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16CSNSM-IN2P3-CNSR, Université Paris-Sud 11, F-91405 Orsay, France

17Oliver Lodge Laboratory, The University of Liverpool, Liverpool L69 7ZE, United Kingdom
18Department of Physics, PO Box 35, FI-40014 University of Jyväskylä, Finland
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The neutron-rich nuclei 94;96Kr were studied via projectile Coulomb excitation at the REX-ISOLDE

facility at CERN. Level energies of the first excited 2þ states and their absolute E2 transition strengths to

the ground state are determined and discussed in the context of the Eð2þ1 Þ and BðE2; 2þ1 ! 0þ1 Þ system-

atics of the krypton chain. Contrary to previously published results no sudden onset of deformation is

observed. This experimental result is supported by a new proton-neutron interacting boson model

calculation based on the constrained Hartree-Fock-Bogoliubov approach using the microscopic Gogny-

D1M energy density functional.

DOI: 10.1103/PhysRevLett.108.062701 PACS numbers: 25.70.De, 27.60.+j, 29.30.Kv, 29.38.Gj

Since the availability of high-intensity radioactive ion
beams, the extension of the concept of quantum phase
transitions to exotic nuclei is of great interest in nuclear
physics [1]. Quantum phase transitions occur in atomic
nuclei as a function of the number of protons or neutrons
and describe changes of the ground-state shapes [2]. The

so-called A � 100 mass region of the nuclear chart around
100Zr is one of the most popular regions for the study of this
phenomenon since the zirconium (Z ¼ 40) and strontium
(Z ¼ 38) isotopes undergo a shape transition from almost
spherical to strongly deformed shapes when going
from neutron number N ¼ 58 to N ¼ 60 [3–7]. This
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phenomenon was explained by strongly interacting proton
and neutron Nilsson orbitals (cf. [7] and references
therein). For the neutrons, the downsloping �1=2þ½550�
and the �3=2�½541� orbitals, both resulting from the
spherical �h11=2 orbital, drive the deformation.

Meanwhile, the extruder �9=2þ½404� orbital stabilizes
the deformation at a saturation level of about � � 0:4
(cf. Ref. [7]), where the parameter � represents the axially
symmetric deformation [8]. On the other hand, for the
protons, the downsloping �1=2þ½440� and �3=2þ½431�
orbitals, originating from the spherical �g9=2 orbital, are

fully occupied at Z ¼ 38 and Z ¼ 40, again at a deforma-
tion parameter of about � � 0:4. These proton intruder
orbitals have a large spatial overlap with the neutron
intruder orbitals, creating a minimum in the binding energy
at � � 0:4. At the neutron number N ¼ 60 this deformed
configuration is favored over the spherical one and defor-
mation sets in rapidly.

In the krypton chain, only the�1=2þ½440� proton orbital
is fully occupied at � � 0:4. However, the question arises,
if the reduced occupation of the deformation driving proton
intruder orbitals is still strong enough to enhance deforma-
tion as rapidly as in the strontium and zirconium chains.
From the experimental point of view, the data around N ¼
60 in the krypton chain are quite sparse. The 2þ1 level

energies are well known up to 94Kr (N ¼ 58), whereas
absolute E2 transition strengths are known only for 88Kr
and 92Kr [9]. In 2009, a � ray with an energy of E� ¼
241 keV was assigned to the 2þ1 ! 0þ1 transition in 96Kr
(N ¼ 60) [10]. The sudden drop of the Eð2þ1 Þ value when
going from 94Kr to 96Kr implies a rapid change of the
ground-state deformation comparable to those in the stron-
tium and the zirconium chains at N ¼ 60. On the other
hand, the recently published results from mass measure-
ments [11] suggest that the two-neutron separation ener-
gies proceed smoothly towards N ¼ 60, implying a
smooth onset of deformation at this neutron number.

To clarify this contradiction, experiments were per-
formed to measure BðE2; 2þ1 ! 0þ1 Þ values of the exotic

even-even nuclei 94Kr and 96Kr employing the technique of
sub-barrier projectile Coulomb excitation. The experi-
ments were carried out at the REX-ISOLDE facility at
CERN [12,13].

The radioactive nuclei were produced in a fission reac-
tion, induced by a 1.4 GeV proton beam impinging on a
high-temperature UCx primary target. Using the high-
resolution separator in conjunction with a temperature-
controlled transfer line a high-purity, low-energy, radioac-
tive Kr-ion beamwas produced by the ISOLDE facility and
was injected into the REX postaccelerator, accelerating the
Kr ions to about 2:85 MeV=A directed onto a secondary
target. Typical particle rates at the secondary target are
listed in Table I. The low particle rate in 2011 did not allow
the extension of particle-� coincidence analysis, but was
crucial for the study of beam composition and enabled

association of observed � rays with nuclei under investi-
gation, as discussed below.
In order to investigate the low-energy level scheme of

the projectile particles, the following setup was used. Thin
secondary target foils made of 2 mg=cm2 isotopically
enriched in either 194Pt to 96.5% or 196Pt to 97.3% placed
at the center of the spectrometer were bombarded with the
radioactive ion beams. The energies of the scattered ejec-
tiles and 194;196Pt recoils were measured with a double-
sided silicon strip detector (DSSD) [14]. The subdivision
of the DSSD in four quadrants with 16 annular and 12
radial strips per quadrant allowed the measurement of the
angular distribution of both the ejectiles and the recoils. In
the Coulomb-excitation reaction, both the projectile and
the target nuclei may be excited. � rays emitted in the
decay back to the ground state were detected with the high-
efficiency MINIBALL �-ray spectrometer [15] consisting
of 24 sixfold segmented HPGe detectors. The high gran-
ularity of both the DSSD and the MINIBALL spectrometer
allowed an event-by-event Doppler correction of the de-
tected � rays. The beam composition was monitored peri-
odically during the experiments with a �E� E telescope,
consisting of an ionization chamber filled with CF4 to
measure the energy loss, and a silicon detector to measure
the residual energy of these particles [16].
Stable beam contaminants like buffer gases from the

REX-TRAP and the REX-EBIS were eliminated by apply-
ing a software gate to the time �T1 between the event and
the impact of the proton pulse on the primary target.
Additionally, isobaric contaminants caused by the decay
during bunching and charge-state breeding processes ap-
peared in the ion beam. Thus, the measured intensity of the
target excitation had to be corrected for the ratio between
Kr and the daughter nuclei which was extracted from the
�E� E telescope and are listed in Table I.
The Coulomb-excitation cross section of the projectile

was determined by normalizing to the cross section of the
target, which is well known for 194;196Pt. The projectile
cross section depends significantly not only on the transi-
tional matrix element h0þ1 kMðE2Þk2þ1 i (hereafter referred
to as M02), which is proportional to the E2 transition
strength, but also on the diagonal matrix element

TABLE I. Experimental parameters for the measurements pre-
sented in this Letter. For each experimental run the intensity IKr
and the energy of the Kr ions at the secondary target EKr, the
measurement duration tExp and the ratio of isobaric contamina-

tion RKr=Rb are listed.

Isotope Year IKr [pps] EKr [MeV] tExp [s] RKr=Rb

94Kr 2009 8� 104 267.9 60 480 75ð6Þ=25ð3Þ
2010 4� 105 267.9 43 560 74ð7Þ=26ð4Þ

96Kr 2009 4� 103 273.6 32 760 43ð4Þ=57ð6Þ
2010 7� 103 273.6 59 400 46ð7Þ=54ð8Þ
2011 <5� 102 273.6
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h2þ1 kMðE2Þk2þ1 i (hereafter referred to as M22), which is

proportional to the spectroscopic quadrupole moment Q2.
Since no hint of the excitation of higher-lying states was
found in the �-ray spectra using the 94Kr and 96Kr beams,
higher-lying states were included in the calculations by
means of so-called ‘‘buffer states’’ only. The probability of
exciting these states via multiple Coulomb excitation is
rather unlikely using Pt secondary targets and beam ener-
gies of 2:85 MeV=A. The annular segmentation of the
DSSD allowed the subdivision of the total scattering angle
range into sub scattering angle ranges. For the experiments
with the 94Kr beams, the size of the subdivisions was
chosen to keep the relative statistical uncertainties below
values of 2.5% resulting in three subscattering ranges.
Because of the lower statistics in the �-ray spectra using
the 96Kr beams the same criterion could not be applied, but
the full statistics had to be used for calculating the cross
sections, resulting in two subscattering ranges correspond-
ing to the scattered projectile, e.g., the scattered target
particles.

The matrix elements were determined for each subdivi-
sion individually using the coupled-channels computer
code GOSIA2 [17]. By giving a fixed set of start parameters
for the matrix elements M02 and M22, theoretical �-ray
yields are calculated and compared to the experimental
ones, qualified by a �2 value. By varying the initial start
parameters for M02 and M22, the �

2 surfaces with respect
to those matrix elements were calculated for each subdivi-
sion from 2009 and 2010 individually and summed up in
order to obtain the total �2 surface. By projecting the
1�-contour of the total �2 surface to the respective axes,
both matrix elements and their uncertainties were
extracted.

Figure 1(a) shows the particle-gated and background-
subtracted �-ray spectra observed with the 94Kr beam in
2009 (upper panel) and 2010 (lower panel), both Doppler
corrected for the projectile mass, i.e., A ¼ 94. The
Doppler-corrected peak at 666.1 keV is associated with

the 2þ1 ! 0þ1 transition in 94Kr [18]. Because of a more
precise calibration of the DSSD and repairs of a few
MINIBALL cluster segments in 2010, the Doppler correc-
tion was improved significantly leading to a reduced
FWHM of about 33% in 2010. The peak at 355.4 keV
corresponding to the 2þ1 ! 0þ1 transition in the 196Pt target
is smeared out due to the Doppler correction using the Kr
mass. From the ratio of the area of these peaks after
correction for the relative efficiencies in each spectrum,
matrix elements of M02 ¼ 0:498ð27Þ eb and M22 ¼
�0:34þ0:25

�0:22 eb were extracted [cf. Fig. 1(b)]. The

BðE2; 2þ1 ! 0þ1 Þ and Q2 values are given in Table II.
Figure 2(a) shows the particle-gated and background-

subtracted �-ray spectrum with the 96Kr beam in 2009
(upper panel) and 2010 (lower panel), both Doppler cor-
rected for the projectile mass, i.e., A ¼ 96. Again, the peak
at 355.4 keV in the upper panel, which corresponds to the
2þ1 ! 0þ1 transition in 196Pt, and the peak at 329.3 keV in
the lower panel, which corresponds to the 2þ1 ! 0þ1 tran-
sition in 194Pt, are smeared out due to the Doppler correc-
tion using the Kr mass. The �-ray transition that was
assigned to the 2þ1 ! 0þ1 transition at an energy of E� ¼
241 keV [10] was not observed, but another peak was
found at a transition energy of E� ¼ 554:1ð5Þ keV. We

can exclude the possibilities that the origin of this peak is a
stable contamination in the radioactive ion beams due to
the applied software gate to the time �T1 or a contamina-
tion in the secondary target because different secondary
targets were used in 2009 and 2010. Thus, this �-ray
transition corresponds to the decay of an excited state
either in 96Kr or 96Rb.
To distinguish between these two possibilities, the time

dependence of the 554.1 keV �-ray intensity was analyzed
by fitting an exponential decay function to the time distri-
bution of the �-ray intensity using the proton impact on the
UCx primary target as the reference time signal. The decay
function is given by the radioactive decay law

NðtÞ ¼ N0 exp

�
t

t1=2
lnð2Þ

�
; (1)

and solely depends either on the half-life of the Kr nuclei
t1=2ðKrÞ or the Rb nuclei t1=2ðRbÞ. The function NðtÞ was
fitted to the experimental data by adjusting a constant
factor N0, which is related to the beam particle flux at
the secondary target.

FIG. 1 (color online). (a): Particle-gated and background-
subtracted � spectra with the 94Kr beams on the 196Pt target in
2009 (upper panel) and 2010 (lower panel), both Doppler cor-
rected for mass A ¼ 94. (b): 1� contour of the total �2 surface
with respect to the diagonal and the transitional matrix elements
of the 2þ1 state in 94Kr.

TABLE II. The obtained results for the energies of the 2þ1
states, their E2 transition strengths to the ground state, the
lifetimes, and the spectroscopic quadrupole moments.

Isotope

E�ð2þ1 ! 0þ1 Þ
[keV]

BðE2; 2þ1 ! 0þ1 Þ
[W.u.] �ð2þ1 Þ [ps] Q2 [b]

94Kr 666.1(3) 19:5þ2:2�2:1 12:5þ1:5
�1:2 �0:45þ0:33

�0:30
96Kr 554.1(5) 33:4þ7:4

�6:7 17:9þ4:5
�3:3 0.26(92)
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In Fig. 3(a), the time structure of the 666.1 keV � ray is
shown, corresponding to the 2þ1 ! 0þ1 transition in 94Kr.
The solid (green) line indicates the exponential decay
function of the 94Kr nuclei, based on a half-life of
t1=2ð94KrÞ ¼ 212ð5Þ ms [18], whereas the dashed (red)

line indicates the decay function of the 94Rb nuclei, based
on t1=2ð94RbÞ ¼ 2:702ð5Þ s [18]. The experimental data are

well reproduced by the decay function based on the half-
life of the 94Kr nuclei.

In Fig. 3(b), the time structure of the 554.1 keV � ray is
shown, corresponding either to the 2þ1 ! 0þ1 transition in
96Kr or a transition in 96Rb. The solid (green) line indicates
the exponential decay function of the 96Kr nuclei, based on
t1=2ð96KrÞ ¼ 80ð7Þ ms [19], whereas the dashed (red) line

indicates the decay function of the 96Rb nuclei, based on
t1=2ð96RbÞ ¼ 203ð3Þ ms [18]. Again, the data are better

reproduced by the decay function of the 96Kr nuclei.
Thus, the 554.1 keV � peak can be associated with the
2þ1 ! 0þ1 transition in 96Kr.

With the new assignment of the 554.1 keV � ray to the
2þ1 ! 0þ1 transition in 96Kr, values for the matrix elements
of M02 ¼ 0:66ð7Þ eb and M22 ¼ 0:2ð7Þ eb were extracted
[cf. Fig. 2(b)]. The corresponding BðE2; 2þ1 ! 0þ1 Þ and Q2

values are given in Table II.

In Fig. 4, the new Eð2þ1 Þ systematics and the extended
BðE2; 2þ1 ! 0þ1 Þ systematics of the krypton (Z ¼ 36)
chain are plotted. With the Eð2þ1 Þ value for 96Kr and the
new BðE2; 2þ1 ! 0þ1 Þ in 94;96Kr, determined in this Letter,
both systematics imply a smooth onset of deformation at
N ¼ 60, which is consistent with the conclusions from
recent mass measurements [11] and results obtained in
isotopic shift �hr2ci measurements [20]. The latter was
discussed theoretically in Ref. [21], where the smooth
behavior in Kr isotopes was interpreted as a stabilization
of the oblate shapes along the isotopic chain. This inter-
pretation is supported by the negative sign of the spectro-
scopic quadrupole moment in 94Kr indicating an oblate
ground-state shape. The large uncertainty of the spectro-
scopic quadrupole moment in 96Kr also allows a negative
sign, but for a qualitative discussion, this value has to be
determined more precisely.
The assignment of the 554.1 keV � ray is supported by

new calculations within the proton-neutron interacting bo-
son model (IBM-2) [22–26]. The IBM-2 employs the
proton (neutron) monopole s� (s�) and the quadrupole
d� (d�) bosons, which reflect the collective J ¼ 0þ and
2þ pairs of valence protons (neutrons), respectively
[25,26]. We exploit the IBM-2 because it is more associ-
ated with a microscopic picture than the original version of
IBM without distinction between protons and neutrons.
The parameters of the IBM-2 Hamiltonian based on a
78Ni core are determined following the procedure of
Ref. [27]: the constrained self-consistent mean-field en-
ergy surface based on a given energy density functional
(EDF) is mapped onto the expectation value of the boson
Hamiltonian in the coherent-state formalism [28].
The calculations provided level energies of the excited

0þ2 , 2
þ
1 , 2

þ
2 , and 4

þ
1 states and E2 transition strengths in the

neutron-rich isotopes 86–96Kr. The results are shown in
Fig. 5, compared to the experimental data. The excitation
energies were calculated, without any adjustment to the
experimental results. The IBM-2 Hamiltonian of the form
used, e.g., in Ref. [29] is derived from the (constrained)
Hartree-Fock-Bogoliubov method using the Gogny-D1M
EDF [30]. The calculated 2þ1 level energies reproduce the

FIG. 2 (color online). (a): Particle-gated and background-
subtracted � spectra with the 96Kr beam on the 196Pt target in
2009 (upper panel) and on the 194Pt target in 2010 (lower panel),
both Doppler corrected for mass A ¼ 96. (b): 1� contour of the
�2 surface with respect to the diagonal and the transitional
matrix elements of the 2þ1 state in 96Kr.

FIG. 4 (color online). Eð2þ1 Þ (solid red line) and BðE2; 2þ1 !
0þ1 Þ (dotted blue line) systematics of the Kr isotopes.

FIG. 3 (color online). Time structures of the 666.1 keV � ray
corresponding to the 2þ1 ! 0þ1 transition in 94Kr (a) and the

554.1 keV � ray corresponding either to the 2þ1 ! 0þ1 transition

in 96Kr or an unknown transition in 96Rb (b).
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experimental data up to N ¼ 60 very well. At N ¼ 60, the
calculated 2þ1 level energy of 534 keV supports our assign-
ment of the 554.1 keV � ray to the 2þ1 ! 0þ1 transition in
96Kr. Furthermore the calculated level energies of the
higher-lying states also reproduce the experimental data
well.

For the calculation of the E2 transition strengths, the

standard E2 transition operator was used, given by TðE2Þ ¼
e�Q̂� þ e�Q̂� [24]. The effective proton-boson charge
e� ¼ 0:07 eb was adjusted to reproduce the experimental
BðE2; 2þ1 ! 0þ1 Þ value in 86Kr (N ¼ 50), taken from
Ref. [31]. The effective neutron-boson charge was set to
e� ¼ 0 eb in order to reduce the number of free parameters
(cf. [32,33]). The experimental BðE2Þ values are nicely
reproduced by the theoretical ones, also implying a smooth
increase of collectivity (see Fig. 5) in the neutron-rich Kr
isotopes towards N ¼ 60.

To summarize, new experimental results on the first
excited 2þ states in the neutron-rich Kr isotopes 94Kr and
96Kr are presented, which resolve the conflict between the
results from Refs. [10,11,20]. The investigated nuclei were
excited via projectile Coulomb excitation. Contrary to
what was found in Ref. [10], the 241 keV � ray, interpreted
as the 2þ1 ! 0þ1 transition in 96Kr, was not observed. By
analyzing the time structure of the 554.1 keV � ray mea-
sured in the present experiment, we assigned this � ray to
the 2þ1 ! 0þ1 transition in 96Kr. Absolute E2 transition
strengths of the 2þ1 ! 0þ1 transitions in 94Kr and 96Kr are
determined using the computer code GOSIA2 [17]. The �
spectroscopic results imply a smooth onset of deformation
in the neutron-rich krypton isotopes aroundN ¼ 60, which
is in agreement with the results obtained in mass measure-
ments [11]. This interpretation is strongly supported by our
new calculations with the IBM-2 Hamiltonian determined
based on the microscopic Gogny-D1M EDF.
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