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The magnetic dipole and the spectroscopic quadrupole moments of the nuclear ground states in the odd-
mass nickel isotopes 59−67Ni have been determined using collinear laser spectroscopy at the CERN-ISOLDE 
facility. They are compared to ab initio valence-space in-medium similarity renormalization group (VS-IMSRG) 
calculations including contributions of two-body currents as well as to shell-model calculations. The two-body-
current contributions significantly improve the agreement with experimental data, reducing the mean-square 
deviation from the experimental moments by a factor of 3 to 5, depending on the employed interaction. For all 
interactions, the largest contributions are obtained for the 5∕2− (7∕2−) isotopes 65Ni (55Ni), which is ascribed to 
the high angular momentum of the 𝑓 orbitals. Our results demonstrate that the inclusion of two-body-current 
contributions to the magnetic moment in an isotopic chain of complex nuclei can be handled by the VS-IMSRG 
and can outperform phenomenological shell-model calculations using effective 𝑔-factors in the nickel region.
1. Introduction

An accurate description of nuclei is essential for understanding the 
formation of matter in our universe. Major astrophysical processes 
such as core-collapse supernovae and neutron star mergers depend 
on the states and dynamics of nucleonic matter [1]. To evolve our 
knowledge on nuclear structure applied in the analysis of astrophys-
ical observations, benchmark values from laboratory experiments are 
required.
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Nickel (𝑍 = 28) lies in a particularly interesting region of the nu-

clear chart from several aspects. From an astrophysics point of view, 
nickel is at the border between those elements created by burning in 
stars and the heavier ones created in explosive events [1]. Nickel has 
a magic proton number and its isotopic chain spans over three “con-

ventional” magic neutron numbers (𝑁 = 20, 28, 50). The doubly magic 
56Ni plays a major role in stellar nucleosynthesis [2–5]. Recently, the 
nuclear charge radii of the neutron-deficient isotopes 54−56Ni [6] and 
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the neutron-rich isotopes 58−68,70Ni [7] were determined using collinear 
laser spectroscopy at NSCL/MSU and ISOLDE/CERN, respectively. Den-
sity functional, coupled-cluster and valence-space in-medium similarity 
renormalization group (VS-IMSRG) calculations were performed and 
used to benchmark different Hamiltonians and many-body methods. 
From constraining the properties of nuclear matter in neutron stars us-
ing 54Ni [8] to investigating the correlation between the charge radius 
of 68Ni and the nuclear dipole polarizability [9], valuable information 
about nuclear interactions that also govern astrophysical processes can 
be gained [1].

Similar to charge radii, electromagnetic moments, which are ob-
tained from optical spectra with high accuracy, also provide important 
information about the nuclear state [10–13]. The nuclear magnetic mo-
ment 𝜇, often represented by the 𝑔-factor 𝑔 = |𝜇|∕𝐼𝜇𝑁 , is an excellent 
probe for the single-particle structure of the nucleus [12]. Close to a 
magic number, magnetic dipole moments are expected to be relatively 
close to the single-particle expectation value, the so-called Schmidt 
value. Experimental nuclear moments of even-odd nuclei are in prac-
tically all cases smaller (in magnitude) than the Schmidt values [14], 
even for systems close to doubly magic nuclei [15–17]. This is par-
tially ascribed to configuration mixing, which usually becomes stronger 
when moving away from shell-closures since particle-hole excitations 
are less costly in terms of energy. Deviations observed in the direct 
neighborhood of doubly magic nuclei (doubly magic ±1) are ascribed 
to an influence of the medium on the proton’s (or neutron’s) magnetic 
moment and are accounted for by the ad hoc introduction of an effec-
tive 𝑔eff factor in shell-model calculations [12,18,19]. 𝑔eff includes the 
influence of two-body currents (2BC) as well as first- and second-order 
core polarization effects [18]. For even-odd nuclei in the nickel region, 
a value of 𝑔eff = 0.7𝑔free is usually used [20,21].

Recently, we have reported on nuclear moments of Sb isotopes (𝑍 =
51) and compared them with results from valence-space in-medium sim-
ilarity renormalization group (VS-IMSRG) calculations [22]. While the 
agreement was imperfect, the trend was reasonably reproduced. In ad-
dition, it was demonstrated that the phenomenological shell-model and 
VS-IMSRG wave function parts relevant to the magnetic moments are 
similar. Therefore, the conclusions were that an improvement in the 
magnetic moment operator is required, and the most probable rea-
son is due to missing 2BC contributions. In the weak sector, it was 
demonstrated that 2BCs need to be included to reproduce the mea-
sured Gamow-Teller transition strength [23]. Similarly, for light nuclei, 
it was shown that electromagnetic 2BCs improve the agreement with 
measured magnetic dipole observables [24,25]. Most recently, it was re-
ported that 2BC effects are also significant in medium-mass and heavy 
nuclei [26,27]. Therefore, we expect a similar improvement from 2BC 
effects over the nickel isotopic chain.

Here, we present new and improved experimental magnetic dipole 
moments in the odd-mass nickel isotopes 59,63,65,67Ni as well as first 
measurements of the spectroscopic quadrupole moments of 59,65Ni. The 
values are obtained from the determined hyperfine structure constants 
using the known 61Ni moments, which were critically reevaluated. We 
compare these experimental results to VS-IMSRG calculations including 
2BC contributions as well as to phenomenological shell-model results.

2. Experiment

A detailed description of the general experimental setup of the COL-
LAPS experiment at ISOLDE/CERN can be found in [28]. Results on 
isotope shifts from the two nickel beamtimes in 2016 and 2017 were 
published previously [7,9]. Here, we provide some more details of the 
experimental procedure, the differences between both beamtimes, and 
the lineshape analysis. Nickel isotopes were produced by 1.4-GeV pro-
ton pulses impinging on a uranium carbide target. The physical and 
chemical properties of Ni lead to release times that are long compared 
to the recurrence time of the proton bunches. This allowed to gate 
2

for a delay after each proton trigger to release unwanted Ga from the 
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target. Nickel atoms effusing into the ion source were ionized using in-
source resonant laser ionization with RILIS [29] and then accelerated 
to 30 keV (2016) and 40 keV (2017) of kinetic energy. Subsequently, 
the ions were mass-separated using the high-resolution mass separa-
tor (HRS) as well as cooled and accumulated for 10 − 100 ms with the 
radio-frequency quadrupole cooler-buncher ISCOOL [30]. Ion bunches 
of typically 5 μs-duration were sent to the COLLAPS beamline where 
they were superimposed with a copropagating laser beam and neu-
tralized in a charge-exchange cell (CEC) [31,32] filled with sodium 
(2016) or potassium vapor (2017). Neutral Ni atoms that reside in the 
3𝑑94𝑠 3D3 meta-stable state after the CEC [33] are resonantly excited 
into the 3𝑑94𝑝 3P2 state at a laboratory wavelength of about 352.199 
nm (352.143 nm) at 30 keV (40 keV) beam energy, respectively. The ex-
cited state predominantly decays back into the 3D3 level by spontaneous 
emission of a photon. These signal photons were detected using four 
photo-multiplier tubes situated directly behind the CEC [34]. Detection 
is time-gated to the ion-bunches in order to suppress stray light from the 
laser beam. Laser light was generated with a frequency-doubled single-
mode continuous-wave Ti:sapphire laser stabilized to a high-precision 
wavelength meter (High Finesse, WSU-10) [35,36] that was regularly 
calibrated with a frequency-stabilized helium-neon laser (2016) or a 
diode laser locked to a Rb line (2017). In the first beamtime, COLLAPS 
was controlled by the MCP data acquisition (DAQ) system and a new 
DAQ (TILDA) was run parasitically in parallel. Hence, the time gate 
for photon detection had to be pre-set in hardware to about 10 μs. The 
variable delay for the isotope’s time-of-flight (TOF) from ISCOOL to 
the detection region had to be adjusted for each isotope individually.
TILDA allowed monitoring the TOF to ensure that the buncher was 
not overfilling. In the second beamtime, TILDA became the main DAQ 
and fully controlled all devices. Here, ranges of interest for the photon 
detection are optimized by software gates in the post-beamtime anal-
ysis. Thus, the background suppression by bunched beam operation is 
exploited to its full potential and the gates for photon detection were 
reduced from 10 μs to 3 μs. For details on TILDA see [7,21,37]. All iso-
topes were measured in both beamtimes with the exceptions of 59,63Ni, 
which were only addressed in 2016.

3. Analysis

3.1. Spectral lineshape

The hyperfine spectra of the 3𝑑94𝑠 3D3 → 3𝑑94𝑝 3P2 transition in 
the odd-mass nickel isotopes 59,61,63,65,67Ni were taken to determine the 
magnetic dipole and spectroscopic electric quadrupole moments as well 
as the nuclear spin of 67Ni. Spectra of all measured odd-mass isotopes 
are shown in Fig. 1. Resonance lines were fitted with the Python-based
PolliFit framework which was developed at TU Darmstadt and uses 
the Python package scipy for fitting a function using least-squares 
minimization [38]. The experimental data exhibits a small asymmetry 
with a tail at lower energies as it is usual for collinear laser spectroscopy 
after a charge-exchange cell. This is explained by elastic and inelastic 
collisions inside the CEC that always cause a reduction in kinetic energy 
[39,40]. To accommodate for this asymmetry a satellite-Voigt is added 
to the main Voigt profile to reproduce the shoulder and to get an im-
proved 𝜒2. Note that despite the effort to define a consistent lineshape, 
which is described in the following, a simple symmetric Voigt profile 
could be used that would consistently yield the same isotope shifts and 
hyperfine structure constants. This is a consequence of fixing the asym-
metry for the isotope and its reference. However, eliminating systematic 
structures in the fit residuals has the advantage to yield more thorough 
statistical uncertainties as they are scaled by the reduced 𝜒2.

Since the offset between the main peak and the satellite is associ-
ated with an energy reduction, it is fitted in energy and not in frequency 
space. In this way, the offset is to first order equal for all isotopes, while 
it depends in frequency space on their individual differential Doppler-

shifts. This energy offset was found by first fitting all spectra of the 
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Fig. 1. Hyperfine spectra of the 3𝑑94𝑠 3D3 → 3𝑑94𝑝 3P2 transition in the odd-
mass nickel isotopes 59−67Ni. The black lines mark the center of gravity of the 
hyperfine spectra and correspond to the isotope shifts relative to 60Ni which can 
be found in [7]. A sum of Voigt profiles, each with a small satellite peak at a 
fixed distance to the main peak, was fitted to the data.

reference isotope with this offset as one of the optimization parame-
ters, yielding a mean value for the offset of −5.175(5) eV and −4.76(5)
eV for the 2016 and the 2017 beamtime, respectively. This offset was 
then fixed for all spectra, including the reference isotopes, while the in-
tensity of the satellite-Voigt was left free for optimization. An example 
spectrum of the reference isotope is depicted in the right panel of Fig. 2. 
In the first part of the 2017 beamtime, while measuring 61Ni, the CEC 
was overheated and several collision processes occurred while travel-
ing through the gas. Thus, a stronger asymmetry was observed that 
could not be described by a single satellite anymore. Instead, a total of 
5 equidistant satellites having the same width and decreasing relative 
intensity 𝐼𝑛+1 = 1∕2𝐼𝑛 = (1∕2)𝑛−1𝐼1, where 𝐼1 is the intensity of the first 
satellite, was used. For the fitting, all satellite-Voigts were chosen to ex-
hibit the same widths as the main peak and their distances were chosen 
to be equal to −3.32(5) eV. An example profile of the reference isotope 
60Ni is shown in the left panel of Fig. 2.

The Voigt profiles have a mean full width at half maximum (FWHM) 
of 67(12) MHz with a Gaussian FWHM of 55(12) MHz and a Lorentzian 
FWHM of 21.14 MHz. The latter was fixed for better convergence. 
The natural linewidth, determined by adding the Einstein 𝐴𝑘𝑖 coeffi-
3

cients of all transitions with 3𝑑94𝑝 3P2 as the upper state, is assumed 
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Fig. 2. Example spectra of the reference isotope 60Ni taken under optimal con-
ditions (right) and with a higher pressure in the charge exchange cell due to 
elevated temperatures as it happened at the beginning of the 2017 beamtime 
(left). In the latter case, a sequence of five sidepeaks was used to properly de-
scribe the resonance signal. Optimal values for the peak offsets and intensity 
ratios were determined from the spectra of the reference isotope and applied 
for all other isotopes. For details see text.

to be 17.4 MHz [41]. Peak intensities were treated as free fit param-
eters wherever statistics allowed it. Peaks that lie outside of the data 
range or vanish in the noise had their relative intensities scaled to the 
respective theoretical transition strengths. The fitted peak intensities 
only show slight deviations from the theoretical values such that op-
tical pumping effects are minimal and do not prevent unambiguous 
nuclear spin assignments. Possible shifts due to quantum interference 
effects between close lying excited states are smaller than 0.1 MHz for 
all hyperfine constants and thus negligible. The given FWHM and statis-
tics result in a minimal statistical uncertainty of 0.4 MHz per spectrum 
for peak position parameters, which is close to the usual limit for the 
uncertainty-to-FWHM ratio in CLS.

The magnetic-dipole parameters 𝐴𝑙 ≡ 𝐴(3D3), 𝐴𝑢 ≡ 𝐴(3P2) and the 
electric-quadrupole parameters 𝐵𝑙 ≡ 𝐵(3D3), 𝐵𝑢 ≡ 𝐵(3P2) of the lower 
and the upper state of the transition, respectively, were obtained from 
the individual fits and averaged weighted by their fitting uncertainty. 
With the exception of 65Ni we found that 0.1 ≤ 𝜒2

red ≤ 1. For 65Ni 

(𝜒2
red = 1.35), the uncertainty was rescaled by 

√
𝜒2
red. The 𝐴 and 𝐵 fac-

tors determined in that manner for both beamtimes agreed well within 
their respective uncertainties. For 61Ni, the final values obtained for 𝐴𝑙

are 454.8(4) and 455.0(3) MHz and for 𝐴𝑢 the numerical value with 
177.1(4) MHz was indeed identical in both beamtimes, indicating that 
the chosen line profiles were reasonable to extract peak distances. The 
final values for 𝐴𝑙 , 𝐴𝑢 and 𝐵𝑙 , 𝐵𝑢 were obtained as the weighted aver-
age of the two values and the smaller uncertainty was taken as the final 
uncertainty. Results are listed in Table 1. We note that the isotope shifts 
determined from the same fits and published earlier [7] were combined 
similarly and agreed nicely with those of independent measurements at 
NSCL/MSU [42].

Within uncertainties all ratios agree well with the average of 
𝐴𝑢∕𝐴𝑙 = 0.3894(6), showing no sign of higher order nuclear contribu-
tions to the 𝐴 constants beyond the point-like nuclear magnetic dipole 
moment, enabling the use of Eq. (1). The ratio is also in accordance with 
the value of 0.389(17) measured for 55Ni at NSCL/MSU [6]. The 𝐴 and 
𝐵 factors of the lower electronic level are in excellent agreement with 
existing literature values for the stable isotopes, particularly with the 
very precise 𝐴𝑙 and 𝐵𝑙 of 61Ni as determined from atomic-beam mag-
netic resonance spectroscopy [43]. The lower level also has a higher 
sensitivity to the magnetic dipole and the electric quadrupole moment, 

which is obvious by the larger magnitude of the respective hyperfine 
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Table 1

Hyperfine structure parameters determined from the fits to the laser spec-
troscopy data as shown in Fig. 1. All values are weighted means of the indi-
vidual fit results. In case of 𝜒2

red > 1, the uncertainty of the weighted mean was 
scaled by 

√
𝜒2
red . All values are given in MHz.

𝐴 𝐼𝜋 𝐴𝑙 𝐵𝑙 𝐴𝑢 𝐵𝑢

59 3∕2− −452.7(1.1) −56.7(6.8) −176.1(1.6) −31.5(5.5)
61 3∕2− −454.9(0.3) −102.6(1.7) −177.1(0.4) −50.6(1.6)

−454.972(3)a −102.951(16)a – –
63 1∕2− 904.5(1.1) – 352.3(1.6) –

903(11)b – – –
65 5∕2− 276.6(0.3) −59.4(3.4) 107.8(0.3) −28.7(2.6)
67 1∕2− 1088.6(0.6) – 423.5(0.2) –

a Taken from [43].
b Taken from [45].

parameters. For these reasons, 𝐴𝑙 and 𝐵𝑙 will dominate the determina-
tion of the electromagnetic moments of all other odd-mass Ni isotopes. 
The nuclear spin of 67Ni, is specified in round brackets in [44], which 
indicates that it is not sufficiently confirmed. From our optical spectrum 
of 67Ni, we can unambiguously determine its spin as 1∕2 since any other 
spin contradicts the given peak intensities and splittings.

3.2. Determination of the nuclear moments

The magnetic dipole and spectroscopic quadrupole moments 𝜇, 𝑄
of the nickel isotopes can be calculated from the measured hyperfine 
structure parameters if the respective moments 𝜇ref , 𝑄ref of a reference 
isotope are available. Under the assumption that the contribution of the 
spatial extent of the nucleus on the hyperfine constants is negligible, 
which is sufficiently fulfilled at our level of accuracy, as evidenced by 
the constant 𝐴 and 𝐵 ratios between the upper and the lower state 
across all isotopes, the required relations are

𝜇 = 𝜇ref
𝐴

𝐴ref

𝐼

𝐼ref
(1)

𝑄 =𝑄ref
𝐵

𝐵ref
, (2)

with 𝐴, 𝐵, 𝐴ref , 𝐵ref the hyperfine-structure constants and 𝐼, 𝐼ref the nu-
clear spins of the isotope and the reference isotope, respectively. Here, 
61Ni was chosen as the reference isotope and the high-precision 𝐴 and 𝐵
factors of the lower state determined in [43] were used as reference val-
ues. The last ingredient that is needed are the nuclear moments of 61Ni. 
The most precise nuclear magnetic dipole moments of stable nuclei are 
usually obtained using nuclear magnetic resonance measurements since 
they measure nuclear precession frequencies in external magnetic fields. 
However, the accuracy of the extracted nuclear moment does also de-
pend on the knowledge of the magnetic field at the nuclear site. The 
external field is modified by atomic effects, particularly the diamag-
netic shielding of the external field by the electron shell of the atom 
under investigation, as well as by other atoms in the chemical environ-
ment. This diamagnetic shielding has been treated in an approximate 
way already in the early tabulations by Fuller et al. [46,47], where cor-
rections obtained by Dickinson [48] were applied and an uncertainty of 
5% was assumed. The table by Raghavan [49] used updated corrections 
from [50] and treated these without uncertainties. This lead to magnetic 
moments that appeared to be very accurate and the same procedure 
was adapted in the later tabulations by Stone [51,52]. However, sev-
eral results obtained in more recent NMR measurements, e.g., [53–55], 
indicated discrepancies being much larger than the stated uncertain-
ties. Only in the latest version of the INDC table [44], the uncertainty 
of the diamagnetic correction has been discussed more thoroughly. For 
29 cases, where modern calculations were available the new corrections 
with larger uncertainties have been used, while for the others (including 
61Ni), a scaling of the previous shielding factors to 75% of the “histori-
4

cal” values was used and a general uncertainty of 10% was introduced. 
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For Ni, this resulted in an incremental increase of the uncertainty while 
the new magnetic moment of −0.74965(5) 𝜇N [44] in 61Ni is 7𝜎 smaller 
than the previously tabulated one of −0.75002(4) [49,52].

All values listed in these compilations were still based on the mea-
surements in 1964 [61], even though new measurements of 61Ni(CO)4
in C6D6 relative to tetramethylsilane (TMS) were reported in [62]. 
Recently, Antusek et al. [58] have performed elaborate ab initio cal-
culations of absolute shielding constants of 𝑑-group elements including 
the diamagnetic shielding, the chemical shift and solvent effects. The 
magnitude of the new magnetic moment of 𝜇(61Ni) = −0.7473(4) 𝜇N is 
again 0.0023 𝜇N smaller and its estimated uncertainty about an order of 
magnitude larger than listed in [44]. Similar deviations were found for 
many of the transition group elements, with the largest discrepancies to-
wards the middle of each period [58]. Here, we use the new value from 
[58] as the reference for the determination of the magnetic moments of 
all odd-mass Ni isotopes that were measured. The new reference slightly 
affects the result for 55Ni reported recently in [6] but the required cor-
rection is negligible compared to its uncertainty, as shown in Table 2. 
In contrast, the magnetic moment of 57Ni taken from [16] requires no 
further correction since it has been measured in a nickel crystal and has 
been extrapolated to a vanishing external field.

Electric quadrupole moments of nuclei are usually much less pre-
cise than magnetic dipole moments. For 61Ni we take the value of 
𝑄 = 162(15) mb as observed in atomic beam magnetic resonance mea-
surements [43] and listed in the latest tabulation of electric quadrupole 
moments [63]. This value includes a Sternheimer correction of about 
25% accounting for the redistribution of the inner-shell electrons by the 
nuclear charge distribution [64]. Within the given uncertainty, Eq. (2)
can be expected to be a good approximation to calculate the other 
quadrupole moments.

The magnetic moments and quadrupole moments obtained are listed 
in the left part of Tables 2 and 3, respectively, and compared to exist-
ing values from literature [43,45,52,58–60]. The dipole moment of 59Ni 
and the quadrupole moments of 59,65Ni have been determined for the 
first time, while the dipole moments of 63,65,67Ni agree with literature 
values but are improved in accuracy by one to two orders of magnitude. 
Since 𝐴ref and 𝐵ref are taken from [43], we can also calculate an experi-
mental value for 61Ni based on our measurement, which agrees with the 
reference value since the 𝐴 and 𝐵 factors are in excellent agreement.

3.3. Nuclear structure calculations

We have performed ab initio VS-IMSRG and phenomenological shell-
model calculations and compare them with the experimentally deter-
mined nuclear moments. The shell-model calculations were carried out 
both with NuShellX@MSU [56] and KSHELL [57] and were in good 
agreement with each other. We explore three different phenomenologi-
cal interactions, in the following labeled as JUN45 [65], jj44b [66], and 
GXPF1A [67], which were previously used to calculate the nuclear mo-
ments in the neighboring Cu isotopic chain [20,68]. There, the effective 
𝑔eff factors and charges have been optimized to fit the experimental re-
sults. In order to evaluate the capability of the shell-model calculations 
to predict nuclear moments, none of our experimental Ni data was used 
to set them up, but instead, the same 𝑔eff factors and charges as well as 
mass-scaling formulas for the harmonic-oscillator energies used for Cu 
were applied here. For JUN45 and jj44b, effective 𝑔-factors and charges 
of 𝑔p∕n𝑠 = 0.7𝑔p∕n

𝑠,free, 𝑔
p
𝑙
= 1, 𝑔n

𝑙
= 0 and 𝑒p = 1.5, 𝑒n = 1.1 were used with 

ℏ𝜔 = 41𝐴−1∕3. For GXPF1A, they were set to 𝑔p∕n𝑠 = 0.9𝑔p∕n
𝑠,free, 𝑔

p
𝑙
= 1.1, 

𝑔n
𝑙
= −0.1 and 𝑒p = 1.5, 𝑒n = 0.5 with ℏ𝜔 = 45𝐴−1∕3 − 25𝐴−2∕3. As a 

check of consistency, the results presented in [20,68] were reproduced 
within this work. The chosen interactions are defined in different va-
lence spaces. The JUN45 and jj44b interactions use a closed 56Ni core 
such that only the remaining neutrons are free to occupy the 2𝑝3∕2, 
1𝑓5∕2, 2𝑝1∕2 and 1𝑔9∕2 single-particle orbitals while the GXPF1A in-
teraction uses a closed 40Ca core and both the remaining protons and 
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Table 2

Magnetic dipole moments 𝜇 of the odd-mass nickel isotopes 59−67Ni determined using Eq. (1) with 61Ni as the reference 
isotope. Results of shell-model calculations using the NuShellX@MSU [56], and KSHELL [57] codes (see text) and three phe-
nomenological interactions tailored for the 𝑓7∕2, 𝑓5∕2, 𝑝3∕2, 𝑝1∕2, 𝑔9∕2 region with different active spaces are given. Moreover, ab 
initio VS-IMSRG results based on three different NN+3N interactions, including both one- and two-body-current contributions, 
are presented. All values, except those in the last line, are given in units of the nuclear magneton 𝜇N .

𝐴 𝐼𝜋 This work Literature References Shell Model VS-IMSRG

JUN45 jj44b GXPF1A 1.8/2.0 (EM) ΔN2LOGO N3LOlnl

55 7∕2− −1.105(20)a −1.108(20) [6] – – −0.994 −0.760 −0.766 −0.654
57 3∕2− – −0.7975(14) [16] −1.339 −1.339 −0.776 −0.844 −0.813 −0.590
59 3∕2− −0.7439(15) – −0.873 −1.226 −0.670 −0.916 −0.793 −0.675
61 3∕2− −0.7472(6) −0.7473(4) [58] −0.916 −1.145 −0.493 −0.955 −0.905 −0.723
63 1∕2− 0.4950(4) 0.496(5) [45] 0.446 0.458 0.508 0.591 0.523 0.658
65 5∕2− 0.7575(7) 0.69(6) [52,59] 0.858 0.809 0.786 0.826 0.749 0.795
67 1∕2− 0.5961(7) 0.601(5) [52,60] 0.452 0.438 0.420 0.502 0.495 0.469

ms deviation 1∕𝑁
∑

𝑖(𝜇theo − 𝜇exp)2∕𝜇2
N 0.062 0.119 0.016 0.031 0.022 0.042

a Recalculated with the 𝐴 constants from [6] and 𝜇 (61Ni) = −0.7473(4) 𝜇N from [58].

Table 3

Spectroscopic electric quadrupole moments 𝑄 of the odd-mass nickel isotopes 59,61,65Ni determined using Eq. (2) with 
61Ni as the reference isotope. The experimental results are compared to shell-model calculations and ab initio VS-IMSRG 
results, for details see Table 2. All values are given in e fm2 .

𝐴 𝐼𝜋 This work Literature References Shell Model VS-IMSRG

JUN45 jj44b GXPF1A 1.8/2.0 (EM) ΔN2LOGO N3LOlnl

55 7∕2− – – – – 17.95 14.81 11.24 16.36
57 3∕2− – – −7.71 −7.71 −10.85 −8.63 −7.13 −9.79
59 3∕2− 8.8(0.9) – 8.51 0.31 6.41 −0.80 0.98 0.54
61 3∕2− 16.3(1.5) 16.2(1.5) [43,52] 10.16 4.61 17.27 6.23 3.68 8.32
65 5∕2− 9.7(0.9) – 6.87 10.10 13.33 6.80 7.30 6.70
Table 4

One- and two-body-current contributions to the magnetic dipole moments cal-
culated with the ab initio VS-IMSRG, for the results listed in Table 2 and shown 
in Fig. 3b. All values are given in units of the nuclear magneton 𝜇N .

𝐴 𝐼𝜋 1.8/2.0 (EM) ΔN2LOGO N3LOlnl

1-body 2-body 1-body 2-body 1-body 2-body

55 7∕2− −0.407 −0.353 −0.344 −0.422 −0.263 −0.391
57 3∕2− −0.726 −0.117 −0.660 −0.153 −0.466 −0.124
59 3∕2− −0.808 −0.108 −0.655 −0.138 −0.563 −0.112
61 3∕2− −0.866 −0.089 −0.791 −0.114 −0.630 −0.093
63 1∕2− 0.649 −0.058 0.577 −0.054 0.691 −0.034
65 5∕2− 1.156 −0.330 1.063 −0.314 1.134 −0.339
67 1∕2− 0.609 −0.107 0.584 −0.089 0.595 −0.126

neutrons can occupy the 1𝑓7∕2, 2𝑝3∕2, 1𝑓5∕2 and 2𝑝1∕2 shells. Calcu-
lations including both the 1𝑓7∕2 and 1𝑔9∕2 shell without any further 
restrictions exceed the current computational limits. It should be noted 
that the phenomenological interactions used are fitted to nuclear en-
ergies extracted from nuclear spectroscopy data. More details can be 
found in the respective references.

The VS-IMSRG [69,70] calculations were performed with the 
nucleon-nucleon (NN) and three-nucleon (3N) interactions, and electro-
magnetic currents based on chiral effective field theory (EFT). In this 
work, we used three established NN+3N interactions 1.8/2.0 (EM) [71], 
N3LOlnl [72], and ΔN2LOGO [73]. The 1.8/2.0 (EM) interaction is com-
posed of the NN interaction up to next-to-next-to-next-to leading order 
(N3LO) [74] softened by the free-space similarity renormalization group 
(SRG) to momentum scale 1.8 fm−1 and 3N interaction at N2LO regu-
lated a 2.0 fm−1 cutoff regulator function. The NN part is fitted to NN 
scattering data, and the two 3N couplings to the 3H binding energy 
and the 4He radius. The N3LOlnl interaction includes the NN interac-
tion [74] and local-non-locally regulated 3N interaction [72] fitted to 
𝐴 = 2, 3, and 4 systems. In this work, the NN+3N interaction is consis-
tently softened by the SRG technique to the momentum scale 2.0 fm−1
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to accelerate the convergence of many-body calculations. Finally, we 
employed the recently developed ΔN2LOGO [73] interaction based on 
Δ-full chiral EFT with cutoff 394 MeV, which is fit to few-body data, 
light nuclei, and nuclear matter properties. For the magnetic dipole op-
erator, in addition to the point-like nucleon contributions, we include 
the leading 2BCs in the chiral EFT expansion [75,76], whose matrix el-
ements are computed as given in Ref. [77]. The calculations begin with 
the operators expressed in the 13 major-shell harmonic-oscillator (HO) 
space combined with the recently introduced 3N storage scheme [78], 
enabling us to use a sufficiently large truncation for the 3N matrix el-
ements. After the Hartree-Fock calculation using the ensemble normal 
ordering technique [79], the 𝑝𝑓 -shell valence space is decoupled from 
the rest of the Hilbert space truncating the VS-IMSRG transformation at 
the normal-ordered two-body level using the Magnus expansion [80]. 
The one- and two-body magnetic dipole operators are transformed in 
the same manner [81]. Note that we do not use any effective parameters 
in the VS-IMSRG calculations.

4. Discussion

The experimental magnetic moments (black squares) are plotted in 
Fig. 3(a) together with the shell-model predictions and the effective 
Schmidt values (dashed lines). The isotopes 63,65,67Ni having nuclear 
spins of 1∕2 and 5∕2 are fairly close to the respective effective Schmidt 
values. At 𝑁 = 40 the negative parity states are filled, while the higher-
lying 9∕2+ states have opposite parity and are not accessible by M1 
transitions. Thus, one expects this behavior close to 𝑁 = 40. The shell-
model calculations are quite similar for all model spaces and relatively 
close to the experimental data for 63,65Ni. For the 1∕2+ states they all 
predict the nucleus to have essentially a magnetic moment close to the 
effective Schmidt value. While for the neutron-rich nuclei, the JUN45 
and jj44b interactions result in wave functions with some population 
in the 𝑔9∕2 states, the GXPF1A interaction sorts this population mostly 
into the 𝑓5∕2 state. Since the resulting magnetic moments for 63,65,67Ni 
are quite similar, it can be concluded that for these isotopes, neither 

the inclusion of the 𝑓7∕2 nor of the 𝑔9∕2 states brings much of a benefit. 
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Fig. 3. (a) Comparison of the nuclear magnetic moments from shell-model calculations with the experimental results. The dashed lines depict the effective Schmidt 
values for the different nuclear spins 𝐼 . (b) Difference between the nuclear magnetic moments obtained in ab initio VS-IMSRG calculations, with and without 
two-body currents, and experimental values. The experimental result of 55Ni is taken from [6], that of 57Ni from [16].
However, it should be noted that the quadrupole moment of 65Ni varies 
by about a factor of two between the different shell-modell calculations 
and is for jj44b closest to the experimental value, while for JUN45 it 
is comparable to the smaller values obtained in all ab initio calcula-
tions. Contrary, the magnetic moments of the lighter isotopes 57,59,61Ni 
(𝐼 = 3∕2) deviate strongly from the single-particle expectation and the 
shell-model calculations become much more sensitive to the employed 
interactions, even though approaching the doubly magic 56Ni. We note 
that neither the magnetic moment of 57Ni [16] nor that of 55Ni are 
close to the single-particle value [6], indicating that the doubly magic 
56Ni is a rather soft core and particle-hole excitations across 𝑁 = 28
might considerably contribute to its ground state. From this point of 
view it is not surprising that calculations using the GXPF1A interaction 
are closest to the experimental value of 57,59Ni. Note that both JUN45 
and jj44b are not available for 55Ni and yield the effective Schmidt 
value for 57Ni as there is only one valence nucleon. Against the intu-
ition, the interaction JUN45 fitted to binding and excitation energies 
of nuclei with proton and neutron numbers outside of the range of in-
vestigated nickel isotopes yields a considerably better agreement with 
experiment than jj44b, where information from nickel isotopes has ad-
ditionally been used in the optimization.

Fig. 3(b) shows the comparison to the VS-IMSRG results. Including 
only one-body currents (1BC), the ab initio calculations are already in 
agreement with the experimental data to a level that is on a par with 
the best shell-model results for 𝑁 > 28. Expressed as mean-square (ms) 
deviation 1∕𝑁

∑
𝑖(𝜇theo

𝑖
−𝜇

exp
𝑖

)2 from the experimental results, above the 
shell closure, ΔN2LOGO (0.021 𝜇2

N) including only 1BC is close to the 
best shell model results provided by GXPF1A (0.017 𝜇2

N). Below the shell 
closure, the magnetic moment of 55Ni is substantially underestimated 
by the 1BC, leading to an overall large ms deviation. As listed in Table 4, 
the 2BC contributions are always negative. For the N3LOlnl interaction, 
they bring the magnetic moment in all cases with the exception of 67Ni 
closer to the experimental data, see Fig. 3(b). The inclusion of 2BCs 
reduces the ms deviation from the experimental data for all interactions 
significantly. For the ΔN2LOGO interaction it is improved by a factor 
of 5 from 0.101 𝜇2

N to 0.022 𝜇2
N, which brings it on par with the ms 

deviation of the GXPF1A result if also 55Ni is included and is now almost 
a factor of 3 smaller if only the isotopes above 𝑁 = 28 are considered. 
The improvement factor for EM 1.8/2.0 and N3LOlnl with respect to the 
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1BC calculation is approximately 3.
The largest 2BC contributions appear for 55,65Ni (𝐼 = 7∕2−, 5∕2−) and 
shift the moments substantially closer to the experimental results for all 
used interactions. This is consistent with the finding of [27], i.e., the 
2BC contribution tends to be larger if the last unpaired nucleon is more 
spatially extended. Since we observed that the largest configuration for 
the last unpaired neutron is the 𝑙 = 3 orbital for 55,65Ni and 𝑙 = 1 for 
57,59,61,63,67Ni, the last unpaired neutron distributions in 55,65Ni are ex-
pected to be broader than those in the other isotopes. These corrections 
clearly dominate the overall reduction of the ms deviation. Similar to 
the shell-model calculations, the interaction dependence (uncertainty) 
is significantly larger for 57,59,61Ni as these isotopes are closer to the soft 
shell closure at 𝑁 = 28.

The newly measured spectroscopic quadrupole moments of 59,65Ni 
are both approximately half as large as that of the reference nucleus 
61Ni. This corresponds to the trend of the 𝐵(E2) values in the respec-
tive even-even isotopes, which rise from 56Ni to a maximum around 
60,62Ni before they decrease again [82] towards the sub-shell closure 
at 68Ni. Of all shell-model calculations, this is reproduced best with 
the GXPF1A interaction, including excitations from the 𝑓7∕2 proton and 
neutron levels. The VS-IMSRG calculations with the N3LOlnl interaction 
reproduce the general trend best, even though the magnitudes are con-
siderably too small. All calculations indicate a change from prolate to 
oblate deformation when going from a single-hole state in 55Ni to a 
single-particle state in 57Ni as expected in a single-particle model [83]. 
Note that vector 2BC also contribute to electric quarupole moments 
and E2 observables. However, while the contribution of 2BC to mag-
netic moments were benchmarked in recent works [27,77], systematic 
tests of E2 2BC contributions for use in ab initio VS-IMSRG calculations 
have not been carried out yet.

5. Summary

We measured the nuclear moments of the even-odd isotopes 59−67Ni 
and compared them to phenomenological shell-model and ab initio

valence-space in-medium similarity renormalization group (VS-IMSRG) 
calculations. For the latter, two-body current (2BC) contributions were 
included and improved the predictive power of the calculation in terms 
of the mean-square deviation over these isotopes. The best overall 
agreement with the experimental data was found for the VS-IMSRG 

calculations using the ΔN2LOGO interaction, whose mean-square devia-



P. Müller, S. Kaufmann, T. Miyagi et al.

tion across all isotopes is on par with the best shell-model calculations, 
which were obtained with the GXPF1A interaction.

Our results constitute an important benchmark for VS-IMSRG cal-
culations including 2BCs, which can be used to predict the structure 
of nuclei that are out of reach of laboratory experiments. This is espe-
cially important where the r-process takes place [1]. The outstanding 
role of nickel as the heaviest element produced in the burning of stars, 
its interesting nuclear structure and the remaining deviation with the 
experiment suggest reevaluating the nickel moments with higher-order 
VS-IMSRG calculations in the future. From the experimental side, an 
extension of the measurements to 𝐴 ≥ 69 would be useful to test calcu-
lations towards neutron-rich extremes.
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