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0+
2 bands in 98Sr and 100Zr, populated in spontaneous fission of 248Cm and 252Cf, have been studied using the

Eurogam2 and Gammasphere arrays. Phenomenological classification of excited 0+ levels in even-even nuclei of
the A ≈ 100 region into four categories is presented and an interpretation for each category is proposed. Highly
deformed 0+

1 ground states and low-energy 0+
2 levels in both nuclei are probably due to the 2p-2h excitation of

two neutrons from the 9/2+[404] extruder to the low-� prolate and the 11/2−[505] oblate orbitals originating
from the h11/2 shell, respectively. Candidates for 0+, β vibrational states in A ≈ 100 region are suggested at
N > 60.
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I. INTRODUCTION

Low-lying 0+ excitations are often a sign of coexisting
shapes [1], a phenomenon of prime importance for testing
nuclear models. In spite of their fundamental role there are
growing differences among interpretations of such levels.
Many of them were reported as so-called β vibrations intro-
duced by Bohr and Mottelson [2]. However, recent works put
into question the existence of such excitations or, at least,
significantly limit their occurrence [3–6] (more discussions
and references on this subject are given in the recent work [7]).
With the limited ways of interpreting 0+ excitations it is even
more surprising to see the large and still growing number of
low-energy 0+ levels displaying widely differing properties.
For example, the recent work [8] reports 20 excited 0+ in just
one nucleus, 112Pd. This situation calls for new interpretations
of excited levels 0+ in even-even nuclei.

Particularly intriguing are 0+ levels with very low exci-
tation energies. The second 0+ level in 98Sr, identified by
Schussler et al. [9] at 215.4 keV, is the lowest known excited
0+ level in even-even nuclei. An analogous 0+

2 level in 100Zr
is observed at 331.1 keV [10]. The proximity of 0+

1 and 0+
2

levels in 98Sr and 100Zr indicates their weak interaction and
different structures. The latter is also indicated by the fact
that ground states in both nuclei are deformed while 0+

2 levels
are spherical (see, e.g., Fig. 8 in Ref. [11]). Low excitation
energies of 0+

2 levels in 98Sr and 100Zr indicate that these
levels do not correspond to any kind of surface vibrations.

Properties of 0+
1 and 0+

2 levels in 98Sr and 100Zr are
different than in the nearby Ru isotopes, as shown in Fig. 1.
The data points for Ru isotopes shown in panel (a) display a
characteristic pattern of the so-called avoided crossing [12].
The two-level-mixing calculation [solid line in Fig. 1(a)],
suggests strong interaction of V ≈ 400 keV [13] between
0+

1 and 0+
2 levels in Ru isotopes. For Sr isotopes, shown

in Fig. 1(b), the picture is different. In 98Sr the interaction
strength between the 0+

1 and 0+
2 levels is an order of magnitude

lower [1,9] and the “crossing” in Sr isotopes takes place at
higher neutron number, as compared to Ru isotopes.

The key questions are, what is the structure of 0+
2 exci-

tations and what is the microscopic mechanism responsible
for the evolution of these levels in the mass A ≈ 100 region?
The pronounced difference between the Ru and Sr isotopes in
Fig. 1, showing a sudden onset of deformation in Sr isotopes at
N = 60, more abrupt than in Ru isotopes, suggests that there
is more than one mechanism at work. In the present work we
report new data on 0+

2 bands in 98Sr and 100Zr and discuss
them in a wider context of 0+ excitations in the mass A ≈ 100
region, proposing new interpretations for 0+ levels as well as
new mechanisms for shape changes in the region.

After the Introduction we present in Sec. II the measure-
ments performed and the new experimental results obtained in
this work for 98Sr and 100Zr. In Sec. III the new data are dis-
cussed together with other excited 0+ levels in the region and
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FIG. 1. Energies of 0+
1 and 0+

2 levels (full dots), relative to the
2+

1 excitation (open dots) in (a) Ru and (b) Sr isotopes. Solid lines in
(a) represent a two-level mixing calculation [13]. The experimental
data are taken from Refs. [13,14]. Dotted lines are drawn to guide the
eye. See text for further explanation.
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FIG. 2. Partial level scheme of 98Sr obtained in this work in
measurements of γ rays from spontaneous fission of 248Cm and
252Cf. New levels and transitions are marked with asterisks.

new interpretations are proposed. Section IV summarizes the
work and outlines perspectives of further studies in the field.

II. MEASUREMENTS AND RESULTS

New experimental results on 0+
2 bands in 98Sr and 100Zr

were obtained from enhanced analysis of the data collected
in measurements of γ rays following spontaneous fission
of 248Cm and 252Cf, performed using the Eurogam2 [15]
and Gammasphere [16] arrays, respectively. Both experiments
were described in previous papers (see, e.g., Refs. [17–20]).
These measurements were used before to study 98Sr [21–23].
The 100Zr nucleus was studied before using the data from
another measurement of γ rays following spontaneous fission
of 248Cm, performed using the Eurogam I array [24], which
was also used to study 98Sr [25]. The present enhanced
analysis, involving new sorting of multiple-γ coincidences
into various three-dimensional histograms with higher reso-
lution, as compared to the previous studies, as well as newly
developed techniques of angular correlations [26], allowed the
observation of new transitions and levels and unique determi-
nation of spins and parities for many levels in 98Sr and 100Zr.

A. Excitations in 98Sr

The excitation scheme of 98Sr was studied before in β-
decay measurements [9,27–30] and measurements of γ rays
following spontaneous fission of 248Cm [22,25] and 252Cf
[31–33] and neutron-induced fission of 235U [34].

Figure 2 shows partial level scheme of 98Sr with a band
on top of the 0+

2 , 215.4-keV level, as observed in this work.
Table I lists energies and intensities of γ lines and energies of
excited levels. Precise angular correlations from the Gamma-
sphere measurement [26] obtained for γ -γ cascades of 98Sr

TABLE I. Energies and intensities of γ lines in 98Sr and 100Zr
from spontaneous fission of 248Cm, as observed in this work.

Eγ Iγ Eexc Eγ Iγ Eexc

(keV) (rel.) (keV) (keV) (rel.) (keV)

98Sr 100Zr
70.7(3) 1.5(7) 215.4(3) 493.55(5) 1.3(2) 3019.6(1)
144.70(5) 100(4) 144.70(5) 497.36(5) 60(3) 1061.80(8)
289.40(5) 111(4) 434.10(9) 536.05(5) 3.2(3) 1414.9(1)
385.9(3) 0.6(3) 2818.3(2) 547.00(5) 2.8(3) 1961.9(1)
433.30(5) 95(5) 867.40(12) 547.5(1) 1.0(2) 878.85(7)
566.3(1) 38(5) 1433.70(15) 564.2(1) 0.9(2) 2526.1(1)
655.8(4) 1.0(5) 871.3(2) 615.8(1) 0.4(2) 3635.4(2)
689.5(2) 8(1) 2123.20(25) 617.65(8) 1.4(2) 2579.50(9)
726.7(3) 0.9(3) 871.3(2) 625.55(5) 27(3) 1687.35(9)
751.0(5) 0.5(3) 2432.2(2) 666.23(7) 2.9(3) 878.85(7)
804.5(3) 4(2) 2927.8(4) 709.5(3) 0.7(2) 3289.0(4)
810.4(4) 1.0(5) 1681.4(2 715.6(2) 0.5(2) 2130.6(2)
871.0(3) 2(1) 871.3(2) 739.0(1) 15(3) 2426.4(2)
1247.3(2) 0.7(3) 1681.4(2) 741.6(4) 0.2(1) 4377.0(5)
1384.7(2) 0.9(3) 2818.3(2) 841.7(2) 8(2) 3268.1(3)
1537.0(5) 0.5(3) 1681.4(2) 850.24(5) 5.1(5) 1414.9(1)
1564.7(2) 2.2(4) 2432.2(2) 862.8(3) 0.2(1) 3289.0(4)
1950.8(3) 1.1(3) 2818.3(2) 878.8(1) 1.4(2) 878.85(7)
1998.2(2) 1.2(3) 2432.2(2) 892.15(5) 1.0(3) 2579.50(9)

900.00(5) 2.5(3) 1961.85(8)
100Zr 1202.2(2) 0.6(2) 1414.90(7)

118.65(5) 1.3(2) 331.32(7) 1209.1(3) 0.4(2) 3635.4(2)
212.67(3) 100(4) 212.67(4) 1332.15(7) 2.5(5) 3019.6(1)
351.99(3) 88(3) 564.66(5) 1464.25(7) 2.0(3) 2526.1(1)
395.6(1) 0.2(1) 2526.1(1) 1566.05(15) 0.7(2) 2130.6(2)
440.15(7) 0.4(1) 3019.6(1)

are shown in Table II. These correlations uniquely determine
spins in the ground-state cascade up to I = 10, confirming
tentative assignments for the 867.40-, 1433.70-, and 2123.20-
keV levels reported in the compilation [35]. Positive parity is
adopted because of prompt, quadrupole character, thus an E2
multipolarity of transitions in this cascade. Table III shows
B(E2) rates in relative units calculated using branching ratios
from Table I and mixing ratios from Table II.

We confirm known 871.3- and 1681.4-keV levels in 98Sr
[35] and add new decays of 1247.3 and 1537 keV from
these levels. New transitions of 751, 1564.7, and 1998.2 keV
define a new level at 2432.2 keV. We propose that this level
also belongs to the 0+

2 band, considering relative B(E2) rates
shown in Table III. The observed branchings, together with
the predominant population of yrast and near-yrast levels in
fission fragments [36], suggest spin-parity assignments of 2+,
4+, and 6+ to the 871.3-, 1681.4-, and 2432.2-keV levels,
respectively. This is also consistent with decay branchings of
the new level at 2818.3 keV. To assist further discussion we
have included in the scheme the 1539.11-keV level with its
decays, as reported in the compilation [35].

B. Excitations in 100Zr

The excitation scheme of the 100Zr nucleus was studied
before in β-decay measurements [10,37,38], which reported
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TABLE II. Angular correlation coefficients for γ -γ cascades in
98Sr and 100Zr following fission of 252Cf or 248Cm

(a)
. Label “sum”

denotes summed correlations with all quadrupole transitions below
Eγ 1.

Eγ 1-Eγ 2 A2/A0 A4/A0 Spins in δexp(Eγ 1)
cascade exp. exp. cascade

98Sr
289.40–144.70 0.092(9) 0.015(15) 4 - 2 - 0
433.30–289.40 0.101(10) 0.019(15) 6 - 4 - 2
566.3–433.30 0.121(17) −0.019(27) 8 - 6 - 4
689.5-sum 0.090(18) 0.024(26) 10 - 8 - 6
100Zr
351.99–212.67 0.100(7) 0.010(9) 4 - 2 - 0
497.36–351.99 0.107(7) 0.010(10) 6 - 4 - 2
625.55–497.36 0.111(11) 0.019(16) 8 - 6 - 4
739.0–497.36 0.107(17) 0.003(25) 10 - 8 - 6
850.24-sum −0.109(9) 0.080(14) 4 - 4 - 2 0.99(6)

5 - 4 - 2 No solution
6 - 4 - 4 No solution

900.00-sum −0.017(15) 0.026(21) 6 - 6 - 4 0.74(7)
7 - 6 - 4 0.09(3)
8 - 6 - 4 No solution

1332.15-sum −0.086(31) −0.023(47) 8 - 8 - 6 No solution
9 - 8 - 6 0.02(5)
10 - 8 - 6 No solution

1464.25-sum −0.057(19) 0.014(30) 6 - 6 - 4 0.92(12)
7 - 6 - 4 0.02(3)
8 - 6 - 4 No solution

1464.25-sum(a) −0.037(17) 0.040(30) 6 - 6 - 4 0.84(10)
7 - 6 - 4 0.05(3)
8 - 6 - 4 No solution

1566.05-sum −0.076(59) 0.005(87) 4 - 4 - 2 1.0(4)
5 - 4 - 2 −0.01(9) or

25(18)
6 - 4 - 2 No solution

TABLE III. Relative B(E2) values for E2 decays of levels in 98Sr
and 100Zr, calculated using γ branchings and mixing ratios observed
in this work.

Eexc Eγ B(E2) Eexc Eγ B(E2)
(keV) (keV) (rel.) (keV) (keV) (rel.)

98Sr 100Zr
871.3 655.8 100(50) 878.85 547.5 100(20)

871.0 48(24) 878.8 13(2)
1681.4 810.4 100(50) 1414.90 536.05 100(10)

1537 2.0(1.2) 850.24 8(1)
1202.2 0.3(1)

2432.2 751 100(60) 1961.85 547.00 100(11)
1998.2 1.8(5) 900.00 2.6(5)

2526.1 395.6 100(50)
1464.25 0.3(1)

3019.6 493.55 100(16)
1332.15 0.001(2)
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FIG. 3. Partial level scheme of 100Zr obtained in this work
in measurements of γ rays from spontaneous fission of 248Cm
and 252Cf. New or reassigned levels and transitions, compared to
Refs. [39–41], are marked with asterisks.

the 0+
2 level, and in measurements of γ rays following spon-

taneous fission of 248Cm [25] and 252Cf [39] as well as α-
induced fission of 238U [40].

Figure 3 shows a partial excitation scheme of 100Zr with
a band on top of the 0+

2 , 331.32-keV level, as observed in
this work. Table I shows energies and intensities of γ lines
and energies of excited levels. In Table II angular correlation
coefficients for γ -γ cascades in 100Zr are shown. The cor-
relations determine uniquely spins of the 564.66- 1061.80-,
1687.35-, and 2426.5-keV levels of the ground-state band,
confirming tentative assignments reported in the compilation
[41]. Positive parity is adopted because of prompt, quadrupole
character, thus an E2 multipolarity of transitions in this cas-
cade.

The 878.85-keV, 2+
2 level was reported in Ref. [10]. The 0+

2
band was extended to higher spins in Ref. [39]. In this work
we have rearranged and extended this band, using angular
correlations shown in Table II to determine spins and parities
of the level in the band on top of the 0+

2 level. We confirm
up to spin (8+) the 0+

2 band, reported in Ref. [39] as band
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(4), adding a new 1202.2-keV decay from the 1414.90-keV
level. The 1397.1-keV decay from the 1961.85-keV level is
not confirmed. We introduce a new (10+) band member of
the 0+

2 band at 3289.0 keV instead of the 3019.6-keV level
reported in [39].

Angular correlations involving the 850.24-keV transition
determine uniquely spin I = 4 of the 1414.90-keV level.
Positive parity for this level is inferred from the large mixing
ratio, δ, of the prompt 850.24-keV transition. Consequently,
the prompt 536.05–878.8-keV γ γ cascade indicates spin-
parity 2+ for the 878.85-keV level. Similarly, the prompt
547.00–536.05-keV cascade indicates spin-parity 6+ for the
1961.85-keV level, considering the possible solutions listed
in Table II for the 900.00-keV transition.

The 3019.6-keV level has spin I = 9, as indicated by
angular correlations for the prompt 1332.15- and 1464.25-keV
transitions, shown in Table II, and by the “yrast-population”
argument [36]. The 3019.6-keV level belongs to a new band
to which we assign also the 2526.1- and 3635.4-keV levels
reported in [39] and add new levels at 2130.6 and 4377.0 keV.
New in-band decays of 395.6, 493.55 and 741.5 keV as well
as new out-of-band decays of 1566.05 and 715.5 keV are
introduced. The previously reported 440.15-, 564.2-, 1209.1-,
1332.15-, and 1464.25-keV γ transitions reported in [39] are
now out-of-band decays of the new band. Angular correla-
tions for the 1332.15-, 1464.25-, and 1566.05-keV transitions
give consistent and unique spin assignments to the 2130.6-,
2526.1-, and 3019.6-keV levels, as shown in Fig. 3. The data
in Table III support the new band identification.

To assist further discussion we have included in the scheme
the known 1196-keV level with its decays [41].

III. DISCUSSION

Looking for an interpretation of 0+
2 excitations in 98Sr and

100Zr, one observes that the present data show that bands on
top of these levels are clearly not of rotational nature. In this
respect they are very different from ground-state bands in
both nuclei. On the other hand one observes numerous decays
from all levels in 0+

2 bands to levels in ground-state bands.
This suggests some underlying similarity of the two structures
which, however, does not result in strong band mixing, as
shown in Fig. 1.

In Ref. [9] excitation energies and branchings were used
to extract the interaction strength between the 0+

1 and 0+
2

bands in 98Sr. This was analyzed further using transition
rates as summarized in Ref. [42], which points to significant
differences between various works. The present data suggest a
reevaluation, indicating that the assumption of the “rotational”
character of the 0+

2 band or the selection of levels which
mix [9,30,31,43–46] should be reconsidered. Furthermore,
the (2+) levels at 1539.11 and 1196 keV in 98Sr and 100Zr
nuclei, respectively, which are most likely collective struc-
tures, are also linked to both 0+

1 and 0+
2 bands in the two

nuclei, suggesting that the mixing scenario may by even more
complex.

With these reservations in mind one may, nevertheless,
conclude the quasivibrational character, hence low deforma-
tion, of 0+

2 bands in 98Sr and 100Zr as well as their weak
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FIG. 4. Excitation energies of 0+
2 levels relative to the 0+

1 ground
state in the N = 54, 58, and 60 isotones. In addition, energies of 0+

3

levels in 96Sr, 98Sr, and 100Zr (in magenta color) and in 98Zr (green
circle) are shown. See text for the description of dashed lines and
the points shown in green. The experimental data are taken from
Ref. [14]. Points in parentheses have tentative spin assignments.

interaction with 0+
1 bands, which is about an order of mag-

nitude lower than in Ru isotopes, as summarized in Table VI
of Ref. [1].

A. Systematics of 0+ excitation energies

To find more information about the nature of 0+
2 levels

in 98Sr and 100Zr we show in Fig. 4 excitation energies for
0+

2 levels, starting with selected isotones, to keep the picture
simple. At N = 54 (filled squares) one observes a regular
“parabolic” dependence on the proton number (dashed line
drawn to guide the eye). The same curve shifted down by
450 keV fits points at N = 58 (filled circles) and N = 60
(triangles), suggesting that this type of dependence may be
universal in the region. However, there is a distinct exception.
The 0+

2 levels in 98Sr and 100Zr (green triangles) fall well be-
low the lower “parabola,” which fits better 0+

3 levels (magenta
triangles) in both nuclei. Also the 0+

3 level in 96Sr (magenta
circle) fits the N = 58 trend better than the 0+

2 level (green
circle) in this nucleus, though this is less evident. To keep
the picture simple in Fig. 4 we do not show data for N = 56,
which show extra exceptions, as will be discussed below.

The properties of 0+ excitations from Fig. 4 are analyzed
further in Fig. 5, this time against the neutron number, reveal-
ing further distinct features of the green points. In Fig. 5 we
show, in addition, 0+

2 levels from Fig. 1, including N = 66 as
well as 0+

2 levels in Zr and Mo isotopes and 0+
3 levels in 94Sr

and 96Zr (N = 56).
Figure 5 indicates that collectivity is growing with the

increasing number of neutrons, which is reflected by the
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1 states in Ru, Mo, Zr, and Sr isotopes. Data points in green
at N = 58 and N = 60 are the same as in Fig. 4. See text for
further comments on data points and lines drawn in the figure. The
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lowering of 0+ excitation energies. In the figure the system-
atics for Ru isotopes (open circles) shows some discontinuity
and we arrange them into three groups: with N < 58 where the
neutrons fill predominantly the d5/2 orbital, with N = 58 and
60 corresponding to filling the g7/2 orbital, and with N � 62
where the h11/2 orbital is filling [13]. The data points for Mo,
Zr, and Sr are also grouped in this way. Out of 33 excited 0+
levels in Fig. 5, 25 follow this trend. Two deviations (marked
by blue arrows) at 92Zr and 96Zr (blue squares) from the trend
are discussed further in the text. The remaining six points,
shown in green color belong to another group, incorporating
0+

2 levels in 96Sr, 98Sr, and 100Zr and 0+
3 levels in 94Sr, 96Zr,

and 98Zr. These points show a distinctly different dependence
of their excitation energies on the neutron number, suggesting
their different structure.

To learn more about the green points, we show in Fig. 6
the extended version of Fig. 4, displaying all 0+

2 and most of
0+

3 known levels from the 38 � Z � 50, 52 � N � 66 region.
The 0+

4 levels in 102Mo and 106Pd are also added to illustrate
some extra features.

The “parabolic” trend seen in Fig. 4 is now even more
evident. Black dashed lines copied from Fig. 4 systematize
the data for 52 � N � 60 isotones in the 38 � Z � 46 range.
We note that for 106Pd it is the 0+

4 level which fits best the
N = 60 trend in this range, while the 0+

2 and 0+
3 levels of

106Pd fit best the parabola-like curves drawn in red. The 0+
3

and 0+
4 levels in 102Mo also fit better the red curves. The red

curves systematize data points for 58 � N � 66 isotones in
the 42 � Z � 50 range. Out of 63 data points in Fig. 6 only
eight deviate from “parabolic” trends. Two 0+

2 levels in 92Zr
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FIG. 6. Excitation energies of all 0+
2 and most of 0+

3 known
levels and selected 0+

4 levels in A ≈ 100 nuclei, drawn relative to the
respective 0+

1 , ground-state levels. The data are taken from Ref. [14].
A detailed explanation of symbols, lines, and colors is given in the
text.

and 96Zr (drawn in blue color), which do not follow black
curves (their expected positions on “parabolas” are marked by
blue, dashed circles), show the same deviations as in Fig. 5.
The increase in 96Zr may be due to the Z = 40 or N = 56
subshell closures while the lowering in 92Zr suggests that
some extra effects contribute, like the proton-neutron mixing
expected in this nucleus [47]. Six points shown in green color
are the same as green points in Fig. 5. In Fig. 6 they are
not assigned to any respective “parabolas,” further suggesting
their different character. We note that in the past the shape
change in 98Zr was associated with the 0+

3 level [48,49], but
deformed structures on top of this level were not confirmed
[50]. A recent paper [51] reports a moderately deformed band
in 98Zr, incorporating the 1590-, 1843-, and 2491-keV levels.
In our opinion, this confirms a deformed band based on the
0+

2 level, proposed in Figs. 4 and 10 of Ref. [52]. The above
suggests that the 0+

3 level in 98Zr is weakly deformed, similar
to 0+

2 levels in 98Sr and 100Zr.
The 0+ excitations shown in Fig. 6 can be arranged into

four groups:

(i) points following black dashed lines,
(ii) points following red dashed lines,

(iii) points shown in green color,
(iv) points following black solid lines.

This phenomenological classification, though rather arbi-
trary, is quite suggestive and deserves further comments.

B. New interpretation of shape evolution in the A ≈ 100 region

The “parabolic” trend, analogous to the one describing
groups (i) and (ii), was discussed in Ref. [53] and observed
for 0+

2 levels in Hg isotopes (Fig. 3.19 in [54] and Fig. 10
in Ref. [1]), where it was interpreted as due to a 2p-2h,
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“intruder,” i.e., promotion of a proton pair producing a low-
energy, 0+ excitation due to an attractive interaction of this
pair with neutrons in a nearby neutron orbital [1]. The at-
traction, which varies with the changing neutron number,
results in a “parabolic” trend of the 0+

2 energy. By analogy,
the “parabolic” trend in Fig. 6 can be understood as being
due to the 2p-2h intruder state created by an excitation of
a pair of neutrons from the d5/2 orbital to the g7/2 or h11/2

orbital. This pair can then attract the g9/2 proton particles
(black “parabola”) or the g9/2 proton holes (red “parabola”).
These two groups comprise most of the 0+ levels in Fig. 6,
suggesting that the 2p-2h intruder excitation is the dominant
mechanism producing collectivity in the region.

The proton-neutron attraction increasing with the growing
population of g7/2 and h11/2 neutron orbitals, explains the
trend shown in Fig. 5 (except the green points). In this
context the spin-orbit-partner effect of Federman and Pittel
is supported; however, not for the ground-state 0+ levels, as
originally proposed [55–58], but for excited 0+ levels. Such
a conclusion has also been drawn from calculations of 0+
levels in 96Sr and 98Zr [59]. In other words, there is no type-II
phase transition in Sr and Zr isotopes, as already argued in
Refs. [48,49,52,60].

At N = 58 weakly deformed bands based on the 0+
2 level

have been proposed in 96Sr and 98Zr (see Fig. 10 in Ref. [52]).
The deformation is growing in such bands when the neutron
number increases and is larger in 97Sr and 99Zr (see Fig. 9 of
Ref. [52]), fitting the scheme of a type-I phase transition, as il-
lustrated in Fig. 8 of Ref. [49]. This scenario was supported by
calculations [61–63], where it was attributed to the population
of the deformation-driving, h11/2 neutron intruder, with further
refinements discussed in Refs. [11,52,64,65]. However, the
present work suggests that the deformation-change process in
Sr and Zr isotopes may be even more complex.

We suggest that the increased collectivity in 0+ excited
levels of Sr and Zr, located on the “parabolas” in Fig. 6, which
is due to proton-neutron attraction, is passed to ground-state
0+

1 levels, similar to what is observed in Ru isotopes [13].
Thus, instead of a type-I phase transition one observes rather
the avoided crossing in most of the nuclei of the A ≈ 100
region. However, as seen in Ru isotopes, such a crossing
induces a less abrupt shape change than the one observed in
Sr and Zr isotopes. This is illustrated in Fig. 7(a), where the
change of β2 deformation parameter of 0+

1 levels in Sr and Zr
isotopes (continuous cyan line) is compared to an analogous
change in Ru isotopes (continuous red line). Therefore an
extra effect, enhancing and accelerating the shape-change
process, is needed for Sr and Zr isotopes. The picture is further
complicated by the appearance of the very low-lying 0+

2 levels
in 98Sr and 100Zr [group (iii)].

Analogies with 0+ excitations in the A ≈ 150 region,
where a sudden change of deformation occurs, may pro-
vide further hints about the shape-change mechanism in the
A ≈ 100 region as well as the nature of levels from group
(iii). The weakly deformed 0+

3 level in 154Gd was inter-
preted by Kulp et al. [66] as the so-called pairing isomer’
involving the 11/2−[505] Nilsson “extruder.” Interestingly,
the 0+

2 deformed configuration in 154Gd was also associated
with the 11/2−[505] Nilsson orbital, and was interpreted by
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FIG. 7. (a) Evolution of the β2 deformation parameter for 0+
1

and 0+
2 levels in Sr, Zr, and Ru isotopes. Thick, continuous lines

follow 0+
1 configurations in Sr and Zr (cyan) and Ru (red) isotopes.

Dashed lines follow spherical or deformed configurations in Sr
(black) or Zr (blue) isotopes. The data are from Refs. [11,14,52].
(b) Schematic explanation of the extruder 2p-2h excitations around
N = 60, involving the ν9/2+[404] extruder.

Sharpey-Schafer et al. [5] as a configuration with the leading
component due to an excitation of a pair of neutrons from
the upsloping 11/2−[505] extruder orbital to the downslop-
ing 3/2+[651] intruder orbital. Such a 2p-2h configuration
corresponds to the so called pairing isomer, involving two
11/2−[505] holes, as proposed by Garrett et al. [4]. The pres-
ences of the 11/2−[505] extruder, associated with deformed
bands in odd-A nuclei of the region, is well documented (see,
e.g., Fig. 5 in Ref. [67] or Fig. 6 in Ref. [68]). While these
interpretations may need further attention, considering that the
0+

1 ground state, which is the most deformed configuration
in 154Gd, also needs an explanation, there is convincing evi-
dence of the 11/2−[505] neutron extruder being involved in
generating various configurations in the A ≈ 105 region. This
applies also to the 0+

2 deformed configurations, as indicated by
the correlation between excitation energies of these states and
11/2− levels in odd-A neighboring nuclei, shown in Fig. 11 of
Ref. [6].

Effects, analogous to those discussed above for the A ≈
150 nuclei may be expected in the A ≈ 100 region, and in
this work we employ the “extruder mechanism” to explain
the sudden increase of deformation in 0+

1 levels of even-even
nuclei at N = 60. Figure 7(b) schematically illustrates how
a deformed configuration could be produced in even-even
nuclei of the the A ≈ 100 region by shifting a pair of neutrons
from the upsloping 9/2+[404] extruder to the downsloping
3/2−[541] intruder orbital, both orbitals being present at the
Fermi level around N = 60 (see, for example, the Nilsson
diagram in Fig. 9 of Ref. [69]). Because in 98Sr and 100Zr
no excited 0+ deformed levels are observed, we propose that
in both nuclei this 2p-2h neutron configuration is the leading
contribution of the 0+

1 deformed ground state. The presence of
the 9/2+[404] extruder orbital around N = 60 in the A ≈ 100
region is well documented in deformed bands of odd-A nuclei
[11,19,64,69–72] and in two-quasiparticle, deformed bands of
even-even nuclei [29,39,40,52,73].

To interpret weakly deformed 0+
2 levels of group (iii),

we note that for four decades theoretical works have been
predicting the existence of oblate 0+ excitations in these
nuclei [59,74,75]. The Nilsson diagram for this region (see,
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FIG. 8. Bands on top of 0+
2 levels in Mo and Ru isotopes. Lines

are drawn to guide the eye. The data points are from Refs. [13,14,77].

e.g., Fig. 9 in Ref. [69]) shows a concentration of orbitals on
the oblate side at an energy close to the Fermi level, where
the orbits are active on the prolate side. The 11/2−[505]
downsloping orbital is the distinct member of this oblate
bunch, and its population could account for the discussed 0+

2
levels in 98Sr and 100Zr, as schematically shown in Fig. 7(b).
The picture explains the deformation difference between 0+

1
and 0+

2 configurations in 98Sr and 100Zr discussed above. In
support of the oblate shape, the recent work [76] reports a
weakly deformed 11/2− oblate configuration in 99Zr, based
on the h11/2 neutron orbital, coexisting with the prolate struc-
tures in this nucleus, where the 9/2+[404] extruder has been
observed for the first time in the A ≈ 100 region. It is then
possible that in the even-even neighbors the two neutrons
are passed from the 9/2+[404] extruder to the 11/2−[505]
oblate intruder. If so, the leading 2p-2h term in both 0+

1
and 0+

2 configurations would have a common (ν9/2+[404])−2

component, explaining multiple decays of 0+
2 bands to 0+

1
bands, seen in Figs. 2 and 3. Furthermore, the sudden increase
of the deformation in 0+

1 levels and the appearance of low 0+
2

levels at N = 60 would correlate with the local approach of
the ν9/2+[404] extruder to the Fermi surface at this neutron
number.

Finally, we will discuss 0+ excitations of group (vi). In
Fig. 8 one can see that above neutron number N = 60 the
cascade on top of the 0+

2 level in Ru and Mo isotopes evolves
into a rotational band. At N > 60 one expects the dominant
role of h11/2 neutrons in creating deformation in ground state
levels of Mo and Ru isotopes. As discussed in Ref. [13], at
N < 60 0+

1 and 0+
2 levels mix and the deformation is passed

from the 0+
2 level to the 0+

1 ground state. It is likely that above
N = 60 the 0+

1 and 0+
2 also mix but now the deformation of

the 0+
1 ground state, which is more deformed, is passed to 0+

2
level. Such mixing would imply structural similarity of 0+

1
and 0+

2 levels, consistent with the rather flat dependence of
the 0+

2 excitation energy on the proton number (solid black
line in Fig. 6). Thus, instead of being 2p-2h neutron structures

interacting with g9/2 protons and showing a characteristic
parabolic dependence on the proton number, 0+

2 levels at
N > 60 are probably vibrations on top of the 0+

1 ground states.
Furthermore, as seen in Fig. 8, at N > 60 excitation energy of
0+

2 levels grows to more than 1 MeV and it is possible that
these levels become heads of so-called β bands. In 110Ru66

this is further hinted by the predominant decay of the 0+
2 level

to the 2+
1 level of the ground state [78].

IV. SUMMARY AND PERSPECTIVES

In summary, excited levels in 98Sr and 100Zr were studied
using data from measurements of γ rays following sponta-
neous fission of 248Cm and 252Cf, performed with the Eu-
rogam2 and Gammasphere multidetector arrays, respectively.
Vibrational bands on top of 0+

2 levels in 98Sr and 100Zr, reeval-
uated and extended in this work, are interpreted as oblate
structures with intruder-type 2p-2h dominant configuration,
containing two neutrons in the 11/2−[505] oblate intruder
and two neutron holes in the 9/2+[404] prolate extruder
orbital, respectively. Highly deformed, 0+

1 ground states in
both nuclei are interpreted as a prolate structure with intruder-
type 2p-2h dominant configuration containing two neutrons
in a low-� orbital originating from the νh11/2 shell and two
neutron holes in the 9/2+[404] prolate extruder orbital. The
latter, prolate-deformed configuration, which appears around
N = 60, is superimposed on the gradual increase of the de-
formation observed in most nuclei of the A ≈ 100 region.
This gradual increase is due to another intruder-type 2p-2h
neutron configuration, where two neutrons are excited from
the d5/2 shell to the g7/2 or h11/2 shell. When promoted,
these two neutrons interact attractively with protons in the
g9/2 shell. The local approach of the 9/2+[404] extruder
to the Fermi level at N ≈ 60 explains the local character
of both the sudden increase of deformation and the local
appearance of low-energy 0+

2 levels in the 98Sr and 100Zr
nuclei. We also propose that above N = 60 the 0+

2 excitations,
which show there slowly increasing excitation energies, may
evolve into β vibrational states, explaining, for example, the
regular Kπ = 0+ rotational band based on the 1137-keV level
in 110Ru.

The phenomenological classification of 0+ excitations in
the A ≈ 100 region, offering new interpretation of these exci-
tations, needs further verification. In Fig. 6 we have marked
with black dashed circles three unknown but expected 0+
excitations (0+

2 levels in 108Sn and 112Pd and 0+
3 level in

104Ru). Finding these excitations at suggested energies would
be an important confirmation of the proposed systematics.
Other observables should be studied as well, to check if
points on a given parabola have deeper structural relations.
One needs here, first of all, measurements of particle transfer
cross sections and electromagnetic moments of levels and
transitions.
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