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Background: Sr isotopes are located in the mass region A & 100, where a very quick onset of nuclear
deformation exists; other notable examples of this area are Yb, Zr, and Nb nuclei. The presence of the proton
subshell closure Z = 40 allows the existence of particle-hole excitations that produce low-lying intruder bands.
Purpose: The goal of this work is the study of the nuclear structure of the even-even *>"'2Sr isotopes through
the accurate description of excitation energies, B(E?2) transition rates, nuclear radii, and two-neutron separation
energies.

Method: The interacting boson model with configuration mixing will be the framework to calculate all the
observables of the Sr isotopes. Only two types of configurations will be considered, namely, O-particle—0-hole
and 2-particle-2-hole excitations. The parameters of the model are determined using a least-squares procedure
for the excitation energies and the B(E2) transition rates.

Results: For the whole chain of isotopes, the value of excitation energies, B(E2)’s, two-neutron separation
energies, nuclear radii, and isotope shifts have been obtained, with a good agreement between theory and
experiment. Also, a detailed analysis of the wave functions have been performed and, finally, the mean-field
energy surfaces and the value of the nuclear deformation, 8, have been obtained.

Conclusions: The presence of low-lying intruder states in even-even Sr isotopes has been confirmed and its
connection with the onset of deformation has been clarified. The lightest Sr isotopes present a spherical structure
while the heaviest ones are clearly deformed. The rapid onset of deformation at neutron number 60 is due to the
crossing of the regular and intruder configurations and, moreover, both families of states present an increase of

deformation with the neutron number.

DOI: 10.1103/PhysRevC.105.034341

I. INTRODUCTION

Nuclear deformation plays a major role in the understand-
ing of the evolution of nuclear structure along the mass table.
The shape of the nucleus is determined by a fine balance
between, on one hand, the stabilizing effect of closed shells
that tends to make the nucleus exhibit properties of spheri-
cal shape, and, on the other, the pairing and the quadrupole
force that tend to make the nucleus quadrupole deformed
[1]. This balance generates regions near closed shells with
spherical shapes, while those around mid-shell are well de-
formed. In particular, the evolution of the single-particle levels
(monopole term) and the strength of the rest of the low mul-
tipolar terms of the nuclear interaction are key elements for
a correct understanding of the nuclear shape. The correct de-
scription of the transition from one limit to the other remains
at present a major issue in theoretical nuclear physics.

The situation is even more appealing when in the nuclear
spectrum states coexist with different shapes in a narrow en-
ergy range. This phenomenon is named shape coexistence and
in nuclear physics it was first proposed by Morinaga [2] to
explain the nature of the first excited state in '°0, a 0% state
which was assumed to be deformed, although the ground state
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is obviously spherical because the nucleus is doubly magic.
This state corresponds to a proton 2p-2h excitation across
the Z = 8 shell closure and, therefore, it is a intruder state
with a deformed structure. This idea was also supported by
the early works [3-5] for oxygen isotopes. In closed nuclei,
such as '°Q, both proton and neutron excitations across magic
number 8 appear as the major component of the structure of
the first 0" state and lead naturally, through the effect of the
quadrupole part of the nucleon-nucleon interactions, to the
existence of a deformed band built on top of this 0" (called an
intruder). This becomes a major indication for the appearance
of shapes with an unexpected feature in nuclei that contain
doubly magic proton and neutron configurations. One of the
most explicit examples of such shape coexistence is observed
experimentally in *“°Ca and is very well described through
shell model calculations involving mp-rh excitations [6—8].
Experimentally, the most dramatic example of shape coex-
istence is provided by the systematics of nuclear radii and the
isotope shifts observed in certain mass regions. The existence
of sudden changes in those observables hint to the presence
of intruder states that affect the deformation of the ground
state. In particular, that was first observed in the case of
Hg where the odd-even staggering in the radius systematics
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clearly points to the presence of states with rather different
degrees of deformation. Since then, shape coexistence has
been found to play a major role to explain the nuclear structure
in many mass regions, especially in those close to a shell or
subshell closure in protons (neutrons) and around the mid-
shell in neutrons (protons), being present in light, medium,
and heavy nuclei [9-11].

The theoretical description of shape coexistence can be
done with two complementary approaches, namely, the nu-
clear shell model and the self-consistent way, based on
Hartree-Fock (HF) or Hartree-Fock-Bogoliubov (HFB) the-
ories. The residual interaction used in the shell-model
Hamiltonian has been refined in recent decades, as shown
in [12] where a new universal interaction for the sd shell
was designed or in [13] where the interaction was obtained
for the sd-pf shell. The description of the region around
Z =40 is driven by the simultaneous occupation of neutrons
and protons in spin-orbit partners. Hence, once the neutron
1g7/> orbit starts to be filled, the interaction with the proton
1go/» orbit favors the existence of a zone of deformation in Zr
and Sr nuclei with neutron number larger than 58. This idea
was proposed in the seminal works of Federman and Pittel
[14-16], entitled “A unified shell-model description of nuclear
deformation,” where the key importance of the simultaneous
occupation of the neutron-proton spin-orbit partners is empha-
sized. Federman and coworkers explored in depth this mass
area using a reduced model space consisting of the 3sy,,,
2d3)>, and 1g7,, neutron orbits and, in the case of protons, the
2pi2, 189/, and 2ds, orbits [17-20]. More recently, large
scale shell-model calculations have been performed for the
same mass region using more realistic valence spaces, as in
the case of [21] or [22]. However, in order to correctly treat
the possible existence of np-nh excitations across the Z = 40
shell gap, one needs to include other shells, thereby rapidly
increasing the size of the model space, exceeding present
computational capabilities. To overcome this limitation, the
Monte Carlo shell model was introduced by Otsuka ef al. [23]
and Shimizu et al. [24,25] and it has been successfully applied
to the Zr region [26]. In this work, the filling of the proton
1g9/> shell was observed either for the ground state or for
low-lying excited states.

The other mainstream approach to deal with shape coexis-
tence and configuration mixing is the mean-field approach. In
[27], the authors studied the rapid change in the structure of Sr
an Zr isotopes, solving a five-dimensional collective Hamilto-
nian with parameters coming from a nonrelativistic Skyrme
interaction and the PC-PK1 and SLy4 relativistic forces. A
spherical-oblate-prolate shape transition in neutron-rich Sr
and Zr isotopes is observed. In [28], the authors studied Kr,
Sr, Zr, and Mo isotopes around neutron number 60 with the
relativistic interaction PC-PK1. A rapid evolution in Sr and
Zr, while moderated in Mo and K, is observed, in addition
to a prolate-oblate shape coexistence in **Sr and '%Zr. In
[29], the even-even Ru, Mo, Zr, and Sr are studied within the
HFB approach using a Gogny-D1M interaction. The different
spectroscopic properties are obtained thanks to the mapping
of the energy density functional into an interacting boson
model with configuration mixing (IBM-CM) energy surface.
In the case of Sr as in the case of Zr, there is a rapid change

in the structure of the 0 and 0 states when approach-
ing neutron number 60. The spectroscopic properties of Zr
and Sr isotopes, among many others, were obtained in [30]
using a generalized Bohr Hamiltonian in which parameters
are fixed through a reduction of the Hill-Wheeler generator
coordinate method equation using a Gaussian overlap approx-
imation (GOA). In [31], the experimental information for Zr
isotopes is compared with the theoretical results obtained with
three different approaches, namely, the GOA reduction to the
five-dimensional Bohr Hamiltonian, the solutions of the Hill-
Weeler equations using the SLyMROO version of the Skyrme
force, or using a Gogny D1S interaction. All the approaches
provide a good description of the energy systematics of the
27 state, but differences are shown up for the energy ratio
E(41)/E(2]). Calculations that represent the state of the art
of the field were carried out by Rodriguez-Guzman et al. [32]
within the HFB framework, allowing them to handle both the
axial and triaxial degrees of freedom on equal footing, with
full symmetry conserving configuration mixing calculations
and with application to Sr, Zr, and Mo.

The present work extends our previous analysis of the Z ~
40 and A =~ 100 region [33,34], in particular the even-even Zr
isotopes, to the case of Sr. Sr is also an excellent candidate
to study the influence of the intruder states on the onset of
deformation for N & 60 because it presents a rapid lowering
of the energy of the ZT state, a rapid growing of the ratio
E (4T)/E (2?), a sudden increase in the radius, or a flatness
of the two-neutron separation energy.

The paper is organized as follows. In Sec. II, the present
experimental knowledge on Sr is reviewed; in Sec. III, we
present the theoretical framework of this work, i.e., the IBM-
CM, including the procedure used to get the fitting parameters
of the model; in Sec. IV, the study of the correlation energy
gain is presented; in Sec. V, a detailed comparison of theory
and experiment is presented; in Sec. VI, the analysis of the
wave functions is given; in Sec. VII, we study the radii, the
isotopic shifts, and the two-neutron separation energies; in
Sec. VIII, we calculate the mean-field energy surfaces and
deformations; and, finally, in Sec. IX the summary and the
conclusions are presented.

II. EXPERIMENTAL DATA IN THE EVEN-EVEN
Sr NUCLEI

The experimental knowledge of even-even Sr isotopes in
the neutron 50-82 shell spans from the closed-shell nucleus
88Sr to the deformed one '%2Sr, as depicted in Fig. 1, where the
energy systematics of positive-parity states up to an excitation
energy E ~ 3 MeV is presented. For these isotopes there is
a clear need for more experimental data and, in particular,
for the use of complementary techniques to extract infor-
mation on quadrupole moments using Coulomb excitation
methods and lifetime measurements. The experimental data
on p2(E0) will lead to direct information concerning shape
mixing, as has been shown in the nearby Zr isotopes and
many other regions. In Fig. 1 we used blue and red colors
for the states whose structure as been established firmly in the
recent literature as being regular (vibrational-like) or intruder
(rotational-like), respectively, as discussed in detail below.
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FIG. 1. Experimental energy level systematics of positive parity states for the Sr isotopes. Only levels up to E, ~ 3 MeV are shown. Levels
labeled in blue correspond to spherical shapes, those labeled in red to deformed ones (see information in Sec. II).

The nucleus ¥Sr is characterized by a large energy gap be-
tween the ground state and the first excited one, a 2% state,
as it corresponds to the shell closure; in °*2Sr an underlying
vibrational spectrum is seen although it becomes much more
complex as the energy increases; in **Sr the energy of the 2]“
state remains constant but a large energy gap appears with
the 47 state; when passing from *°Sr to *®Sr the spectrum
is suddenly compressed with a much smaller E(2]); and for
100-1028r only the yrast band is observed with a clear rotational
structure.

For comparison with theoretical calculations, we have
considered, when available, the evaluated experimental data
appearing in Nuclear Data Sheets publications for A = 92
[35], A =94 [36,37], A = 96 [38], A = 98 [39,40], A = 100
[41], and A = 102 [42], complemented with the most up to
date references for certain isotopes. Note that we do not con-
sider in our analysis the nuclei %3-°Sr because they are at or
too close to the shell closure, where our theoretical approach
is not reliable enough.

In [43] the isotopes 92949681 were studied through the
spontaneous fission of **Cm, and new spin and parity were
assigned to several energy levels, which differ from previ-
ous works. Park er al. [44] conducted a y-ray and internal
conversion electron spectroscopy experiment for *®Sr at the
TRIUMF-ISAC facility. In this work, the p?(EQ) value for
the transition 05 — 0/ and the B(E2) values for 2] — 0,
0 — 2{,and 4] — 2] transitions were obtained and, except
for the case of the B(E2;05 — 2)) transition, the obtained
values were compatible with the evaluated ones. The obtained
mixing for the first two O states was 9% while for the two 2+
states it was 1.3%. In [45], the authors have investigated the
neutron-rich *%?8Sr isotopes using Coulomb excitation at the
REX-ISOLDE facility (CERN). B(E2)’s and spectroscopic
quadrupole moments were extracted from the cross sections.
A small mixing is obtained between a spherical and a prolate
configuration in 98Sr. In [46], the authors conducted an exper-
iment for neutron-rich Sr isotopes using Coulomb excitation
with radioactive beams at the REX-ISOLDE facility (CERN)
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using the MINIBALL spectrometer. They concluded that there
is a sudden increase in the value of 8 for *®Sr with a mixing
between regular and intruder states of only a 12%. In [47],
the authors measured the lifetime of the isotopes *+°%%8Sr
using LaBr3(Ce) detectors combined with Ge ones in the
EXILL-FATIMA spectrometer at the Institut Laue-Langevin
in Grenoble. They obtained values for transition rates in the
yrast band up to J = 6T, observing the rapid onset of defor-
mation in *®Sr. In [48], the spectroscopic factors of OZ 5 states

were determined for “®Sr and the results are consistent with a
40% mixing and a difference in B between both 07 states of
0.31.1In [49], delayed y rays in A = 97 fission fragments were
analyzed too at the high flux nuclear reactor of the Institute
Laue-Langevin in Grenoble. Several lifetimes for *’Sr were
measured using a fast-timing setup. This nucleus is at the
spherical-deformed border, i.e., between neutron numbers 58
and 60, the place where Sr isotopes pass from being spherical
to deformed. Urban et al. [50] studied the O;r states of ?3Sr and
1007 by analyzing the spontaneous fission of >**Cm and >2Cf
in the Eurogam?2 and the Gammasphere arrays; moreover, in
this work they classified phenomenologically the O states
into four categories, concluding that the first two 01 states
are highly deformed and correspond to 2p-2h excitations of
two neutrons from the 9/27[404] extruder level to the low-Q2
prolate and the 11/27[505] oblate orbitals originating from
the hy1; shell. More recently, the same group [51] reinves-
tigated the excited states of %-9%94%%988r ysing the Exogam
and Gammasphere arrays. Twenty-three new levels with 30
new decays were obtained in four nuclei. Finally, in [52], the
authors studied the level structure of *>-**%Sr via one-neutron
stripping reactions at TRIUMF. The results suggest a strong
mixing in **Sr and in °Sr, showing indications of shape
transition before N = 60. Of relevance are the observations
in **Sr of two 0 states at 1880 and 2293 keV (not considered
in this work)

III. THE INTERACTING BOSON MODEL WITH
CONFIGURATION MIXING FORMALISM

A. The formalism

The IBM-CM supposes an extension of the original for-
mulation of the IBM [53] and it allows the simultaneous
treatment of several boson configurations corresponding to
particle-hole excitations across a shell or subshell closure
[54,55]. In this version of the model no distinction is made
between proton and neutron bosons. In the case of Sr, this
shell closure is assumed to exist for Z = 40, associating the
regular states to a 2h proton configuration and the intruder
ones to a 4h-2p proton configuration, and the number of va-
lence neutrons is determined considering 50 as the neutron
closed shell. Therefore, the number of valence bosons, N, will
be half of the sum of the valence protons, which is 2, plus half
the number of valence neutrons. The intruder configuration
will own, in addition, two extra bosons. Hence, the regular
plus the intruder space will correspond to an [N] @ [N + 2]
Hilbert space. The Hamiltonian will be made of two sectors—
one corresponding to the regular part, [N], another to the
intruder one, [N + 2]—and an interaction term, with the total

Hamiltonian being written as

A = B+ By (B + M) s + 7000,
ey

where Py and 131v+2 are projection operators onto the [N] and
the [N + 2] boson spaces, respectively,

ﬁécqf = &ifig + kL - L+ 1:0(x:) - O(x:) ()
is a simplified IBM Hamiltonian named the extended
consistent-Q Hamiltonian (ECQF) [56,57] withi = N, N + 2
and with 7; the d boson number, I the angular momen-
tum, and Q(x) the quadrupole operator. The parameter AN*2
represents the energy needed to excite two proton particles
across the Z =40 shell gap, giving rise to 2p-2h excita-
tions, corrected with the pairing interaction gain and including
monopole effects [58,59]. The operator VHJX;V +2 describes the
mixing between the N and the N 4 2 configurations and is
defined as

VNNE2 — GV NF2(5T x T 45 x 5)
+ )N d" x d" +d x d)©. 3)
In this work, we assume w) " 2 = w)"N*? = o,

The E2 transition operator is built with the same
quadrupole operator that appears in the Hamiltonian (2) and
it is defined as the sum of two contributions that act sepa-
rately in the regular and the intruder sectors without crossed
contributions,

T(ED, = Y el 0u(x)P. )
i=N,N+2
The e; (i = N, N + 2) are the effective boson charges and the
parameters y; take the same values as in the Hamiltonian (2).
In the previously defined operators there is a set of free
parameters that should be fixed to reproduce as well as possi-
ble a set of excitation energies and transition rates, as will be
explained in detail in Sec. III B.
This approach has been successfully used in a set of recent
works for Zr [33,34], Pt [60,61], Hg [62,63], and Po isotopes
[64,65].

B. The fitting procedure: Energy spectra and absolute
B(E2) reduced transition probabilities

In this section, we present the way the parameters of the
Hamiltonian (1), (2), and (3) as well as the effective charges
of the T'(E2) transition operator (4) have been fixed.

We study in this work the even-even isotopes
thereby covering almost the whole first half of the neutron
shell 50-82. Note that we do not consider the isotopes 3¥-°Sr
because they are too close to the neutron shell closure, 50, and
therefore the IBM calculations are not reliable enough.

In the fitting procedure carried out here, we try to obtain the
best overall agreement with the experimental data including
both the excitation energies and the B(E2) reduced transition
probabilities. A standard x? is used to obtain the free param-
eters of the Hamiltonian and the 7'(E2) operator as described
in [33,60,62,64]. Using the expression of the IBM-CM Hamil-
tonian, as given in Eq. (1), and of the E2 operator, as given
in Eq. (4), in the most general case 13 parameters show up.

92—102SI.
b
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TABLE 1. Hamiltonian and 7'(E2) parameters resulting from the present study. All quantities have the dimension of energy (given in keV),
except xy and xyi, which are dimensionless and ey and ey, which are given in units +/W.u.

Nucleus N EN KN XN Ky EN+2 KN+2 XN+2 Kj/\/+2 w ANT2 en EN+2
28r 3 838 —32.01 0.00 —7.84 347.2 —15.00 —0.88 0.00 15 1900 1.53 1.53%
%Sr 4 365 —50.00 0.00 75.01 451.7 —41.81 0.00 0.00 15 1800 1.16 1.53
%Sr 5 620 —35.00 0.64 53.43 242.7 —20.00 —0.79 9.84 15 1500 1.33 0.86
%BSr 6 526 —28.19 1.88 18.59 279.1 —34.96 —0.72 0.23 15 1360 0.78 2.22
100Gy 7 526° —28.19° 1.88° 18.59° 387.3 —43.16 —-0.77 —-2.99 15 1360 0.78" 1.93
1028y 8 526P —28.19° 1.88° 18.59° 387.3 —46.41 —-0.77 —2.99 15 1360 0.78" 1.93¢

af(E2) intruder parameter taken from **Sr.

"Hamiltonian and T (E2) parameters for the regular sector taken from *Sr.

J'(E2) intruder parameter taken from '°Sr.

We impose as a constraint that parameters change smoothly
in passing from isotope to isotope. Moreover, we try to keep
as many parameters as possible at a constant value. The value
of AN*2 evolves, being larger for the lightest isotopes, around
ANT2 = 1900 keV, but it drops down to AN*? = 1360 keV
for the majority of isotopes.

The resulting values of the parameters for the IBM-CM
Hamiltonian and 7 (E2) operator are given in Table I. In this
table certain parameters could not be determined unequiv-
ocally from the experimental information. In particular, the
parameters corresponding to the regular sector of '°0-102Sr
cannot be fixed because all known experimental states belong
to the intruder sector, therefore we have assumed the same
values as for “8Sr. Moreover, the intruder effective charge for
92Sr and '%Sr are taken from **Sr and '%Sr, respectively. The
variation of the parameters from isotope to isotope is relatively
smooth, although with some exceptions, such as the effective
charge ey, in 9681 where a sudden drop is observed, without
an obvious explanation.

IV. CORRELATION ENERGY IN THE CONFIGURATION
MIXING APPROACH

Intruder states are expected to appear, in principle, at much
higher energies than the regular ones because a large amount
of energy is needed to create a 2p-2h excitation across the
shell gap. In the case of Sr, this energy gap corresponds to the
proton shell closure at Z = 40. The energy needed to generate
the excitation should be corrected by the pairing energy gain
due to the formation of two extra 0T pairs. In our fit, this
energy is AN*2 = 1900 keV for *’Sr and steadily drops to
AN+2 = 1340 keV for **192Sr. The former energies do not
correspond to the position of the intruder bandhead due to the
effect of the so-called correlation energy in both the regular
and the intruder configurations. Hence, the interaction among
the bosons reduces considerably the energy of the configura-
tion; therefore, to know the relative positions of regular and
intruder states, one needs to understand how this energy gain
behaves. First of all, one should consider that this energy
gain increases with the number of bosons, being, in princi-
ple, larger for the intruder than for the regular configuration.
Moreover, it increases as one approaches the mid-shell, where
its maximum is.

In the framework of the IBM-CM it is quite straightforward
to analyze the correlation energy of regular and intruder con-
figurations separately, simply switching off the mixing term
between both spaces, obtaining a set of unperturbed energies.
In Fig. 2, we present the value of the reference energy for
the regular states, which is set by convention at 0, and for
the intruder ones, which corresponds to AN*2 The thick red
dashed line represents the unperturbed energy of the regular
ground state. As can be seen, there is a relatively large energy
gain and it can be understood because of the large value of
lkn|. The last two points corresponding to '%-192Sr should
be considered as an extrapolation trend because the value of
the regular parameters of the Hamiltonian could not be fixed
due to the lack of experimental information. In the case of
the intruder configuration, corresponding to the thick green
dashed line, the contribution for *?Sr is quite modest but it
steadily increases, reaching a maximum for '°2Sr. The crucial
point is that from *®Sr onward the intruder configuration is
below the regular one and the separation in energy between
the two configurations increases with the neutron number.

29
T
1 AN+2
S
[N
% -1 e —.\\"‘\\
s E(N )Corr e
\Llj _2 “.\
-3 °
l\
= [ [N] E(N+2 )Cor‘r\\\
_s —m- [N+2] a
92 94 96 98 100 102

A

FIG. 2. Absolute energy of the lowest unperturbed regular and
intruder 07 states for **~'2Sr. The arrows correspond to the correla-
tion energies in the N and N + 2 subspaces (see also the text for a
more detailed discussion).
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FIG. 3. Energy spectra for the IBM-CM Hamiltonian presented
in Table I, switching off the mixing term. The two lowest-lying
regular and intruder states for each of the angular momenta are shown
(full lines with closed symbols for the regular states and dashed lines
with open symbols for the intruder ones).

In Fig. 3, the theoretical spectra of the Sr isotopes are
presented, with the mixing term fixed to zero and considering
as a reference the ground state of the regular configuration.
The first worthy aspect is the kink observed in the intruder
spectrum for L > 2, with a maximum at A = 94 which could
be related to the filling of the ds,, orbit, as happens in the
case of Zr [34]. The regular spectrum presents a rapid change
from a vibrational pattern into a rather rotational one. Note
that the regular energy systematics for A > 98 should be re-
garded with certain caution because for these nuclei the same
parameters as for *®Sr were taken. In the case of the intruder
states, the spectrum shows a quite smooth evolution from a
vibrational-like spectrum into a rotational one and, at the same
time, its relative position with respect to the regular bandhead
is evolving, becoming the ground state of the system from
A = 98 onward.

V. DETAILED COMPARISON FOR ENERGY SPECTRA
AND B(E2) TRANSITION RATES

In this section, we compare in detail the theoretical calcu-
lations with the experimental data up to an excitation energy
of E =~ 3 MeV. In Fig. 4(a) we present the experimental ex-
citation energies and in Fig. 4(b) the theoretical ones. Note
that, for the whole chain, the theoretical 2| excitation energy
closely follows the experimental one because for this level a
large weight has been used in the fit procedure (see Sec. 3.2
of Ref. [60] for details). In the case of A =92 and A = 94,
the excitation energies are greatly affected by the presence
of the neutron shell closure at 50 and the subshell closure
at 56, which produces a kink in the excitation energy of
several states, although not so abrupt as in the case of Zr
isotopes. The spectrum of °>Sr has a vibrational-like behavior
but the energies of the two-phonon triplet members are quite

3.0/ (a) {b) B
v >
25 R
—— B+
—_— 7+
2.0 g1
N
[J]
£15
w
1.0
0.5
0.0

792 94 96 98 10010292 94 96 98 100102
A A

FIG. 4. Experimental excitation energies (up to £ =~ 3.0 MeV)
[panel (a)] and theoretical results [panel (b)] obtained from the IBM-
CM. Only two excited states (if known experimentally) per angular
momentum are plotted.

scattered, while the theoretical ones appear much closer in
energy. The experimental information for **Sr is quite scarce,
with the noticeable absence of experimental excited 0" states
(although in [52] a 0" state at 1880 keV has been observed)
and the kink observed for the 4{2 states, which is extended up
in angular momentum in the theoretical case. Theoretically,
the kink is reproduced and a low-lying excited 01 level is
predicted at an energy similar to the experimental one for
%Sr. This theoretical value should be regarded with caution
because the calculation has been constrained to get a spectrum
consistent with the neighbor nuclei. For *°Sr, the agreement
between theory and experiment is good, except for the states
4; and 6; which are predicted too high in energy. In the case
of ?8Sr, the abrupt change in the structure of the spectrum is
perfectly reproduced with a rather rotational spectrum for the
yrast band and a very low first excited 0% state. For '°0-102S¢
very few experimental levels are known and the theoretical
spectra correspond to a rotational yrast band and to a intruder
configuration whose energy increases as one moves away
from the neutron number 60.

The experimental information about B(E?2) transition rates
is scarce and only a few values are known. In Table II,
the known experimental values and the theoretical ones are
compared in a detailed way and, moreover, in Figs. 5 and
6 intra- and interband transitions are depicted, respectively.
The agreement between theory and experiment is satisfac-
tory and no noticeable disagreements exist. The appropriate
reproduction of the transition rates is a quite stringent test
for the model, therefore the obtained agreement proves that
the presented calculations are reliable enough, especially for
%Sr and *®Sr where the experimental information is more
abundant.

In Fig. 5, the intraband B(E?2) reduced transition probabil-
ities for the yrast band are drawn. The observed trend shows a
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TABLE II. Comparison of the experimental absolute B(E2) val-
ues (given in W.u.) with the IBM-CM Hamiltonian results. Data are
taken from the Nuclear Data Sheets [35-42], complemented with
references presented in Sec. II.

Isotope Transition Experiment IBM-CM
2Sr 27— 0F 8(3) 8
2f —0f 0.35(18) 0.00
2 —2f >1.2 0.04
0y — 2f 0.25(17) 0.28
*Sr 2/ —of 8(4) 8
4f —2f 1.2(2) 1.2
*Sr 27 — 0f 13(8) 13
0 — 2 15.3(16) 9.90
0 — 2 0.028(11) 0.027
2 —2f >8.9 8.6
4f — 2f 378y 1
%Sr 2f — of 96(3) 96
0 — 2f 62(*]) 46
4f — 2f 124(F10) 147
6f — 4f 174.8(18) 156.9
25 — 4f <12 2.6
25 — 05 13(%) 13
25 — 0f 0.8 () 0.02
87 — 6] 122(45 152
10f — 8 126(*% 136
65 — 4f 0.00010(*$) 0.00022
1008y 27 —0f 103 (5) 103
2Data taken from Ref. [47].
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FIG. 5. Comparison of the absolute B(E?2) transition probabil-
ities along the yrast band, given in W.u. Panel (a) corresponds to
known experimental data and panel (b) to the theoretical IBM-CM
results.
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FIG. 6. Comparison of the few non-yrast intraband absolute
B(E?2) transition probabilities, given in W.u. Panel (a) corresponds to
the known experimental data, panel (b) to the theoretical IBM-CM
results. The arrow for A = 98 represents an upper limit.

clear increase in the collectivity as the mass number increases,
with an abrupt change when passing from A = 96 to A = 98,
and showing the influence of the ds,, filling in the peak that
appears for theoretical 6] — 4 and 8] — 6/ transitions. In
Fig. 6, the interband transitions are depicted. One can see a
rather flat behavior for the major part of the transitions, except
for 07 — 27 and 2 — 4] which present a peak around
A =98, where the abrupt change in the nuclear structure of
Sr isotopes is known to exist. The transition 2 — 05 shows
a sudden increase from A = 98 onward.

In Figs. 7 and 8, the detailed experimental spectra up to an
excitation energy £ ~ 3 MeV and B(E?2) transition rates are
presented, corresponding to experimental values and theoret-
ical results, respectively. The separation of bands was carried
out first, considering an yrast band and then grouping the rest
of the levels around a 0% or 2* bandhead. *’Sr presents a
clear vibrational structure with the two-phonon state placed
at double the energy of the single-phonon state, although the
energies of the triplet members are quite split, with a very
low B(E2; 2; — OT) value connecting the two and the zero
phonon states. The rest of states could be identified with
intruder states. In the case of ®*Sr, it is hard to disentangle
its structure because only three excited states below E, = 3
MeV are known; moreover, the fact that B(E?2; ZT — OT) >
B(E2;4] — 27) and that E(4]) > E(2]) hinders the iden-
tification as a vibrational nucleus. The theoretical calculation
suggests that the 4;“ state has an intruder nature and it also
generates two low-lying 0% states, not know experimentally:
one intruder and the other of regular nature. *°Sr apparently
presents a vibrational-like structure but with already a large
influence of the intruder states as shown in the departure
from the vibrational case of the B(E2) values connecting
double and single phonon states. Moreover, the existence
of several low-lying 0" states points towards the presence
of intruder states. In *3Sr the yrast band already presents
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FIG. 9. Regular content of the two lowest-lying states for each
J value (full lines with closed symbols correspond to the first state
while dashed lines with open symbols correspond to the second state)
resulting from the IBM-CM calculation.

a rotational spacing because the first 01 intruder state be-
comes the ground state. Concerning the B(E?2) values, they
present a certain departure from the rotational case for the
highest angular momenta. The 05 state is the bandhead of
the regular band and the observed B(E2) values associated
with this band show a clear correspondence with the case
of %°Sr, namely, B(E2;25 — 05) = 13 W.u. in **Sr while
B(E2;2] — 0}) = 13 W.u. in *®Sr too, suggesting the cross-
ing of the regular and the intruder bands. Finally, for '®Sr a
clear rotational yrast band is observed and for '°>Sr only the
state 2] is known experimentally.

VI. WAVE FUNCTION STRUCTURE: CONFIGURATION
MIXING AND UNPERTURBED STRUCTURE

To disentangle the structure of the states, the first step is to
calculate the fraction of the wave function lying in the sectors
[N] and [N + 2]. Figure 9 shows the fraction of the wave
function within the regular sector, [N], defined as wk(J) =
3", 1ak(J)|? (the a’s being the coefficients of the wave function
in the regular sector and k an index), for the first two members
of each angular momentum (full line for the first and dashed
for the second state). The ground state experiences a rapid
transition from an almost regular structure, up to A = 96, into
a fully intruder one from A = 98 onward. The same trend is
observed for the 2], 3], 4], and 6] states, but in this case the
transitions appear at A =98, A =96, A =94, and A = 94,
respectively, while for the 57, 7/, and 8/ states an intruder
structure is shown for all values. For the second member of the
angular momenta (dashed line), in the case of 55, 75, and 87,
the states are of intruder nature all the way; the O;r state has a
regular structure except for A = 102; the 27 state is strongly
mixed at A = 96, and it is mainly of regular character for
A =92,94,98, and 100 and of intruder nature for A = 102;

- (@) J=0 -
00 (e))=5
> o w
% 2.5
S -
w 0.0 (f) )=6
)
“ 0.0l (©)=3 (9))=7
; /\\é
G0l @)=a (h) )=8
92 94 96 9810010292 94 96 98100102
A A

FIG. 10. Energy systematics of the four lowest states below 4
MeV. The size of the symbol is proportional to the value of w*(J)
(see text for details). Each panel corresponds to a given angular
momentum: (a) J =0, (b) J=2,(c)J=3,d)J=4,()J =5,
®)J=6,(g)J =7,and (h)J =8.

the state 3] presents regular character for A = 96, 98, and 100
and intruder for A = 92, 94, and 102; the 4; state presents
regular character for A = 94, 96 and 98, intruder for A = 92
and 102, and is mixed for A = 100; finally the 6; state is
regular for A = 92, mixed for A = 98, and intruder for the
rest of the isotopes.

The results on the regular content of the wave function that
we have presented, so far, in Fig. 9 are strongly influenced
by the crossing of the different levels and, therefore, they
could mask a smooth trend. To overcome this problem, we
present the regular content of the first four states per angular
momentum in the same plot as the excitation energy of the
states, making the size of the dot associated with each state
proportional to the regular content of the wave function. In
Fig. 10 we present such information, calibrating the size of
the dot for the 0 state of A = 92 to regular content of 100%.
For the states 0T, 2, 3%, and 4 one can see how the regular
content “moves” from one to another state, depending on the
way the levels cross; however for angular momenta 5%, 6%,
7%, and 8" the majority of the states show a intruder character
and, therefore, the regular states should appear at much higher
energy, not shown in the figure.

A different decomposition of the wave function that pro-
vides extra information is obtained by first calculating the
wave functions within the [N], |/, /M)y, and [N 4+ 2] sub-
space, |m, JM)y,, defining an “intermediate” basis [66,67]
that corresponds to the states appearing in Fig. 3, where the
mixing term, w, has been canceled. This generates a set of
unperturbed bands within the Op-Oh and 2p-2h subspaces.

The overlaps squared, |y([,JM | k,JM)|*> and
Iv42(m,JM | k,JM)|?, are depicted in Fig. 11 for k = 1,2,
(I,m)=1,2,3, and J™ =07%,2%,3% 4% 5t 6+, 7, 8",
This way of presenting the wave function shows in a very

034341-9



MAYA-BARBECHO AND GARCIA-RAMOS

PHYSICAL REVIEW C 105, 034341 (2022)

o® 1Streq @ 2'%req VA 3%eg Xm 1%int mxm 2"%int  EEE 37int

1.0 (a)

0.5 J)=07

1.0

0.5 J=2+

1.0 .
% 0.5 J)=3
310 .
g 0.5 J=4

1.0

0.5 J)=57

1.0

0.5 J=6*

1.0

0.5 )=7*

1.0

0.5 J=8*

92 94 96 98 100 102

1.0 (b)

0.5 J)=0%

1.0 ;

0.5 [ J=2+

1o : 1

. e
N 05 J=3
I 1.0 .
g 0.5 J=4

1.0

0.5 J)=57

1.0

0.5 J=6+

1.0

0.5 )=7*

1.0

0.5 J=8*

92 94 96 98 100 102
A

FIG. 11. Overlap of the wave functions with the wave func-
tions describing the unperturbed basis. (a) Overlaps for the first
0*, 2%, 3%, 4%, 5% 61,7+, 8" states (k = 1). (b) Overlaps for the
corresponding second state (k = 2) (see also text).

visual form how the structure of the states evolves along the
isotope chain. Regarding the first members of the different
angular momenta, for the 0™ and 2 states, they correspond to
the first regular state, from A = 92 up to A = 96, but suddenly
change to the first intruder one in the range A = 98-102; in
the case of 3%, the first two isotopes correspond to the first
regular state while the rest correspond to the first intruder
one; for 4% and 6™, only A = 92 fully overlaps with the first
regular state and the rest of the isotopes overlap with the first
intruder one; finally, for 5%, 7 and 8™, all the states present
a complete overlap with the first intruder state. Therefore, the
first members of the different angular momenta have a very
pure structure without noticeable mixing, presenting a sudden
transition when passing from A = 96 to A = 98, but moving
to lower atomic mass values as J increases. For the second
members the reality is much more involved, the 0" state
having a complete overlap with the second regular member
for A = 92-96, with the first regular state for A = 98-100,
and a mixture of the first regular and the second intruder states
for A = 102; the state 2% for A = 92-94 has a full overlap
with the second regular state, for A = 96 it is a mixture of the

second regular and the first intruder states, for A = 98-100
it overlaps with the first regular state, and for A = 102 it
overlaps with the second intruder one; 3™ is a rather pure state
corresponding to the first intruder, first regular and second
intruder members for A = 92-94, A = 96-100, and A = 102,
respectively; 41 is also rather pure except for A = 100 where
a mixture between the first regular and the second intruder
states exits, having for A =92, A =94-98, and A =102 a
complete overlap with the first intruder, the first regular, and
the second intruder states, respectively; for 5, 6%, 7%, and
8%, in most of the cases, there is a full overlap with the second
intruder state but with some exceptions.

VII. STUDY OF OTHER OBSERVABLES: RADII, ISOTOPIC
SHIFTS, AND TWO-NEUTRON SEPARATION ENERGIES

A. Radii and isotopic shifts

Nuclear radius is an experimental observable that provides
a direct information on the nuclear deformation, hence it is
an excellent probe to detect abrupt changes in nuclear struc-
ture, as it is expected to exist at neutron number 60. In this
section we will compare the theoretical value predicted by the
IBM-CM with the experimental data [68].

The value of the radius of a nucleus calculated with the
IBM is encoded in the matrix element of the 7, operator
for the ground state. This value should be superimposed to a
linear trend that depends on the number of bosons. Moreover,
in the case of the IBM-CM one also needs to consider both
the regular and the intruder configurations. In summary, the
radius can be expressed as

r* = 2+ Bi(ywN + Byia)By
+P 1\T1+2(VN+21\7 + Bv42ita)Py 2, ®)

where P are projection operators, the appearing parameters
are common for the whole chain of isotopes, and they are
fixed to reproduce as well as possible the experimental data,
which refer to 3¥Sr. 72 is chosen to match the radius of **Sr.
The resulting values are yy = 0.23 fm?2, By = —0.028 fm2,
Yni2 = 0.294 fm?, and By, = —0.16 fm?. A similar ap-
proach is conducted in [69] but only considering a single
configuration.

The overall description of the radii and even of the isotope
shifts is rather satisfactory, as can be readily observed in
Fig. 12, reproducing nicely the sudden onset of deformation
in ®8Sr. This feature points towards the appropriated repro-
duction of the crossing of two configurations with a rather
different deformation which is, as a matter of fact, responsible
for the abrupt increase of the nuclear radius at A = 98.

B. Two-neutron separation energies

The definition of the S,, involves the value of the binding
energy of two neighboring nuclei separated by two units of
mass, written as

S2,(A) = BE(A) — BE(A - 2), ©6)

where BE denotes the binding energy of the nucleus. In the
case of the IBM, one needs to add to the obtained binding
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FIG. 12. (a) Charge mean-square radii for the Sr nuclei. (b) Iso-
topic shift for the Sr nuclei. The data are taken from [68]. Lines show
theoretical results and dots with error bars are experimental values.

energy a contribution that depends on N and N2, not affecting
the excitation energies. This leads to an extra linear contribu-
tion to the value of S, [70]. Therefore, S,,, can be written as

Son(A) = A+ BA + BE"(A) — BE"(A — 2), (7)

where BE' is the local binding energy derived from the IBM
Hamiltonian, and the coefficients A and B3 are assumed to be
constant for a chain of isotopes [70]. In the case of IBM-CM
calculations we expect that the effective number of bosons
for the ground state can be affected by the influence of the
intruder states. To consider this effect, we propose as an ansatz

Son(A) = A+ B(A + 2(1 — w)) + BE(A) — BE°(4 — 1),
(®

where © = »'(0) [w*(J) =Y, |a*(J)I*]. The values of A
and B are determined, once the BE/?’s are known, through
a least-squares fit to the experimental values of S,,, as
explained in detail in [33,62,70]. In our case, the obtained
values are 4 =52.9 MeV and B = —0.441 MeV, and in
Fig. 13 the comparison between experiment and theory
shows remarkably good agreement around neutron number

94 96 98 100 102
A

FIG. 13. Comparison of experimental and theoretical two-
neutron separation energies.

60 60
(a) y(deg Mf1.20 (D) y (deg) [§0.00
92gy —0.12;
-0.24w
-0.36
—0.48 >
201 _0.60 &
-0.72 2
0 -0.84w
0.0 0.5 1.0 1.5 #—0.48 0.0 0.5 1.0 15 B—0.96
60 60 0.15
() y(deg) [§0.96  (d) y(deg) §0.00
072 -0.155
048 @ -0.302
024 = —0.45Z
20(10.00 3 20| —0.60 3
-024 5 -0.75 5
_ c -0.90 c
0.48 5 g
/ -1.05
| | off —0.72 £ ol 150
00 05 10 158_pgggo0 o5 10 1 :

FIG. 14. Matrix coherent-state calculations for °>'%?Sr, corre-
sponding to the present IBM-CM Hamiltonian (Table I). Results are
plotted in the (8, y) plane in the range 0.0 < B < 1.5and 0° < y <
60°. The red dot marks the position of the absolute minimum.

60 (A = 98) where the flattening of the curve is more evident,
corresponding to the place where regular and intruder
configurations cross. This type of behavior could be identified
with the onset of a quantum phase transition (QPT) [71], as
already suggested for the case of Zr [34].

VIII. NUCLEAR DEFORMATION AND MEAN-FIELD
ENERGY SURFACES

The goal of this section is to obtain information about the
evolution of the deformation along the isotope chain, taking
into account that deformation (8) is not a direct observable.
The use of different methods to determine the deformation
will allow us to analyze the consistency of the obtained values.

The first way to get information about deformation is
through the use of the intrinsic state formalism of the IBM.
This formalism was presented in the set of seminal works
[72-75] and it provides a geometric interpretation of the
model, defining, in particular, a deformation parameter. This
intrinsic state formalism cannot be used directly for the IBM-
CM, but the formalism should be enlarged. Frank et al.
introduced almost twenty years ago the matrix coherent-state
method [76—79] which allows one to calculate the total energy
surface for a system where regular and intruder configura-
tions exist. In Refs. [33,62,64,80], a detailed description of
the method and its application to Pt, Hg, Po, and Zr iso-
topes, respectively, has been given. In Fig. 14, the IBM-CM
mean-field energy surfaces are presented for the isotopes
92-1028 Tn these nuclei, one can see how the three lightest iso-
topes present a rather spherical shape, although with a small

034341-11



MAYA-BARBECHO AND GARCIA-RAMOS

PHYSICAL REVIEW C 105, 034341 (2022)

1.00
0.75
0.50
"
0.25
< —e N]
g 0.00 ~+- [N+2]
& _g o5 Y, —=— IBM-CM
\
~0.50 \
\-
~0.75 \
“.
~1.00 ~-—
92 94 96 98 100 102
A

FIG. 15. Value of g extracted from the IBM-CM energy surface.
[N], [N + 2], and IBM-CM correspond to a pure regular configura-
tion, a pure intruder configuration, and to the complete calculation.

deformation for ®*Sr and a rather flat well for *°Sr; however,
the three heaviest ones are well deformed with a prolate shape,
presenting for *®Sr a clear coexistence between a prolate and
an oblate minima that are almost degenerate. In %1925y the
nuclei present a well deformed prolate minimum coexisting
with an oblate one at a higher energy. The obtained energy
surfaces are in close correspondence with the ones appearing
in [29,32] where a HFB calculation using a Gogny interaction
is performed. In that work, °*Sr is still spherical and a small
oblate deformation already appears for **Sr, in **Sr an oblate
and a prolate minima already coexist, the deepest minimum
corresponding to the oblate shape, and the same holds for
9%-128r but in these cases the prolate minimum is the deepest
one. It is worthwhile to mention that in Zr isotopes a quite
similar situation exists but with the coexistence of a spherical
and a prolate minima (at the IBM-CM energy surface), and
oblate and prolate minima in the case of Sr.

To better illustrate the coexistence of two different shapes,
in Fig. 15 we depict the value of 8 corresponding to the ab-
solute minimum resulting from the present IBM calculation.
Note that this IBM g variable is not equivalent to the one of
the collective model but can be approximately connected as
explained in [72]. On the one hand, we present the values for
the regular and the intruder sectors separately, labeled with
[N] and [N + 2], respectively, assuming that no interaction
exits between them, imposing w = 0, and, on the other hand,
we present the value of 8 obtained from the full calculation,
IBM-CM. In this figure, it is readily appreciated how both
configurations are evolving from an almost spherical shape
into an oblate ([N]) or a prolate one ([N + 2]), the onset
of deformation being a little more abrupt in the case of the
regular configuration than in the intruder case. The complete
calculation shows how the first three isotopes correspond to
the regular configuration (spherical) while the last three iso-
topes correspond to the intruder one (prolate).

Even though the shape of a certain nucleus is not an ob-
servable, the study of Coulomb excitation allows us to extract,
in an almost model independent way, information about nu-
clear deformation, as shown by Kumar, Cline, and coworkers
[81,82]. This approach is based on the use of the concept of
“equivalent ellipsoid” of a given nucleus, corresponding to an
ellipsoid defined as uniformly charged with the same charge,
(r?), and E2 moments as the original nucleus characterized by
a specific eigenstate. Starting from measured data on various
transitions using Coulomb excitation methods, it turns out that
the data allow one to extract for a given state with defined
angular momentum an extra set of two numbers that fit with
the variables of the collective model, § and y. More recently,
in Refs. [83—-85] the authors have addressed the question of
nuclear deformation within the laboratory frame, even extend-
ing toward excited states making use of the auxiliary-field
Monte Carlo method.

In order to obtain, from a theoretical point of view, the
nuclear shape, we will make use of the quadrupole shape in-
variants. Hence, the quadrupole deformation for the 0T states
corresponds to

¢ = V505110 x 01?101), )

35 n n N
G = —wa [ 10 x O x 01| 0;1). (10)

The deformation parameters are directly connected with the
ones of the triaxial rigid rotor, ¢ and §, according to

9= an

60 93
8 = — arccos =7
T q2

12)

where § coincides with the parameter y of the Bohr-Mottelson
model up to first-order approximation. It is worthwhile men-
tioning the work [86], where a method to calculate the
fluctuations of 8 and y is presented.

The theoretical values of y and ¢ are presented in Table III
simultaneously with the fraction of wave function belonging
to the regular sector w¥, for every 0, 03, and 07 of the whole
chain of Sr isotopes. According to this table, one readily
observe the coexistence of different deformations; typically
regular states are less deformed than the intruder states. An-
other notable feature is the fact that the deformation of the
ground state suddenly increases when passing from *>~°Sr
to 1928y, Concerning triaxiallity, the three first isotopes
present clear triaxial shapes, while in the three last ones the
ground state is close to a prolate shape and the rest of states
are rather triaxial.

The deformation parameter § can also be obtained from the
quadrupole shape invariant (9) (see, e.g., references [87-89]),

_ M (13)

p= SZergAz/y

where e is the proton charge and ro = 1.2 fm.

The values of B extracted from Eq. (13) for the corre-
sponding ground state, 0f, and the 0] and 0] states, are
shown in Fig. 16(a), where § for the ground state presents
a rapid increase, passing from a value around 0.15 for *>-*6Sr
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TABLE III. Values of deformation, ¢* and y, extracted from
the quadrupole shape invariants, together with the value of w* ([N]
content).

A State g (¢°b) y wk
92 of 0.10 29 0.999
0F 0.06 17 0.995
07 1.18 19 0.003
94 0 0.10 30 0.996
0F 0.05 30 0.989
07 0.32 30 0.013
96 of 0.17 39 0.996
07 0.14 49 0.981
07 0.16 15 0.020
98 of 1.33 10 0.109
07 0.31 15 0.888
07 0.14 27 0.947
100 0, 1.46 10 0.109
0F 0.25 48 0.981
07 0.98 18 0.039
102 of 1.84 9 0.001
0F 0.81 19 0.507
07 0.83 18 0.493

to around 0.45 for **192Sr. The value of 8 for the 05 state
steadily increase while for the 0] state there also exists a
sudden increase for '°*-192Sr_ It is very enlightening to present
the value of the deformation for the first 0" state belonging to
the regular sector, O;*eg, and the one of the first 01 state which
belongs to the intruder sector, O;’m, as shown in Fig. 16(b),
which is done simply taking into account the regular content
of the states presented in the last column of Table III. The
0}, state shows a smooth increase of deformation over the
whole chain of isotopes and it corresponds to the 0} state for
92-%8r and to the 0 for **~'%2Sr, while the state 0} shows the

int
sudden increase of the deformation previously explained and

0.5
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FIG. 16. Value of the deformation, 8, extracted from the value of
the quadrupole shape invariants. In (a) we plot the value for the first
three 07 states. In (b) we plot the same but for the first regular and
the first intruder 0" states (see text).

it corresponds to the states 0 and 0} for °*~°Sr and *~'%Sr,
respectively.

To conclude this section, we can say that both approaches
presented in this section provide a consistent view of the
deformation of the two families of states, intruder and reg-
ular, with both configurations close to a spherical shape in
92-%8r and increasing in deformation when entering in the
region of **71°2Sr. The mean-field energy surfaces point to
the coexistence of a prolate and an oblate shape in %3198y,
corresponding to the deepest minimum to the prolate shape.
The abrupt onset of deformation, specially for the ground
state, which is the result of the crossing of the regular and
the intruder configurations, points to the existence of a QPT
around *8Sr. The behavior of S,, and the nuclear radii, pre-
sented in previous section, point to the existence of a QPT, as
well. This is a case that resembles the situation in even-even
Zr isotopes where also two configurations coexist and they
cross at '?Zr. Therefore, the study of both chains of isotopes
suggests the presence of a first-order QPT at neutron number
60 associated with the crossing of two configurations.

IX. CONCLUSIONS AND OUTLOOK

In this work we have conducted an IBM-CM calculation
for the even-even **'2Sr isotopes. The parameters of the
Hamiltonian have been fixed through a least-squares proce-
dure to the excitation energies of states below 3 MeV and
to the corresponding B(E2) values. The number of known
experimental B(E2) values, and even the number of exper-
imental excitation energies in some cases, is quite reduced
in most of the isotopes. This fact makes it impossible to fit
certain parameters in some isotopes and in this situation the
parameters are taken from the neighboring isotopes. Once the
parameters have been determined, experimental data and the-
oretical values are compared, showing a more than reasonable
agreement, reproducing the rapid changes observed around
A = 98, where the systematics of the density of energy levels
suddenly increase and the B(E2) values rapidly increase, as
well. The calculation of unperturbed bands, without the mix-
ing term, clearly shows the crossing of two families of states
with a much larger gain of correlation energy in the case of
the intruder configuration from *3Sr onward. The wave func-
tions have been also studied in detail, clearly showing abrupt
changes around A = 98, the low-lying states passing from
being mostly of regular character to being of intruder nature.
The two-neutron separation energies and the value of the radii
have been computed and compared with the experimental
information, presenting a rather good agreement, reproducing
the rapid changes that characterize the nuclei around **Sr.
This agreement is specially relevant because the structure of
the states is fixed from the Hamiltonian parameters and, there-
fore, the correct reproduction of this experimental information
points towards a reasonable description of the wave functions.
Finally, the mean-field energy surfaces and the value of the
deformation have been obtained and a remarkable agreement
with previous mean-field calculations is observed.

The analysis of Sr isotopes complements the previous
works carried out for Zr isotopes [33,34], where a more de-
tailed data basis has been available. The obtained results for
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both families of isotopes draw a common landscape where
two families of regular and intruder states cross around neu-
tron number 60, inducing characteristic features, such as
the lowering of 07 states, the compression of the spectrum,
the enhancement of E?2 transition rates, the flattening of the
two-neutron separation energy, or the sudden increase of the
nuclear radius. One can consider the later features as hints
of the onset of deformation that in our case is generated by
the crossing of two configurations with different degrees of
deformation.

The obtained regular and intruder configurations in Sr iso-
topes present a reduced interaction between them, which is
at the origin of the observed abrupt changes. There are other
isotope chains where regular and intruder configurations also
cross for the ground state, as in Pt and Po, but in these cases
the interaction between both families of states is so large that
all abrupt changes have been smoothed out; however, when
the unperturbed configurations are studied, the results are very
similar to those obtained in this work.

Further experimental information for Sr isotopes will al-
low us to better determine some of the parameters of the
Hamiltonian and the E?2 transition operator. As an outlook,
we hope that from the experimental side effort is enhanced
to expand the present data basis with measurements of
excitation energies and both £2 and EQ transition rates which

are well known to give essential information on the varia-
tion of shape associated with the connected states. One has
at this moment good hints of changing deformation of the
ground state structure, but more data, preferentially leading
to complementary information, are needed for the Sr isotopes
to extend the experimental knowledge beyond N = 100 and
further. Spectroscopy using fission at and near nuclear reactors
and separation of the fission products, which has been already
carried out for the Zr isotopes, are highly demanded for Sr
isotopes too.
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