
likely state for the —,'[411]bandhead is at l.47.4
keg. From Fig. 4(a), one can see that a cascade
of transitions relates the 147.4-keV level to levels
at 240. 5, 389.6, and 571.8 keg. We suggest that
these levels are the 2', —,

'+, and —,
"members of the

—,'[411]rotational band. A similar interpretation
of these four levels has been made by Zuber et al. '

To choose between —,'[413] and —,'[402] as the
better representation of the ground state, we have
examined the decay characteristics of the —,

"level
at 325.0 keg. This level deexcites to the ground
state, the —,

"80.8-keg state, and the —,
"254.2-keV

state. There are two possible assignments for the
ground and 80.8-keg states, and two possible as-
signments each for the —,

"states at 254. 2 and
325.0 keV. The various possibilities are shown
in Table IV. Relative B(M1) values [normalized

TABLE IV. Relative B(M1) values for various assignments of experimental levels as Nils-
son states.

Ground state 254.2 keV 325.0 keV 325.0 254.2
B(M1) values

325.0 0 325.0 80.8

~5 [413]

~5 [413]

,'[4o2]

—,'[4o2]
Experimental

~7 [4o4]

~, —,"[402]

,' [4o4]

', , —,
' [413]

value

~, ~5 [4O2]

,' [4o4]

,', —,
' [413]

~ [404]

1.0
1.0
1.0
1.0
1.0

106

0.11

0.11

0.09 + 0.02

6.3

31

0.20

0.032

0.6+ 0.2"

In each case the 80.8-keV state is taken to be the &7 member of the ground-state band.
"Corrected for the E2 component in the 244.2-keV transition.
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to B(M1, 325.0-254.2)] have been calculated from
M1 matrix elements tabulated by Browne and Fe-
menia. " We have assumed that the deformation
P is 0.1, gs=Z/A, andgs=0. 6gs(free)=3. 35. The
calculated values are not sensitive to the choice
of P between 0.1 and 0.2. The experimental data
clearly favor the choice —,'[402] for the ground
state. The assignments —,"[404]for the 254.2-keV
state and —,",—,"[413]for the 325.0-keV state appear
likely. The reaction studies of Straume et gl. ' are
consistent with a &'[402] description of the ground
state but they favor a -"[404] interpretation of the
80.8-keV state.

The electron-capture decay" of "'Tb predomi-
nantly (57%) populates a —,' level in '"Gd at 212 keV
with a, logft value of 6.8. This state in "'Gd has
been assigned as the —,"[402]Nilsson state. " If
this is the case and the ground state of '"Tb is
—,"[402], the logft value is much too large; one
would expect an allowed unhindered transition
with logft(5. As we show later, the '"Tb ground
state undoubtedly is mixed and contains other
components such as 2'[411], but the dominant
amplitude is from —,'[402]. Bunker and Reich"
have pointed out that low-lying &' states in Gd, Dy,
and Er nuclei have a strongly mixed ([651],[402]]
character. This may help to explain the retarded
electron-capture decay of '"Tb.

In the rotational model, the cascade-to-cross-
over branching ratios within a band in an odd-A
nucleus provide information on the g factors in the
band. The quantity l(g»-gs)/Q, I, where Q, is the
intrinsic quadrupole moment, is expected to be a
constant for all the rotational states in an unper-
turbed band. " For '"Tb this test can be applied
only among the levels in the —,"[411]band. The re-
sults are summarized in Table V for "'Tb and
more deformed Tb nuclei. To the extent that data

TABLE V. VaIues of the rotational parameter i(g»
—gs)/Qol for members of the &3'[411] band in Tb nuclei.

are available, '"Tb satisfies the constancy test.
The magnitude of the quantity is substantially larg-
er for '"Tb than for more deformed nuclei. This
is as expected since Q, should be smaller for '"Tb
and the g factors should be approximately indepen-
dent of deformation.

Low-lying positive-parity levels are thus charac-
terized in a deformed basis as shown in Fig. 5. A
quantitative description of these levels is presented
in the next section.

E(K) = [(e» —X)'+ b, 'j'i —b, , (2)

where q~ is the single-particle energy of a par-
ticular Nilsson state, X is the energy of the Fermi
surface, and 6 is the gap parameter.

The eigenvalues and eigenvectors of the mixed
states are obtained by diagonalizing a matrix for
each spin value in which the diagonal elements are
given by Eq. (1) and the off-diagonal elements by

A'(K K+ 1)[(I—K)(I + K+ 1)]-'i'&K+ 1
Ij.IK) (3)

Here A' is AE(K, K+1); the factor E(K,K+ I) in-
cludes the BCS occupation term (U»U». , + V»V».,)
and a term which adjusts (generally attenuates)

B. Coriolis-coupled bands in Tb

The Nilsson states shown in Fig. 5 are expected
to be mixed by the Coriolis interaction. In this
section we calculate the effect of the mixing on Nil-
sson energies and transition probabilities. The
energy E(I,K) of an unperturbed state is given by"

E(I,K) = E(K)+A[I(I + 1) —2K'+ (j ')

+(-)'"'(I+ 2)~~», ,g, ],
where E(K) is the quasiparticle energy (discussed
below), A is the rotational constant h'/28 (8 is the
moment of inertia), j is the angular momentum of
the odd particle, and a is the decoupling param-
eter for a K= ,'- band. Th-e energy E(K) is defined
by 32
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spin '"Tb' 155Tb b '"Tb" 158Tb c (9/2) 57I.8
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0.28

0.31

~This work.
"Reference 25.
'Reference 23.
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5/2 0
5/2+ [402]

153
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FIG. 5. Low-lying positive-parity levels in Tb inter-
preted as members of bands based on Nilsson states.
Spins in parentheses have not been fixed by the data but
are consistent with experimental results.
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the strength of the Coriolis interaction.
The Nilsson model" was used to generate single-

yarticle energies and wave functions for the un-
mixed states. '~ The parameters of the Nilsson
model were chosen initially according to the usual
prescription as 5~=7.82 MeV, ~=0.0647, and

p, = 0.592. The deformation & was chosen to be con-
sistent with the experimental observation that the
—,"[411'], —,"[413],—,"[402], and —,"[404]bandheads lie
within a 350-keV range. This restricts P = 0.95'
to a value between 0.1 and 0.2; the calculations re-
ported below were carried out with p = 0.15. Though
a value &, = -0.04 is suggested for well-deformed
nuclei in this mass region, for simplicity we have
taken &, =0.

The values of E(K) were obtained with b. =1.00
MeV and A. = 5.722k~. Under these conditions the
—,'[413] state lies lower than —,"[402], in disagree-
ment with the experimental observation. In the
normal Nilsson scheme for protons, the g, &,
shell-model state lies below the d, &, state. If
the relative energy of the d, &, state is adjusted to
lie 200 keV below the g, &, state, however, then
the order of the K= &' bandheads agrees with ex-
periment.

The systematic trend of the difference in g7/
d, &, energies" is shown in. Fig. 6 as a function of
neutron number for Z= 59, 61, and 63. For Z= 65,
N= 88 it seems reasonable to expect the d, &, state
to lie below the g, &, state. Hamamoto" has shown
that a short-range neutron-proton interaction in
the pairing model accounts for this trend. The
reversal in order of the d, &, and g, &, states is
equivalent to choosing p, as 0.48 (instead of 0.592).
This is approximately the p, value for a 65-neutron
system. The values of ~ and p, are meant to de-
scribe a broad range of nuclei and are often ad-
justed for particular cases." This modification is
referred to below as the adjusted Nilsson model.

The Coriolis-coupling calculation was done with
the program aETABLz." The 2'[411], —,"[411],
—,'[413], —,'[402], and —,"[404]bands were included
in the mixing calculation. Matrix elements were
obtained with the wave functions from the adjusted
Nilsson model. " The decoupling parameter n for
the —,"[411]band was taken to be -1.217 keV. The
variables of the calculation were E(K) values of
the —,'[413], —,'[402], and —,"[404]orbitals, A (same
for all bands), and A'(K, K+1). The E(K) values
of the —,"[411]and,'-'[411] orbitals were those ob-
tained from the adjusted Nilsson model, 700 and
250keV, respectively. The E(K)values of the remain-
ing orbitals were obtained by fitting. However, the re-
sulting energies were only slightly different from
those resulting from the adjusted Nilsson model
(value given in parentheses): —,"[413],210(150)
keV; -;-'[402], 120(100) keV; and,"[404], 300(200)
keV.

Values of A and A'(K, K+1) which provide rea-
sonable fits to the experimental data are summa-
rized in Table VI. The value of A. for "'Tb is
la, rger than that for '"Tb (12 keV for positive-
parity bands), '" consistent with "'Tb having a
smaller deformation and moment of inertia. The
A' values are generally similar to those found for
negative-parity states in "'Tb (A'/A values in the
range 0.53 to 1.03)."

In Table VII are summarized the energies and
mixing amplitudes of wave functions resulting
from the calculation. The agreement of calculated
level energies with experimental values is ade-
quate. While bandhead states remain reasonably
pure, higher members are strongly mixed, es-
pecially among members of the —,'[413] and -,'+[404]
bands. The mixing amplitudes indicate that the
254.2-keV state is primarily —,"[404]and the 325.0-
keV state is predominantly —,",—,[413]; the identifi-
cation of states in Fig. 3 designates only the prin-
cipal component of the wave function.

Z =59

Z=6I

Z=63

~~
C$

0)
CC +200 keV

80 82 84 86
Neutron Number

d 5/2

g 7/2

cl 5/2

g 7/2

g 7/2

d 5/2 Quantity
Value
O eV)

17.8

12.0

2.0

12.0

TABLE VI. Values of the inertial constant A=52/28
and the Coriolis-coupliog constant A' (K, K+ 1). The K

states & [413] and —[402] are identified as & and
&5', respectively.

FIG. 6. Systematic trend of energies of d5/& and g, /2

states in odd-& nuclei. Experimental data are from Ref.
35.

6.0

21.7
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TABLE VII. Properties of Coriolis-mixed positive-parity states in Tb.

Energy (keV)
Exp. Theo ry Exp

Spin
Theory —[411]

Mixing amplitudes
—,
' [411] —', [413] —,

' [402] ,
' [404]

80.8

147.4

82.7

151.5

240.5 255.7

389.6 403.0

571.8 591.6

325.0

529.5

254.2

353.4

523.5

260.5

444.7 416.5

218.6 218.9

5

2

7
Y

—(-)
2 2

(- —)292
3 5 7 9

(Y 2 2 Y)

2(2)
7

2

7

2

9
2

5

2

7

2

3
2

5
2

7

Y
9
2

5

2

7

Y
9
Y
7

2

9
2

-0.002 0.235 -0.003 0.972

0.003 -0.292 0.047 -0.897 0.327

-0.007

-0.010

-0.018

1.000

0.971

0.912

0.055 —0.234

0.140 -0.349 -0.163

0.015 -0.843 -0.193 0.427 0.263

0.001 -0.053 0.998 0.015

-0.003

-0.005

-0.003

-0.004 0.294 0.444 0.291

0.305

0.380

0.879

0.794

0.197 -0.932 -0.001

0.309 -0.872 -0.018

0.210 0.332 0.269

Values in parentheses are formally allowed by the data but are considered less likely.

The mixed wave functions have been used to cal-
culate relative B(Ml) values for a, number of tran
sitions which experimentally appear to be M1, or
for mixed Ml/E2 transitions in which a reasonably
accurate correction could be made for an E2 com-
ponent. These values are listed in Table VIII. Al-
so shown are B(M1) values calculated if the states
are assumed to be unmixed. When mixing is taken
into account, the agreement between theory and
experiment is generally reasonable. In one case,
however, the calculated and experimental values
significantly disagree. This case involves the de-
excitation of the 254.2-keV state. The calculated
value is very sensitive to the [402] amplitude

TABLE VIII. B(M1) ratios for deexcitation of positive-
parity states in Tb using Coriolis-mixed and unmixed
wave functions.

Initial Final states
state 1 2

(keV) (keV) (keV)
Theory

Mixed Unmixed"

325.0
325.0
254.2
389.6
389.6
571.8

0
80.8
80.8

240.5
80.8

389.6

254.2
254.2

0
0
0

254.2

0.09 + 0.02
0.60 + 0.12
0.13+ 0.01

10 +1
0.4 +0.1
9.0 + 0.9

0.15
0.56
1.70
6
5.0
8.7

0.11
0.20
0.30

19
10.6

~Values listed are the ratios B(M1, initial state final
state 1)/B(M1, initial state final state 2).

"The wave function for a state was taken to be entirely
that of the state with the largest amplitude (see Table
VII).

'The transition in the denominator is —,& [411] -[404]
which is forbidden by Ml for the unmixed state.

which dominates the transition probability. The
experimental data may indicate that the [402] com-
ponent in the wave function of the 254.2-keV state
is much smaller than that resulting from the Co-
riolis mixing calculation. As a whole, however,
the B(M1) values provide support for a guasiro-
tational description of positive-parity states in
153Tb

C. Possible vibration-coupled states

The states at 543.5, 630.4, 651.7, 660.1, 726.9,
and 740.8 keV probably result from vibrations
coupled to the quasiparticle Nilsson states. Both
P- and y-vibrational states have been reported in
'"Tb and "'Tb with bandhead energies of 600-700
keV."" The decay patterns of the states in '"Tb
indicate highly mixed configurations. For example,
the 543.5-keV state decays to states in three dif-
ferent bands, while the 651.7- and 726.9-keV states
decay to states in two bands as well as to the nega-
tive-parity state at 213.8 keV. The states at
630.4 and 660.1 keV may be somewhat purer; they
populate predominantly only members of the —", [404]
band. The 740.8-keV state deexcites mainly to —",

members of both the 2'[413] and —,"[402]bands. In
the latter transition, the conversion coefficient
is significantly larger than that for Ml, suggesting
the presence of an EO component. Thus the 740.8-
keV state could have a major component arising
from a P vibration coupled to the ground state.

A P-vibrational band built on the —,'[411]state
was proposed in Ref. 5. They assign the —,' mem-
ber at 799.9 keV and the —,

"member at 1076.1 keV.
They report a 559.4-keV transition to the &'

240.5-keV state from the 799.9-keV state with an
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EO component. This transition is not observed in
either our y-ray or conversion-electron spectra.
We observe instead a coincidence-confirmed M1
transition connecting the 799.9-keV state to the
negative-parity state at 537.5 keV. Thus the state
at 799.9 keP has negative parity. The 1087.1-keV
state of Ref. 5 is reported to deexcite to the 389.6-
keg state by a 697.4-keg transition with an EO
component. While we observe a 697.4-ke7 transi-
tion, our coincidence data eliminate the possibility
of it populating the 389.6-keV state. Qur conver-
sion-electron spectra indicate that the intensity of
the E-conversion line from the 697.4-keg transi-
tion must be at least a factor of 3 smaller than the
value reported in Ref. 5.

D. Negative-parity states in Tb

The low-lying negative-parity states, unlike the
positive-parity states, are not analogs of similar
states of the more deformed Tb nuclei. However,
they can be accounted for in the rotational inter-
pretation. According to Stephens, " if the Fermi
surface lies low in a high-j unique-parity shell-
model orbital, at small prolate deformations
(P ~ 0.2) the rotational bands originating from that
orbital are so distorted by the Coriolis force that
a new coupling scheme develops. The lowest-lying
state will have a spin equal to the j value of the
shell-model state, and the order and spacing of
other spin states will depend on the actual values
of P, X, and the moment of inertia of the even-
even core. This coupling scheme is viewed as
resulting from an alignment of the motion of the
odd particle with the rotation of the core and is
generally referred to as the rotation-alignment
model.

Since the negative-parity states in '"Tb arise
from the high-j unique-parity h»&, state, a cal-
culation in the framework of the rotation-align-
ment model" has been performed. This calcula-
tion is formally the same as that for the positive-
parity states, except that every Nilsson state from
the hing/2 shell must be included in the diagonaliza-
tion of the matrices whose elements are deter-
mined by Eqs. (1) and (3). The same values of P,
X, and b, used for the positive-parity states were
used for the negative-parity states. In the rota-
tion-alignment model, h '/28 is determined by the
even-even core. It was taken to be —,

' of the energy
of the first excited 2' state (344 keV) in "'Gd,
which should approximately represent the core
for '"Tb. The parameter A'(K, K+ 1) was taken to
be equal to A (K'/28 = 57 keV) in one calculation.
In another calculation, A and A'(K, K+ 1) were
varied to fit the energies of the '-,' 163.3-keg state,
the -,'213.8-keg state, the —,

' 263.0-keg state,
and the state at 537.5 keV. This state was as-

13—
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7/29-
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+~ 7 9/2
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ROTATION ALIGNMENT
MODEL

)5/2. 7/2)
H9/2
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65Tb88

FIG. 7. Low-lying negative-parity levels in 5 Tb com-
pared with the predictions of the rotation-alignment mo-
del. In Calculation I, no parameters were allowed to
vary; in II, the parameters A and &' (&, &+1) were al-
lowed to vary (see text). The ordinate is the energy of a
negative-parity level relative to the ~&~ level at 163.3
keV in units of the energy of the 2+ level in ~~~Gd (344
ke V). The correspondence between calculated higher-
lying levels and experimental levels has not been estab-
lished.

sumed to be &, which is consistent with the ex-
perimental data.

The results of these two calculations are shown
in Fig. 7, where the calculation labeled I is with

A=A'(K, K+1) = 57 keV, and the one labeled II is
with A and A'(K, K+1) treated as variables. In
both calculations the same value of A'(K, K+ 1) was
used for each off-diagonal element. Calculation I,
in which no parameters have been fitted, is in
qualitative agreement with the experimental re-
sults; both spins and level order are reasonably
well reproduced but the level spacing is too large.
For the two-parameter fit, calculation II, the fit-
ted values were A = 20 keV' and A'(K, K+ 1) = 18
keV. These are physically reasonable values for
the parameters, and considerable improvement in
the fit, relative to calculation I, is obtained. The
negative-parity. states in '"Tb are at least quali-
tatively consistent with the predictions of the ro-
tation-alignment model.

The rotation-alignment-model calculation pre-
dicts that a series of high-spin states, known as a
decoupled band, should also be present in '"Tb.
Preliminary results" of (z, xny) studies of high-
spin states in '"Tb tend to confirm these predic-
tions of the calculation as well.
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V. SUMMARY AND CONCLUSIONS

The decay of '"Dy populates at least 54 levels
in "'Tb. Below 1 MeV, 20 states have positive
parity, 10 negative, and for 3 others the parity
is not known. In order to interpret such a com-
plex level scheme in the framework of a relatively
simple model with clear physical assumptions, we
have used the conventional formalism for deformed
nuclei —the particle-plus-rotor model with Coriolis
mixing —to describe the positive-parity states.
Though the ground state of an 88-neutron nucleus
might not be expected to be stably deformed, the
experimental energies and transition probabilities
are reasonably reproduced for a deformation P
= 0.15. Low-lying negative-parity states in '"Tb
are accounted for within the context of the rotation-
alignment model in which the values of parameters
that reproduce the level order correspond to weak
prolate deformation. The P-decay transition prob

abilities for populating the —,
' ground state and -',

+

first excited state correspond to the values expect-
ed for members of a K= & band.

The experimental data obtained in this work are
consistent with the notion that '"Tb is a weakly
deformed nucleus. Many of the properties of low-
lying states can be interpreted in this way.
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