PHYSICAL REVIEW C 96, 014310 (2017)

5

Nuclear deformation in the A &~ 100 region: Comparison between new
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An extension of the atomic mass surface in the region A = 100 was performed via measurements of the
100-102gy and 19-192Rp masses with the ion-trap spectrometer ISOLTRAP at CERN-ISOLDE, including the first
direct mass determination of '®>Sr and '°!"!2Rb. These measurements confirm the continuation of the region of
deformation with the increase of neutron number, at least as far as N = 65. To interpret the deformation in the
strontium isotopic chain and to determine whether an onset of deformation is present in heavier krypton isotopes,
a comparison is made between the experimental values and mean-field and beyond mean-field results available
in the literature. To complete this comparison Hartree-Fock-Bogoliubov calculations for even and odd isotopes
were performed, illustrating the competition of nuclear shapes in the region.
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I. INTRODUCTION

Nuclear structure rarely comes close to the simple scheme
of independent nucleons occupying a set of single-particle
levels generated by a spherical mean field. Although this
intuition works well for describing the qualitative properties
of isotopes along or close to the so-called magic numbers,
adding or removing only a few protons or neutrons makes the
spherical shells break down because of the strong nucleon-
nucleon correlations. From this context emerges the concept
of nuclear deformation, as one regains part of the independent-
particle intuition by allowing the mean field to deform by the
phenomenon of spontaneous symmetry breaking [1].
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One of the very important regions of nuclear deformation
is located on the nuclear chart around mass number A =
100, between the isotopic chains of krypton (Z = 36) and
molybdenum (Z = 42). This region is particularly interesting
because of the sudden onset of deformation at N = 60 making
it one of the most dramatic shape changes on the nuclear
chart. A first experimental hint of the deformation of these
nuclides was given in the work of Johansson in 1965, from
spectroscopic studies of spontaneous fission fragments [2].
Since this discovery, considerable efforts have been made, both
experimentally and theoretically, to understand the properties
of the nuclides in the region [3-8].

Several B-decay studies have provided the identification
of the lowest levels of rotational bands. These observations
concerned mostly the even-even nuclei [9—14]. The drop of the
energy of the first 2 excited state at N = 60 in the strontium
(Z = 38), zirconium (Z = 40), and molybdenum (Z = 42)
isotopic chains was also regarded as a clear indication of their
deformation [15].

Ground-state properties are also very good indicators of
nuclear deformation. To highlight these properties the region
of interest was extensively studied by laser spectroscopy.
The mean-square charge radii determined from isotope-shift
measurements were found to show a sudden increase at
N =60 [16-21].

Mass measurements already probe a large part of the region,
allowing the determination of binding-energy differences, such
as the two-neutron separation energy S»,; see Sec. IV for
details. Again, the sudden increase at N = 60 is a signature of
nuclear deformation [22-24].

The knowledge of two-neutron separation energies gener-
ally extends further than other observables in the region, thus

Published by the American Physical Society


https://doi.org/10.1103/PhysRevC.96.014310
https://creativecommons.org/licenses/by/4.0/

A. DE ROUBIN et al.

offering the first hints of possible structure changes. The ma-
jority of data originate from Penning-trap mass measurements
[25,26]. The high-precision two-neutron separation energies
show that nuclear structure does not change significantly with
neutron number, once deformation sets inat N = 60. However,
this statement might not be valid for higher neutron numbers.
To find a limit to the region of deformation further mass
measurements are needed.

Most recent results addressed the low-Z border of the
deformation region [23,24,27,28]. They show that the nuclear
structure changes with decreasing proton number. Indeed, *°Kr
and ?’Kr no longer exhibit the increase in S,,, highlighting
krypton as the boundary of the shape-transition region [27].
This conclusion is in agreement with charge-radii data [16]
and is confirmed by Coulomb-excitation measurement of the
first excited 27 state of *°Kr [29]. However, it still remains
unclear if the onset of deformation is completely absent in the
krypton isotopic chain, or simply shifted to a higher neutron
number.

The masses of '°7192Sr and '"~!2Rb presented in this
work were measured in 2014 with the precision Penning
trap [30] and the multireflection time-of-flight mass spec-
trometer (MR-ToF MS) [31], respectively, of ISOLTRAP at
ISOLDE/CERN [32]. The following section of this article is
dedicated to the description of the ISOLTRAP setup. The
results will be detailed in the third section, including the
presentation of the first high-precision mass measurement of
192Gy, 19'Rb, and '"*Rb.

A widely used approach for the description of A =
100 nuclei is the self-consistent mean-field Hartree-Fock-
Bogoliubov (HFB) approximation. Two different types of
effective nucleon-nucleon interactions are commonly used,
namely Skyrme (with various parametrizations, such as SLy4
[33], UNEDFO [34], and UNEDF1 [35]) and Gogny (with the
Gogny D1S [36,37] parametrization and beyond-mean-field
extensions in a five-dimensional collective Hamiltonian for-
malism (SDCH) [38,39]). The systematics of the two-neutron
separation energies as well as charge radii calculated with these
effective interactions will be presented. A comparison between
the experimental and theoretical data will be discussed in the
fourth section of the article.

II. EXPERIMENTAL SETUP

The rubidium and strontium isotopes were provided by the
ISOLDE radioactive ion beam facility at CERN [32]. A proton
beam of 1.4 GeV was sent on a thick uranium carbide target,
creating fission products. Thermal effusion and diffusion
processes allowed one to extract the neutral fission products
from the hot target (ca. 2000°C). They were then surface
ionized in a heated tantalum cavity (ca. 1800°C—2000°C). The
resulting singly charged ions were accelerated to 30 keV, mass
selected by the ISOLDE high-resolution separator (HRS), and
transported to the ISOLTRAP setup.

The ISOLTRAP mass spectrometer [30,40], shown
schematically in Fig. 1, consists of four ion traps: a radio-
frequency quadrupole (RFQ) cooler and buncher [41], the
MR-ToF MS [31], and two Penning traps, a cylindrical one, for
ion bunch preparation [42], and a hyperbolic one for precision
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FIG. 1. Scheme of the ISOLTRAP mass spectrometer. For details,
see text.

mass spectrometry. An ion mass can be determined either with
the MR-ToF MS, or with the precision Penning trap.

The incoming quasicontinuous ion beam is first accumu-
lated in the RFQ and then delivered as an ion bunch to the
MR-ToF MS in which the ion bunch has a kinetic energy
of ~2.1 keV and a width between 100 and 200 ns. A more
detailed discussion about the ion-bunch characteristics of the
MR-ToF MS can be found in [31]. Inside the MR-ToF MS
the ions undergo multiple reflections until an isobaric mass
separation is reached [43]. This mass separation is expressed
by a time-of-flight (ToF) difference between the different ion
species, which is determined with a detector located behind
the MR-ToF MS, giving access to the respective masses. The
total time of flight is connected to the mass-over-charge ratio

by the relation:
m
t=a[—+b, ey
q

where a and b are device-specific parameters. Their determina-
tion involves the time-of-flight measurement of two reference
ions. One of the reference ions is an isobaric component of
the on-line spectrum. An example of mass separation after
1000 revolutions is shown in Fig. 2 with ''Rb* being the
ion of interest and '°'Sr™ the isobaric reference ion. The
second reference ion is provided by the off-line alkali-metal
ion source. The off-line data are taken with the same conditions
as the on-line spectrum, i.e., same preparation by the RFQ and
same number of ion revolutions inside the MR-ToF MS. The
three measured time-of-flight values give access to the mass
m of the ion of interest via the parameter Cyy, calculated from

Eq. (1).

t tref,l + tref,2
Ciof = - @

tref,l - tref,2 2(tref,1 - tref,Z)

and
ﬂ = Ciof X (/\/ Myef,1 — &/ mref,Z)
1
+ E X («/ Mref 1 + o/ mref,Z)v 3)
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TABLE I. Half-lives [49] and frequency ratios of 21911928+ relative to ¥*Rb* (M E(**Rb) = —82167.330(5) keV/c? [22]), measured
with ISOLTRAP’s precision Penning trap. The corresponding mass excess values (M Esorrrap) and values from AME2012 [22] (M E amgz012)
are given, as well as Asorrrap-ame2012- In the last column are shown the results of a recent publication (2016) from the TITAN experiment

[24], not yet included in the AME2012.

Isotope Half-life 7= Ve ref/ Ve M ErsortraP M E amE2012 AISOLTRAP-AME2012 M EtiTan

(ms) (keV /c2) (keV /c2) (keV /c2) (keV/c?)
100Gy 202(3) 1.176937584(344) —59821(27) —59830(10) 9(29) —59816(11)
101y 113.8(1.7) 1.188771552(259) —55315(21) —55560(80) 245(83) —55327.6(9.8)
1028 69(6) 1.200588455(846) —52160(67) —52360(70) 200(97)

with mypr; and f.r; the mass and the time of flight of the
reference ion i, respectively [44].

When a Penning-trap measurement is performed, the MR-
ToF MS is used as a beam purifier. Instead of the time-of-flight
detector, a Bradbury-Nielsen gate (BNG) is used to remove all
unwanted ions from the beam [43]. The ions of interest are in
this case transported to the first Penning trap for another step of
cooling and purification, and then to the precision Penning trap
for the measurement of the cyclotron frequency, from which
the ion’s mass m can be determined by use of the well-known
relation,

1l gB
T 27 v,

; “

where ¢ is the ion’s charge, B is the magnetic field strength,
which is calibrated via the measurement of the cyclotron
frequency of a reference ion of well-known mass (in this
example 85Rb+), and m the mass of the ion of interest.
The frequencies v. were measured by the time-of-flight ion
cyclotron resonance (ToF-ICR) method [45]. In the present
experiment the Ramsey-type ToF-ICR method [46,47] was
also used (an example is shown in Fig. 3). These two
techniques are based on applying excitation signals on the
precision trap electrodes which allow one to control the radial
motion amplitude of the ions. Indeed, once trapped an ion
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FIG. 2. Time-of-flight spectrum of '°!Sr and °'Rb ions after 1000
revolutions inside the MR-ToF MS.

has two radial eigenmotions, the magnetron and the modified
cyclotron motions, with the corresponding eigenfrequencies
v_ and v, respectively. Moreover, the addition of these two
eigenfrequencies is equal to the ion’s cyclotron frequency v,.
By applying first a phase-locked dipole excitation [48] at the
magnetron frequency one can increase the magnetron motion
amplitude. A quadrupole excitation at the cyclotron frequency
follows, allowing one to convert the magnetron motion into
modified cyclotron motion periodically and thus modifying
the radial energy of the ion. When the excitation frequency
is equal to v, there is a full conversion of the magnetron
to modified cyclotron motion and the ion’s radial energy is
maximized. This gain in radial energy can be measured via the
decrease of the ion’s time of flight from the trap to the detector
[30]. The mass of the neutral atom of interest M, determined
relatively to the well-known mass of a reference ion M, can
be calculated via

M:r(Mref_Me)+M€v (5)

where M,.s is the mass of the reference ion and M, the electron
mass; the electron binding energy is neglected. r = v, ref/ V. 1S
the cyclotron-frequency ratio between the reference ion (v ref)
and the ion of interest (v,).

450+

400+ .

350+ .

300+ .

Mean time of flight (us)

250 +—+——+—+— F—
-60 -40 -20 0 20 40 60

Excitation frequency - 893332 (Hz)
FIG. 3. Ramsey-type time-of-flight ion cyclotron resonance

of 1%Sr jons with the fit curve for determining the cyclotron
frequency [46].
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TABLEII. Half-lives [49] and Cy; values of % !1192Rb* measured with the MR-ToF MS. The corresponding on-line reference is shown in
brackets; the off-line reference is always ¥ Rb™ (M E(®Rb) = —82167.330(0.005) keV /c? [22]). The corresponding mass excess (M Eisortrap)
values are presented. Two mass excess values not yet included in the AME2012 are also shown, one obtained from a previous mass measurement
performed at ISOLTRAP in 2013 (M Eisortrap 2013) [23], and from the TITAN experiment (M Eqiran) [24].

Isotope Half-life Coof M Ersorrrap M ErsortrAP 2013 M Eqrran
(On-line ref.) (ms) (keV/c?) (keV/c?) (keV/c?)
10RD (1°Sr) 43(3) 0.50092961(111) —46290(19) —46247(20) —46190(140)
0IRb (1°'Sr) 31.8(3.3) 0.50081901(123) —42558(28)

12Rb (12Sr) 37(3) 0.50089852(295) —37253(83)

III. RESULTS

The masses of 171928y were measured with the precision
trap, and the masses of 100-102R} with the MR-ToF MS. In
the MR-ToF MS spectra, both rubidium and its strontium
isobar were present. As the '°-192Sr masses were precisely
determined in this work, they could be used in the 101.102p1
mass determination process. For the '’Rb mass determination,
the well-known '®Sr mass value referred to in the AME2012
[22] was used.

The experimental results are summarized in Table I
(Penning-trap measurements) and Table II (MR-ToF MS
measurements) as mass-excess values, the difference between
the mass and the nuclide’s mass number times the atomic mass
unit: ME(N,Z) = M(N,Z) — A x u. The existing literature
values are also presented when available.

A. 'Sy and 'Rb

The '°°Sr mass was determined via a ToF-ICR resonance
of 200 ms excitation time, the resulting mass excess being
M Eisortrap = —59821(27) keV/c? (Table I). The result is
in agreement with two other Penning-trap mass measure-
ments, one performed at JYFLTRAP [25] (the corresponding
mass excess is M Ejyprmrap = —59828(10) keV/c?; it is the
dominant contribution to the AME2012 mass table [22])
and one performed more recently at TITAN (M Eqitan =
—59816(11) keV/c?) [24].

In 2013 a mass measurement of '“Rb was already
reported in [23]. It was performed with the precision trap
of the ISOLTRAP mass spectrometer; the mass excess value
determined is M Ersortrap 2013 = —46247(20) keV/c?. In the
present work the 10RbH mass was also measured, however,
because of losses in the transport from the MR-ToF MS to the
precision Penning trap, the '’ Rb mass could only be measured
with the MR-ToF MS.

For the '"Rb* MR-ToF MS mass measurement the
190G+ jons were used as an on-line reference (the mass
excess value of '%Sr referred in the AME2012, M E('®Sr) =
—59830(10) keV /c? [22], was used to compute the 10R b mass
excess), while for the off-line reference 85Rb™ ions were used.
Six time-of-flight spectra were taken. For five of them, the
ions underwent 500 revolutions in the MR-ToF MS, for the
last spectra the number of revolutions was 1000. The evaluated
10Rb mass excess is M Eisortrap = —46290(19) keV /c2. Tt
agrees within one and a half standard deviations with the
previous ISOLTRAP measurement performed in 2013 with the

precision Penning trap result [23]: AisoLTRAP-ISOLTRAP 2013 =
43(26) keV/c?, and within one standard deviation with
the recent Penning-trap measurement from TITAN [24]:
Asortrap-TiTaN = 100(141) keV /2.

B. *'Sr and '*'Rb

Two conventional ToF-ICR measurements with 100 ms
excitation time and two Ramsey-type measurements with
two 10 ms excitation periods and 80 ms waiting time in
between were made with the precision trap for '°'Sr. Our
mass excess of M Esortrap = —55315(21) keV/c? deviates
by 30 from the AME2012 value [22] but agrees with the
mass measurement performed recently at TITAN: M Etiran =
—55327.6(9.8) keV /c? [24].

We report here the first mass measurement of '°'Rb.
Two time-of-flight spectra were taken with the MR-ToF
MS, both with 1000 revolutions. A time-of-flight spec-
trum is shown in Fig. 2. The %Rb* and the '°!Sr* ions
[ME(''Sr) = —55315(21) keV/c?] were used for off-line
and on-line references, respectively. The resulting mass excess
is MEISOLTRAP = —42558(28) keV/cz.

C. 28r and "*Rb

We are presenting the first direct ion-trap mass measure-
ments of '92Sr and '®Rb. The '%2Sr mass was determined
via a single-excitation-pulse ToF-ICR measurement of 80 ms
excitation time, and a Ramsey-type measurement of two 10 ms
excitation periods and 40 ms waiting time in between. The
Ramsey resonance is shown in Fig. 3. The corresponding mass
excess is M Eisortrap = —52160(67) keV/c?. The AME2012
value of '%?Sr is a result of a B-endpoint measurement for '%Sr
(B 17Y.

Concerning '2Rb, six time-of-flight spectra were taken,
two with 500 revolutions and four with 1000 revo-
lutions. The %Rb* and the '°2Sr* ions [ME('**Sr) =
—52160(67) keV/cz] were used for off-line and on-line
references, respectively. The resulting mass excess is
MEISOLTRAP = —37253(83) keV/cZ.

IV. DISCUSSION

Figure 4(a) shows the evolution of the mass surface along
the Sr, Rb, and Kr isotopic chains via the S5, values in the
region of nuclides of A ~ 100 [22]. The S,, is the binding
energy difference between two isotopes having N and N — 2
neutron number, respectively: S, = —M(A,Z)c> + M(A —
2,Z)c? + 2M,,c?, where M, is the neutron mass. In Fig. 4(b)

014310-4



NUCLEAR DEFORMATION IN THE A ~ 100 ...

13 : . : T ; : . ; .
1 (a) —A—Sr ]
12 - -4 Gr- |SOLTRAP - A
1 »—Rb .

-4 Rb-ISOLTRAP -7
——Kr ]

e ]
4 4
5 ' } ' f , : | : |
56 58 - - " |
Neutron number
4'5 | | | | ' I ) T T
1() —
s “ _a—* RO
ol //4 —>— Kr -
< 3.0+ . J _
ETL o+
=251 _
N/\Z»Z'O | . ’/‘ _
v
< 15+ _
! »
1 I _
10 ->//k
0.5+ _
w0 : : : f . f . f :
56 58 o - s ]

Neutron number

FIG. 4. (a) Experimental two-neutron separation energies in the
A = 100 region. The experimental values from the AME2012 [22]
are shown with solid points in different colors, the newly reported
values of strontium and rubidium are shown with red solid points and
dotted lines. (b) Evolution of experimental mean-square charge radii
8(r?)y 50, relative to the corresponding N = 50 isotopes, in the same
region [16—19]. To avoid an overlap of the 8(r?) ~.50 curves, they are
plotted with an arbitrary offset with respect to the krypton chain.

are plotted the mean-square charge radii (8 (r2) v 50) in the same
region, represented as differences to the isotope with N = 50
[16-19].

In Fig. 4(a), the increase of S,, at N = 60 for the Sr and
Rb isotopic chains signals the sudden onset of collectivity in
the ground state. The new S, values of the Sr and Rb isotopes
show that the deformation which appears at N = 60 remains
at least as far as N = 64 and N = 65, respectively, without
major structural changes. This conclusion is also supported
by the recent identification of the level scheme in 10281 1507.
The shape transitions and the persistence of the ground-state
deformations, up to N = 62, are visible also in the evolution
of the mean-square charge radii, as shown in Fig. 4(b). We
note that N = 66 is the midshell between the magic neutron
numbers N = 50 and N = 82.
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FIG. 5. Experimental two-neutron separation energies (a), and
mean-square charge radii (b), for the strontium and krypton isotopic
chains. The data are compared to three self-consistent HFB calcu-
lations and a beyond-mean-field calculation. For details see text. To
avoid an overlap of the §(r?)y 5o curves, the Sr isotopic chains are
plotted with an arbitrary offset of 2 fm? with respect to the krypton
chain.

In Fig. 5 the even-even experimental S,, and & (r?) N.50
are compared to theoretical models. The calculations are
available only for even-even nuclei, therefore, the rubidium
isotopic chain is not shown. The models presented belong
to a class of self-consistent mean-field approaches [51] with
two different effective interactions between nucleons: Skyrme
and Gogny. Two parametrizations of the Skyrme interaction
are shown: UNEDFO (adjusted on spherical and deformed
nuclei) [34], and UNEDF1 (optimized also on the excitation
energies of fission isomers) [35]. For the Gogny interaction,
only the D1S parametrization is shown [36,37]. The Gogny
DIS 4 5DCH is a beyond mean-field calculation, which uses
a five-dimensional collective Hamiltonian (SDCH) [38].

Of the Skyrme effective interactions, the parametrization
which gives the best description is UNEDFO. One can see in
Fig. 5 an excellent agreement between the experimental data
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and the model in the strontium isotopic chain (especially for
Son). Slightly worse agreement is found with the UNEDF1
model. Indeed, even if an onset of deformation and a similar
trend can be noticed in the S5, values of Sr, there is an offset
of the calculated results from the experimental data.

The calculations with the Gogny effective interaction give
a worse description of the onset of deformation. A sudden
increase is predicted at N = 60 for the strontium charge
radii, but not for the two-neutron separation energy. Further-
more, the introduction of the beyond mean-field calculations
D1S+-5DCH do not help to reproduce the onset of deformation.

The Skyrme density functional theory calculations predict
that the shape transition taking place in the strontium isotopic
chain is not existent (or at least much weaker) in the krypton
isotopic chain. In the DIS mean-field calculation, a clear
transition is predicted for *°Kr §(r?) ~.50 (visible as a small
increase of the “*Kr charge radius). However, when the beyond
mean-field calculation is included, this effect vanishes.

Whether the “southwest” border of the region of deforma-
tion is in the krypton or the rubidium isotopic chain is an open
question. The masses of °*?’Kr were precisely measured for
the first time in 2010, see [27], and no sign of deformation was
found. Therefore, °’Rb was defined as the lightest deformed
N = 60 isotone, which is also supported by the recent work
of Coulomb excitation by Sotty et al. [52].

The state-of-the-art calculations presented so far allow dis-
cussing the overall trend of the ground-state properties along
the isotopic chains of interest. However, to better understand
this trend, it is worth also examining the evolution as a function
of neutron number of the major intrinsic configurations in the
region. Furthermore, the fact that odd nuclei are not computed
limits the possibility of completely quantifying the strength of
the increase in two-neutron separation energies across N = 60.
To provide this missing information, HFB calculations were
performed for the even- and odd-N Sr and Kr isotopic chains.
The symmetry-unconstrained HFODD [53] code and the SLy4
interaction [33], with a contact volume-pairing force, were
used. The HFODD solver uses the expansion of the wave
function in a harmonic-oscillator (HO) basis. For this work a
spherical basis of a maximum of 500 HO functions was used.
The region of deformation was already studied with the HFODD
solver and the SLy4 interaction in [23]. But there, the odd-A
and the odd-odd nuclei were calculated in the so-called false
vacuum interaction, meaning with fully paired wave functions
[54]. As an extension to this work, here we computed the odd- A
nuclei in the blocking approximation. This method, detailed
in [55], allows a complete description of odd nuclei.

Because of its essential role in the Federman-Pittel mech-
anism [56], the pairing force had to be adjusted in the
calculations to reproduce the nuclear deformation. Similarly
to the works presented in [23] and [57], in the current work the
pairing interaction was tuned on the odd-even staggering of the
binding energies of Sn isotopes between N = 67 and N = 73,
in a spherical calculation. An equal pairing interaction of
—200 MeVfm?® was chosen for protons and neutrons.

In the calculations, both oblate and prolate solutions were
found lying close in energy, in agreement with the results
presented in [58,59] for a Gogny-type interaction, and with
the results presented in [23] for a Skyrme-type interaction.
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56 58 60 62 64 66
Neutron number

FIG. 6. Comparison of the experimental odd-even staggering
in the region A &~ 100 with HFODD calculations. The experimental
values from the AME2012 [22] are shown with black solid points and
the calculated ground state, prolate-deformed and oblate-deformed
solutions with line, dashed line, and dot-dashed line, respectively. To
avoid an overlap between the curves, the Sr isotopic chains are plotted
with an arbitrary offset of 1 MeV with respect to the Kr chains.

In Fig. 6 the odd-even staggering of the computed nuclides
is represented via the three-point estimator:

(=D"
2
— 2B(Z,N)+ B(Z,N + 1)), (6)

A3N(Z,N) = (B(Z,N - 1)

where B(Z,N) is the binding energy of the nucleus with
Z protons and N neutrons (taken with negative sign). The
good agreement between the experimental and computed
odd-even staggering shows that the pairing force was properly
set for these calculations. Furthermore, one notices in the
experimental data that the onset of deformation is also reflected
in the trend of Ajy by a flattening right before the onset of
deformation of its oscillatory trend. This feature is described
qualitatively by the prolate solution of the calculations in both
the strontium and krypton isotopic chains.

In Fig. 7 the two-neutron separation energy and the mean-
square charge radii resulting from the HFB calculations are
compared to the available experimental data in the region
A =~ 100.

Similarly to the HFODD calculations presented in [23], the
prolate solution describes best the observed systematics of the
two-neutron separation energy beyond N = 60. In general,
two prolate configurations are found, depending on the neutron
number range: one state at lower deformation for N < 60, and
one at larger deformation emerging at N ~ 60. One way to
explain the shape transition is thus a change around N = 60
from low-deformation to high-deformation prolate shape.
Alternatively, the shape transition takes place as a change
between an oblate and a prolate shape. The calculations,
presented in Figs. 6 and 7, favor the latter situation, because
the oblate configuration is predicted to be lower in energy
for N < 60. However, if one simply assigns the ground state
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FIG. 7. Comparison of the experimental two-neutron separation
energy (a) and mean-square charge radii (b) in the region A ~
100 with HFODD calculations. The experimental values from the
AME?2012 [22] are shown with black solid triangles, the newly
reported values of strontium and rubidium with a dotted line and red
solid triangles, and the calculated ground state, prolate-deformed and
oblate-deformed solutions with line, dashed line, and dot-dashed line,
respectively. The odd nuclei are computed only between N = 57 and
N = 65. To avoid an overlap of the §(r?)y sy curves, the Sr isotopic
chains are plotted with an arbitrary offset of 2 fm? with respect to the
Kr chains.

of each isotope to the configuration of lowest energy, the
strength of the effect in S, at N = 60 is underestimated. This
is because the change in binding energy which accompanies
the oblate-prolate transition is not strong enough. One must
note, however, that the spectroscopic quadrupole moments
determined by laser spectroscopy [16-18] are positive for
N < 60, indicating a prolate nature of the ground state. This
could point to the fact that the ordering in energy between
the two configurations is incorrectly predicted by the HFB
calculations, or that beyond-mean-field configuration mixing
is very important for the nuclei with N < 60. We note that
the UNEDF0 and UNEDFI calculations predict almost spherical
shapes for strontium isotopes with N < 60 and oblate shapes
for the corresponding krypton isotopes.
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The krypton isotopes are not predicted to be in the region of
strong deformation; see Figs. 6 and 7. A similar conclusion was
found in [23,27]. Nevertheless, a transition between weakly
deformed and strongly deformed shape is still predicted to
take place in the prolate solution for higher neutron number:
N = 61,62. Measurements of heavier krypton isotopes (*Kr
and further) are thus mandatory to clarify their shape evolution
towards the neutron midshell (N = 66) and to establish
whether the krypton chain is indeed the boundary of the prolate
shape transition of the region of deformation [23,27].

The evolution of the intrinsic deformation of even-even
krypton isotopes was studied in [60]. The so-called symmetry-
conserving configuration-mixing (SCCM) method with the
Gogny D18 interaction was used to explore the triaxial degree
of freedom of the krypton isotopes beyond the mean field. It
was found that at the mean-field level the triaxiality of *Kr
is low and that beyond the mean field, the wave functions
of the ground and first excited bands are dominated by the
oblate and prolate configuration, respectively. This means that
the fingerprints of the static intrinsic shapes of the krypton
isotopes might be traceable at the level of the ground-state
observables beyond N = 60.

V. CONCLUSION

We presented mass measurements of '9101L102Rp and
100.101.1025y performed at the ISOLDE/CERN facility with
ISOLTRAP by using the MR-ToF MS, for the rubidium
masses, and the precision Penning trap for the strontium
masses. The isotopes 102Gy 101Rp and '92Rb were investigated
for the first time. The measured masses continue the trend in
the region of deformation well beyond N = 60, approaching
the nuclear midshell.

Different self-consistent mean-field approaches (includ-
ing a beyond-mean-field approach) with different Skyrme
and Gogny effective interactions were applied. The calcula-
tions with the different nucleon-nucleon interactions (namely
Skyrme and Gogny) tend to reproduce the properties of the
even-even nuclei in the region of interest. Furthermore, HFB
calculations with the HFODD solver and the SLy4 Skyrme
interaction were shown for the odd-N krypton and strontium
isotopes. The prolate solution gives a good agreement with the
experimental data, but the calculation predicts the oblate solu-
tion to be lower in energy for N < 60, which attenuates a lot
the increase in Sy, at the shape transition point. Furthermore,
these calculations exclude the krypton chain from the region of
strong deformation, but a transition between weakly deformed
and strongly deformed shape is still predicted to take place in
the prolate solution for higher neutron number: N = 61,62.

The region of deformation has been an interesting topic for
many years, and the recent results [50,52,60,61], including
this work, confirm the continuity of the nuclear ground-
state deformation beyond N = 60 in the isotopic chains of
zirconium, yttrium, strontium, and rubidium. Up to now, no
shape transition was observed in the isotopes of krypton.
However, the recently published results from [60] predict
shape coexistence in “Kr. The measurement of heavier
krypton isotopes is the next step to highlight whether the
“southwest” border of the deformation is *’Rb or *Kr. The
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determination of the border will allow to better constrain
models dedicated to nuclear deformation.
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