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An investigation of low-lying energy levels of 13%!32Ce, 132!3¥Nd, and '**Pm has been made via 8
decay, especially of those levels in the K"=2" gamma band in the even-even nuclei. The radioac-
tive parent nuclei were produced by the *>Mo(*Ti,xpyn) and ''?Sn(**Si,xpyn) reactions with bom-
barding energies of 170 to 240 MeV. An isotope separator enabled 4=134 mass identification.
Level schemes of these five nuclei were constructed from y-y-t coincidence data. The B-decay half-
lives of the parent nuclei, °Pr, *?Pr, *Pm, !**Pm, and '**Sm, were determined to be 40+4, 96+ 18,
8.8+0.8, 23£2, and 9.3+0.8 s, respectively. The suitability of the proton-neutron interaction boson
model in describing '*°Ce, '*2Ce, *?Nd, and '**Nd is supported by the comparison of experimental
relative E2 transition probabilities with proton-neutron interaction boson model predictions.

MS code no. CR4132

I. INTRODUCTION

In the region where neutron-deficient nuclei have
Z >50 and N <82, there are many nuclei whose sys-
tematic progression from vibrational to gamma-soft rotor
to possible rigid rotator types is of interest.!”> The
neutron-deficient even-Z, even-N Ce, Nd, and Sm nuclei
do not show the striking effects that are seen in the
neutron-rich region of Nd and Sm nuclei due to the sub-
shell closure at Z =64. Rather, a smooth increase in de-
formation occurs as the neutron number decreases. Pre-
vious in-beam spectroscopy studies of Ce even-even iso-
topes,>’ Nd isotopes,® and Ce to Gd isotopes’ have
shown, through the transitions from high-spin states, that
the even-even nuclei in this region become more de-
formed as the neutron number decreases from approxi-
mately N =80 to 68. The energies of the 2* and 47 lev-
els of the ground-state band decrease monotonically
through the known region. Early work on the levels and
structure of 30132Ce, B2IN{, and *Pm is reviewed
elsewhere.!®"!2 Recent relevant reports on the beta de-
cay of 1*13Pm and levels of *>!3Nd are given in Refs.
13-15. Relevant energy levels of '*°Ce are described in
Ref. 16. We earlier made a brief report!” on the levels of
the four even-Z, even-N nuclei of this paper.

In this paper are described data to assist in evaluating
the structure of nuclei in this region; they have been ac-
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quired through the heavy-ion beam production of ra-
dioactive 130132py 132.134py and 13*Sm and the observa-
tion of their subsequent beta decay. Typically, many
more low-lying low-spin levels are populated via 3 decay
than in the in-beam experiments. A previous paper in
this series!® showed that the relative B (E2)’s of decays of
the gamma-band levels in !3Nd indicate agreement
with a gamma-soft nuclear model. The current paper
includes proton-neutron interaction boson model (IBM-2)
calculations of B(E2) transition probabilities
in 126,128,130,132,134, 136 132,134,136, 138N and
134,136,138,1409m. Comparisons are made between calculat-
ed B(E2) ratios and experimental ratios for y-ray transi-
tions from gamma-band energy levels. This work extends
that of Casten and von Brentano!® who reported on Xe
and Ba nuclei near 4 =130.
A level scheme for '3*Pm is presented.

II. EXPERIMENTAL METHODS

The apparatus and techniques that were used in our
previous studies of Nd, Pm, and Sm nuclei in this region
have been described elsewhere (Refs. 18, 20-23, and
references therein), and all details will not be repeated
here. The folded-tandem accelerator of the Holifield
Heavy-Ion Research Facility at Oak Ridge National Lab-
oratory provided beams for these reactions: (a) !'’Sn
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(%8Si,xnyp) at beam energies of 170, 190, and 220 MeV
with targets enriched to 80% in !'"Sn; (b)
2Mo(*Ti,xnyp) at 250 MeV with targets enriched to
97.4% in **Mo; and (c) “>Mo(*Ti,xnyp) at 230 MeV with
UNISOR mass separation. Radioactive products were
transported by a He-jet system to a continuous thin plas-
tic foil on which they were repeatedly collected and then
transported to a y-ray counting station. Two Ge detec-
tors were used, as described in Ref. 18, to obtain y-y-t
and X-y-t coincidence spectra as well as singles spectra.
The collection and counting times were equal and varied
from 7 to 175 s. Mass separation with the UNISOR mag-
netic isotope separator?>?! was carried out in obtaining
additional 4 =134 coincidence and singles spectra, with
reaction (c).

III. EXPERIMENTAL RESULTS

A. 34Pm —2, 134N and levels of 1**Nd

The prominent y rays of '**Nd were observed at
A =134 (Fig. 1) during the mass separator experiment.
The He-jet measurements produced a substantial increase
in y-ray yield from which y-y coincidence spectra were
extracted from the event-by-event mode data. The
294.4-keV y ray was used to gate the spectrum shown in
Fig. 2, and then each of the ¥ rays in that spectrum were
used as gates. The spectra gated by all other significant y
rays were checked for relevancy. These spectra were ac-
quired in 7 h of counting time with the 20-s collect/count
cycle, with reaction (a) at a beam energy of 190 MeV.
The energies, relative intensities of the y-ray transitions,

and the y-y coincidences are listed in Table I.

The level diagram of Fig. 3 was constructed using the
relative intensities and the singles and y-y coincidence
relationships. Tentative spin-parity assignments in **Nd
can be made with reference to the systematic trends in
neighboring nuclei. The existence of a ground-state band
with 0%, 2%, 4% and 6" levels is well known, having
been observed both in 8 decay and in the in-beam yrast
cascades. Assignment of the 754.0-keV level as the 2;
band head for the gamma band is reasonable for a nu-
cleus in this region. This assignment is supported by the
presence of other probable members of a gamma band
with spin parities from 3% to 6 7. The choice of levels for
the gamma band, up to 6%, are shown in Fig. 3. There is
good agreement with an earlier level scheme'® in which
the 2% and 37 levels of the gamma band were tentatively
identified, and also with the recent one of Vierinen
et al.'* The gamma-band assignments are consistent
with the 2%, 4%, and 6" spin parities recently given®* to
levels at 753, 1312, and 1908 keV. The 5 and 7 levels
were earlier reported!® as the lower levels of an yrast
band going up to 137

The half-life of the 8 decay of **Pm was measured by
observing the decay with time of the yields of the 294.4-
and 495.1-keV y rays, which are shown in Fig. 4. The
average value is 2312 s, in good agreement with 21£1 s
reported by Béraud et al.'* and with 22.6+0.5 s reported
by Vierinen et al.'* The populating of the 4™ and 6™
levels of the ground-state band of '**Nd indicates that S
decay of '**Pm occurs from a relatively high-spin state
with probable I"=5" (for allowed 8 decay) with the ob-
served 23-s half-life. The relatively weak observed S de-

T T T T T T T T T T T T
10 x -
+ < A=134
g g +Pm OPr
8 X-rays = ~ x Nd * Ce n
~ 67
o
o
X 4 -
-
% 2-1
2
g
ps
o
[%2]
(-
2
> 6
o
(&)
X
41 ©
o
n
<
2~MA~AN~»«J\.J
0 T B T T T T T T T 1 T T T
14 16 18 20 22 24 26 28

CHANNELS (x100)

FIG. 1. Spectrum of y rays from the S decay of mass-separated 4 =134 nuclei, acquired with use of the UNISOR mass separator
during the first 3 s of counting in each cycle. The prominent 118.9- and 294.4-keV ¥ rays are due to the 3 decay of '**Sm and '**Pm,

respectively. “B” indicates background lines.
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FIG. 2. (a) Spectrum gated by the 294.4-keV ¥ ray due to the B decay of **Pm to '**Nd. (b) A spectrum gated by the 253.7-keV ¥
ray due to the 8 decay of *°Pr to '*°Ce. Spectra (a) and (b) were acquired with reaction (a) at beam energies of 190 and 220 MeV, re-
spectively, with use of the He-jet facility.

TABLE 1. Energies, relative intensities, and y-y coincidences of the y rays, which were observed fol-
lowing the B decay of '**Pm to '**Nd. The relative intensities were extracted from data that were pro-
duced by the ''2Sn(*!Si,xnyp) reaction at bombarding energy of 190 MeV. The relative intensities may
be different for other reactions due to probable differences in the population of the '**Pm isomers. Un-
certainty in the last digit is given in the parentheses.

Relative

E, (keV) intensity (/) Coincident x and gamma rays

294.4 (2) 100 (5) Nd x rays, 335.4, 459.6, 495.0, 516.4,
524.6, 560.0, 597.0, 608.7, 631.5, 794.9,
851.8, 881.9, 1166.8, 1247.3

335.4 (2) 4.8 (7) 294.4, 459.6, 516.4, 608.7, 754.0

459.6 (2) 142 (7) 294.4, 3354, 516.4, 560.0, 608.7, 851.8

495.0 (2) 56.7 (3) 294.4, 524.6, 631.5, 881.9, 1166.8,
1247.3

516.4 (2) 2.1 (3)

524.6 (2) 29 (3) 294.4, 495.0

560.0 (2) 9.4 (8) 294.4, 459.6, 597.0, 754.0

597.0 (2) 1.3 (5)

608.7 (2) 3.8 (4) 294.4, 335.4, 754.0, 794.9

631.5 (2) 9.7 (6) 294.4, 495.0

754.0 (2) 14.2 (7) 335.4, 516.4, 560.0, 608.7, 851.8

794.9 (2) 18.4 (9) 294.4, 516.4, 608.7

851.8 (2) 5.2 (10) 294.4, 459.6, 754.0

881.9 (4) 1.8 (5) 294.4, 495.0

1166.8 (2) 53 () 294.4, 495.0

1247.3 (2) 2.9 (10
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2% '34Pm cay directly to the 2; level indicates decay from a low-
(5 [/ 23:2s 61 73 spin isomer of '3*Pm, which is discussed in Sec. III B.
/ The half-life of this low-spin isomer was not detectable.
2036.7 B*.EC
6y 19110 B. 'Sm —2, 13Pm and levels of '*Pm
597.0

(_L|_5 ) | 1698.1 Spectra collected with the mass separator at 4 =134
contained x-ray lines of Pm, singly and in coincidence
14209 608.7 < with the previously known 118.9 keV ¥ ray, and thus the
@y | §131408 previous identifications of the B decay of '**Sm were
/ 560.0 / confirmed. An example is shown in Fig. 1. Coincidence
631.5 3y)y 10894 %q spectra were gated by the x rays, the 118.9-keV y ray,
¥ i and other y rays. Additional coincidence spectra collect-

o [ 3354 . . .
789 47’ / 2.) 7540 ed by use of the' He-jet technique at beam energies of 190,
& - 220, and especially 250 MeV supported the assignments
495.0 5 & and relative intensities, and enabled somewhat better
© determinations of the energies. The Y-y coincidences re-
. lated to **Pm are given in Table II. Through use of the
2 43¥ Q y-ray singles intensities and the Y-y coincidence relation-
2944 1'5 ships, the partial energy level diagram of Fig. 5 was con-
(o) 0, structed. The 112.2-KeV y ray decays with the same
124 hglf-]ife as the 110.2-keV ¥ ray. Since it is in coincidence
eoNd74 with the 218.8-keV y ray but not with the 118.9-keV y

FIG. 3. Partial energy level diagram of '**Nd due to the S de-
cay of "**Pm. The I" assignments are discussed in the text. The
energies are in keV. The parentheses indicate that an experi-
mental determination of 7™ has not been made.
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FIG. 4. Decay of selected y rays due to the 8 decay of '*Sm
(118.9 keV), **Pm (294.4 and 495.0 keV), and "*°Pr (253.7 keV).
The y ray yields were extracted from time-tagged spectra.

ray, it has been placed tentatively as a transition to the
ground state. The y rays in Fig. 5, and some others
which we did not observe, were reported recently by
Vierinen et al.'*

The half-life for the 8 decay of 1348m, measured by the
intensity of the 118.9- and 161.3-keV y rays, is 9.3+0.8 s,
in agreement with the previous 12+3 s (Ref. 25) and
10.3+0.5 s5.'* The decay curve for the 118.9-keV ¥ ray is
included in Fig. 4.

An approximate logft of 5.2 was calculated with use of
the systematic value of the maximum positron energy, 6
MeV,?® and the deduced 23% S feeding to the 118.9-keV
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FIG. 5. Partial energy level diagram of **Pm due to the
decay of '**Sm. The magnitude and sign of € are not known.
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TABLE II. Energies, relative intensities, and y-y coincidences of the ¥ rays which were observed
following the 8 decay of '**Sm to '**Pm. Uncertainty in the last digit is given in the parentheses.

Relative
E, (keV) intensity (1,) Coincident x and y rays
51 (2)

110.2 (2) 9 (2) Pm x rays, 118.9, 218.8

112.2 (2) 6 (1) Pm x rays

118.9 (2) 100 (5) Pm x rays, 51, 110.2, 161.3, 185.7,
218.8, 299.9, 380.2, 768.5

161.3 (5) 20 (5) Pm x rays, 118.9, 218.8

185.7 (3) 13 (1) 118.9

218.8 (2) 33 (3) Pm x rays, 51, 110.2, 112.2, 118.9,
161.3, 228.9, 279.9

228.9 (3) 14 (1) 51, 218.8

279.9 (3) 14 (1) 218.8

299.9 (3) 12 (2) 118.9

380.2 (2) 17 (2) 118.9

768.5 (3) 6 (2) 118.9

level. Allowed B decay to the 118.9-keV level is indicat-
ed, and this suggests that this level has spin parity 17, be-

cause 0" ——0" 8 decay is rare (allowed B decay is as-
sumed). A reasonable choice for the lowest level of Fig. 5
is I"=2%, which requires an M3/E4 transition to or
from the 5 isomeric level, as was discussed in Sec. IIT A.
It is not known which level is the lower in energy, the
presumed 2%, which is connected to other levels of the
decay scheme, or the presumed 5*, which appears to be
produced directly by the ®>Mo (*°Ti, 3pn) reaction.

The similarity of the distribution of low-lying levels
and their energies to those of '*Pm suggests'® that the
same quasi-single-particle proton and neutron states are
coupling to produce the same (as yet unidentified) multi-
plets.

C. "2pm 2, 132Ng and levels of 12Nd

From Ref. 9 it was known that the energies of the ¥
rays from the 2%, 4%, and 67 levels of the ground-state
band of '¥Nd have energies of 213.1, 397.0, and 522.0-
keV. The y-ray energies, relative intensities, and coin-
cidence relationships listed in Table III were derived
from coincidence spectra and from singles spectra, espe-

cially with reaction (a) at 190 MeV and 20-s cycle time.
They were confirmed with use of reaction (b) at 250 MeV
and 7-s cycle time. The coincidence relationships and rel-
ative intensities of the y rays were used in constructing
the level diagram of Fig. 6. The 522.0-keV y ray was not
seen. The 294.1-keV transition was indicated by the coin-
cidence data; its intensity is uncertain because of interfer-
ence caused by the strong 294.4-keV y ray of 3*Nd.

The observed levels strongly suggest that the [5-decay
parent has a low spin with I =3 as a most probable
choice. The half-life of the B decay of '3?Pm was deter-
mined from the yield of the 213.1-keV ¥ ray versus time
as 8.8+0.8 s, using reaction (b) at 250 MeV and 35-s cy-
cle time with confirmation from using reaction (a) at 170
and 190 MeV. The only previous measurement is that of
Wilmarth et al.,?” who gave 5.01£0.7 s.

D. 2pr — 2, 132Ce and levels of '*2Ce

The members of the ground-state band of '*2Ce are
known from in-beam measurements®’ and the second 2%
level from B decay.”> Subsequent to our brief descrip-
tion'” of the 8 decay, Barnéoud et al.?® added transitions
to our *?Ce level diagram. Our best yield was obtained
with reaction (b) at 250 MeV, with a cycle time of 175 s,

TABLE III. Energies, relative intensities, and y-y coincidences of the y rays which were observed
following the 8 decay of '*’Pm to '2Nd. Uncertainty in the last digit is given in the parentheses.

Relative
E, (keV) intensity (1,) Coincident x and ¥ rays
213.1 (2) 100 (10) Nd x rays, 294.1, 397.0, 564.5, 610.4,
904.5
294.1 (4) 1 (0.5) 213.1
397.0 (2) 26 (3) 213.1
564.5 (3) 3 213.1, 610.4, 823.5
610.4 (3) 14 (2) 213.1, 294.1, 564.5
823.5 (3) 13 (2)
904.5 (2) 7 (1) 213.1
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FIG. 6. Partial energy level diagram of **Nd due to the 3 de-
cay of *?Pm.

which enhanced the 96-s half-life yield relative to other
shorter-lived nuclei. The relative intensities were mea-
sured under these conditions. Table IV gives the y-ray
energies, relative intensities, and coincidence relation-
ships.

The decay scheme of Fig. 7 has additions and changes
that were made possible by new data, which were ob-
tained using reaction (a) at 250 MeV. The level diagram
is drawn to exhibit the gamma band consisting of the 2,
to 5, levels. This diagram is consistent with the one re-
cently reported.?® In our work, the known 684.5-keV y
ray from the 6™ level was observed as a very weak doubt-
ful transition. Because of observed 8 decay to spin-5 and
possibly spin-6 levels, and also directly to the 2g+ level, it
appears that there are B-decay isomers; a reasonable ten-
tative choice for the high-spin isomer is I7=5" and for
the low-spin isomer, I"<2%,

The yield versus time of the 325.4-keV y ray was seen
to consist of a growth and decay which is consistent with
132pr being fed by the 105-s B decay of '3>Nd while decay-
ing with the 96-s half-life earlier reported.?

E. 3opr _£_, 130Ce and levels of 13°Ce

The most useful spectra were obtained with reaction (a)
with beam energies of 190 and 220 MeV and cycle time of
20 s; see, for example, in Fig. 2 the spectrum gated by the
253.7-keV y ray. Spectra gated by the 253.7-keV y ray
with use of reaction (a) at 190 and 220 MeV, and with re-
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FIG. 7. Partial energy level diagram of '>Ce due to the S de-
cay of '3?Pr.

action (b), exhibit the same coincidences for the more
prolific ¥ rays. At 220-MeV bombarding energy the
spectrum showed only a very small amount of the con-
taminating '3*Sm y ray of 256.0 keV. Energies and rela-
tive intensities are listed in Table V, where the intensities
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FIG. 8. Partial energy level diagram of '*°Ce due to the 3 de-
cay of *°Pr.
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TABLE IV. Energies, relative intensities, and y-y coincidences of the ¥ rays which were observed
following the B decay of *?Pr to '*?Ce. Uncertainty in the last digit is given in the parentheses.

Relative

E, (keV) intensity (I,) Coincident x and y rays

3254 (2) 100 (5) Ce x rays, 340.6, 496.9, 533.6, 561.8,
675.2, 684.5, 874.2, 912.2, 1010.0,
1172.0, 1308.0, 1409.0

340.6 (5) <0.5

377.2 (2) 3.5 (8) 3254

456.5 (4) 3.0 (8 325.4, 377.2, 822.4, 874.2

496.9 (2) 25 (3) 325.4, 377.2, 561.8, 675.2, 912.2,
1010.0

524.6 (2) 2.0 (6) 325.4, 533.6

533.6 (2) 15.2 (15) 340.6, 325.4, 524.6

561.8 (2) 2.7 (6) 325.4, 496.9, 822.4

675.2 (2) 6.3 (8) 325.4, 496.9, 8224

684.5 <0.5

822.4 (2) 17.3 (17) 377.2, 561.8, 675.2, 912.2, 1010.0

874.2 (2) 14.1 (14) 325.4, 456.5

912.2 (2) 3.4 (10 3254, 496.9, 822.4

1010.0 (9) 2.6 (5)

1172.0 (6) 1.0 (5)

1308.0 (6) 1.5 (3) 325.4, 496.9, 874.2

1409.0 (8) 1.5 (5)

are those observed with reaction (b) at 190 MeV. The
low-lying spin-2 levels as well as the 6" levels are fed by
B decay, indicating that a low-spin and a high-spin iso-
mer are decaying.

The level scheme of Fig. 8 was constructed with use of
the y-ray energies, coincidences, and relative intensities

which are listed in Table V. It has been arranged to em-
phasize the details associated with the gamma band. The
spin parities of the 2.7, 4, and 6. of the gamma band
were taken from Ref. 29 where they are the lower
members of a band extending up to 14*. Additional data
have made possible some additions and changes in our

TABLE V. Energies, relative intensities, and y-y coincidences of the y rays which were observed
following the 8 decay of '*°Pr to '*°Ce. Uncertainty in the last digit is given in the parentheses.

Relative

E, (keV) intensity (/,) Coincident x and y rays

253.7 (2) 100 (5) Ce x rays, 342.7, 456.7, 467.2, 488.5,
494.7, 576.7, 580.7, 612.5, 614.0,
631.5, 837.4, 923.6, 938.5, 952.3,
961.5, 1404.9

342.7 (6) 1.0 3)

456.7 (2) 38 (3) 253.7, 467.2, 612.5, 614.0, 961.5

467.2 (6) 1.3 (4)

488.5 (2) 1.8 (3) 253.7, 576.7, 580.7, 632.0, 834.5

494.7 (2) 2.0 (6) 253.7, 923.6, 952.3

576.7 (6) 1.3 4)

578.0 (3) 0.4 (1)

580.7 (2) 10.4 (10) 253.7, 342.7, 488.5, 494.7, 8374,
952.3

612.5 (3) 2.6 (6) 253.7, 456.7

614.0 (2) 6.5 (6) 253.7, 456.7, 631

631.5 (52 1.3 (4 253.7, 456.7, 614.0

834.5 (2) 8.0 (9 488.5, 837.4, 952.3

837.4 (2) 7.7 (4) 253.7, 580.7, 834.5

923.6 (2) 13.8 (10) 253.7, 494.7, 578.0, 938.5, 952.3

938.5 (2) 34 (7) 253.7, 923.6

952.3 (3) 5.3 (7 253.7, 580.7, 834.5

961.5 (4) 1.7 (6) 253.7, 456.7

1404.9 (10) 2.9 (9)

*Weak doublet.
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previously published level scheme.!” The expected
2y+—>0; transition giving an 834.5-keV y ray was ob-
served in the coincidence spectra gated by the 837.4-keV
precursor, which itself appears in the spectrum gated by
the 253.7-keV y ray. The 3;-»2; transition (342.7 keV),
generally seen in the gamma band, is only weakly seen in
spectra because of the competition given by the 923.6-
keV ¥ ray from the same level. The very weak 578.0- and
576.7-keV y rays are interpreted as coming from the 5+
level at 1755.3 keV and the 6+ level at 1899.6 keV, re-
spectively. The level diagram 1s consistent with the per-
tinent part of the diagram, which was reported by Nolan
et al.;'® the definite I”™ values (i.e., those not in
parentheses) are taken from that work. Our decay
scheme is consistent with the recently published scheme
due to Barnéoud et al.?®

The B-decay half-life was determined from the decay of
the 253.7-keV y ray to be 404 s. The decay is illustrat-
ed in Fig. 4.

IV. CALCULATIONS

A. IBM-2 calculations

IBM-2 calculations were made for the primary objec-
tive of extracting E2 transition rates to use in forming
transition rate ratios which may be compared with the
new experimental data of this paper and with other exist-
ing data. It is of interest to see if the strong systematic
behavior which was reported'® for the Xe and Ba nuclei
with N, <82 is continued for Ce, Nd, and Sm.

B(E2)s for the N, <82 Xe, Ba, and Ce nuclei were
calculated by Puddu, Scholten, and Otsuka,® in an
IBM-2 model. They adopted a smoothly varying set of
IBM parameters (dependent on neutron number) and did
not attempt to fit each nucleus individually. Our IBM-2
calculations have used their parameters as a starting
point. The program NPBOS was used.’! Not all of the
terms in the NPBOS Hamiltonian were used. The Hamil-
tonian was limited to

H:Ed(ndv+ndﬂ)+K(Qv'Qﬂ-)+Mv1r+vvv+V7rﬂ' ’ (1

in which there are 13 adjustable parameters: €4, x, and
X, in @, and x, in Q,; &, , 3 in the Majorana term M, _;
¢'®2% in the V,, term; and ¢'®** in the V. term. The
operators are glven in Ref. 31 and convenlently described
in a review article by Arima and Iachello.’? Input data
were the known experimental values for the energies of
the 2., 4., and 6, levels and sometimes the 8, level of
the ground-state band, and the energies of available
25,37 ,4), ... levels of the gamma band. Input data
also mcluded the experimental values of the ratio
B(E2;2) —0;)

=-——t 5 ()
B(E2;2) —>2])
Another restriction was the requirement that the experi-
mental B(FE 2;Og——>2g) be reproduced by the calculations;
because they depend on the choice of effective charge, it
was a less rigorous constraint. The number of proton bo-
sons was given by N,=(N,—50)/2 and the number of

neutron boson holes by N, =(82—N,)/2.

The range of the adjustable parameters was not ex-
haustive in this work. Rather, advantage was taken of
the work of others®® whose calculations have limited the
values severely. The procedures were as follows.

(1) First, we chose to set x., ¢\”, and ¢!¥=0. We
chose to set ¢!’ =c!’=0.1 MeV. Thus the number of
remaining adjustable parameters was reduced from 13 to
8.

(2) We chose £;=&3;=—0.09 and £,=0.12 MeV, as in
Ref. 33. These parameters control the position of the
mixed-symmetry states (e.g., the 2; level) and have been
used previously to push these states to energies of about 2
MeV, above the lower-energy members of the ground and
gamma bands.>?> Our investigation showed that indeed
the 2; level was pushed to about 1.9 MeV. The set used
by Puddu et al., §,=§,=0.12 and £§;=—0.09 (not their
—0.9), gives the same results. However, the set of Otsu-
ka and Ginocchio,** £,=£,=0.1-0.6 and £,=0.0, used
for 8154Sm was not satisfactory for our region, which
required a £, which is positive. Thus the number of
remaining adjustable parameters was reduced to five pa-
rameters.

(3) For each nucleus, initial values of €;, «, Y,, and
¢'? =¢'? were taken from the curves of Ref. 30. The
program NPBOS diagonalized the Hamiltonian and calcu-
lated the eigenstate energies. These were compared with
the experimental level energies. During repeated calcula-
tions, minor changes in the parameters were made in or-
der to obtain acceptable fits to the experimental energy
levels. Typically, the 2g, 2,,, and 4g energy levels were
fitted to within £20 keV.

(4) The effective charges of the neutron and proton bo-
sons must be entered into the computation of the B (E2)
transition probabilities. The e!?’ and e?’ were set equal
to each other and to 0.12 e b, as in Ref. 30. Then, with
no additional adjustments of parameters, these effective
charges were used in the computation of the E2 transi-
tion probabilities. We did not attempt to fit with
different proton and neutron effective charges* 3¢ because
of the limited quantity of data for these nuclei. Note that
the ratios which are listed in Table VI are not affected by
the choice of effective charge because we have taken the
proton and neutron effective charges to be equal.

(5) The ¢!’ =c'? were adjusted for each nucleus until
the ratio R [Eq. 2)] agreed with the experimental value.
These parameters were typically —0.30 MeV, with indi-
vidual values from —0.25 to —0.40 MeV. Small changes
in the other parameters were made to correct for energy
shifts. The effect of ¢‘*' was significant for N, =76 and
78, but had much less effect for the lighter nuclei with
greater number of neutron-hole bosons.

(6) The final values of €, varied almost linearly from
0.42 to 0.90 MeV as N, was varied from 68 to 78 for the
Ce nuclei; the Nd and Sm nuclei followed the same curve
except for minor differences. « was usually —0.200 MeV,
with individual variations from —0.174 to —0.420 MeV.
X, varied linearly from 0.25 to 0.40 for N, =68-74 for
Ce; the Nd and Sm nuclei followed the same curve except
for minor differences.
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Table VI displays the results as ratios of the calculated
B(E2)s compared to the experimental ratios. The same
data are not available for each of the nuclei in Table VI.
In addition to those nuclei for which the B(E 2;0; -—»2; )
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is known and the ground-state band and some of the
gamma-band energies are known, there are (a) nuclei for

which the B(E2) and the ground-state band energies are

known, but there are no known gamma-band level ener-

TABLE VI. Results of the IBM-2 calculations of B (E2) ratios, given in percent and compared with experimental results. g and ¥
indicate the ground-state band and the gamma band, respectively. Uncertainties are given in parentheses. Data without references

are from this work.

B(E2;2,—0,) B(E2;3,—2g) B(E2;3,—4,) B(E2;4,—2,)
B(E2;2,—2,) B(E2;3,—2,) B(E2;3,—2,) B(E2;4,—2,)
Theory Expt. Theory Expt. Theory Expt. Theory Expt.
Nucleus (%) (%) (%) (%)
126Ce? 15.8 9.55 20.3 0.77
128Ce2 13.2 9.11 21.9 0.69
130ce 9.86 12.6 (1.9) 8.23 9.7 (3.1) 24.5 27.6 (12.0) 0.53
132Ce 4.65 6.0 (1) 5.36 5.6 (0.9) 29.9 0.31
134Ce 2.57 7.8 (2.5)° 3.19 3.6 (1.0)° 32.1 0.27
136Cec 0.92 1.0 (0.1)¢ 1.11 1.5 (0.2)¢ 33.9 0.28
132Nd 12.3 20.5 (4.4) 8.64 2.5 (1.6) 22.4 0.55
34Nd 8.66 8.4 (0.6) 7.05 5.1 (0.8) 24.3 42.8 (5.8) 0.59
36Nd 478 6.0 (0.5)¢ 4.66 5.3 (0.4) 28.5 48.9 (10.5)° 0.37
138Nd° 1.75 1.2 (0.3)f 1.99 1.1 (0.2)f 32.7 0.28
134§ m? 19.7 9.13 16.1 1.34
136Sm 10.7 9.3 (2.4)¢ 7.47 22.5 75.1 (35.4)% 0.53
138Sm 2.98 2.1 (0.3) 3.15 2.7 (0.4)" 29.3 0.86
140§ me 1.68 1.82 31.6 0.81
B(E2;4,—4,) B(E2;5,—4,) B(E2;5,—4,) B(E2:0,2.)
B(E2;4,—2,) B(E2;5,—3,) B(E2;5,—3,) L
Theory Expt. Theory Expt. Theory Expt. Theory' Expt.
Nucleus (%) (%) (%) (e?b?)
126Ce 423 49.2 5.40 2.52 2.46 (0.13)
128Ce 44.6 47.8 5.01 2.15 2.15 (0.18)%
130Ce 49.3 46.6 (13.4) 46.6 437 1.80 1.73 (0.09)%
132Ce 61.9 104.0 (38.8) 45.9 2.66 1.46 1.77 (0.14)%!
134Ce 69.2 45.7 (14.1)>™ 45.9 1.33 1.13 1.03 (0.09)
136Ce 73.6 45.1 0.41 0.77 0.8¢
132Nd 40.4 50.2 5.60 2.16 2.50 (0.20)"
34Nd 50.4 42.8 (5.8) 47.6 3.59 1.75 1.56 (0.12)°
36Nd 53.3 85.2 (26.5)° 48.3 51.3 (14.8)° 2.59 4.1 (0.5)¢ 1.41 >0.50°
3¥Nd 71.2 66.8 (8.7)f 45.1 0.76 1.03 0.6°
134Sm 38.4 56.8 5.88 2.49 4.01 (0.32)¢
136Sm 47.7 51.1 3.79 2.09 2.16 (0.15)"
138§ m 61.3 118 (16.7)" 47.0 1.81 3.3 (0.5)" 1.51 1.64 (0.34)
1408m 68.9 47.9 1.10 1.16 1.2¢
*B(E2;0,—2,) is known; no gamma-band levels available. 'From Ref. 45.
YData from Ref. 41. kFrom Ref. 37.
°B(E2;0,—2,) not known; used extrapolated value. 'From Ref. 49.

9Data from Ref. 42.

‘Data from Ref. 18.

Data from Ref. 39.

EData from Ref. 14.

"Data from Refs. 43, 44.

'With neutron and proton effective charges =0.129¢ b.

MUsing one-half of a doublet intensity.
"Weighted average from Refs. 8, 45, and 46.
°Average from Refs. 46 and 47.

PFrom Ref. 47.

9From Ref. 46.

"Average from Refs. 8, 46, and 48.
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TABLE VII. Davydov and Filippov (Ref. 40) predicted that for the level energies in a rigid triaxial
nucleus, E (2] )+E (2;r )—E(3;)=0. For the available data in this region this expression is shown nor-
malized and as a percentage. Note that for equal numbers of neutrons, the values are almost identical,

except for '3*Sm, '*°Sm, and '*°Gd.

Number of

neutrons [E(2,)+E(2,)—E(3,)]/[E(2,)+E(2,)] (%)

72 130Ce —8.2 32Nd —17.8

74 2Ce —45 Nd -39 ¢Sm —20.9*

76 134Ce —0.58 3Nd +0.41 3%m +0.80 40Gd —2.6

78 36Ce +5.5 1¥Nd +5.4 140Sm —5.1

*The 1034.6-keV level (Ref. 23) as a possible 3, level fits with ratio equal to —6.6%.
gies, and (b) nuclei for which there are known ground- (6%_
state and gamma-band level energies, but no known Y D
B(E2). It was assumed that the y-ray transitions are ad 7N
purely E2 transitions, for the purposes of these compar- ezsm / L‘/’, \\\ 6:
isons. The magnitudes and the trend with neutron num- , 5:/ — A \\-A-
ber of the ratios are in good agreement with those in the /'—41 / ,’I/ / \ 4
calculations® for Ce. They are also very similar to the S _3*1,’///—’/ / \
experimental results'® for Ba and Xe. e/ 4 //—' . ,” ‘\\ .
In the last two columns is a comparison between the — P ev L2
calculated and experimental B(E2;0, —2¢ ). The latter Cg 2: —
are from the compilation of Raman et al.,3” or from oth- 2t " .
er published works as noted, or were derived from pub- s
lished experimental mean lifetimes by use of the A 130 132 134 136 138 140 142 144 146
Moskowski relationship?® -y
B(E2;0;—>2; )up=5{56.56[E§T1/2(E2)]_1} , (3 & /,__52 //'_ "y ; \1\‘ .

where the energy is in keV, the half-life in seconds, and GONd — i: ”/' ; _' \\ .
the B(E2) in e?b? units. The agreement of the calculat- R —/ =& T\ &
ed B(E2;0; —2.) values with the available experimen- P 3;/1,—’ Jor / \
tal ones were surprisingly satisfactory. They were calcu- 6 - e A Vg gy I/ \
lated with effective charges equal to 0.12e b. These — T 24 \ o+
B(E2) were generally smaller than the experimental ¢ . F e
B(E?2); a larger effective charge was required. Because - PO -
the same effective charge was used for protons and neu- A

trons, and because the B(E2) are proportional to the
square of the effective charges, a best fit of the calculated
values to the experimental values could be made simply.
A minimum chi-squared adjustment factor of 1.156
was determined and applied to each calculated
B(E2;0,—2,). The adjusted effective charges were
0.129e b. The adjusted B (E2) are listed in Table VI.

It is interesting to observe that the B(E?2) ratios can
assist in the determination of the spin of a gamma-band
level (subject to the applicability of the model). For ex-
ample, in the '3¥Nd data® there are two candidates for
the 4: level, at 1800.0 and 1842.9 keV. The 1842.9-keV
level has transitions to the 4;" and the 2; levels; the ex-
perimental relative B (E2) of 66.7% is in good agreement
with the computed 71.2% of Table VI. By contrast, the
1800.0-keV level has transitions to the 2,” and the 2 lev-
els with an experimental relative B(E2) of 107%, which
is approximately 300 times larger than the computed
value 0.28; hence this assignment can be rejected.

B. Comparison with the rigid rotator

A comparison is now made with the criterion of
Davydov and Filippov* for an asymmetric rotator which

A 128 130 132 134 136 138 140 142 144

& —
/’_"— \\\____
Ce 6; ; [ 4 4* /’ \“ .
- + /S a4t / \ 4"
58 2 5% S T\ %
— rd / —
,6 + f: 4 ) 2”/ K /! o /l \ \\ .
- ____/' . Vs / / ‘\ [ M
6 .- ,_‘3'_/’ p—— /,’ \
3%--4=5"' % 2t/ \
- e , e \ 2t
4 4
vd
+ -
R
AT26 128 130 132 134 136 (38 140 142

N 68 70 72 74 76 78 80 82 84

FIG. 9. Systematic comparison of low-lying energy levels of
Ce, Nd, and Sm in the region with 68 < N <84. Note that as the
ground-state band members decrease in energy with the de-
crease in neutron number (i.e., with increase in the number of
neutron holes), the gamma-band members cease following the
decreasing energy pattern at N =72-74, indicating a change to-
ward a less-soft structure.
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rotates without changes in its internal structure, namely,
that level energies are expected to  obey
E(2;)+E(2I: )=E(3;). Normalized ratios (expected to
be zero) which embody this equation,

[EQH+EQRN—EBHI/IEQH+ER2])], @

are given in Table VII for the nuclei of this study and
other adjacent ones. We see that the ratios are equal to
zero within +10%. Inequality is expected for gamma-
soft nuclei. The similarity of the ratios for each N indi-
cates the strong dependence of the shape on neutron
number. The small ratios for the N =76 nuclei suggest
that they are more rigid that their neighbors. Such a pre-
diction of approximate triaxial rigidity was made by
Leander and Nazarewiez in Ref. 23, for the N =76
group,'*Ce, '*Nd, '*Sm, and '“Gd, with y=17°, 20°,
23°, and 20°, respectively, and with significant potential
barriers relative to ¥y =0° and 60°. However, adjacent
140Sm, with ¥ =25° and higher potential barriers, was pre-
dicted to be the best candidate for being a rigid triaxial
nucleus. The radical departure from zero of the criterion
of Eq. (4) for 3®Sm (i.e., —20.6%) appears as a contrad-
iction to the systematic trends of the other nuclei.

V. SUMMARY

It has been evident for several years that the ground-
state rotational bands for nuclei with Z near 58 and
N, <82 indicate increasing deformation with decreasing
neutron number, with only a weak dependence on the
proton number. Available data which illustrate this be-
havior for the Ce, Nd, and Sm nuclei are shown in Fig. 9.
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The 2; band heads have been accented to emphasize the
gamma bands, which include our data and other available
data. These nuclei become less “soft” and the levels of
the gamma bands go up in energy relative to the ground-
state bands, as the neutron number decreases.

The systematic trends of the energy levels and the
B(E?2) ratios, dependent on neutron number, are very
similar to those which were observed in Xe and Ba nu-
clei,' and indicate that there are no radical changes in
structure with the change in proton number from 54 to
62. Overall, the reasonable agreement of the IBM-2 cal-
culated values with the experimental ones supports the
applicability of IBM-2 to these transitional nuclei.
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