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We studied the proton-rich Tz = −1 nucleus 70Kr through inelastic scattering at intermediate
energies in order to extract the reduced transition probability, B(E2; 0+ → 2+). Comparison with
the other members of the A = 70 isospin triplet, 70Br and 70Se, studied in the same experiment,
shows a 3σ deviation from the expected linearity of the electromagnetic matrix elements as a function
of Tz. At present, no established nuclear structure theory can describe this observed deviation
quantitatively. This is the first violation of isospin symmetry at this level observed in the transition
matrix elements. A heuristic approach may explain the anomaly by a shape change between the
mirror nuclei 70Kr and 70Se contrary to the model predictions.

The strong interaction is independent of the electric
charge of a particle, its Hamiltonian commutes with
the isobaric spin operator T . Within this isobaric spin
symmetry, the proton (Tz = −1/2) and the neutron
(Tz = +1/2) are two representations of a particle, the
nucleon [1]. Electromagnetic effects violate isobaric spin
symmetry and the light quark mass difference (mu 6= md)
results in a larger neutron mass than the mass of a pro-
ton [2] making the neutron unstable. The relative mass
difference between neutrons and protons is only 0.0013,
suggesting that the symmetry breaking related to the
strong interaction is rather small and the observable ef-
fects are dominated by the electromagnetic interaction.
Precise measurements of the nn, pp, and np scattering
length, for example, and careful correction of all electro-
magnetic effects nevertheless demonstrated that proton-
proton (Tz = −1), neutron-proton (Tz = 0), or neutron-
neutron (Tz = +1) interactions are different [2].

In atomic nuclei, the charge independence of the nu-
clear interaction implies: (i) exactly degenerate energies
of isobaric multiplets [3], (ii) pure isospin quantum num-

bers and no isospin mixing in nuclear states, and (iii)
identical wave functions for the members of an isobaric
multiplet. For charge dependent two-body interactions
the masses of isobaric nuclei depend on the isospin pro-
jection Tz. The isobaric multiplet mass equation (IMME)
relates the mass-excess of isobars as a quadratic function
of Tz. Deviations from the IMME indicate isospin mix-
ing, isospin symmetry breaking or the presence of three-
body forces.

Isospin symmetry is typically studied through Mirror
Energy Differences (MED) to test the charge symmetry
of the nuclear interaction and Triplet Energy Differences
(TED) to test charge independence of the nuclear interac-
tion. Very recently, isospin symmetry breaking has been
observed in the A = 73 mirror pair, where the ground
state spins of 73Sr and 73Br differ [4]. The excitation en-
ergy difference of the first two states in 73Br is, however,
only 27 keV, so that the absolute scale of this violation is
very small and comparable to other cases [5]. The anal-
ysis of mirror energy differences of excited states shows
that isospin non-conserving interactions are required in
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addition to the Coulomb force to reproduce the observa-
tion with shell model calculations [6]. The origin of the
additional, phenomenological terms in the interaction is
not yet understood. Excitation energies alone, however,
do not reveal the isospin purity of states and do not probe
the mirror symmetry of the wave functions.
An alternative and more rigorous way to test isospin

symmetry are electromagnetic matrix elements. In con-
trast to the excitation energies, the matrix elements also
probe the properties (ii) and (iii) of the charge inde-
pendence of the nuclear interaction. In such a case the
isospin dependence of the proton matrix element for a
T = 1 triplet is given by a simple linear relation [7]

Mp(Tz) =
1

2
(M0 −M1Tz) (1)

with the isoscalar (M0) and isovector (M1) matrix el-
ements. Experimentally, this linearity can be tested
through measurements of the reduced electromagnetic
transition probability

B(Eλ; Ji → Jf) =
|Mp(Tz)|

2

2Ji + 1
(2)

of the decay of the first T, Jπ = 1, 2+ to 1, 0+ states in
the triplet. This has been studied for T = 1 triplets with
22 ≤ A ≤ 50 [8–10] and no deviation from the expected
linear trend was detected within the experimental uncer-
tainties. Isospin mixing of T = 0 and T = 1 states in
the odd-odd system could potentially disturb the linear-
ity, but different systematic uncertainties from different
experiments make it difficult to draw conclusions [8].
In this letter, we present the first case where the elec-

tromagnetic matrix elements significantly deviate from
the linear trend of Eq. 1. The A = 70 nuclei have been
chosen for this because previous experimental investiga-
tions of the Coulomb energy differences of 70Se and 70Br
found an anomalous behavior [11], which could be in-
terpreted as a shape change between the isobars [12].
Spectroscopy of 70Kr at Tz = −1 was only achieved re-
cently [13, 14], but did not allow to probe the nuclear
shape and test for a proposed shape change in the mir-
ror pair 70Se and 70Kr [15]. Electromagnetic transition
matrix elements, on the other hand, also allow for the
determination of the shape or deformation of a nucleus.
In a rotational model, the B(E2) value is related to the
magnitude of the (intrinsic) quadrupole moment Q0, and
the absolute value of the deformation β2 [16].

The experiment was performed at the Radioactive Iso-
tope Beam Factory, operated by RIKEN Nishina Center
and CNS, University of Tokyo. Nuclei along the N = Z
line were produced by projectile fragmentation of an in-
tense 78Kr primary beam at an energy of 345 AMeV.
The reaction products were selected and identified in
the BigRIPS separator [17] using the Bρ − ∆E − TOF
method. The average intensity of the 70Kr beam was

15 pps with a total fraction of 0.9% in the secondary
beam. At the final focus of the BigRIPS separator
the beam impinged on 926(2) mg/cm2 thick Au and
703(7) mg/cm2 thick Be targets. The targets were sur-
rounded by the DALI2 detector array [18], consisting of
186 individual NaI(Tl) crystals. Reaction products were
identified in the ZeroDegree spectrometer [17] using the
same technique as for BigRIPS. Further details of the
experiment can be found in [14, 19].
The Doppler-corrected γ-ray energy spectra for 70Kr

impinging on the Au and Be targets are shown in Fig. 1.
In both spectra the decay of the 885 keV excited 2+ state
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FIG. 1. Doppler-corrected γ-ray energy spectrum for the in-
elastic scattering of 70Kr on a 197Au (top) and 9Be (bottom)
targets. The Doppler correction assumes γ-ray emission at the
velocity behind the target. The data are fitted with simulated
response functions for the transition at 884 keV and a contin-
uous background (red). For the Au target data, only forward
DALI2 crystals (θlab < 75◦) are shown to reduce background
from atomic processes. For the Be target data see Ref. [14]
for further details.

to the ground state is observed. The γ-ray yield has been
determined by fitting a simulated response function and
a continuous double exponential background to the data.
The simulated response function assumes a level lifetime
of 2.8 ps, consistent with the results extracted from the
Coulomb excitation cross section (see below). For the
scattering with the Au target, only the data from the
forward DALI2 crystals have been taken into account
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to reduce the low-energy background from atomic pro-
cesses. The angular distribution for the E2 transition
was included in the simulation. In order to extract the
exclusive cross section for the excitation of the 2+1 state,
indirect feeding from higher-lying states has to be sub-
tracted. For the inelastic scattering off the Be target,
the yield for states above the 2+1 state was subtracted to
correct for indirect feeding as described in Ref. [14]. For
the data taken with the Au target, the de-excitation from
the 2+2 state at 1478 keV to the 2+1 state is not observed.
The cross section for the excitation of the 2+1 state in 70Kr
amounts to 349(36) mb (see Table I). Adding a transi-
tion at 594 keV to the fit of the spectrum shown in the
top panel of Fig. 1 results in an upper limit for the cross
section σ(2+2 ) of 15 mb. States above the 2+2 state are
expected to contribute even less. In order to account
for them and the uncertainty related to the feeding of
the 2+2 state an additional 15 mb has been added to the
systematic uncertainty. The corrections and previously
quoted systematic uncertainty for the cross section are
taken into account when the B(E2; 0+ → 2+) values are
determined from the measured cross sections.

Within the same spectrometer setting, also the isobars
70Br (E(2+1 ) = 934 keV) and 70Se (E(2+1 ) = 954 keV)
were transmitted. For the former, an isomeric 9+ state
at 2292 keV [20] allows, in principle, to only extract a
lower limit for the excitation cross sections of the 2+1
state. However, no transition besides the 2+1 → 0+1 de-
cay has been observed in the scattering off the Au target,
indicating a small isomeric ratio in the beam or a small
B(E2) value for the states above the isomer. For 70Se,
statistics are limited because the acceptance of BigRIPS
was optimized for the more exotic N < Z nuclei. Based
on the systematics of the less exotic Kr isotopes, a low-
lying excited 0+ state might be present in the beam as
an isomeric contamination. In the mirror nucleus 70Se
no such state is known. The 0+2 state candidate is lo-
cated at 2010 keV [21] and is thus short lived. Theoret-
ical calculations predict the 0+2 in 70Kr at considerably
higher energy than the 2+1 state [22, 23] as well, so that
its lifetime would be much shorter than the flight time
to the BigRIPS focal plane. In the analysis of nucleon
removal reactions from the same experiment no evidence
for a low-lying 0+ state was found in either of the two
nuclei [14]. Due to the low beam intensity, it was not
possible to search for an isomeric state in 70Kr as it was
done for 72Kr [19], where an isomeric ratio of 4(1)% was
found. In the following extraction of the B(E2) values it
was assumed that the A = 70 beam particles are in their
respective ground state, when reaching the secondary re-
action target.

The cross sections measured with both targets for all
three beams are listed in Table I. Besides the statistical
uncertainty resulting from the fitting of the γ-ray spec-
trum and the subtraction of feeding in case of the Be tar-
get data, a number of systematic uncertainties contribute

TABLE I. Measured cross sections and deduced nuclear de-
formation length δN, proton matrix elements M(E2), and
B(E2; 0+ → 2+) values for the A = 70, T = 1 triplet. The
total uncertainties are listed together with the individual con-
tributions of statistical, systematic, and theoretical uncertain-
ties.

70Kr 70Br 70Se
E(2+) (keV) 885 934 954
σ(2+1 )Be (mb) 14.5(46)(10) 14.6(5)(8) 15.1(53)(28)
σ(2+1 )Au (mb) 349(36)(27) 201(11)(20) 234(70)(43)

δN (fm) 1.10(19) 1.09(3) 1.11(22)
∆statδN (fm) 0.19 0.02 0.20
∆systδN (fm) 0.04 0.03 0.10
M(E2) (efm2) 52.2(43) 38.1(31) 40.7(82)
∆statM(E2) (efm2) 2.8 1.2 6.8
∆systM(E2) (efm2) 2.1 2.2 4.1
∆theoM(E2) (efm2) 2.5 1.8 2.0
B(E2) (e2fm4) 2726(451) 1454(233) 1659(659)
∆statB(E2) (e2fm4) 294 91 543
∆systB(E2) (e2fm4) 224 165 336
∆theoB(E2) (e2fm4) 258 137 164

to the total uncertainty for the cross section. These in-
clude the full-energy peak detection efficiency of DALI2
(5%), target thickness (1%), ZeroDegree efficiency and
transmission (3% for 70Kr and 70Br, 10% for 70Se), trig-
ger efficiency (2%), effects of the γ-ray angular distribu-
tion (2%), and the unobserved indirect feeding discussed
above.

The excitation of the 2+ states of interest is caused
by both the electro-magnetic and the nuclear interaction
between target and projectile. These two contributions
interfere and can not be disentangled. The extraction
of the nuclear deformation length δN and the reduced
transition probability B(E2) from the measured cross
sections requires therefore a consistent reaction model
analysis. The procedure is described in [19] in detail.
Reaction model calculations were performed with a mod-
ified version of the distorted wave coupled channels code
FRESCO [24] using optical model potentials calculated
using the method described in [25]. Both the input nu-
clear deformation length and the B(E2) value for the
projectile nucleus were adjusted to reproduce simultane-
ously the measured cross sections for the Be and Au tar-
get. The resulting nuclear deformation lengths and E2
matrix elements are listed in Table I. In addition to the
statistical and systematic uncertainties discussed above,
also uncertainties related to the reaction model and its
input parameters are taken into account. The sources
consist of the optical model potential (8%), the treat-
ment of relativistic dynamics (5%), and uncertainties in
the determination of δN which propagate to the determi-
nation of the B(E2) values. A detailed discussion of the
experimental and theoretical uncertainties is presented
in [19].
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In order to validate the analysis procedure, the results
for the present experiment are compared to previous mea-
surements of neighboring nuclei using both Coulomb ex-
citation and lifetime measurements. The B(E2) values
for the N = Z nuclei 72Kr and 68Se as well as the A = 70
isobars are shown in Fig. 2. In all four cases the present
results agree with the previous measurements.

72Kr 68Se 70Kr 70Br 70Se
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2;
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)

this work

prev. data

FIG. 2. Summary of the results for the B(E2; 0+1 → 2+1 ) val-
ues extracted in the present work. The results for 72Kr were
already presented in [19]. The error bars indicate statistical
uncertainties, while the additional caps show the total un-
certainties including statistical, systematical, and uncertain-
ties arising from the reaction theory calculations. For 72Kr
and 68Se the statistics uncertainty is smaller than the sym-
bol size. Previous experimental results are taken from [26–30]
and shown by the open symbols.

The matrix elements for the A = 70 triplet are shown
in Fig. 3. It can be seen that the value for 70Kr clearly
deviates from the negative trend indicated by the pre-
viously known Mp values for 70Br and 70Se. A lin-
ear fit for these latter two nuclei with Eq. 1 results in
M0 = 76(4) efm2 and M1 = −6(5) efm2. In order to
gauge the deviation from this trend, the confidence in-
terval has been determined. The weighted average of
the previously and the presently determined value for
70Br [29] as well as the weighted average of two previous
measurements for 70Se [29, 30] were fitted using linear
regression according to Eq. 1 and then extrapolated to
Tz = −1. The result of the extrapolation, shown by the
green Gaussian curve in the top panel Fig. 3 amounts
to M(E2, Tz = −1) = 35.0(43) efm2. The experimen-
tal value for 70Kr (M(E2) = 52.2(43) efm2) deviates by
more than 3 σ from this extrapolation.

In many cases, especially for medium heavy nuclei,
the B(E2) value for the proton-rich Tz − 1 nucleus is
not known experimentally. Therefore, the isoscalar and
isovector matrix elements M0 and M1 were extracted
from a fit of Eq. 1 only to the Tz = 0 and +1 mem-
bers of the triplet [31]. The isovector matrix element M1

was found to be very small. For the cases with A ≥ 50,
where known, the values of M1 are all slightly negative,

70Kr 70Br 70Se
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FIG. 3. E2 matrix elements as a function of isospin projec-
tion Tz for the A = 70 nuclei. (Top panel) Weighted averages
of the present and previous data are shown by the black data
points. The linear fit of the data points at Tz = +1 and 0
is shown by the solid green line. The red dashed, dotted,
and dash-dotted lines show the 1, 2, and 3 σ confidence in-
tervals of the linear fit. The extrapolation of the probability
distribution to Tz = −1 is shown by the Gaussian curve in
green. (Bottom panel) The present results are shown in red
full circles and compared to previous data [29, 30] (black open
circles). The data points are slightly offset on the Tz axis for
visualization purposes only. Squares show the results of the
theoretical calculations shown in Table II.

albeit compatible, within errors, with zero [31]. The work
was extended to include the newest available data for
A = 78 [32, 33] and a negative isoscalar matrix element
was found again. The negative trend for the Tz = 0 and
+1 members observed for the present A = 70 case is thus
not unique.

If the Mp data for all three values of Tz are fitted with
a curve using simple linear regression, both the matrix
elements for 70Br and 70Kr deviate by about 2σ from the
curve. Fitting the matrix elements shown in Fig. 3 by
a quadratic curve (Mp = a + bTz + cT 2

z
) such as sug-

gested in Ref. [9] to test isospin symmetry results in a
c = 8.6(30) efm2 coefficient, or, to compare with Fig. 5
of Ref. [9], c/2a = c/M0 = 0.11(4). This alternative way
also shows a significant deviation from isospin symmetry.

Deviations from the linearity of Mp may be explained
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by isospin mixing of T = 0 and T = 1 states in the
odd-odd system. However, isospin mixing alone cannot
explain the observed change in collectivity in 70Kr. The
dramatic change in the magnitude of the B(E2) value
between 70Se and 70Kr suggests a change in deformation
with larger deformation for 70Kr than for its mirror nu-
cleus.

The theoretical predictions for the A = 70 triplet are
summarized in Table II and also shown in the bottom
panel of Fig. 3. Few calculations have been performed

TABLE II. Selected theoretical predictions for the
B(E2; 0+1 → 2+1 ) values of the A = 70 triplet. For the
shell model calculations effective charges en = 0.5e and
ep = 1.5e were used.

Method B(E2; 0+ → 2+) (e2fm4) Reference
70Kr 70Br 70Se

Experiment 2726(451)a 1455(159)b 1699(84) c

HFB-5DCH 3289 2767 this work
HFB-SCCM 4725 3450 this work
FRDM12 4725 4465 3715 [34]
GXPF1A [35]1910 1990 2075
JUN45 [36] 2325 2085 1885
VAMPIR 2945 2630 2365 [37]

a present work
b weighted average of present work and Ref. [29]
c weighted average of present work and Refs. [29, 30]

for all three A = 70 isotopes within the same theo-
retical framework. The Hartree-Fock-Bogoliubov-based
(HFB) models [22, 23] were only applied to the even-
even nuclei. They predict shape coexistence between an
oblate and a triaxial shape with very little difference in
both 70Se and 70Kr, but generally too large B(E2) val-
ues. The increase in deformation towards 70Kr is more
pronounced in the symmetry conserving configuration-
mixing (SCCM) method [23] than in the five-dimensional
collective quadrupole Hamiltonian (5DCH) treatment to
account for the configuration mixing. The Finite-Range
Droplet-Model (FRDM12) [34] predicts only the ground-
state deformation parameter β2 on the mean-field level.
The B(E2) values shown in Table II have been calculated
assuming a simple rotor model. These calculations again
over-estimate the absolute deformation, and show an in-
crease of deformation towards 70Kr similar to the SCCM.
Shell-model calculations with the GXPF1A [35, 38] and
JUN45 [36] effective interactions were previously per-
formed for 70Se and 70Br and reproduce the observed
B(E2) values quite well [29]. We have extended these
calculations to include 70Kr and find a decreasing lin-
ear trend as expected from Eq. 1 for the GXPF1A effec-
tive interaction, in contrast to our experimental findings.
The results obtained with the JUN45 effective interaction
show a positive trend. Both shell model calculations are
able to reproduce the absolute magnitude of the B(E2)
values rather well, but also fail to reproduce the strong

increase observed in 70Kr compared to 70Br. It should be
noted that the inclusion of isospin non-conserving terms
into the interaction, that are commonly added to explain
mirror energy differences [5, 39], have a negligible effect
on the calculated B(E2) values. Finally, several calcu-
lations have been published using the complex excited
VAMPIR model [15, 37, 40, 41]. The published values
vary considerably over time, demonstrating the difficulty
to correctly describe these shape-changing nuclei. The
latest results show shape coexistence between oblate and
prolate shapes with a moderate, continuous increase of
the B(E2) values toward 70Kr [37], again in contradic-
tion to the experimental result. However, it is interest-
ing to note that this model is the only one to predict a
shape change along the isobars since the wave functions
of low-lying yrast states in 70Kr and 70Br are dominated
by prolate components, while the oblate component be-
comes more important in 70Se. The latter is also consis-
tent with the conclusions of [30].

In conclusion, while several calculations show a slight
increase of the matrix element (and hence the deforma-
tion) from 70Se to 70Kr no calculation is able to describe
the absolute B(E2) values and the strong increase be-
tween the mirror nuclei 70Se and 70Kr observed experi-
mentally.

In summary, we have determined the B(E2; 0+1 → 2+1 )
value for the Tz = −1 nucleus 70Kr for the first time. In
addition, previously known B(E2; 0+1 → 2+1 ) value val-
ues for the isobars 70Br and 70Se were confirmed. The
A = 70 triplet is the heaviest one where the B(E2) val-
ues for all three members are experimentally determined.
The B(E2) value of 70Kr is significantly larger than in the
other members of the T = 1 triplet 70Br and 70Se. Proton
matrix elements for the triplet have been extracted from
the B(E2) values, and they should exhibit a simple linear
relation as a function of isospin Tz. The large value de-
termined for 70Kr deviates by 3σ from the extrapolation
based on the other two nuclei. This suggests that a sub-
stantial shape change occurs between the oblate 70Se [30]
and (presumably prolate) 70Kr [37]. None of the current
nuclear structure models is able to explain the increase
of the B(E2) value determined in this work.
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