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First observation of excited states in the 154Ce96 nucleus: Rigid rotation at Z = 58
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A new analysis of the data from measurements of γ radiation following spontaneous fission of 248Cm and
252Cf, performed using the Eurogam2 and Gammashpere arrays, respectively, has revealed, for the first time,
excited states in the neutron-rich nucleus 154Ce96. Using these fission data we have also improved uncertainties
on γ -ray energies in the ground-state bands of several neutron-rich nuclei of the A ≈ 150 mass region. The
improved data provided precise systematics of the Eexc(4+)/Eexc(2+) ratio in the region, which indicate that, in
the Ce isotopic chain, the rigid-rotation limit is reached at the neutron number N = 96, two neutrons “later” than
in the chain of Nd isotopes. The new results suggest the involvement of the proton 9/2+[404] extruder orbital in
generating nuclear deformation in the A ≈ 150 region, in addition to and analogous to the known role played by
the neutron 11/2−[505] extruder in this region. The catalytic-type action of both extruders is discussed.

DOI: 10.1103/PhysRevC.102.064321

I. INTRODUCTION

Many decades after the discovery of strong, prolate defor-
mation in neutron-rich nuclei of the mass A ≈ 150 region, the
mechanism causing the sudden onset of this deformation is
still not fully explained. One of the open questions concerns
the change of the deformation along the proton number Z .
While the evolution of the nuclear deformation along the
neutron number N is rather well studied, less is known about
this change along Z , especially about the low-Z limit [1] of
the A ≈ 150 deformation region.

As demonstrated by Sharpey-Schaffer et al. in their recent
review [2], backed by other studies [3–6], the 11/2−[505]
neutron extruder orbital, originating from the h11/2 shell, plays
an essential role in generating nuclear deformation in the
A ≈ 150 region. This upsloping Nilsson state, nicknamed
“flying-fish” in Ref. [2], acts as a kind of catalyst, helping
nuclei to deform.

Such a role of an extruder is also supported by studies
of mass A ≈ 100, neutron-rich nuclei, another place where
strong nuclear deformation was found [7]. The sudden onset
of the deformation at the neutron number N ≈ 60 [8–10] was
explained as due to the 9/2+[404] neutron extruder orbital
[11], observed at the Fermi surface in this region [12–15].
One may ask if the 9/2+[404] proton extruder could play a
role in generating nuclear deformation in the mass A ≈ 150
neutron-rich nuclei and in defining the low-Z limit of this
deformation region.

In the present work we report on the first observation of ex-
cited states in the neutron-rich nucleus, 154

58 Ce96. The new data
indicate that the rigid-rotation limit is reached in this nucleus,
moving the low-Z limit of the A ≈ 150 deformation region
down to 58 protons. A possible role of the 9/2+[404] proton

extruder in the deformation process is discussed. In Sec. II
we describe the experiment and the new experimental data,
which are then discussed in Sec. III. The paper is summarized
in Sec. IV.

II. EXPERIMENT AND RESULTS

New information on the 154Ce nucleus has been obtained
from measurements of γ rays following spontaneous fission
of 248Cm and 252Cf, performed using the Eurogam2 [16]
and Gammasphere [17] arrays, respectively. Both experiments
were described previously [18–20]. The progress in comput-
ing technologies and analysis techniques allowed an improved
reevaluation (higher-resolution sorting, energy calibrations
with a constant peak width, background reduction) of these
data, revealing weak effects not noticed at earlier stages of
the analysis, among others, the observation of γ transitions in
154Ce. The use of both 248Cm and 252Cf fission data provided
the countercheck of the results.

Figure 1 shows the partial excitation scheme of 154Ce ob-
tained in this work. The scheme comprises four γ transitions,
corresponding to new γ lines found in coincidence spectra
gated on γ lines of the 92Sr nucleus (in 248Cm fission data)
and on γ lines of the 96Zr nucleus (in 252Cf fission data).
Energies of new γ lines with their uncertainties are shown
in the scheme. The transitions are arranged into one cascade,
based on their mutual coincidence relations. Their order in
the cascade is based on relative γ intensities, shown in square
brackets, and on their energies. It is proposed that they form
a rotational band with energies growing with spin [21]. Fig-
ure 2(a) displays the low-energy part of the coincidence γ

spectrum, showing the 76.3-keV line assigned to 154Ce. The
spectrum is a sum of two spectra doubly gated on the 176.0–
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FIG. 1. Partial level scheme of 154Ce, as obtained in this work.

268.3-keV and 176.0–352.3-keV lines, using 248Cm-fission
data. Figure 2(b) displays the low-energy part of the coin-
cidence γ spectrum, showing the 76.3- and 176.0-keV lines
assigned to 154Ce. The spectrum is doubly gated on the 268.3-
and 352.3-keV lines using 248Cm-fission data (the 352-keV
line, present in a number of other nuclei populated in fission,
is responsible for the contaminating peaks in the spectrum).

The assignment of γ transitions shown in Fig. 1 to the
154Ce nucleus was done based on two observations:

(i) The transitions were assigned to a cerium isotope,
based on the observed cross coincidences between
these γ rays and the known γ rays in the complemen-
tary fission fragments, which are isotopes of strontium
in fission of 248Cm and isotopes of zirconium in fission
of 252Cf. Figure 2(c) displays a fragment of a sum of
two γ spectra doubly gated on the 176.0–268.3-keV
and 176.0–352.3-keV lines in the 248Cm fission data.
The spectrum shows the known 815.0- and 858.4-keV
γ lines of 92Sr. The same gating performed using
252Cf fission data provided a spectrum, a fragment of
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FIG. 2. Coincidence spectra gated on transitions assigned to
154Ce and on transitions in complementary fission fragments, as seen
in this work. Coefficients for the quadratic energy calibration of the
spectra, Eγ (keV) = A0 + A1 × channel + A2 × channel2, are A0 =
0.49, A1 = 0.498 808 1 and A2 = 0.000 177 204 for the 248Cm fis-
sion data and A0 = 0.11, A1 = 0.666 750 0 and A2 = 0.000 155 175
for the 252Cf fission data. Note the large A2 values of these “constant-
peak-width” calibrations. The label “c” denotes contaminating γ

lines. See text for more comments.

which is shown in Fig. 2(d), where the 1750.5-keV line
is seen, corresponding to the ground-state transition

064321-2



FIRST OBSERVATION OF EXCITED STATES IN THE … PHYSICAL REVIEW C 102, 064321 (2020)

146 148 150 152 154

 10

  1

  100

144

P
op

ul
at

io
n 

(a
rb

.u
ni

ts
)

A(Ce)

Cf

Cm248

252

FIG. 3. Population (in arbitrary units) of even-even Ce isotopes
in spontaneous fission of 248Cm (filled circles) and in spontaneous
fission of 252Cf (empty circles). The dashed line represents the Gaus-
sian distribution (see formula in the text), fit to the data points for
148Ce, 150Ce, and 152Ce isotopes, populated in fission of 248Cm.

in 96Zr. The data in Fig. 2 indicate that the newly
identified cascade belongs to an isotope of cerium.

(ii) To assign the new cascade to a particular cerium
isotope, we estimated triple-γ coincidence intensi-
ties (corrected for γ efficiency of Ge arrays and for
the internal-conversion effect) in the 6+-4+-2+-0+
ground-state cascades of even-even Ce isotopes seen
in 248Cm fission data. It is expected that these in-
tensities are proportional to the population of cerium
isotopes in the spontaneous fission of 248Cm. The
intensities obtained for cascades of known 144–152Ce
isotopes and the intensity in the new 76.3-176.0-268.3-
keV cascade are shown in Fig. 3 as filled circles,
using arbitrary units proportional to the triple-γ in-
tensities. The uncertainties of the data points in the
A = 144–152 range are smaller than sizes of the cir-
cles. To the data points corresponding to 148Ce, 150Ce,
and 152Ce we fit the Gaussian distribution

P(A) = C e
[
− (A−A0 )2

2σ2

]
, (1)

where A denotes mass number and σ = 1.6 was taken
from systematics [22]. A0 = 148.1 and the normaliza-
tion factor C were adjusted to the three points. The
triple-γ intensity of the new cascade fits well that
expected for 154Ce. A similar Gaussian distribution,
with the same width σ was observed for even-even Ba
isotopes in the same 248Cm fission data (see Fig. 2 in
Ref. [23]).

In Fig. 3 one sees at A = 144 (and to a lower extent at
A = 146) the know effect of the cumulative yield due to β−
decay in isobaric chains of fission fragments (the high triple-
γ intensity due to the cumulative yield in 144Ce, resulting
from β− decay of the 144La ground state with spin I = 3,
enabled recent detailed study of 144Ce [24]). In Fig. 3 we
also show the population of Ce isotopes in the 252Cf-fission
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FIG. 4. Energies of γ transitions, Eγ , in ground-state cascades of
152Ce and 154Ce, as a function of the initial spin Ii. The data for 152Ce
were taken from Ref. [25].

data, using in the same arbitrary units. Although the statistics
of the 252Cf-fission measurement is higher, the population of
154Ce is comparable to that in 248Cm-fission measurement
because the 248Cm fission has the maximum of the population
at slightly higher neutron number compared with the 252Cf
fission. The higher cumulative yield in 252Cf-fission data is
due the longer coincidence-time window in the 252Cf mea-
surement, as compared with the 248Cm measurement. The
76.3-166.0-268.3-keV coincidence in the 252Cf data is con-
taminated and is not shown in Fig. 3.

The assignment of the new cascade to 154Ce is further
supported by the similarity between this cascade and the
ground-state cascade of 152Ce, as illustrated in Fig. 4, which
shows energies of the γ transition in these cascades, as a
function of spins of the respective initial levels.

The expected data point at A = 150 in the intensity distri-
bution of Ba isotopes shown in Fig. 2 of Ref. [23] suggests
that 150Ba may be observed in fission of 248Cm, considering
that this fission source is very efficient in populating neutron-
rich isotopes as compared with other sources [26]. The 150Ba
nucleus was not found in Ref. [23] but with the improved
analysis techniques it was possible to see it in the present
work. This observation was helped by the recent identification
of this nucleus in Ref. [27] and is the first confirmation of this
exotic data. In the present work we could observe one more
transition in the ground-state cascade of 150Ba, as listed in
Table I.

High-precision measurements of γ transition energies are
essential for tracing the evolution of nuclear deformation
in nuclei past the N = 90 line, where differences between
ground-state cascades become minute. Very useful in such
analysis is the ratio of the first two excitation energies in the
ground-state bands, R4/2 = Eexc(4+)/Eexc(2+). With precise
R4/2 values one may follow small but meaningful variances
in the deformation. Such high-precision data are used, for
example, in testing the confined β-soft (CBS) rotor model
[28], reproducing rotational cascades in the A ≈ 150 region
with the relative accuracy of about 10−3 [29]. We note that,
at present, γ -ray energy measurements are the unique source
of sufficiently precise experimental data for testing the high-
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TABLE I. Energies Eγ of γ lines corresponding to E2 transition
in ground-state cascades of even-even nuclei from mass A ≈ 150
region, (a) observed in this work, and (b) compared with literature
values taken from Refs. [27,30–32]. See text for more comments.

Spin Eγ
a Eγ

b

Ii (keV) (keV)

140Xe
2 376.65(5) 376.66(2)
4 457.68(5) 457.63(2)
6 582.47(5) 582.44(5)
8 566.55(5) 566.64(5)

142Xe
2 287.18(5) 287.2(2)
4 403.44(5) 403.5(2)
6 490.38(5) 490.4(2)
8 551.30(5) 551.1(2)

144Xe
2 252.42(5) 252.6
4 391.85(5) 391.7
6 487.75(5) 487.9
8 555.75(5) 555.8

142Ba
2 359.57(5) 359.598(14)
4 475.15(5) 475.15(5)
6 631.40(5) 631.25(5)
8 693.55(5) 693.55(5)

144Ba
2 199.32(5) 199.33(1)
4 330.90(5) 330.88(9)
6 431.40(5) 431.3(1)
8 509.40(5) 509.3(1)

146Ba
2 181.15(5) 181.04(5)
4 332.60(5) 332.44(13)
6 444.80(5) 444.70(10)
8 524.30(5) 524.29(5)

148Ba
2 141.76(5) 141.8(1)
4 281.36(5) 281.3(1)
6 385.00(5) 384.8(1)
8 456.95(5) 456.8(1)

150Ba
2 101.13(22) 101.1(1)
4 217.05(7) 217.1(2)
6 332.1(1)

146Ce
2 258.53(5) 258.43(5)
4 409.90(5) 409.78(5)
6 503.10(5) 503.0(1)
8 565.65(5) 565.60(16)

148Ce
2 158.50(5) 158.468(5)
4 295.12(5) 295.07(9)
6 386.30(5) 386.15(20)
8 451.07(5) 450.75(20)

150Ce
2 97.10(5) 97.0(1)
4 208.90(5) 208.7(2)
6 300.60(5) 300.7
8 376.15(5) 376.2

TABLE I. (Continued).

Spin Eγ
a Eγ

b

Ii (keV) (keV)

152Ce
2 80.95(5) 81.2(5)
4 182.70(5) 182.8(5)
6 274.42(5) 274.6(5)
8 355.35(5) 355.6

150Nd
2 130.22(5) 130.22(9)
4 250.25(5) 251.24(9)
6 339.00(5) 339.1(5)
8 409.25(5) 409.5(5)

152Nd
2 72.70(5) 72.41(5)
4 164.10(5) 164.11(6)
6 247.15(5) 247.43(11)
8 321.95(5) 322.2

154Nd
2 70.82(5) 70.8(1)
4 162.50(5) 162.4(1)
6 248.50(5) 248.6
8 327.95(5) 328.2

156Nd
2 67.3(1) 67.2(2)
4 155.00(5) 155.0(2)
6 238.70(5) 238.6(2)
8 317.50(5) 317.5(2)

156Sm
2 75.75(5) 75.88(5)
4 174.12(5) 173.75(5)
6 267.37(5) 267.32(5)
8 354.65(5) 354.5(2)

158Sm
2 72.65(8) 72.8(1)
4 167.40(5) 167.5(1)
6 258.30(5) 258.1(1)
8 344.15(5) 344.0(2)

160Sm
2 70.70(5) 70.9(2)
4 162.15(5) 162.4(2)
6 250.00(5) 250.4(2)
8 333.25(5) 333.5(2)

160Gd
2 75.70(20) 75.26(1)
4 173.86(5) 173.19(9)
6 267.10(5) 266.31(8)
8 353.15(5) 353.19(9)

162Gd
2 71.55(15) 71.6
4 165.00(5) 164.8
6 253.55(5) 253.6
8 336.20(5) 336.2

164Gd
2 73.35(20) 73.27(5)
4 168.10(7) 168.4(4)
6 261.15(8) 261.3
8 349.10(0) 349.0
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FIG. 5. (a) Nilsson diagram for neutrons, sketched after
Ref. [33]. (b)–(e) Schematic drawings of fragments of the Nilsson
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particles and holes, respectively. See text for more comments.

accuracy predictions of the CBS calculations, essential for
modeling the centrifugal stretching [28,29].

To help the discussion of the deformation in 154Ce and
other nuclei in the region, using the R4/2 ratio, we improved
uncertainties in ground-state cascades of several nuclei, as
listed in Table I. This was possible due to the improved energy
calibrations in our 248Cm and 252Cf fission-data sets (enabled,
among others, by the increased precision of γ transition ener-
gies in fission fragments reported in the database Ref. [30] for
140Xe, 142Ba, 144Ba, 146Ba, 146Ce, 148Ce, 152Nd, and 156Sm).
One may notice rather good agreement of our energies with
the literature values, although there are also some differences,
for example, in 160Gd. Further in the text we use, where avail-
able, the γ energies and their uncertainties as determined in
this work. The uncertainties of individual energy calibrations
for our 248Cm and 252Cf data sets are about 0.03 keV in the
energy range from 50 keV to 1 MeV, while the differences
between the two calibrations are less than 0.05 keV. Therefore,
for the transitions listed in Table I with statistical uncertainties
smaller than 0.05 keV, we adopted the uncertainty of 0.05 keV.

It can be seen that, for many transitions listed in Table I,
their uncertainties are either significantly improved (as in
152Ce) or reported for the first time (as in 144Xe and 162Gd).
In Table I we also included transitions depopulating levels
with spins I = 6 and I = 8, used in analyses of R6/2 and
R8/2 ratios. For the 160Gd isotope our γ energies differ from
the literature values, although the resulting R4/2 values are
the same, within uncertainties. Here we used the R4/2 value
calculated using the more precise literature γ energies. As
commented in Ref. [30], some of the γ energies, not available
originally, were estimated by the evaluators.

III. DISCUSSION

As shown in Ref. [2] and discussed below, the 11/2−[505]
neutron Nilsson orbital plays an important, multiple role in
generating nuclear deformation and shape coexistence in the
A ≈ 150 region, acting as a kind of catalyst for the two phe-
nomena. The relevant fragment of the Nilsson diagram for the

region, drawn after Ref. [33], is shown in Fig. 5(a) to help the
discussion.

Once the 1/2−[541], 1/2−[530], and 3/2−[532] low-�,
neutron orbitals of the f7/2 and h9/2 parentage are filled, which
gradually increases the deformation to a value just above ε =
0.2, the 11/2−[505] orbital extrudes from below the N = 82
shell gap, approaching the Fermi level and delivering two
extra neutrons to the valence space, as sketched in Fig. 5(b).
Thus, there are effectively eight valence nucleons at N = 88,
as compared with four valence neutrons at N = 86. This sud-
den increase of active neutrons is one of the reasons for a
quick rise of nuclear deformation at N = 88 in the A ≈ 150
neutron-rich nuclei.

Furthermore, the extra pair of neutrons may be shifted
from the 11/2−[505] extruder to the downsloping, 1/2+[660],
Nilsson orbital, originating from the i13/2 neutron shell as
sketched in Fig. 5(c). The population of the deformation-
driving, 1/2+[660] intruder accompanied by vacating the
spherical-driving, 11/2−[505] extruder contributes further to
the sudden increase of deformation in this region, a mecha-
nism proposed long ago [34,35]. The shift of the neutron pair
proceeds via the neutron-pair hopping at the crossing of the
extruder with the intruder, as depicted in the “pair-hopping”
model [36,37] (see Fig. 1 in Ref. [37]) and commented in the
review paper by Matsuyanagi et al. [38]).

The 11/2−[505] extruder, delivering a pair of neutrons to
the Fermi level [Fig. 5(b)] and then passing this pair to the
1/2+[660] intruder [Fig. 5(c)] participates in creating at N =
88 a low-lying, Iπ = 0+

2 level coexisting with the 0+
1 ground

state. Such coexistence is commonly observed in the A ≈ 150
region [39–41] but which of the two 0+ levels is more de-
formed is not obvious [11,42]. It depends on the details of
single-particle excitations and residual interactions determin-
ing the Fermi level, and cannot be judged from schematic
diagrams, as shown in Fig. 5. Furthermore, it was pointed
out that some changes to the standard Nilsson scheme are in
order due to the evolution of spin-orbit interactions at high
neutron excess [43–45]. A dedicated calculation in this region,
performed for the neodymium isotopes, shows a significant
variation of the Fermi level with the increasing neutron num-
ber, apparently lowering in the 82 < N < 94 range [46] (it
also shows that energies of neutron single-particle levels differ
from the standard scheme of Ref. [33]).

As seen in Fig. 5, around N = 90 the 11/2−[505] extruder
crosses a number of intruder orbitals, which appear in close
proximity at the Fermi level. Therefore its action in the region
is not limited to passing just one pair of neutrons, as shown
in Figs. 5(b) and 5(c). Rather, when going two neutrons up
from N = 88, the extruder acquires another pair of neutrons,
as shown in Fig. 5(d), which is then passed to the next,
3/2+[651] intruder orbital, as illustrated in Fig. 5(e). This
increases further the deformation, compared with N = 88, and
creates close-lying 0+

1 and 0+
2 configurations at N = 90. The

Nilsson scheme in Fig. 5(a) suggests that this catalytic-type
action involves more of such crossings in the A ≈ 150 region.
This corresponds well to the observed range of the sudden
change of nuclear deformation, extending from N = 88 to
N = 92, accompanied by the coexistence of 0+

1 ground-state
configurations with the low-lying, excited 0+

2 configurations
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in this neutron range. A strong correlation between the 0+
2

configurations and the position of the 11/2−[505] extruder
relative to the Fermi level can be seen in Fig. 11 of Ref. [2]
and in Fig. 5 of Ref. [47].

Figure 6 displays excitation energies of the 0+
2 excitations

in the A ≈ 150 neutron-rich nuclei, shown as a function of
proton number Z for the N = 88 and N = 90 isotones, in
which these energies have the lowest values in the region.
One sees here an interesting variation of 0+

2 excitation en-
ergy, which goes down at Z = 58 and rises again at Z = 68.
Moreover, the proton range, where 0+

2 excitations are lowest,
depends on the neutron number N . In N = 90 isotones this
is seen from Ce to Dy nuclei, where the energies are nearly
constant. At N = 88, the lowest values are observed at higher
proton number in Sm, Gd, and Dy nuclei. The systematics
suggests that the 58 � Z � 66 range splits into two smaller
regions of four to six protons.

The limited range of protons where the low-lying 0+
2 levels

appear is analogous to the limited range of neutrons, where
one observes the involvement of the 11/2−[505] neutron ex-
truder (Fig. 11 of Ref. [2]). One may then ask whether the
9/2+[404] proton extruder plays any role in generating nu-
clear deformation in A ≈ 150 neutron-rich nuclei, in addition
to the action of the 11/2−[505] neutron extruder. The an-
swer is not obvious because protons, which are more strongly
bound than neutrons in this region, may respond differently
to nuclear deformation than neutrons. This can be seen in
Fig. 7(a), showing the relevant fragment of the Nilsson dia-
gram for protons above the Z = 50 shell. One notices that the
9/2+[404] proton extruder crosses the low-� intruders of the
h11/2 parentage at higher deformation, ε, as compared with
analogous crossings in the neutron diagram in Fig. 5(a).

The 9/2+[404] proton extruder has not been directly ob-
served in the odd-Z , A ≈ 150 neutron-rich nuclei to date.
Therefore the type of correlation, as shown in Fig. 11 of
Ref. [2], is not yet available to demonstrate its contribution
to the shape change and shape coexistence in this region. In-
stead, we examine in more detail the deformation of even-even
nuclei of the region in terms of the R4/2 = Eexc(4+)/Eexc(2+)
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FIG. 7. Schematic Nilsson diagram for protons. Filled and empty
circles represent proton particles and holes, respectively. See text for
further comments.

energy ratio, to search for possible signs of the 9/2+[404]
proton extruder influence on nuclear deformation, analogous
to the effects caused by the 11/2−[505] neutron extruder.

In Fig. 8 we show the R4/2 ratio for Ba–Dy isotopes as
a function of neutron number N . The scale of the figure is
strongly expanded to show various effects, as discussed below.
The uncertainties of the data points, if not drawn, are lower
than the size of the data symbols. The tables inserted in Fig. 8
list the R4/2 values with uncertainties, as obtained from the
data listed in Table I and reported in Ref. [30].

The most prominent feature seen in Fig. 8 is the rapid
increase of the deformation between N = 90 and N = 92,
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where the R4/2 ratio increases by about 0.3 per pair of neutrons
added. A similarly rapid increase is observed between N = 88
and N = 90 (not shown in Fig. 8). Above N = 92 the defor-
mation grows slower, saturating above N = 94. This reflects
the catalytic action of the 11/2−[505] neutron extruder in the
88 � N � 92 range, as described above.

Figure 9 displays the R4/2 ratio for the N = 90 to N = 96
isotones in the region as a function of the proton number Z
in a range from Z = 56 (Ba) to Z = 72 (Hf). As in Fig. 8,
uncertainties of the data points, if not drawn, are less than the
size of the data symbols. In the figure one observes a rapid
increase of deformation between Ba and Nd. Although the rise
of about 0.15 per pair of protons added is slower than in Fig. 8,
the effect is clear, especially in the N = 92 isotones, where
the deformation increases quickly up to 152Nd and then stops
growing.

This observation suggests that there may be a catalytic
action of the 9/2+[404] proton extruder in the process of the
deformation change in the A ≈ 150 region, analogous to the
action of the 11/2−[505] neutron extruder. This is sketched
in Fig. 7(b), where the 9/2+[404] proton extruder delivers
two extra protons to the Fermi level, increasing the number of
active valence protons to 10, already at Z = 58. This coincides
with the faster increase of deformation in Ce isotopes than in
Ba isotopes, seen in Fig. 8. The extra proton pair may then be
passed to the 3/2−[541] proton intruder, increasing the defor-
mation (which is further helped by vacating the 9/2+[404]
proton extruder) and creating another 0+ configuration at
N = 58, as sketched in Fig. 7(c). This action is continued
at the next proton extruder-intruder crossing, as sketched in
Figs. 7(d) and 7(e).

While the above scenario seems plausible, it needs ex-
tra comments. In the case of neutrons, the rapid increase in

deformation is well correlated in neutron number with the
appearance of low-lying 0+

2 excitations strongly supporting
the catalytic role of the 11/2−[505] extruder in the process.
Analogous correlation is less clear in the case of protons. As
seen in Fig. 6, the lowest 0+

2 configurations appear at N = 88
and N = 90 while Fig. 9 suggest that, in N < 90 isotones,
there is no involvement of the 9/2+[404] proton extruder in
the deformation increase. One may, therefore, conclude that
the low-lying 0+

2 excitations at N = 88 and N = 90 involve,
primarily, the 11/2−[505] neutron extruder, which also plays
the main role in the deformation change at N � 90.

The 9/2+[404] proton extruder is likely to be involved in
the deformation increase at N > 90, only. This reflects the fact
that, while the extruder helps in the deformation change, the
deformation itself is, primarily, a proton-neutron effect [48],
which is governed by the Nπ × Nν product of valence protons
and neutrons [49]. Therefore, with the 9/2+[404] proton ex-
truder active at Z = 58 (see Fig. 7) it takes two more neutrons
to reach rigid rotation in 154Ce, compared with 154Nd, as seen
in Fig. 9. One may expect that, at N > 96, the rigid rotation
limit will be reached in the barium isotopic chain, consider-
ing possible involvement of the 9/2+[404] proton extruder
already at Z = 56, as suggested by Fig. 7. Because nuclear
deformation influences β−-decay half-lives, such information
should be important for tracing the r-process path [50], a
subject of intensive studies in the A ≈ 150 region [51–53].

The new R4/2 = 3.307(7) ratio obtained for 154Ce strength-
ens the observation that this ratio never reaches the 3.333
limit. The top twenty values shown in Fig. 8 appear within
the 3.301(13) range [the highest value of 3.320(8) in the re-
gion, observed in 170Dy, is in the limit within its uncertainty).
This suppression is explained as the effect of the centrifu-
gal stretching, described and precisely reproduced within the
confined β-soft rotor model [29]. Using such data one can
probe the elasticity of the nuclear matter and, in particular, the
stiffness of the nuclear potential in the β direction. This may
provide new information on the microscopic nature of the con-
fined β-soft potential, contributing to the understanding of the
enigmatic “β-vibrations” [2,40]. We stress here the need for
high-precision measurements of γ energies. As seen in Fig. 8,
the data points with uncertainties 	R > 0.015 are less useful.

IV. SUMMARY

In summary, an improved analysis of multiple-γ coinci-
dences from measurements of γ rays following spontaneous
fission of 248Cm and 252Cf performed with the Eurogam2
and Gammasphere arrays allowed the first observation of ex-
cited states in the very-neutron-rich nucleus 154Ce. We also
confirmed and extended the ground-state cascade of another
very-neutron-rich nucleus 150Ba and improved uncertainties
on γ energies in ground-state cascades of twenty other nuclei
in the A ≈ 150 region.

Analysis of the R4/2 = E (4+)/E (2+) ratio, calculated
using the improved energies, suggest that, in the very-neutron-
rich isotopes of the A ≈ 150 region, the 9/2+[404] proton
extruder orbital plays a role in the sudden nuclear deformation
onset, in addition to and analogous to the catalytic-type action
of the 11/2−[505] neutron extruder, recognized previously.
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Furthermore, the analysis firmly moves the low-Z limit of the
A ≈ 150 deformation region down to Z = 58 and suggests
that this limit may be shifted further down, to Z = 56, at the
neutron number N > 96.

The present work demonstrates the importance of high-
precision measurements of γ -ray energies for testing the
mechanism and the limits of nuclear deformation as well as
the nature of the disputed “β vibrations.”
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