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We report B(E2; 0+1 → 2+n ) strengths for the neutron-rich 88,90Kr and 86Se isotopes from
intermediate-energy Coulomb excitation. The electric quadrupole transition strengths to the first 2+

state complete, with considerably improved uncertainties, the evolution of quadrupole collectivity
in the Kr and Se isotopes approaching N = 60, for which 90Kr and 86Se had previously been the
most uncertain. We also report significant excitation strength to several higher-lying 2+ states in
the krypton isotopes. This fragmentation of B(E2) strength in 88,90Kr confirms shell-model calcu-
lations in the π(fpg) − ν(sdg) shell with an only minimally tuned shell-model setup that is based
on a nucleon-nucleon interaction derived from effective field theory and effective charges adjusted
to 86Kr.

I. INTRODUCTION

The neutron-rich Zr, Sr, Kr, and Se isotopes with neu-
tron numbers N = 50 − 60 continue to attract atten-
tion for their display of rapid changes in the evolution
of collectivity and the mounting evidence for shape co-
existence. Since the first indications from the trends in
the first 2+ energies in Zr [1] and Sr [2] decades ago,
studies of transition strengths and moments have most
recently cemented a picture of a sudden increase in col-
lectivity and shape changes for Sr [3–6] and a quantum
phase transition in the shape of the Zr isotopes [7–9] at
N = 60.

In the Kr isotopic chain, just four and two protons
below Zr and Sr, respectively, a rather gradual onset of
collectivity towards N = 60 was concluded from mass
measurements [10], Coulomb excitation [11] and fast-
timing measurements [12], placing the N = 60 isotone
96Kr at the low-Z boundary of the region of deformation
described above [13].

Comparably little is known about the evolution of col-
lectivity in the Se isotopes. Information is limited to exci-
tation energies out to 94Se [14–16], the B(E2 ↑) strength
of 84Se from Coulomb excitation [17] and lifetimes of ex-
cited states measured for 84,86Se [18].

The present work focuses on the collectivity near the
magic neutron number N = 50 and reports the extrac-
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tion of B(E2; 0+1 → 2+1 ) = B(E2 ↑) values for 88,90Kr
(N = 52, 54) and 86Se (N = 52) with reduced error
bars as compared to the literature and, for the first time,
presents absolute measurements of the B(E2) strengths
to higher-lying 2+ states in 88,90Kr. The results are dis-
cussed in the framework of large-scale shell-model cal-
culations in the π(fpg) − ν(sdg) shell relative to a 78Ni
core using an effective two-body interaction derived from
the Idaho N3LO nucleon-nucleon potential with a Vlow−k

renormalization procedure. We show that this minimally
tuned shell-model setup reproduces the observed B(E2)
strengths distribution rather well in the chosen model
space, with the effective charges adjusted only to repro-
duce the known transition strength in semi-magic 86Kr.

II. EXPERIMENT

The measurements were performed at the National Su-
perconducting Cyclotron Laboratory [19] at Michigan
State University. The secondary beams of 88,90Kr and
86Se were produced from projectile fragmentation of a
stable 96Zr beam, which was accelerated by the K500
and K1200 coupled cyclotrons to 120 MeV per nucleon.
The primary beam then impinged on a 364, 374, or 255
mg/cm2 9Be production target for 88Kr, 90Kr, and 86Se,
respectively. An aluminum wedge degrader with an areal
density of 200 mg/cm2 located at the mid-acceptance
position of the A1900 fragment separator [20] was used
to purify the fragments of interest within the secondary
beam cocktails.

A 246 mg/cm2 209Bi foil used to induce projectile
Coulomb excitation was located at the target position of
the S800 spectrograph [21]. The event-by-event identifi-
cation of the scattered projectiles and the trajectory re-
construction used to extract the scattering angles utilized
the detection system of the spectrograph’s focal plane,



2

consisting of an ionization chamber, two xy-position-
sensitive cathode-readout drift chambers and a plastic
timing scintillator that also served as the particle trig-
ger [22]. An example of the identification of the scattered
88Kr projectiles emerging from the Bi target is shown in
Fig. 1, where the energy loss measured with the S800
ionization chamber versus the ion’s time of flight mea-
sured between two plastic scintillators is displayed. The
88Kr nuclei can be clearly separated from the other con-
stituents of the cocktail beam, i.e. 86Br and 90Rb. While
the projectile beams delivered to the experiment were
comprised of fully stripped ions, the scattered ions as-
sumed a charge-state distribution after passage through
the Bi target. For the Kr isotopes, the H-like charge state
turned out to be the most intense and was centered in the
S800 focal plane. For 86Se, the fully-stripped charge state
was strongest and centered in the spectrograph. Typi-
cal S800 focal-plane rates were 1350 particles per second
(pps) for 88Kr35+, 350 pps for 90Kr35+, and 20 pps for
fully-stripped 86Se at incoming A1900 momentum accep-
tances of 0.5%, 1% and 1%, respectively.
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FIG. 1. (Color online) Particle identification plot (energy loss
vs. time of flight) for 88Kr35+. The beam components are
cleanly separated and identifiable.

The Bi target was surrounded by the high-efficiency
CsI(Na) scintillator array (CAESAR), an array of 192
closely packed scintillation crystals that cover almost
4π [23]. The high granularity of the array allowed for an
event-by-event Doppler reconstruction of the γ rays emit-
ted by the projectiles in flight. The angle of the γ-ray
emission was deduced from the position of the CsI(Na)
crystal that registered the highest energy deposition. The
event-by-event Doppler reconstructed γ-ray spectra de-
tected in coincidence with 88,90Kr and 86Se are shown in
Fig. 2(a)-(c).

The energy-dependent photopeak efficiency of the
setup was determined with 88Y, 22Na, 60Co and 137Cs
standard calibration sources. For the in-beam response
of the array, the Lorentz boost of the emitted γ-ray distri-
bution was taken into account via GEANT4 simulations.
Scaling the GEANT4 simulated efficiency curve to the
measured efficiencies and taking into the account the un-
certainties in the activity of each source resulted in an
overall efficiency uncertainty of 5.4%.
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FIG. 2. (Color online) (a-c) Doppler-corrected γ-ray spectra
and fits to extract cross sections for the Coulomb excitation
of states in each isotope. The GEANT4 fit template for each
isotope is described in the text. (d) The spectrum of the
beam contaminant 90Rb was fit with a double exponential
to model the prompt, beam-correlated background, using an
exclusion region around the peaks near 1400 keV and 500 keV.
The resulting double exponential fits the region containing all
peaks of interest, which is from 600 keV to 1.7 MeV.

III. METHODOLOGY AND RESULTS

Projectile Coulomb excitation is an experimental tech-
nique to quantify the low-lying quadrupole collectivity in
short-lived nuclei. An ion beam of the rare isotope of
interest is scattered off a stable high-Z target and is de-
tected in coincidence with the de-excitation γ rays that
tag and quantify the inelastic process [24–26].

While beam energies below the Coulomb barrier pre-
vent nuclear excitations, very peripheral collisions must
be chosen in the regime of intermediate-energy Coulomb
scattering to exclude nuclear contributions. This can
be realized by restricting the data analysis to scatter-
ing events at very forward angles, corresponding to large
minimum impact parameters, bmin, in the collisions of
projectile and target nuclei [25]. Angle-integrated cross
sections for the Coulomb excitation are then deduced
from the γ-ray intensities relative to the number of
projectiles and the target thickness. Using the Alder-
Winther model of relativistic Coulomb excitation [27],
the electric quadrupole transition strength B(E2 ↑) is
then extracted from the cross sections.

Generally, impact parameters exceeding “touching
sphere + 2 fm” have been proven sufficient to ensure the
dominance of the electromagnetic interaction [26, 28, 29].
Through kinematics [27], the desired minimum impact
parameter is translated into a maximum scattering an-
gle to which the data analysis is then restricted. In the
present work, a significant and asymmetric angle emit-
tance of the incoming projectile beams was observed and
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has been taken into account in the determination of the
maximum scattering angle as follows: For each isotope,
the maximum scattering angle was determined using a
minimum impact parameter corresponding to “touching
sphere + 2fm”. This led to maximum scattering an-
gles, θmax, of 56 mrad, 53 mrad, and 45 mrad in the
lab frame for 88Kr, 90Kr, and 86Se, respectively. We
then performed Monte Carlo simulations of the angular
distribution in inelastic scattering by using the Alder-
Winther formalism [27] to generate, for each scattering
system, the input probability distribution over a range
of 0 ≤ θ ≤ θmax with the assumption that all events
with angles beyond θmax are absorbed, corresponding to
a sharp angle cutoff in a simplistic black-disk model. This
is shown in Fig. 3 for zero emittance (red line) and using
the experimental beam emittance and the angular strag-
gling deduced in comparison to LISE [30] from at most
elastically-scattered projectiles passing through the tar-
get (blue curve). As can be seen, close to the maximum
scattering angle cutoff, one loses a fraction of the counts,
corresponding to the difference between the red and the
blue curves.

We compare the results of the aforementioned simu-
lation to our measured inelastic scattering distribution
(black histogram), which is restricted to events in which
one 2+1 → 0+1 transition is observed. This measured
scattering-angle distribution is overlayed and shows good
agreement with the simulation that includes the realistic
angle emittances and effects of straggling. To avoid this
potential underestimation of counts and consequently
of the angle-integrated cross section and the resulting
B(E2) value, a conservative maximum scattering angle
cut, indicated by the green dashed line, was employed.
Using this approach, more restrictive maximum scatter-
ing angle cuts of 42 mrad, 35 mrad, and 30 mrad in the
laboratory frame were chosen for 88Kr, 90Kr, and 86Se,
respectively. We note that a similar analysis was per-
formed in [31], where we could show that away from the
maximum scattering angle that corresponds to impact
parameters where flux is removed from the (in)elastic
channel, the effect of angle emittance and straggling is
rather minor due to an approximate balance of events
that scatter into and out of the angle cut applied to the
data.

At intermediate and relativistic beam energies, multi-
step excitations are heavily suppressed. In even-even nu-
clei, this typically leads to the selective excitation of col-
lective 2+ states that are connected to the ground state
by a sufficiently large branch. While most of the time
only the first 2+ state is observed, we report here the
Coulomb excitation of higher-lying 2+ states in 88,90Kr as
well. The angle-integrated Coulomb excitation cross sec-
tions for each state are determined from the γ-ray intensi-
ties of the de-exciting transitions relative to the number
of projectiles and number density of the target. This
leads to several complications as compared to the typical
intermediate-energy Coulomb excitation analysis where
only the first excited state is observed. For the 2+1 state,
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FIG. 3. (Color online) Inelastic scattering distribution analy-
sis for the example of 88Kr. The red and blue line are Monte
Carlo simulations of the inelastic scattering process based on
an input probability distribution from the Alder-Winther rela-
tivistic Coulomb excitation model, both with (blue) and with-
out (red) the effects of angle emittances and straggling. The
green dashed line shows the chosen, more restrictive, scatter-
ing angle cut for the analysis of 88Kr.

feeding through 2+n → 2+1 transitions has to be subtracted
and for the 2+n states, branching ratios for the decays to
the ground state and (typically) the 2+1 state have to be
taken into account. Given CAESAR’s modest in-beam
γ-ray energy resolution of about 10% at 1 MeV, the fits
that determine peak areas from complex spectra become
important. Figure 2 shows in addition to the measured
histograms also the results from GEANT4 simulations
on top of background modeled by a double exponential
based on the 90Rb spectrum shown in Fig. 2(d). In the
following, we discuss isotope by isotope the level schemes
and assumptions that entered the determination of the
Coulomb excitation cross sections. All results, includ-
ing the measured cross section and extracted transition
strength, are summarized in Table I.

A.
88

Kr

The primary fit template for 88Kr included two peaks:
the 775 keV transition from the 2+1 state to the ground
state, and the 1440 keV transition from the 2+3 state
at 2216 keV (see Fig. 2(a)). However, we were able to
identify two more feeding transitions, at 802 keV and
1644 keV, in a spectrum in coincidence with the 775 keV
line as shown in Fig. 4.

The relevant level scheme of 88Kr comprised of these
transitions is shown in Fig. 5. All of these levels have
been reported before in the literature [33].
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TABLE I. Measured cross sections, σ, and transition
strengths, B(E2), for all isotopes studied in this work, as well
as transition strengths from the shell-model calculation de-
scribed in Section IV are shown. The uncertainty includes
both statistical uncertainties and systematic contributions
from varying the background model, as well as a 5.4% un-
certainty from the efficiency determination.

B(E2; Ji → Jf ) (e
2fm4)

AZ Ji Jf σ (mb) measured shell model

88Kr 0+1 2+1 210(30) 1310(190) 1450
0+1 2+2 14(3) 90(20) 80
2+2 2+1 - ≤ 2010(450) 440
0+1 2+3 50(8) 320(50) 450
2+3 2+1 - ≤ 71 a 69
0+1 (2+4 ) 11(3) 70(20) 170

90Kr 0+1 2+1 180(30) 1500(230) 1740
0+1 2+2 40(10) 330(90) 580
2+2 2+1 - 360(110) 280
0+1 (2+3 ) 17(13) 150(110) 230

86Se 0+1 2+1 230(30) 2110(320) b 1910
0+1 2+2 - - 150
0+1 2+3 - - 340

a The corresponding B(M1; 2+
3

→ 2+
1
) = 0.46(8)µ2

N strength was
extracted using the multipole mixing ratio from [32] and
compares well to our shell-model prediction of 0.51µ2

N obtained
with standard orbital and spin nucleon g factors.

b See Section III C for discussion of possible unobserved feeding
contributions.

Shown in Fig. 4 is the spectrum of γ rays in coinci-
dence with the 775 keV transition, with a “multiplicity-
2” condition applied, i.e. exactly two of the 192 CAE-
SAR detectors registered an event within a prompt time
gate. The multiplicity condition allows us to selectively
reduce the beam correlated background, which is the pri-
mary source of background in our spectrum. Without
applying this multiplicity condition on the coincidence
matrix, we would not be able to separate the peak struc-
tures corresponding to weaker transitions from the back-
ground. Adding events with higher γ-ray multiplicity
only added background to the coincidence matrix. In
this coincidence matrix, we observed the 775 keV-802 keV
coincidence, expected to originate from the 2+2 state at
1577 keV, and a 775 keV-1644 keV cascade, which would
depopulate a state at 2419 keV. A level at this energy
is known and tentatively assigned as the (3−1 ) state in
the literature. We did not observe these two transitions
in our γ singles spectrum shown in Fig. 2(a) due to the
modest energy resolution of CAESAR in the case of the
802 keV transition and due to statistics for the 1644 keV
transition.

With the 2+2 → 2+1 transition observed, one expects
the 2+2 → 0+1 transition at a 26.34(24)% branching ra-
tio [33]. Although this line is not visible in Fig. 2(a)
since it is below the sensitivity limit of the spectrum, we
could use the known branching ratio quoted above to de-
termine the cross section σ(0+1 → 2+2 ) from the intensity

of the 2+2 → 2+1 transition. The efficiency-corrected in-
tensities of the 802 keV and 1644.3 keV transitions were
extracted from the fit in Fig. 4. Because the 802 keV
and the 775 keV transitions form a doublet within our
resolution, both were included in this fit with the con-
straint that each would occur with equal intensity, as
every 802 keV transition in multiplicity-2 is necessarily
in coincidence with a 775 keV transition. The intensity
of the 802 keV and 1644 keV transitions, along with the
intensity of the 1440.5 keV transition from the direct fit
shown in Fig. 2(a), were subtracted from the measured
intensity of the 775 keV line. For this, the intensity of
the 802 keV transition had to be accounted for twice,
as it is included in the peak area of the 775 keV transi-
tion as it is indistinguishable in the fit of Fig. 2(a). The
ratio of the intensities of the feeding transitions to the
total measured 775 keV intensity was determined to be
25(4)%.

The measured cross sections and extracted transition
strengths for 88Kr are summarized in the top part of Ta-
ble I. We note that B(E2; 0+1 → 2+1 ) = 900(90) e2fm4

attributed to a sub-barrier Coulomb excitation measure-
ment is reported in conference proceedings [34] and a
thesis [35]. Our result quoted in Table I exceeds this
value by about 2σ.

Using the B(E2; 0+1 → 2+2 ) value determined here
for the first time and the known branching ratio, we
could extract the transition strength to the 2+1 state as

B(E2; 2+2 → 2+1 ) = δ2

1+δ2 · 2010(450) e2fm4, where δ is

the unknown E2/M1 multipole mixing ratio. Table I
quotes 2010(450) e2fm4 as an upper limit for the B(E2)
strength.

For the 2+3 state, only the strong 2+3 → 2+1 branch
was observed. The Coulomb excitation cross section,
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FIG. 4. (Color online) Fit to extract feeding transitions in
88Kr spectrum. The spectrum contains γ rays in coinci-
dence with the 775 keV and 802 keV doublet and there is
a multiplicity-2 condition applied as explained in the text.
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FIG. 5. Level scheme observed in this experiment for 88Kr.
The branching ratios are taken from [33]; the upper limit for
the transition marked as dashed line is based in the present
work.

σ(0+1 → 2+3 ), was determined using the known branching
ratio of 17.1(12)% [33] relative to the observed 2+3 → 2+1
transition. Our absolute measurement of B(E2; 0+1 →
2+3 ) = 320(50) e2fm4 is consistent with the rather un-
certain, previous measurement of B(E2; 0+1 → 2+3 ) =
400(200) e2fm4 [32] from relativistic Coulomb excita-
tion, which is quoted in [32] relative to the excitation
of the first 2+ state using the earlier-mentioned result
published solely in proceedings [34]. Using the E2/M1
multipole mixing ratio of δ = 0.08+0.09

−0.05 from [32] and the

known branching ratio, we deduce B(M1; 2+3 → 2+1 ) =
0.46(8) µ2

N and B(E2; 2+3 → 2+1 ) ≤ 71 e2fm4.

If the 2419 keV level that we observe was indeed a
3− state, the intensity of the (3−) → 2+1 transition
would require an unphysically large excitation strength
of B(E3; 0+1 → (3−)) > 204600 e3fm6, corresponding to
B(E3 ↓) > 63 W.u. for the de-excitation. This prompted

us to tentatively assign Jπ = (2+) for this state instead.
This level has no previously reported ground-state tran-
sition and we do not observe this transition either, but
have determined an upper limit on the branching ratio of
21% based on our experimental sensitivity at this energy
in the spectrum. In the calculation of the cross section
and the B(E2; 0+1 → (2+)) value reported in Table I,
a branching ratio of 10.5(105)% – exhausting our upper
limit – was used.

Breaking down the error budget of the quoted transi-
tion strengths, in addition to the statistical and efficiency
uncertainty, uncertainties for each extracted peak inten-
sity were determined by systematically varying the fit
template and background model and determining the ef-
fect on the extracted peak area. We determined this sys-
tematic uncertainty for the 775 keV, 802 keV, 1440 keV,
and 1644 keV transitions to be 8%, 7.7%, 12% and 9.1%,
respectively. The final quoted uncertainty for the 775 keV
transition also includes the error propagated through the
feeding subtraction.

B.
90

Kr

The fit template for the 90Kr spectrum shown in
Fig. 2(b) included the four transitions shown in Fig. 6 by
the solid arrows. The 655 keV 2+2 → 2+1 transition was
included although it forms a doublet with the 707 keV
2+1 → 0+1 transition by constraining its intensity through
the known branching ratio of 68(4)%.

All transition have been reported before in the litera-
ture, at precise energies of 707.05(6) keV, 655.17(6) keV,
1362.32(10) keV, and 1542.20(13) keV [33]. Only the
ground-state transition of the level at 2249 keV, which
must exist for us to observe the excitation of this state,
has not been reported so far.

To determine the σ(0+1 → 2+1 ) cross section, the in-
tensities attributed to the 2+2 → 2+1 and (2+) → 2+1
feeders, amounting to a total of 11(5)% relative to the
final intensity of the 707 keV peak, were subtracted. Our
extracted B(E2; 0+1 → 2+1 ) value agrees with the only
existing literature value [12] while being much more pre-
cise. With the known E2/M1 multipole mixing ratio
δ = 0.507+0.020

−0.022 from [36], the B(E2; 2+2 → 2+1 ) strength
was determined and is quoted in Table I in addition to
the B(E2; 0+1 → 2+2 ) excitation strength.

The level at 2249 keV has no Jπ assignment in the lit-
erature. Similar to the case of the 2420 keV state in 88Kr,
we argue that this level is a higher-lying 2+ state. For its
branch to the ground state, we determine an upper limit
of 23% from the sensitivity limit posed by our spectrum.
For the calculation of the cross sections for the excita-
tion of this state and the resulting B(E2; 0+1 → (2+))
value, the ground state branching ratio was taken as
11.5(115)%, encompassing the upper limit. The results
for 90Kr are summarize in Table I.

For the final uncertainty on the transition strengths,
uncertainties obtained by systematically varying our fit
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FIG. 6. Level scheme observed in this experiment for 90Kr.
The solid arrows indicate transitions that were observed in
the present experiment. The branching ratios are taken from
literature [33]. The ground-state transition of the proposed
higher-lying 2+ state indicated by the dashed arrow is labeled
with the upper limit for its branching as determined in our
work from the sensitivity limit at this energy.

template and background model were added in quadra-
ture to the statistical and the efficiency uncertainty.
These systematic uncertainties were determined for the
655 keV, 707 keV, and 1542 keV transitions to be 30.4%,
10.4%, and 62% respectively. The final quoted error for
the 707 keV transition includes the contribution from
feeding subtraction.

C.
86

Se

For 86Se, only the transition from the 2+1 state to the
ground state is clearly visible in the spectrum shown
in Fig. 2(c). The shape of the corresponding peak at
704 keV, however, appears to have a low-energy shoulder,
that may be explained by a peak at 613 keV. This transi-
tion energy had indeed been reported before [37] and, in
that work, was tentatively suggested to directly feed the
2+1 state. However, if 613 keV and 704 keV were in im-

mediate coincidence, this would lead to a second-excited,
rather low-lying state of unknown nature. From our data,
there is no evidence for a 704-613 keV coincidence. Fur-
thermore, this transition is considered unplaced in the
evaluated data [33]. To account for this shoulder in the
peak, two fitting strategies to extract the peak area of
the 704 keV line were pursued – one that includes a
peak at 613 keV and one that does not. Figure 2(c)
shows the GEANT4 fit that does include a 613 keV line.
Leaving out this peak worsens the χ2 significantly but
only increases the cross section and B(E2) value from
227(34) mb and 2110(320) e2fm4 to 233(35) mb and
2170(330) e2fm4. In Table I, the first set of values is
quoted.
B(E2; 0+1 → 2+1 ) = 2110(320) e2fm4 determined in this

work agrees, at much reduced uncertainty, with the liter-
ature value of B(E2; 0+1 → 2+1 ) = 2190+1295

−855 e2fm4 that
is based on an excited-state lifetime measurement [18].

The quoted uncertainty on the B(E2) value includes a
systematic uncertainty of 12.4% that was determined by
allowing variations in the fit template and background
model. This was added in quadrature to the statistical
and efficiency uncertainties.

IV. DISCUSSION

The final results for the B(E2; 0+1 → 2+1 ) strength
of 88,90Kr and 86Se are shown in Fig. 7. Our results
for 90Kr and 86Se are consistent with previous measure-
ments, with considerably reduced uncertainties. The
88Kr measurement disagrees with the previous measure-
ment, but is consistent with the expected evolution of
collectivity relative to 86Kr, namely reduced E2 transi-
tion strength at the magic neutron number N = 50 rela-
tive to the even-even neighbors within the isotopic chain.
With the reduced uncertainties of our results, the evolu-
tion of B(E2) strength is now clearly consistent with the
predicted smooth onset of collectivity [11, 38].

The krypton isotopes exhibit significant excitation
strength to several higher lying 2+ states, which had
not been reported previously. To understand these
E2 strength distributions, we compare to large-scale
shell-model calculations. These were performed using
the NuShellX@MSU [40] code with an effective two-
body interaction derived from the Idaho N3LO nucleon-
nucleon interaction [41]. The effective interaction was
obtained using many-body perturbation theory to third
order in the interaction following the recipe outlined
in [31, 42]. A 78Ni core was used with single-particle
energies taken from [43] or determined using Skyrme-
Hartree Fock calculations where missing. The model
space includes the proton 1f5/2, 2p3/2, 2p1/2, 1g9/2 or-
bitals and the neutron 1g7/2, 2d5/2, 2d3/2, 3s1/2, 1h11/2

orbitals without sub-shell restrictions. The energy of the
g9/2 orbital was modified to reproduce the 9/2+ state

in 87Rb. The codes to derive the effective Hamiltonian,
as well as the resulting effective interaction and single-
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FIG. 7. (Color online) Evolution of collectivity from N = 36
approaching N = 60 for the krypton and selenium isotopes
including adopted values and the values measured here. The
adopted values are taken from [39], except for the case for
86Se [18].

particle energies used in the shell-model calculations are
publicly available [44].

To determine the effective charges that enter the cal-
culation of B(E2) values in the shell model, 86Kr was
computed within our shell-model setup and we adjusted
the proton effective charge to ep = 1.68 to reproduce the
known B(E2; 0+1 → 2+1 ) = 1056(95) e2fm4 value [45]. In
a simple picture of isoscalar polarization charges, with
ep = 1 + δpol and en = δpol, the neutron effective charge
then amounts to en = 0.68. We note that these effec-
tive charges are comparable to those used in other recent
calculations with a similar model space for this region
[46].
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FIG. 8. (Color online) Comparison of measured and calcu-
lated B(E2) strengths for 88,90Kr as function of the energy of
the 2+n states.

The results of the shell-model calculation are shown in
Fig. 8 and are tabulated in Table I. The shell-model cal-
culation describes the measured distribution of B(E2)

strength rather well, which is particularly remarkable
given the fact that our shell-model framework has very
few parameters that are tuned (essentially the single-
particle energies involved in the shell-model calculations).
Also, the calculated B(E2; 2+2 → 2+1 ) value for 90Kr
agrees well with experiment (see Table I). For 88Kr, the
B(E2; 2+2 → 2+1 ) value quoted in the table is only an up-
per limit due to the unknown E2/M1 multipole mixing
ratio. Agreement between the measured and calculated
transition strength would be reached with a multipole
mixing ratio of |δ| = 0.53, which is rather similar to the
known E2/M1 mixing ratio of δ = 0.507+0.020

−0.022 [36] for

the corresponding transition in neighboring 90Kr.

Moschner et al. [32] discussed the 2+3 state of 88Kr
as a candidate for a proton-neutron mixed symmetry
state [47], an isovector quadrupole excitation in the va-
lence shell. The characteristic of such a state is a collec-
tive M1 transition to the first 2+ level and a weakly col-
lective E2 decay to the ground state. Using the literature
branching ratio [33] and the E2/M1 multipole mixing ra-
tio from [32], we deduce B(M1; 2+3 → 2+1 ) = 0.46(8) µ2

N

and B(E2; 2+3 → 0+1 ) = 64(10) e2fm4 (or 2.8(4) W.u).
Both values are in agreement with the expectation for a
2+ms state. The shell model predicts B(M1; 2+3 → 2+1 ) =
0.51 µ2

N and B(E2; 2+3 → 0+1 ) = 90 e2fm4, close to the
experimental values.

In 86Se, the fragmentation of E2 strength to higher-
lying 2+ states is not observed. From the shell-model
predictions provided in Table I, one may indeed have
suspected that. To quantify this, we use the shell-model
B(E2; 0+1 → 2+n ) values to calculate how many counts
should have been observed in our spectrum at the known
decay energies and with the known branching ratios of
the 1399 keV and 2208 keV states in 86Se that are ten-
tatively assigned as (2+2 ) and (2+3 ) [33]. For the decay of
the 1399 keV state, 6(2) counts and 22(5) counts would
be expected at 1399 keV ((2+2 ) → 0+1 ) and 695 keV
((2+2 ) → 2+1 ) in the singles spectrum. For the 2208
keV state, we would expect to observe 43(11) counts at
1504 keV ((2+3 ) → 2+1 ) and less than 2 counts at 2208 keV
((2+3 ) → 0+1 ). All of these transition are below the sen-
sitivity limit of the present measurement and, therefore,
the data on 86Se is consistent with the predicted magni-
tude of the E2 strength carried by higher-lying 2+ states
within the shell model. If we assume the feeder intensities
determined using shell-model B(E2) values and branch-
ing ratios, then the quoted B(E2; 0+1 → 2+1 ) would be
reduced by 23%. As we do not observe these known tran-
sitions, this value can be considered an upper limit on the
feeding from known states.

Table II shows the shell-model proton and neutron oc-
cupations for the states observed in the present work.
Compared to another recent shell-model calculation for
90Kr [36], for example, one observes very similar proton
occupations but for the neutrons, the occupations of g7/2
and h11/2 are essentially zero for us while 0.15 and 0.18,

respectively, for the ground state of 90Kr in [36].
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TABLE II. Shell-model occupations of the proton and neutron
orbitals for the observed levels in 88,90Kr and 86Se.

Protons Neutrons
f5/2 p3/2 p1/2 g9/2 g7/2 d5/2 d3/2 s1/2 h11/2

88Kr 0+1 4.29 2.74 0.62 0.35 0.01 1.88 0.04 0.06 0.02
2+1 4.29 2.74 0.65 0.33 0.00 1.88 0.03 0.08 0.01
2+2 4.21 2.84 0.72 0.23 0.00 1.83 0.03 0.12 0.01
2+3 4.28 2.69 0.79 0.24 0.00 1.86 0.05 0.08 0.01
2+4 4.60 2.64 0.55 0.21 0.01 1.84 0.04 0.09 0.02

90Kr 0+1 3.96 2.96 0.79 0.29 0.01 3.68 0.16 0.13 0.03
2+1 3.93 2.99 0.80 0.27 0.01 3.66 0.14 0.18 0.02
2+2 3.85 2.80 1.15 0.20 0.01 3.57 0.19 0.21 0.02
2+3 3.81 3.10 0.87 0.22 0.01 3.57 0.11 0.29 0.02

86Se 0+1 3.50 1.84 0.41 0.24 0.01 1.80 0.06 0.12 0.01
2+1 3.55 1.82 0.41 0.21 0.01 1.76 0.05 0.17 0.01

V. SUMMARY

The B(E2; 0+1 → 2+n ) excitation strengths is reported
for 88,90Kr and 86Se, with significantly reduced uncertain-
ties as compared to previous measurements. Previously,

the B(E2; 0+1 → 2+1 ) values for 90Kr and 86Se were the
least precise in their respective isotopic chains. Further-
more, we observed a sizable fragmentation of the B(E2)
strength to higher-lying 2+ states in 88,90Kr, in remark-
able agreement with large-scale shell-model calculations
that are based on a minimally-tuned single-particle basis
and an effective shell-model interaction based on mod-
ern nucleon-nucleon interactions from chiral effective field
theory.
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