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a b s t r a c t
+
58,60,62
The E0 transition strength in the 2+
Ni have been determined for the ﬁrst
2 → 21 transitions of
time following a series of measurements at the Australian National University (ANU) and the University of
Kentucky (UK). The CAESAR Compton-suppressed HPGe array and the Super-e solenoid at ANU were used
to measure the δ( E2/ M1) mixing ratio and internal conversion coeﬃcient of each transition following
inelastic proton scattering. Level half-lives, δ( E2/ M1) mixing ratios and γ -ray branching ratios were
measured at UK following inelastic neutron scattering. The new spectroscopic information was used to
determine the E0 strengths. These are the ﬁrst 2+ → 2+ E0 transition strengths measured in nuclei
with spherical ground states and the E0 component is found to be unexpectedly large; in fact, these are
amongst the largest E0 transition strengths in medium and heavy nuclei reported to date.
© 2018 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3 .

1. Introduction
The electric monopole (E0) transition operator represents a
change in the spatial distribution of the nucleons within the nucleus. The strength of an E0 transition, ρ 2 ( E0), can be directly related to the difference in the mean-squared charge radii, r 2 , and
the degree of conﬁguration mixing between the states involved.
Thus E0 transitions are a sensitive probe for the interpretation of
shape mixing and shape coexistence effects [1,2].
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Despite their importance, the number of E0 transition strengths
that have been measured experimentally is very limited [3]. This
deﬁciency is primarily due to the often complex nature of the required measurements and the necessity for electron spectroscopy
which can be hindered by many sources of background. There is
especially a lack of data for E0 transition strengths in J → J , J > 0
transitions and 2+ → 2+ cases have only been reported in deformed nuclei, mostly in the lanthanide region [2].
The stable nickel isotopes just above doubly magic 56 Ni have
been studied extensively with a number of spectroscopic probes
and mechanisms to access excited states. Detailed muonic X-ray
measurements [4] and optical spectroscopy [5] indicate that the
ground states are spherical with little variation between the isotopes. The spectroscopic quadrupole moment of the ﬁrst 2+ state
in each of 58,60,62 Ni is small [6], indicating that the ﬁrst excited
state is also close to spherical.

https://doi.org/10.1016/j.physletb.2018.01.076
0370-2693/© 2018 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by
SCOAP3 .
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The previous experimental work in determining ρ 2 ( E0) values between 0+ states has been performed in 58,60,62 Ni [7], and
recently in 68 Ni indicating the presence of shape coexistence at
N = 40 [8]. An investigation of E2 strengths has revealed the coexistence of oblate, spherical and prolate excitations in 66 Ni below
an excitation energy of 3 MeV [9]. However, measurements of the
E0 strength in any 2+ → 2+ transition in the Ni isotopes have not
been pursued previously. Determining the E0 strength between
2+ states requires the experimental determination of a number
of quantities, namely, the half-life of the parent state, the branching ratio of the transition, the δ( E2/ M1) multipole mixing ratio
and the internal conversion coeﬃcient. In this Letter, we present
the ﬁrst experimental measurements of the E0 strength in the
+
58,60,62
2+
Ni. These ρ 2 ( E0) values are the ﬁrst
2 → 21 transitions of
determined in nuclei with spherical ground states and are unexpectedly some of the largest measured to date.
2. Experimental details
Measurements were performed at the Heavy Ion Accelerator
Facility at the Australian National University (ANU), with proton
beams of up to 9.2 MeV provided by the 14UD pelletron accelerator. Inelastic proton scattering was used to populate excited states
in the nickel isotopes of interest by impinging the beam on isotopically enriched self-supporting targets of 1.4 mg/cm2 for 58 Ni
and 1.3 mg/cm2 for 60,62 Ni.
Angular distributions of γ rays were measured using the CAESAR array composed of nine Compton-suppressed HPGe detectors.
The angular distributions are sensitive to the δ( E2/ M1) mixing ratio of a transition and the degree of angular momentum alignment
provided to the nucleus in the reaction. The degree of alignment of
each of the 2+
2 parent states of interest was determined from the
+
angular distribution of the 2+
2 → 01 transition of pure E2 multipolarity. This alignment factor was then used as a ﬁxed parameter
+
2
in determining the δ value of the 2+
2 → 21 transition from a χ
minimization analysis of the angular distribution with 7 degrees of
+
62
freedom. An example for the 2+
Ni is shown
2 → 21 transition in
in Fig. 1.
Additional measurements were performed at the University of
Kentucky (UK) Accelerator Laboratory. Angular distributions of γ
rays following the inelastic scattering of fast neutrons from natural nickel yielded branching ratios and δ( E2/ M1) mixing ratios, for
+
+
the 2+
2 → 21 transitions, as well as the half-lives of the 22 states
58
60
in Ni and Ni from a Doppler-Shift Attenuation Method (DSAM)
analysis. The details of the methods used are described in a previous study of 62 Ni [10] that used an enriched 62 Ni sample and
from which we take the results for that isotope. The solid cylindrical scattering sample (45.94 g of natural nickel metal; 68.08%
58
Ni, 26.22% 60 Ni) of 1.88 cm diameter and 1.84 cm height was
bombarded with nearly monoenergetic neutrons ( E ≈ 60 keV)
and γ rays from the (n, n γ ) reaction were observed with a BGO
Compton-suppressed HPGe detector. Measurements at angles from
40◦ to 150◦ with respect to the incident beam were carried out
at neutron energies of 2.42 and 2.90 MeV. In each case, the bombarding energy was chosen to yield signiﬁcant population of the
level of interest but to avoid feeding of the level from higher-lying
states.
The superconducting electron spectrometer, Super-e [11], located at the ANU was used to measure internal conversion coeﬃcients of the same transitions. Super-e consists of a superconducting solenoid magnet, a set of six 9 mm thick Si(Li) detectors chosen to be suitable for detecting electrons up to ∼3.5 MeV
and a single Compton-suppressed HPGe detector to allow for simultaneous measurements of electrons and γ rays. Data were collected from both detectors in singles mode. Example spectra from

397

+
62
Fig. 1. Example γ -ray angular distribution for the 2+
Ni from
2 → 21 transition in
the (p , p  γ ) measurement. The inset shows the associated χ 2 minimization curve.

the Super-e measurements using a 62 Ni target are shown in Fig. 2
along with an example of the electron peak-ﬁtting procedure. The
electrons emitted from the target, tilted at 45◦ to the beam axis,
were transported by a magnetic ﬁeld oriented perpendicular to the
beam axis. The magnetic ﬁeld was selected so that electrons of a
speciﬁc energy follow a helical path that transports them around
two baﬄes and through a diaphragm to the Si(Li) detector array
located 35 cm from the target. The magnetic ﬁeld was swept over
a suitable range in small steps to cover the electron energies of interest. The measurement period at each magnetic ﬁeld value was
controlled by the current recorded in a Faraday cup downstream of
the target so that the integrated beam current at each ﬁeld value
was the same.
The ρ 2 ( E0) value can be determined [3] from

ρ 2 ( E0) =

1

 K ( E0) · τ K ( E0)

(1)

where  K is an electronic factor obtained from atomic theory [12]
and τ K ( E0) is the partial mean lifetime of the E0 transition converted in the atomic K shell. The value of τ K ( E0) is calculated
using the decay branch of the E0 component, λ E0 , relative to the

sum of all available decay modes,
i λi , from the parent state i.e.,



τ K ( E0) =

i

λi

λ E0 K

·

T 1/2
ln(2)

(2)

where T 1/2 is the half-life of the parent state. The δ( E2/ M1)
mixing ratio is essential experimental information for the determination of τ K ( E0). The available experimental values, such as
δ( E2/ M1), internal conversion coeﬃcients and γ -ray branching ratios, can be used to calculate each available λi for the transition of
interest. The value of ρ 2 ( E0) is dimensionless and, as the magnitudes are typically on the order of 10−4 to 10−1 , experimental
ρ 2 ( E0) values are generally quoted in milliunits.
3. Experimental results
The new experimental data, combined with the recent study of
Chakraborty et al. [10], have provided new values for the half-lives
(T 1/2 ) of the 2+
2 levels from a DSAM analysis as well as branching
ratios (BR), δ( E2/ M1) mixing ratios, and K-shell internal conver+
58,60,62
sion coeﬃcients (α K ) of the 2+
Ni. The
2 → 21 transitions in
58,60

branching ratios for
Ni are from the (n, n γ ) measurements
and are consistent with, but more precise than, those previously
reported [15,16]. The T 1/2 and branching ratio for 62 Ni are taken
from the previous UK (n, n γ ) study of Ref. [10]. All results are reported in Table 1.
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no consistency for this mixing ratio from previously reported values [18,20,23–27]. In the (p , p  γ ) data, we obtain a value of
0.13
+0.63+
−0.10 , which is consistent with one of the solutions from

(n, n γ ). We take the weighted mean of these two consistent values following the limitation of relative statistical weights (LRSW)
procedure [28] to obtain the value reported in Table 1.
+
In 62 Ni for the 1128.82 keV 2+
2 → 21 transition, two solutions
emerge from the (p , p  γ ) data (+3.17(10) and −0.07(1)) and one
0.38

is reported by Chakraborty et al. (+2.70+
−0.28 ) [10] from (n, n γ ) at
UK. The other reported values again do not provide a consistent
picture [18,20,25,29]. We therefore again report the mean value of
the new data in Table 1.
Internal conversion coeﬃcients measured in this work for pure
E2 transitions match well with theoretical values. The ρ 2 ( E0) val+
60,62
ues for the 0+
Ni from internal conversion
2 → 01 transitions in
59
spectroscopy (<35, 132+
−70 ) in our work are consistent with values

Fig. 2. (a) γ -ray and (b) e− energy spectra for 62 Ni from the Super-e spectrometer.
A portion of the electron energy spectrum is shown in (c), demonstrating the procedure for ﬁtting overlapping K and L electron peaks. Three pairs of K and L lines
are indicated by the grey dashed lines on top of the black dashed background. The
contribution from conversion in higher atomic orbitals is omitted as it is <1.5% that
of the K shell. The reduced χ 2 value of the ﬁt to the 1100–1200 keV data is 1.2.

The newly determined T 1/2 of the 2+
2 state in

Ni (T 1/2 =
0.19
0.60+
ps)
is
somewhat
longer
than,
but
consistent
with, that
−0.12
reported previously in (p , p  γ ) [18]. The T 1/2 of the 2+
2 state in
0.76
60
Ni (T 1/2 = 1.25+
ps)
is
inconsistent
with
that
determined
−0.35
from the B(E2) value from (e , e  ) [19], but is in agreement with
58

the limit determined from a previous (n, n γ ) study using reactor
neutrons [20]. The low abundance of 62 Ni in the natural Ni scattering sample (3.63%) prevented a measurement of the half-life of
the 2+
2 state; however, this T 1/2 was recently determined from the
(n, n γ ) reaction at UK with an enriched scattering sample [10].
The δ( E2/ M1) mixing ratio of the 1321.2 keV transition of 58 Ni
0.07

is measured to be −1.04+
−0.08 in the (n, n γ ) data. It was not possible to obtain a reliable result from our (p , p  γ ) study for this transition. This new value is consistent with, but more precise than,
the three previously reported values [18,21,22], so it is adopted in
this work.
+
60
Ni minima are
For the 826.06 keV 2+
2 → 21 transition in
0.05
+0.09

found for δ at +0.40+
−0.04 or +1.01−0.10 from (n, n γ ). There is

60
(1–27, 72+
−30 ) reported from detecting the internal pair formation
(IPF) decays [7].
The new data for the T 1/2 , B R, δ( E2/ M1) and α K are used in
the calculation of ρ 2 ( E0), B(M1) and B(E2) values shown in Table 1 and Fig. 3. The black (ﬁlled) arrows represent B(mλ) values
and the yellow (open) arrows show ρ 2 ( E0) × 103 values. The width
of the arrow represents the strength of that component. In order
to properly account for the asymmetric uncertainties in the various
input quantities, these ﬁnal values and uncertainties were calculated using a Monte Carlo method where all inputs are treated as a
probability distribution. In the case where the ﬁnal probability distribution returned regions of unphysical values, the Neyman construction [30] using the Feldman–Cousins ordering principle [31]
was followed. As a consequence of using the Feldman–Cousins ordering principle, the median was selected to be the central value
reported. The uncertainties in the ρ 2 ( E0) values are dominated by
the statistical uncertainty in the internal conversion coeﬃcients,
measured here for the ﬁrst time, and the precision in the half lives.
+
The other data shown in Fig. 3 are the B(E2; 0+
1 → 21 ) values
taken from Allmond et al. [13] determined recently by Coulomb
excitation, the magnetic moments taken from Kenn et al. [14]
and the spectroscopic quadrupole moments from the Nuclear Data
Sheets [15–17].
These experiments represent the ﬁrst measurements of the
+
2+
2 → 21 E0 transitions in the Ni isotopes and in nuclei with
spherical ground states. They are amongst the largest values reported across the chart of the nuclides. These new data are com+
pared in Fig. 4 to the other 2+
2 → 21 E0 transition strengths reported in the most recent survey of Wood et al. [2].

4. Calculations and discussion
In a two-state mixing model, large E0 transition strengths are
generated either by a large difference in mean-squared charge
radii, or by a signiﬁcant amount of mixing between the two states,
or both.
The ground states of 58,60,62 Ni have been determined to be
spherical with little variation between them from detailed muonic
X-ray measurements [4] and optical spectroscopy [5]. The spectroscopic quadrupole moment of the ﬁrst 2+ state in each isotope
(−10(6), +3(5), +5(12) e fm2 ) is small [6], indicating that the ﬁrst
excited state is also close to spherical. In 58,60 Ni, the second 2+
state lies below the second 0+ state, thus excluding the possibility that these are members of co-existing deformed K = 0 bands.
From the systematic trend, it seems likely that the second 2+
state in 62 Ni also has the same structural origin as in the lighter
isotopes. Another possibility is that these 2+ states are the bandheads of K π = 2+ bands, however, a  K = 2, E0 transition is
forbidden in the axially symmetric rigid rotor model [2]. In the
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Table 1
+
58,60,62
Pertinent experimental data for the determination of the ρ 2 ( E0) values for the 2+
Ni isotopes. The half-lives (T 1/2 ), branching ratios (B R),
2 → 21 transitions of the
δ( E2/ M1) mixing ratios, and internal conversion coeﬃcients (α K ) were obtained in this work with the exception of the T 1/2 and B R for 62 Ni, which were taken from
Ref. [10].
Eγ
keV

T 1/2
ps

BR

δ( E2/ M1)

α K × 104

B(M1)

μ2N

B(E2)
e 2 fm4

M ( E0)
fm2

ρ 2 ( E0) × 103

58

Ni

1321.2

0.19
0.60+
−0.12

0.953(2)

0.07
−1.04+
−0.08

1.4(3)

0.014(4)

30
120+
−40

1.1
10.3+
−2.0

50
230+
−80

60

Ni

826.06

0.74
1.28+
−0.35

0.860(5)

+0.43(8)

3.0(1)

0.016
0.046+
−0.021

70
195+
−110

2
9+
−4

90
150+
−110

1128.82

0.20
0.67+
−0.14

2.0(1)

0 .3
1.8+
−0.5

40
200+
−50

1.4
8.4+
−2.5

50
140+
−70

62

Ni

0.45(4)

+3.1(1)

× 10−3

Fig. 3. Partial level schemes showing low-lying excited states in 58,60,62 Ni isotopes where the black ﬁlled arrows show B(M1) [μ2N ] and B(E2) [e 2 fm4 ] values, while the
yellow arrows show ρ 2 ( E0) × 103 values [13–17]. The magnetic moments [14], μ, are in units of nuclear magnetons (μ N ) and the spectroscopic quadrupole moments
[15–17], Q , are in units of e f m2 . (For interpretation of the colours in the ﬁgure(s), the reader is referred to the web version of this article.)

+
Fig. 4. An overview of the experimentally measured ρ 2 ( E0) × 103 2+
2 → 21 values for the Ni isotopes from this work (cross) compared with the literature values
taken from Ref. [2] plotted vs. the energy ratio of the ﬁrst 4+ and 2+ states. The
literature values are grouped by the sign of the spectroscopic quadrupole moment
of the 2+
1 state, where negative (open circle) indicates prolate and positive (square)
corresponds to oblate shape.

spherical-quadrupole-vibrator model, E0 transitions are forbidden
if the change in phonon number is one [2]. Clearly, the predictions of these simple models do not explain the new E0 transition
strength data.
A microscopic approach for the calculation of E0 transition
strengths was recently described by Brown et al. [32]. This approach takes the orbital occupations and one-body transition den-

sities obtained from a conﬁguration-interaction (CI) shell model
calculation and uses them to constrain an energy density functional (EDF) calculation of the transition density. The resulting
transition density contains valence terms coming from the model
space, and the monopole polarization of the core protons by the
valence nucleons. This ﬁrst-order correction involves coupling of
the valence orbitals to one-particle one-hole conﬁgurations of the
giant monopole (breathing mode) excitation of the nucleus. The
core polarization is determined by the shape of the valence transition density. The transition density is large only when there is a
cancellation between the valence orbits that have a different number of nodes in the radial wavefunction. This method was applied
to excited 0+ to 0+ ground-state transitions over a wide range of
nuclei [32]. Overall, the theoretical E0 transition matrix element,
| M ( E0)|, values were a factor of 2 to 3 smaller than experiment.
It was suggested that the remaining strength comes from secondorder correlations involving collective 2+ intermediate states [32].
The model is applicable to E0 transitions between states of any J
value and, in this work, we have used it to calculate E0 transition
strengths between 2+ states for the ﬁrst time.
The CI shell model calculations were performed for 58,60,62 Ni
with the NuShellX@MSU code [33]. In each case, the calculations
were performed in the full f p model space using the GPFX1A interaction [34].
For the Ni isotopes, the valence wavefunctions are dominated
by neutron conﬁgurations that do not contribute to the E0 matrix
element. The valence orbits are 1p and 0 f , and the E0 transition
density comes from a cancellation between these two types of ra+
+
+
dial wavefunction. Ref. [32] considered the 0+
2 → 01 and 03 → 01
+
+
58
transitions in Ni. The calculated M ( E0) for the 02 → 01 transitions was much larger than the experimental value. A signiﬁcant
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Table 2
Experimental and calculated properties of the ﬁrst and second 2+ states in
sets Skx and s3 [32], see text for details.
E2
2+
2
MeV

E1
2+
1
MeV

μ

2.77

1.45

58,60,62

Ni. The calculated M ( E0) and

M ( E0) fm2

ρ 2 ( E0) × 103

30
120+
−40

1.1
10.3+
−2.0

50
230+
−80

70
195+
−110
+40
200−50

2
9+
−4
+1.4
8.4−2.5

90
150+
−110

μN

Q
2+
1

e fm2

B(M1)
+
2+
2 → 21

μ2N

e 2 fm4

0.076(18)

−10(6)

0.014(4)
0.016
0.046+
−0.021
+0.3
1.8−0.5 × 10−3

0.165
0.044
0.0039

30.3
269
151

2+
1

ρ 2 ( E0) × 103 values are shown for the two Skyrme parameter

B(E2)
+
2+
2 → 21

Experiment:
58

Ni

60

Ni

2.16

1.33

0.32(6)

3(5)

62

Ni

2.30

1.17

0.33(5)

5(12)

2.64
2.29
2.34

1.48
1.56
1.15

−0.14

−2.7

0.30
0.61

2.3
25.3

Theory:
58

Ni
60
Ni
62
Ni

improvement in the agreement was achieved through a remixing
+
+ +
of the 0+
2 –03 and 22 –23 states. The calculated M ( E0) for the
remixed 0+ states was about a factor of two smaller than experiment (comparable to the level of agreement achieved in the other
nuclei studied in Ref. [32]).
+
58,60,62
Ni are comThe properties of the 2+
2 and 21 states for
pared in Table 2. For the electromagnetic transitions, we use the
effective M1 and E2 operators from Honma et al. [35]. The cal+
58
Ni is an order of magnitude larger
culated B(M1; 2+
2 → 21 ) in
than experiment, and the other calculated B(M1) and B(E2) values are in reasonable agreement with experiment given the large
error bars. The 2+
1 state magnetic (μ) and quadrupole ( Q ) matrix
elements are also in reasonable agreement between theory and experiment.
The EDF part of the calculation used the Skx and s3 Skyrme
parameter sets that were used in Ref. [32]. The calculated values
of | M ( E0)| are signiﬁcantly smaller than experiment. The value
of M ( E0) obtained from the calculation in Table 2 is the maximum achievable with the current method. For example, for 58 Ni
the wavefunctions are dominated by the two-neutron conﬁgurations outside of a 56 Ni closed core. The only possible two-neutron
conﬁgurations for 2+ are [(1p 3/2 )2 ], [(0 f 5/2 )2 ], [1p 1/2 , 0 f 5/2 ], and
[1p 3/2 , 0 f 5/2 ]. If only pure conﬁgurations are considered, all of the
off-diagonal E0 matrix elements are zero. A non-zero matrix element comes from only mixed conﬁgurations (as in the example of
the 1p 1/2 and 0g 9/2 orbitals in 90 Zr [32]).
We also consider the j j44 model space which allows for neutrons in the (0 f 5/2 , 1p 3/2 , 1p 1/2 , 0g 9/2 ) orbitals. With the j j44a
interaction of Lisetskiy et al. [36], the occupancy of the 0g 9/2 orbit
is small for 58,60,62 Ni. These calculated neutron occupation numbers agree well with those determined in transfer reactions [37,
38]. The values of M ( E0) using the j j44a and p f model spaces
are similar and substantially smaller than experiment.
Reproducing the experimental values of M ( E0), which are signiﬁcantly larger than the present calculation may require secondorder corrections involving the coupling of the valence nucleons
to the one-particle one-hole giant quadrupole excitation of the nucleus. This effect is related to the increase in the mean-squared
charge radii due to deformation or zero-point quadrupole oscillations [39], which involve the diagonal E0 matrix elements. Similar
second-order corrections should be considered for the off-diagonal
matrix elements involved in the E0 decays. To get an estimate
for the magnitude of the second-order correction, we consider
the data for the difference in mean-squared radii for 56 Fe and
54
Fe [40] which, for the total matrix element is multiplied by the
atomic number, is Z δr 2  = 8.2(2) fm2 . Our EDF calculations give
2.6 fm2 with Skx and 2.1 fm2 with s3 (similar to the EDF calculations shown in Fig. 2 of Ref. [40]). The difference between the
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−70
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s3

Skx

s3

1.66
0.38
0.53

0.80
0.50
1.06

5.9
0.3
0.6

1.4
0.5
2.2

experimental mean-squared charge radii and the EDF calculations
is similar in magnitude to the difference we observe for the E0
transition strengths. Quantitative calculations for second-order corrections to the isotopic change and E0 matrix elements remain to
be carried out and could be rather substantive.
5. Conclusion
Gamma-ray and electron spectroscopy measurements performed at the Australian National University and the University
of Kentucky have been combined to measure the E0 transi+
58,60,62
Ni. The E0
tion strengths for the 2+
2 → 21 transitions of
strengths reported in this work are the ﬁrst measurements of
E0 transition strengths between 2+ states in nuclei with spherical ground states and are found to be unexpectedly large. The
microscopic model of Brown et al. [32] has been applied here
for the ﬁrst time for transitions between 2+ states and, although
this model is successful in reproducing E0 transition strengths in
0+ → 0+ cases, it does not reproduce the new experimental results. The origin of the large 2+ → 2+ ρ 2 ( E0) values in these isotopes should be the focus of future developments and reﬁnement
to theoretical models. Second-order corrections to the microscopic
model involving the coupling of the valence nucleons to the oneparticle one-hole giant quadrupole excitation of the nucleus are
one development for future consideration.
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