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8Dipartimento di Fisica, Università de Milano, and INFN Sezione Milano, Milano, Italy
9Department of Physics, Lund University, Lund, Sweden
10Faculty of Physics, University of Sofia, Sofia, Bulgaria

11Horia Hulubei NIPNE, Bucharest, Romania
12Department of Physics, University of Surrey, Guildford, United Kingdom

(Received 10 February 2015; revised manuscript received 15 February 2016; published 28 November 2016)

To investigate the systematics of mixed-symmetry states in N = 52 isotones, a relativistic Coulomb
excitation experiment was performed during the PreSPEC campaign at the GSI Helmholtzzentrum für
Schwerionenforschung to determine E2 transition strengths to 2+ states of the radioactive nucleus 88Kr. Absolute
transition rates could be measured towards the first and third 2+ states. For the latter a mixed-symmetry character
is suggested on the basis of the indication for a strong M1 transition to the fully symmetric 21

+ state, extending
the knowledge of the N = 52 isotones below Z = 40. A comparison with the proton-neutron interacting boson
model and shell-model predictions is made and supports the assignment.

DOI: 10.1103/PhysRevC.94.054323

I. INTRODUCTION

The proton-neutron interacting boson model (IBM-2) [1]
represents an algebraic formulation of a truncated shell model
appropriate for the description of quadrupole collectivity.
Because the IBM-2 is based on nucleon pairs formed by either
two valence neutrons or two valence protons, it allows also the
study of proton-neutron correlations, albeit of nucleon pairs
approximated by bosons.

Dynamical symmetries, connected to the equations de-
scribing the dynamics of a quantal system, lead to conserved
quantities denoted by quantum numbers and stringent selection
rules which permit one to test the goodness of these quantum
numbers. Furthermore, they give rise to a complete set of basis
states, which can be constructed analytically. In the IBM-2
several dynamical symmetries can be constructed. Here we
focus on those Hamiltonians that do not change upon exchange
of the proton boson and neutron boson labels. Those can
be classified using a new symmetry: F -spin symmetry [1].
A detailed account of the dynamical symmetries of these
Hamiltonians is given in Ref. [2].

The concept of F spin in the IBM-2 extends the isospin
formalism to the IBM-2 boson systems. These bosons are
considered to be “elementary” particles that form a doublet
with projection Fz = +1/2 (proton boson) and Fz = −1/2
(neutron boson). For the description of a given nucleus with
fixed numbers of proton and neutron bosons, Nπ and Nν ,

respectively, the z component of the F spin is a good quantum
number; it is Fz = (Nπ − Nν)/2. For a given total boson
number, N = Nπ + Nν , the total F -spin quantum number can
take values between Fz and Fmax = N/2.

While the low-lying collective states have F = Fmax and are
symmetric with respect to the pairwise exchange of boson F -
spin labels, the IBM-2 predicts entire new classes of collective
states with F -spin quantum numbers F < Fmax. Their wave
functions contain at least one pair of proton and neutron bosons
that is antisymmetric under the exchange of the proton and
neutron labels. These states are called mixed-symmetry (MS)
states.

In the mid-1980s the first MS state, a collective Jπ = 1+
excitation called scissors mode, was discovered in deformed
gadolinium nuclei [3] by the research group of Richter. The
IBM predicted the scissors mode [4] as one representative of
the class of collective MS states in which valence neutron
and proton pairs move out of phase. Scissors states were
subsequently observed in many deformed nuclei and intensive
theoretical studies of such states were performed [5,6].

According to the IBM-2 approach the whole class of MS
states is formed by quadrupole collectivity. The building block
of all MS excitations is therefore the MS 2+

ms state. It should
occur in spherical nuclei as the lowest, one-phonon MS state
on which collective multiphonon structures can be built. The
existence of such a multiphonon structure with MS character
was discovered in the nuclide 94Mo [7,8] and can be explained
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by the F -spin symmetric O(6) limit of the IBM-2 [2]. Recent
measurements on 94Mo and other N = 52 isotones confirm
[9–15] the initial findings as a general phenomenon [16]. Here,
the evolution of MS states in N = 52 isotones can be tracked
over different proton shells. This enables the investigation of
the variation of the proton-neutron interaction as a function of
the nuclear valence space [17].

Unfortunately, the light N = 52 isotones below Z = 40
are unstable nuclei. No data on absolute transition rates of
MS states existed prior to the present study. Absolute elec-
tromagnetic transition rates to low-lying states are, however,
necessary information to uniquely identify MS states. There-
fore, they are prerequisite for the systematic understanding of
the proton-neutron nonsymmetric building blocks of nuclear
collectivity.

It was the aim of this study to determine the quadrupole
collectivity and to identify the lowest MS state of neutron-rich
88Kr by using relativistic Coulomb excitation with a radioac-
tive ion beam (RIB). Coulomb excitation is very well suited
also for the population of one-phonon MS states [10,18,19].
The single-step Coulomb excitation reaction populates in a
very clean way the excited 2+ states. The desired B(E2; 2+

ms →
0+

1 ) and B(M1; 2+
ms → 2+

1 ) values can be deduced from the
measured cross sections and branching ratios.

Recently, Mücher et al. were able to measure the
B(E2; 0+

1 → 2+
1 ) in 88Kr at REX-ISOLDE [14]. In that

experiment it was also attempted to measure nonyrast states
of 88Kr, in particular the 2+

3 state. However, using low-energy
Coulomb excitation the cross section for the excitation of the
MS state was more than three orders of magnitude smaller
than the one for excitation of the 2+

1 state. The result was
that it was not possible to measure the B(E2) of the 2+

3
state. Using the predicted B(E2; 0+

1 → 2+
ms) value, which is

a factor of 10 weaker than the B(E2; 0+
1 → 2+

1 ) value [16],
the cross section for Coulomb excitation using a 88Kr beam at
intermediate energy was calculated to be about two orders of
magnitude higher than for the above-mentioned REX-ISOLDE
measurement [20]. Thus, the PreSPEC setup at the GSI
Helmholtzzentrum für Schwerionenforschung was chosen to
obtain transition strengths for the possible MS candidate state
in 88Kr at 2216 keV. Figure 1 shows the relevant part of the
level scheme of 88Kr.

II. EXPERIMENTAL DETAILS

A 238U primary beam at 650 MeV/nucleon was provided by
the GSI accelerator complex. The 88Kr isotopes were produced
by in-flight fission on a 0.66 g/cm2 thick 9Be primary target.
The nuclei of interest were selected by the fragment separator
(FRS) [22] utilizing the Bρ-�E-Bρ method. For identification
purposes the fission fragments were tracked by the FRS beam
detectors in the middle and final focal plane on an event-
by-event basis. By measurement of the time of flight (TOF)
through the separator as well as the energy loss in a multiple
sampling ionization chamber the composition of the secondary
beam could be obtained. The FRS particle identification plot
in terms of atomic number Z and mass-over-charge ratio A/Q
is shown in Fig. 2. A clean separation of the isotope of interest
was provided by full width at half maximum resolutions of
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FIG. 1. Partial level scheme of 88Kr illustrating the lowest lying
2+ states and the known transitions between them. The thickness of
the arrows expresses the branching ratios of the transitions adopted
from Ref. [21]. Transitions that remained unobserved in this work are
drawn with dashed grey lines. Energy labels are in keV.

0.96% in A/Q and 0.91% in Z. A total of 2.0 × 106 88Kr
nuclei could be identified during the experiment.

Coulomb excitation of the 88Kr secondary beam at an
energy of 128 MeV/nucleon took place on a 0.386 g/cm2

thick, secondary 197Au target. Deexcitation γ rays were
detected by the PreSPEC Ge-detector array in the fast-beam
configuration [23]. The array consisted of 15 EUROBALL
Cluster detectors [24] placed under forward angles. The
detection efficiency is enhanced due to the Lorentz boost
of the γ -ray angular distribution at ion velocities of β =
v/c ∼ 0.5. The measurement was carried out using particle-γ
coincidences to trigger the data acquisition. The ions after the
secondary target were identified by the Lund-York-Cologne
Calorimeter (LYCCA) [25], which acts as a �E − E tele-
scope. Additionally, it provides the TOF and trajectory of the
excited nuclei of interest after the target. This is particularly
important to determine the velocity and scattering angles
needed for a proper Doppler correction of the measured γ
rays, as well as to ensure selection of safe Coulomb excitation
events.
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FIG. 2. FRS particle identification plot for the 88Kr setting.
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III. ANALYSIS

For the analysis of the Coulomb excitation, the same mass
and charge numbers for ingoing and outgoing particles at the
secondary target were selected. This was done by selecting
events with proper A/Q and Z measured by the FRS particle
detectors, as well as proper TOF, �E, and E determined by
LYCCA. Further conditions on the scattering angle of 88Kr
and prompt time in the particle-γ coincidences were applied to
select safe Coulomb excitation of the relativistic projectile and
enhance the peak-to-background ratio of the obtained γ -ray
spectra, respectively. By applying an event-by-event Doppler
correction the 2+

1 → 0+
1 γ transition of 88Kr at 775 keV could

be clearly identified in the total γ -ray spectrum.
The EUROBALL Cluster detectors forming the PreSPEC

array are arranged in two rings at mean polar angles of 16.3◦
and 34.7◦ comprising 5 and 10 cluster detectors, respectively.
In the above-mentioned total γ -ray spectrum (both rings) for
88Kr no clear evidence for Coulomb excitation of the 2+

3 state
could be observed. By separately considering detectors of the
inner or outer rings, the spectra shown in Fig. 3 could be
extracted.

While no clear peak structure in addition to the 2+
1 → 0+

1
transition is observed in the spectrum for the inner ring shown
in Fig. 3(a), in the spectrum for the outer ring shown in Fig. 3(b)
the region around 1441 keV exhibits significant excess of
detected γ -ray events. This energy region corresponds exactly
to the energy of the 2+

3 → 2+
1 transition in 88Kr suggesting

the Coulomb excitation of the 2+
3 state. Other transitions in

the spectrum are not observed. The rather broad and slightly
asymmetric shape of the peak at 1441 keV is interpreted
to originate from a very short lifetime of a few tens of
femtoseconds, making it decay mainly while slowing down
in the secondary target. Such fast transitions (short lifetimes)
are expected for MS states due to high B(M1; 2+

ms → 2+
1 )

values [16].
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FIG. 3. Doppler-corrected γ -ray energy spectra for 88Kr for the
(a) inner and (b) outer ring of germanium detectors in the PreSPEC
setup. The spectra are drawn with their statistical errors. Fits to the
observed transitions and the 1σ observation limit in case of the 2+

3 →
2+

1 in the inner ring and a background function are indicated with the
red (gray) line (see text for details).

The nonobservation in the inner ring can be under-
stood considering the lower total efficiency due to fewer
detectors in this group and the higher noise level due to
more atomic background in close vicinity to the beam
pipe.

Determining the peak areas in the spectrum for the outer
ring for both transitions of 88Kr led to values of 81(13)
counts in the 2+

1 → 0+
1 and 29(10) counts in the 2+

3 →
2+

1 case. Considering the branching ratio of the 2+
3 → 2+

1
transition of 85.4(2)% [21] and an energy-dependent increase
of detection efficiency of 35% for the lower lying line, we
were able to extract the value for B(E2; 0+

g.s. → 2+
3 ) of 88Kr

by comparing the effective count rates. Normalizing to the
value B(E2; 0+

g.s. → 2+
1 ) = 0.093(9) e2b2 given in Ref. [14]

we calculated a value of B(E2; 0+
g.s. → 2+

3 ) = 0.04(2) e2b2 or
B(E2 ↓) = 3.4(17) W.u. Although small, this value exceeds
the typical transition strength of a 2+

ms → 0+
1 transition of about

1 W.u. A similar value of 3.7(8) W.u. was also observed for
92Zr [12].

IV. RESULTS

The decay from the 2+
3 state to the 2+

1 state is most likely a
nearly pure M1 transition. Figure 4 shows the experimentally
obtained, normalized γ -ray intensities extracted for both rings
with their 1σ error margins, including a 1σ upper limit for the
1441 keV transition due to the nonobservation in the inner ring
[see Fig. 3(a)]. The experimental data was least-squares fitted
with theoretical angular distribution functions calculated using
the computer program DWEIKO [20]. The best description of
the data (indicated by red lines in Fig. 4) results in a multipole
mixing ratio δ = 0.08+0.09

−0.05 and indicates the preference for the
M1 character for the 2+

3 → 2+
1 transition.

Assuming the determined M1 character a collective
B(M1; 2+

3 → 2+
1 ) of 0.6(3) μ2

N is obtained in agreement with
the expectations for a MS character of the 2+

3 state. For the
E2 transition strength we obtain a value of B(E2; 2+

3 →
2+

1 ) = 1.0+8.7
−0.9 W.u., which is in agreement within the error
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FIG. 4. Observed intensities with their statistical uncertainties
(data points) and calculated angular distributions for the 2+

1 → 0+
1

with pure E2 character (dashed line) and the 2+
3 → 2+

1 (solid
line) transitions. The angular range of the inner and outer rings of
germanium detectors are marked with gray color. A 1σ observation
limit is indicated for the 2+

3 → 2+
1 in the inner ring.
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TABLE I. Deduced experimental transition strengths from the
present data in comparison to model calculations in the IBM-2.

Transition σL B(σL)expt B(σL)O(6) B(σL) [26,27]

2+
2 → 0+

g.s. E2 �1.0 W.u. forbidden 0.2 W.u.
2+

3 → 0+
g.s. E2 3.4(17) W.u. 0.8 W.u. 0.5 W.u.

2+
3 → 2+

1 E2 1.0+8.7
−0.9 W.u. forbidden 0.6 W.u.

2+
3 → 2+

1 M1 0.6(3) μ2
N 0.30 μ2

N 0.19 μ2
N

bars both with the theoretical values (see Table I) and
the value of B(E2) = 5(3) W.u. obtained for the 94Mo
case [9].

In Fig. 3 there is no clear indication of an 802 keV line
related to the 2+

2 → 2+
1 transition of 88Kr. However, excitation

of this state cannot be fully excluded due to the high statistical
uncertainty of the γ -ray background. Estimating the sensitivity
limit for clear identification of the γ -ray transitions to be
ten counts, an upper limit of B(E2; 0+

g.s. → 2+
2 ) � 0.012

e2b2 for the excitation of this state follows. Table I lists the
adopted values for the transition rates obtained from the present
measurement and analysis.

V. DISCUSSION

Using the bare values for the boson g factors gn = 0 and
gp = 1.0 μ2

N and effective quadrupole charges of en = 0 and
ep = 0.07 eb obtained in IBM-2 calculations of the even-even
88−96Kr isotopes [26,27], Table I gives the theoretical values
in the F -spin symmetric O(6) limit [2] assuming 78Ni as an
inert core. Also given are the values obtained in Refs. [26,27]
using IBM-2 parameters based on self-consistent mean-field
calculations using a microscopic Gogny energy-density func-
tional. In this calculation the 2+

3 state is a mixed state with
only 57% MS character. Better agreement of the experimental
values is obtained for the O(6) limit which indicates a pure
MS character for the 2+

3 state.
Figure 5 shows the systematics for the even-even N = 52

isotones including our new data which fit the general behavior
of the lowest MS states in this region. Although the dominant
proton orbit changes from g9/2 above 92Zr to the upper part of
the pf shell in 88Kr, the collectivity of the lowest MS state
remains at the same level. However, it should be noted that
all experimentally known B(M1; 2+

ms → 2+
1 ) in the N = 52

chain exceed the O(6) expectations.
For 94Mo a good description of the M1 transition strength

was obtained by a shell-model approach using the surface
delta interaction (SDI) as the residual interaction and 88Sr
as an inert core [17]. Using the same model space, SDI
parameters, and effective g factors a similar good agreement
for the B(M1; 2+

ms → 2+
1 ) value of one-phonon MS states in

92Zr and 96Ru is achieved. As pointed out in Ref. [12] these
calculations show less good agreement with the experimen-
tally obtained g factors for low-lying states in the N = 52
isotones.

To obtain a microscopic description below Z = 40, the
shell-model valence space has to be enlarged with respect to
the proton pf orbitals. Such an approach based on a 78Ni core
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FIG. 5. (a) Excitation energies, (b) reduced B(E2), and (c)
B(M1) transition strengths from the 2+

1 and 2+
ms states in N = 52

isotones [13–16,28,29] together with the newly determined values
for 88Kr in red. Additionally shown are the results from shell-
model calculations using the SDI [17] (green lines) and from new
calculations based on the work of Ref. [30] (red lines).

and an extended model space (1f5/2,2p1/2,2p3/2,1g9/2) for
protons and (2d5/2,3s1/2,2d3/2,1g7/2,1h11/2) for neutrons was
presented in Ref. [30] and reproduced spectroscopic data of
mixed-symmetry states in zirconium isotopes as well as yrast
excitations in 88Kr [31]. With the same effective interaction but
slightly changed effective charges of en = 0.7 eb, ep = 1.7 eb,
orbital g factors gn

l = 0, gp
l = 1.0 μ2

N , and a quenching factor
of 0.75 for the bare nucleon spin g factors, we obtained the
theoretical energies and transition strengths for the 2+

1 and 2+
ms

states in 88Kr, 90Sr, and 92Zr shown in Fig. 5. These shell-model
calculations also predict mixed-symmetry states at the correct
energies with clearly enhanced B(M1; 2+

ms → 2+
1 ) values and

E2 transitions to the ground state in good agreement with
the experimentally observed strengths. However, the B(M1)
strengths are underestimated for 88Kr and 92Zr. Also, the wave-
function analysis suggests that the identified states might not
fully be the mixed-symmetric one-phonon 2+

ms states as pointed
out for 92Zr in Ref. [30]. The discrepancy between experiment
and theory for the MS candidate state in 90Sr at 1892 keV is
larger and inverted (see Fig. 5). Here, the magnitude of the
experimental transition strengths stems from a single lifetime
measurement of τ = 3(2) ps using the βγ γ fast timing method
reported in Ref. [28]. A confirmation of this experimental
lifetime is needed.
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VI. SUMMARY

In conclusion, we obtained B(E2; 0+
g.s. → 2+

3 ) and B(M1;
2+

3 → 2+
1 ) values as well as an upper limit for the

B(E2; 0+
g.s. → 2+

2 ) value from relativistic Coulomb excitation

of the radioactive nucleus 88Kr. The strong M1 character of
the 2+

3 → 2+
1 transition indicates the mixed-symmetric nature

of the 2+
3 state, which is supported by model calculations in

the proton-neutron interacting boson model. New shell-model
calculations for the N = 52 isotones 92Zr, 90Sr, and 88Kr with

a 78Ni core also reproduce the measured transition strengths
of the states in question.
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