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First determination of ground state electromagnetic moments of 53 Fe
A. J. Miller,1,2,* K. Minamisono,1,2,† D. M. Rossi,3 R. Beerwerth,4,5 B. A. Brown,1,2 S. Fritzsche,4,5 D. Garand,1 A. Klose,6
Y. Liu,7 B. Maaß,3 P. F. Mantica,8,9 P. Müller,10 W. Nörtershäuser,3 M. R. Pearson,11 and C. Sumithrarachchi1
1

National Superconducting Cyclotron Laboratory, Michigan State University, East Lansing, Michigan 48824, USA
2
Department of Physics and Astronomy, Michigan State University, East Lansing, Michigan 48824, USA
3
Institut für Kernphysik, Technische Universität Darmstadt, 64289 Darmstadt, Germany
4
Helmholtz-Institut Jena, 07743 Jena, Germany
5
Theoretisch-Physikalisches Institut, Friedrich-Schiller-Universität Jena, 07743 Jena, Germany
6
Department of Chemistry, Augustana University, Sioux Falls, South Dakota 57197, USA
7
Physics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA
8
Facility for Rare Isotope Beams, Michigan State University, East Lansing, Michigan 48824, USA
9
Department of Chemistry, Michigan State University, East Lansing, Michigan 48824, USA
10
Physics Division, Argonne National Laboratory, Lemont, Illinois 60439, USA
11
TRIUMF, Vancouver, British Columbia V6T 2A3, Canada
(Received 22 September 2017; published 16 November 2017)
The hyperfine coupling constants of neutron deficient 53 Fe were deduced from the atomic hyperfine spectrum
of the 3d 6 4s 2 5 D4 ↔ 3d 6 4s4p 5 F5 transition, measured using the bunched-beam collinear laser spectroscopy
technique. The low-energy 53 Fe beam was produced by projectile-fragmentation reactions followed by gas
stopping, and used for the first time for laser spectroscopy. Ground state magnetic-dipole and electric-quadrupole
moments were determined as μ = −0.65(1) μN and Q = +35(15) e2 fm2 , respectively. The multiconfiguration
Dirac-Fock method was used to calculate the electric field gradient to deduce Q from the quadrupole hyperfine
coupling constant, since the quadrupole coupling constant has not been determined for any Fe isotopes. Both
experimental values agree well with nuclear shell model calculations using the GXPF1A effective interaction
performed in a full fp shell model space, which support the soft nature of the 56 Ni nucleus.
DOI: 10.1103/PhysRevC.96.054314
I. INTRODUCTION

Variation of shell gaps due to the shifts of single-particle energy levels leads to an appearance and disappearance of magic
numbers, which has now been established in several regions
of the nuclear chart [1–4]. The shifts are particularly evident
for nuclei with large proton-neutron imbalances [5]. The
56
Ni nucleus with neutron and proton numbers N = Z = 28
is the first self-conjugate and doubly magic nucleus that occurs
due to a shell gap driven by the spin-orbit force. Studies of
the 56 Ni nucleus and its neighboring nuclides provide critical
insight into the structure of doubly magic nuclei as one moves
away from the β-stability line in the nuclear chart and have
revealed a soft nature of the 56 Ni nucleus [6].
The magnetic-dipole moment is a sensitive probe of the
nucleon configuration inside a nucleus. The magnetic moments
of nuclei one nucleon away from 56 Ni provide important
insight into the structure of 56 Ni, since shell model calculations
are straightforward with an assumption of 56 Ni being an inert
core, and any deviation signals an abnormal structure. Magnetic moments of the odd nucleon nuclei 55 Ni [7], 55 Co [8],
57
Cu [9], and 57 Ni [10] around 56 Ni are all known and require
large-scale shell model calculations in the full fp shell-model
space [11] to reproduce the experimental values, where the
56
Ni core is open to allow particle-hole excitations. These
good agreements indicate a soft nature of 56 Ni, because the
calculated probability of the N = Z = 28 lowest-order closed
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shell configuration is only 60%, compared to a 90% closed
shell component in the wave function of the 48 Ca ground state.
The ground state electromagnetic moments of 53 Fe in the
vicinity of 56 Ni were determined from the atomic hyperfine
structure using the collinear laser spectroscopy (CLS) technique. The charge radii of neutron-deficient 52,53 Fe isotopes
were also determined, and have been reported elsewhere [12],
where the apparent similarity of the Fe and Ca kink structures
at N = 28 in the chain of charge radii are presented. In this
paper, the ground state nuclear moments of 53 Fe are discussed.
Low-emittance, low-energy (∼30 keV) 53 Fe beams for
the CLS measurement were produced through projectilefragmentation reactions and subsequent in-flight separation
[13] followed by gas stopping [14]. This procedure to prepare
radioactive beams was employed for the first time for bunchedbeam collinear laser spectroscopy measurements in the present
study.
The Fe isotopes are known to be notoriously difficult to
produce at isotope separator on line (ISOL) facilities, where
many laser spectroscopy data have been obtained for selected
elements [15]. At these facilities, rare isotopes are extracted
from thick targets bombarded by light ions. Long chains
of isotopes have been systematically investigated, taking
advantage of the low-emittance, low-energy beams (∼60 keV)
and the high beam intensities available for many nuclides
of certain elements. The number of elements, for which rare
isotopes can be produced with the ISOL technique, is limited
when long release times from the targets lead to large decay
losses. These limitations have been partly overcome by the
ion guide at an isotope separator on line (IGISOL) approach,
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where low-energy reaction products are stopped in a gas and
converted into a low-energy ion beam [16]. On the other hand,
the current scheme of stopped beams from in-flight production
can be applied for isotopes of all elements lighter than uranium,
and complements the capabilities of the other facilities. This
leads to new opportunities for laser spectroscopy to explore
elements that are difficult to produce at ISOL facilities and
nuclei far from the β-stability line.
It is noted that no ground state quadrupole moment or
hyperfine quadrupole coupling constant has been reported
so far for any Fe isotope. This is due to the existence of
only one odd-mass stable Fe isotope, 57 Fe, whose nuclear
spin is 1/2 and therefore lacks the quadrupole interaction.
Also the electronic structure of the Fe atom is complex
and challenging to calculate an electric field gradient, which
is required to deduce nuclear quadrupole moments from
hyperfine quadrupole coupling constants. It is shown in the
present study that the multiconfiguration Dirac-Fock (MCDF)
method can be applied to reliably compute atomic factors of
the Fe atom to deduce nuclear structure information.
A brief introduction to the hyperfine interaction is presented
in Sec. II. Details of the experiment are given in Sec. III,
followed by the results in Sec. IV. The results are discussed
in Sec. V, including comparison with shell model calculations
and a prediction for the magnetic moment of the mirror nucleus
53
Co through the Buck-Perez relation [17]. An inferred value
of the isoscalar spin expectation value for the mass A = 53
system is also discussed.
II. HYPERFINE INTERACTION

The shift of an atomic energy level due to the hyperfine
interaction relative to an atomic fine-structure level is given by
E =

K HF 3K(K + 1) − 4I (I + 1)J (J + 1) HF
(1)
A +
B
2
8I (2I − 1)J (2J − 1)

with K = F (F + 1) − I (I + 1) − J (J + 1), where F is the
quantum number associated with the total angular momentum
of the atom, defined by F = I + J. Here, I and J are the
total angular momenta/spins of the nucleus and electrons,
respectively. AHF and B HF are the hyperfine coupling constants
defined as
μB(0)
,
(2)
AHF =
IJ
 2 
∂ Ve
,
(3)
B HF = eQ
∂z2
where μ is the nuclear magnetic-dipole moment, B(0) is
the magnetic field generated by the atomic electrons at the
center of the nucleus, e is the electric unit charge, Q is
the spectroscopic nuclear electric-quadrupole moment, and
∂ 2 Ve /∂z2  ≡ q is the electric field gradient produced by the
atomic electrons at the center of the nucleus. The magnetic
field and the electric field gradient are isotope independent
assuming a point-like nucleus (the hyperfine anomalies [18]
are neglected here). According to Eqs. (2) and (3), unknown
nuclear moments may be deduced from the measured hyperfine
coupling constants using a reference nucleus of the same
element whose hyperfine coupling constants for the same

electronic level and nuclear moments are known. A simple
ratio of hyperfine coupling constants derives nuclear moments
as
μ = μR

AHF I
,
AHF
R IR

(4)

Q = QR

B HF
,
BRHF

(5)

where the subscript R indicates a reference nucleus whose
electromagnetic moments, nuclear spin and hyperfine coupling
constants are known. If a suitable reference isotope does not
exist, the magnetic field and electric field gradient have to be
evaluated theoretically.
III. EXPERIMENT

The radioactive Fe(T1/2 = 8.52 m; I π = 7/2− ) ion beam
was produced by fragmentation of a stable 58 Ni beam on
a nat Be target. The 58 Ni primary beam was accelerated to
160 MeV/nucleon in the coupled cyclotrons at National
Superconducting Cyclotron Laboratory (NSCL) at Michigan
State University.
The 53 Fe beam was separated from other reaction products
through the A1900 fragment separator [13], thermalized in
a large-volume, helium-filled gas cell [14], and extracted by
RF and DC electric fields as singly charged ions at an energy
of 30 keV. The isomeric state in 53 Fe, 53m Fe(T1/2 = 2.5 m;
I π = 19/2− ) at an excitation energy of 3.04 MeV, was
also populated in the production process in addition to the
ground state of interest. The production ratio of the isomeric
component to the ground state was determined by collecting
the low-energy Fe beam on a foil and detecting characteristic
γ rays from the isomeric and ground states. The ratio obtained
was 53m Fe/53 Fe = 0.050(2).
A low-energy Fe+ -ion beam at an energy of 30 keV
was transported to the beam cooler and laser spectroscopy
(BECOLA) facility [19,20], where the beam was injected
into a radio frequency quadrupole (RFQ) cooler/buncher [21]
filled with helium buffer gas. A schematic of the BECOLA
facility is shown in Fig. 1. Buffer gas pressures in the RFQ
were ∼100 mTorr and ∼1 mTorr in the cooling and bunching
sections, respectively. The injected ion beams were trapped
in the RFQ, extracted as ion-beam bunches at a potential
of 29 856(4) V, and then transported to the collinear laser
spectroscopy (CLS) beam line, where the ion beams were
aligned onto the optical axis of the laser light. The extraction
voltage was monitored throughout the experiment using a
precision voltage divider and 6.5-digit digital voltmeters, as
shown in Fig. 1. A 9998.28(67):1 voltage divider (HVS-100
[22]), calibrated to an accuracy of 7×10−5 was used to measure
the extraction voltage. This read-out voltage was recorded
every few seconds to allow a long integration time to obtain
maximum accuracy of the digital voltmeter.
The ion-beam bunch was extracted from the RFQ with a
repetition rate of 1 Hz, and the bunch width (full width at
the half-maximum) was set to ∼1 μs without increasing the
typical resolution of ∼80 MHz of the hyperfine spectrum. The
time spectrum of the bunched beam is shown in Fig. 2.

054314-2

53

FIRST DETERMINATION OF GROUND STATE . . .

PHYSICAL REVIEW C 96, 054314 (2017)

FIG. 1. The BECOLA facility. Fe+ ions are sent to the RFQ cooler/buncher from either the PIG ion source or the online beam. Following
the cooler/buncher, the ion beam is overlapped with the laser light, and sent through a charge-exchange cell (CEC) containing sodium vapor.
The laser-resonant fluorescence from the neutral atoms is collected using an elliptical mirror and detected by a photomultiplier tube (PMT).
The static potential applied to the RFQ cooler/buncher and the scanning potential applied to the CEC were recorded with high precision using
two digital voltmeters (DVMs).

By selecting only photon counts within this time window,
background originating from scattered laser light can be
dramatically reduced [23,24]. In the present measurement a
nominal background suppression factor of 106 was achieved.
A charge-exchange cell (CEC) [25] with a sodium vapor
was used to neutralize the incoming Fe+ -ion beam for the
3500

Total photon counts

3000

2500

2000

1500

1000

22

23

24

25

26

27

28

Time (µs)
FIG. 2. 53 Fe time spectrum as a function of time relative to
trigger signals for the release of the ion bunches. This spectrum
includes total photon counts over ∼12 h data accumulation time. The
time spectrum was measured with a PMT at the photon detection
system and includes both resonant photons and non-resonant photons
following the charge-exchange process.

laser-induced fluorescence measurements on the 3d 6 4s 2 5 D4 ;
0.00 cm−1 ↔ 3d 6 4s4p 5 F5 ; 26 874.548 cm−1 transition in
Fe I at 372 nm [26]. The sodium vapor pressure was adjusted
to attain a neutralization efficiency of approximately 50%,
as higher values may broaden the resonance line width by
inelastic reactions [25,27]. Electronic states are populated
through the charge-exchange reactions around the entry
energy of an electron, which is defined as the difference of
ionization energies (IE) between Na(2 S1/2 ) and Fe(5 D4 ); that
is IE(Na) − IE(Fe) = 22 272.1 cm−1 . Although the reaction is
considered as a semiresonant charge-exchange with some Fe
I excited levels being close to the entry energy, many other
nonresonant electronic states are also populated around the
entry energy due to the high electronic level density of Fe I.
The populated excited states can decay toward the ground state
before the Fe beam bunch reaches the photon detection system.
There was a 40 cm distance between the CEC and the photon
detection system, which corresponds to about 1.3 μs flight time
for a 30 keV 53 Fe beam. A simulation [28] was performed to
describe a 29.85 keV Fe+ beam impinging on a sodium vapor,
and the electronic population distribution of neutral Fe at the
photon detection system was estimated. The result is shown in
Fig. 3. The initial population distribution over the Fe electronic
levels right after the CEC is redistributed according to lifetimes
and branching ratios, and cascades toward low-lying levels.
The results of these simulations indicate that 5% of the total
Fe population occupies the 3d 6 4s 2 5 D4 ground state at the
photon detection region. The severe fractionalization of the
level population is a common feature of charge-exchange of
ions whose electronic level density is high, which then reduces
the sensitivity of CLS significantly. The typical atomic beam
rates of 53 Fe after the CEC relevant to the laser excitation were
estimated to be 1500 atoms/s based on the 5% population in
the atomic ground state.
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the Ti:Sapphire laser light by a HighFinesse WSU30 [30],
which was calibrated by a frequency-stabilized He-Ne laser,
with an absolute accuracy of 30 MHz (3σ ).
Ion beams of stable 56 Fe were produced using a Penning
Ionization Gauge ion source [28] installed upstream of the
RFQ cooler/buncher. Every few hours throughout the experiment, the radioactive 53 Fe beam was stopped and the 56 Fe
beam was used for about an hour. The fluorescence spectrum
of 56 Fe was measured as a reference to determine the resonance
line shape and to monitor the time-dependent centroid shift of
about 2 V due mainly to the temperature variation over a week
running time. The number of 56 Fe ions in a bunch was limited
to about 104 to keep a similar space charge condition in the trap
as to radioactive beam measurements, but the data collection
was done with a higher beam-bunch repetition rate of 30 Hz
to efficiently collect calibration data. This different rate has no
discernible impact on the data analysis.
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IV. RESULT
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The measured fluorescence spectrum of the reference 56 Fe
is shown in Fig. 4 as a function of laser frequency relative to
an arbitrary frequency of 805 678.7330 GHz. The squares
are data and the solid line is the best fit to the data. An
asymmetric Voigt profile [31] was used for the fit to reproduce
the asymmetric tail at the low-frequency side of resonance,
due to inelastic processes in the atomic charge-exchange

25

Photon counts (arb. units)

The laser system employed for the CLS measurement
was composed of a continuous-wave 532 nm Spectra-Physics
diode-pumped solid-state laser used to pump a Sirah Matisse
TS Ti:Sapphire ring laser, producing ∼1 W of 744 nm light
with 10 W of pump-laser power. A Spectra-Physics WaveTrain
was used to generate 372 nm light by frequency doubling
the 744 nm light. The 372 nm laser light was attenuated
and stabilized at 300 μW using a laser power controller [29]
with a ±0.05% power fluctuation. The diameter and focus
of the laser light was adjusted using an optical telescope to
be slowly converging at the photon detection region with a
diameter of 0.9 mm at the focus measured by a CCD camera.
The transmission of laser light through the CLS beam line
was 87%. A typical photon background rate was 105 /s, of
which 3×104 /s was due to beam-related background from the
charge-exchange process, and the rest resulted from scattered
laser light.
A scanning voltage was applied to the CEC to tune
the Doppler-shifted laser frequency into resonance with the
hyperfine transitions. This voltage was measured using a
1000:1 voltage divider calibrated to an accuracy of 1×10−4 ,
and was recorded 10 times each second using a digital
voltmeter, in order to ensure that a measurement was taken at
each voltage step during the scan. The total ion beam energy
relevant for the laser excitation is given by the difference
between applied potentials to the CEC and the RFQ, which
were recorded into the data files and used in the analysis. The
laser frequency was set to 26 904.1500 cm−1 to cover the
isotope shifts and hyperfine spectra of 53,56 Fe within a ±2 kV
scanning voltage applied to the CEC. The laser wavelength
was determined by measuring the fundamental frequency of
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FIG. 3. Simulated population distribution after charge-exchange
(CE) of 29.85 keV Fe+ -ion beam with a sodium vapor. The horizontal
axis shows electronic levels of the Fe atom. Blue squares are the initial
distribution right after the CE reactions, red circles are the distribution
at the photon detection system 40 cm away from the CEC, and the
dashed line is the entry energy of the electron from sodium.
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FIG. 4. The fluorescence spectrum of 56 Fe. The number of
detected photons is plotted as a function of the relative laser frequency
from an arbitrary value of 805 678.7330 GHz. The solid line is the
best fit to the data using an asymmetric Voigt profile. The underlying
plot shows the deviation from the fit line divided by the error of the
data point.
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FIG. 5. The hyperfine spectrum of 53 Fe. The number of detected photons is plotted as a function of the relative laser frequency from an
arbitrary value of 805 678.7330 GHz. The solid line is the best fit to the data using an asymmetric Voigt profile. The underlying plot shows the
deviation from the fit line divided by the error of the data point.

reactions with sodium vapor [25,27]. The fitting parameter for
the asymmetry was determined from the fit to the hyperfine
spectrum of 56 Fe, which has high statistics and contains
a single resonance peak with no hyperfine splitting. The
asymmetry was then held constant in the fits for hyperfine
spectrum of 53 Fe. The measured hyperfine spectrum of
53
Fe is shown in Fig. 5. The hyperfine spectrum of the
3d 6 4s 2 5 D4 ↔ 3d 6 4s4p 5 F5 transition contains 21 allowed
hyperfine transitions. All transitions are taken into account
in the fit, and some of the peaks overlap and make line
shapes appear broader. A small fluctuation of the high voltage
that determined the ion beam energy over a few days data
accumulation time resulted in a broader line width of 53 Fe
than that of 56 Fe. The line width of the asymmetric Voigt
profile was therefore kept as a free fitting parameter in the
fit of the 53 Fe hyperfine spectrum. Relative intensities among
these peaks were fixed in the fits based on angular momentum
dependent factors in the reduced transition probabilities. The
fitting functions reproduce the data well with a normalized chi
square of χ 2 /ν = 1.00. The contaminating isomeric state of
53m
Fe in the 53 Fe beam did not affect the measured hyperfine
spectra due to the small fraction of the isomeric state. The
hyperfine pumping effects were not observed at the statistical
level of the current data and were not taken into account in
the fit.

μ(53 Fe) = μ(57 Fe)

The ratio A ( F5 )/A ( D4 ) = 2.15(2) is known for
stable 57 Fe [32] and was held constant in the fit of the 53 Fe
hyperfine spectrum. The hyperfine anomaly [18] is not known
for Fe isotopes but is typically smaller than the uncertainty
of 1% in the present result of the magnetic moment, and
is therefore neglected in the present analysis. The magneticdipole hyperfine coupling constant was obtained as
(6)

The second uncertainty of AHF is a systematic contribution that
arises from the uncertainty on the ratio of AHF between 5 D4

(7)

μ(53 Fe) = −0.65(1) μN ,

(8)

where the statistical and systematic uncertainties on
the AHF (53 Fe) were added quadratically. The results are
summarized in Table I.

TABLE I. Magnetic moment of 53 Fe. The present result and
theoretical calculations including the T = 1/2 mirror partner 53 Co
are summarized. The isoscalar spin expectation values are also listed.
53

HF 5

AHF (5 D4 ) = −39.2(4)(6) MHz.

AHF (53 Fe) I (53 Fe)
.
AHF (57 Fe) I (57 Fe)

Using values of AHF (57 Fe) = +38.0795(10) MHz [33],
μ(57 Fe) = +0.09062300(9) μN [34,35], I (53 Fe) = 7/2, and
I (57 Fe) = 1/2, the magnetic moment of 53 Fe was deduced to
be

Iπ
AHF (5 D4 ) (MHz)

B. Magnetic-dipole hyperfine coupling constant
HF 5

and 5 F5 states. The magnetic moment of 53 Fe can be deduced
from Eq. (4) together with the AHF (5 D4 ) for 53 Fe and 57 Fe,
and the magnetic moment of 57 Fe as

Present
Single particle
Shell model
Full fp g free
Full fp g eff
Buck-Perez systematics
β-decay lifetime
Mirror μa

53

Fe

7−
2

−39.2(4)(6)
μ (μN )

Co

7−
2





σ

−0.65(1)
−1.913

+2.793

−0.51
−0.66

+4.34
+4.42

0.87
0.68

−0.64(9)

+4.54(11)
+4.55(5)

1.05(37)
1.05(13)

1

53
Present μ(
Fe) was used to deduce μ(53 Co), and these μs were used
to obtain  σ .

a
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TABLE II. Magnetic field and electric field gradient of 5 D4 and 5 F5 states in Fe I calculated using the MCDF method. The adopted values
were used for the extraction of Q. The experimental values for B(0) were obtained from AHF [33] and μ [34] of 57 Fe.
q (MHz/fm2 )

B(0) (MHz/μN )
E (cm−1 )
Model I
Model II
Model III
+ single excitations
experiment
adopted

24805
26462
26392
25432
26874.550

5

5

D4

1274
1274
1274
798
840.39(2)

2328
2310
2328
2065
2254(24)

C. Electric-quadrupole hyperfine coupling constant
5

HF

5

Both the B s for D4 and F5 states were kept as free
parameters in the fit of the 53 Fe hyperfine spectrum, and
obtained as
B HF (5 D4 ) = +200(90) MHz,
B

( F5 ) = +260(100) MHz.

HF 5

F5

(9)
(10)

No B HF nor quadrupole moment is known for any other Fe
isotope, therefore the procedure of using a reference isotope
[Eq. (5)], as for the deduction of the magnetic moment, cannot
be applied here. In the absence of known electric field gradients
for q(5 D4 ) and q(5 F5 ), these values were computed using
the multiconfiguration Dirac-Fock (MCDF) method [36] as
implemented in the GRASP2K package [37]. The wave function
expansion is generated by the active space method, where
virtual single and double excitations into several layers of
correlation orbitals are used to approximate the dominant
electron correlation effects and to monitor the convergence of
the observables. All computations were started from a common
set of occupied (spectroscopic) orbitals to ensure the balance
between the upper and lower level. The active space was then
systematically enlarged by adding several correlation layers
that were separately optimized for the 3d 6 4s 2 5 D4 ground
level and the excited 3d 6 4s4p 5F5 level.
Several independent calculations were carried out to estimate the uncertainty and the convergence behavior of the
magnetic field and the electric field gradient. Model I is a
single reference calculation, where virtual excitations from
the ground and excited configurations into correlation orbitals
with angular momentum l  4 were used, which yielded
unbalanced results as the transition energy is significantly too
low. The computation labeled Model II was constructed from
a multi-reference set that additionally contained the 3d 6 4p2
configuration for the ground level and 3d 7 4p for the excited
level. Due to computational restrictions, it was only possible
to optimize three correlation layers for these two models.
Restricting the angular momentum of the correlation layers
to a maximum of l = 3 allowed the optimization of a fourth
layer (the Model III). The variation due to the restriction in
the angular momentum was found to be negligible, which
confirms the saturation of the computations with respect to the
valence-valence correlation.

5

D4

5

F5

585
581
590
573

734
738
745
783

590(90)

745(100)

Ref.

[33,34]

Results obtained from the three previously introduced
computational models are summarized in Table II, together
with calculations of the magnetic field as a benchmark. While
the calculated magnetic field B(0) for the excited 5 F5 state
agrees well with the experimental value, the value for the
5
D4 ground state does not match with the experimental value.
This deviation is due to the correlation with the core, that
was kept closed in the computational Models I through III.
Several tests were performed for the ground level, where the
core was opened for double excitations into one correlation
layer optimized on top of the zero-order approximation. It
was found that the 2s shell has a significant contribution to
the magnetic field. However, it was not possible to saturate
the calculations, though the electric field gradient does not
deviate more than 15% from the adopted value. Additionally,
a series of calculations with purely single excitations from
all shells, except 1s, to nine correlation layers was performed
for both levels. These computations converged to magnetic
field values of 715 MHz and 1960 MHz for the ground and
excited level, respectively. An agreement with experimental
values of about 15% is achieved for both levels, and resolves
the above discrepancy due to neglected core correlation for
the ground level. The results for the electric field gradient
q obtained from the same models based on purely single
excitations for the ground and excited levels are 573 MHz/fm2
and 783 MHz/fm2 , respectively. These computed values
agree with Models I through III within 5%. Adding these
single excitations to Model III, we arrive at the results in the
fourth line of Table II. Here, again four correlation layers are
optimized on top of the multireference zero-order solution.
However, the results do not fully converge when extending the
configuration space, hence the results of Model III are adopted
for the evaluation of the quadrupole moment. Nevertheless,
the magnetic field of the ground state is significantly reduced
due to the core-polarization effect that is simulated by
the single excitations and is now also in very good agreement
with the experimental value. The corresponding values for
the electric field gradient are again in an agreement of about
5% with the adopted value. Since the magnetic field is more
sensitive to electron correlation effects, the deviation of the
magnetic field is often taken as an upper limit of the error
on the electric field gradients [38,39]. Therefore, an upper
bound of 15% was conservatively taken as an uncertainty of
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TABLE III. B HF and nuclear quadrupole moment of 53 Fe. The
values in the first and second parentheses in the bracket for the present
Q are uncertainties due to B HF and q, respectively. A quadratic sum
was taken for the total uncertainty for each state.
Q (e2 fm2 )
State

B HF (MHz)

Exp.

3d 6 4s 2 5 D4
3d 6 4s4p 5 F5
Average

+200(90)
+260(100)

+34(16) [(15)(5)]
+35(14) [(13)(5)]
+35(15)

Theor.

+41

B. Buck-Perez systematic relation

the computed electric field gradients. The obtained values were
q(5 D4 ) = 590(90) MHz/fm2 ,

(11)

q(5 F5 ) = 745(100) MHz/fm2 .

(12)

The magnetic moments of the isospin T = 1/2 mirror
nuclei can be expressed [17], assuming charge symmetry of
nuclear forces, as
p

The quadrupole moment can now be extracted from Eq. (3)
as Q(53 Fe) = +34(16) e2 fm2 and +35(14) e2 fm2 from B HF of
the 5 D4 and 5 F5 states, respectively.
The calculated electric field gradients, and experimental
B HF s of 5 D4 and 5 F5 states give consistent quadrupole
moments. A simple average is conservatively taken for the
final result as
Q(53 Fe) = +35(15) e2 fm2 .

with the quadrupole moments obtained here and listed in
Table III, including its prolate deformation (sign). It is noted
that the electric field gradient was reliably calculated for the
complex electronic system of the Fe atom to help deduce
quadrupole moments, though the present result is dominated
by the statistical uncertainty. The good agreements of present
results with the shell model calculations support the soft nature
of 56 Ni [11].

(13)

μ p = gl l o + gsp so + gln l e + gsn se ,
p

μn = gln l o + gsn so + gl l e + gsp se ,

γp + γp = α(γn + γn ) + β,

A. Shell-model calculation

Shell model calculations were performed for the electromagnetic moments of 53 Fe ground state. They were carried
out using a 40 Ca core in the full fp shell-model space with
the GXPF1A effective interaction [11,40], which reproduces
the shell structure around the mass region of interest, using the
NUSHELLX package [40].
The magnetic moment operator used in the present calculation is
μ = gs s + gl l,

(14)

where gs and gl are the spin and the orbital g factors,
p
p
respectively. The free nucleon g factors (gl = 1, gln = 0, gs =
n
eff
5.586, and gs = −3.826) and effective g factors [11] (gs =
0.9gsfree , and gl = 1.1 and −0.1 for protons and neutrons,
respectively) were used for the calculation. These results
are summarized in Table I. The single particle value (μ =
−1.913 μN ) significantly overestimates the absolute value of
the magnetic moment and indicates a sizable contribution
from configuration mixing. The probability of the lowest-order
single particle configuration π (1f7/2 )6 ν(1f7/2 )7 in the ground
state wave function of 53 Fe is calculated to be ∼50%, which
is consistent with that of ∼60% of the closed-shell 56 Ni
ground state [11]. The calculation with effective g factors (μ =
−0.66 μN ) best reproduces the present magnetic moment.
For the calculation of the electric-quadrupole moment, the
effective charges ep = 1.5 and en = 0.5 were adopted [11].
The obtained value Q = +41 e2 fm2 shows good agreement

(16)

where the μp/n denotes the odd-proton and odd-neutron
members of a mirror pair. The subscripts o and e represent
contributions from odd and even groups, respectively, to the
angular momentum and spin operators. The T = 1/2 mirror
magnetic moments can be directly correlated from Eqs. (15)
and (16) as

The results are summarized in Table III.
V. DISCUSSION

(15)

(17)

where γ is the gyromagnetic ratio (μ/I ), α and β are constants
containing the g factors, and γ is a small correction from
the even nucleon group, which is calculated by theory [17].
Using known mirror magnetic moments of T = 1/2 pairs,
α = −1.147(13) and β = 1.027(13) were obtained [17]. The
present result μ(53 Fe) [γn = −0.186(3)] and calculated γn =
−0.1431 and γp = 0.1053 for 53 Fe and 53 Co, respectively,
are used to obtain γp = 1.30(1) for the T = 1/2 mirror partner
53
Co. This results in a predicted value of
μ(53 Co) = +4.55(5) μN .

(18)

A value of μ(53 Co) = +4.42(5) μN is obtained without the
even nucleon corrections. The predicted values are summarized in Table I. It is noted that a recent analysis [41] using
an updated list of mirror magnetic moments was performed to
obtain α and β without a contribution from the even nucleon
group. The α and β are consistent with the ones discussed in
[17].
The T = 1/2 mirror magnetic moments can also be
correlated to the β-decay lifetime [17]. Using the log f t =
3.625(17) [42] for the transition between 53 Co and 53 Fe,
and f t = 3072.27(72) s of 0+ → 0+ superallowed transitions
[43], this correlation gives less precise predictions of both
μ(53 Fe) = −0.64(9) μN and μ(53 Co) = +4.54(11) μN with
the even nucleon corrections. The predicted magnetic moment
of 53 Fe is consistent with the present result. The prediction for
53
Co is consistent with the value obtained from the correlation
based on mirror magnetic moments, though the error bar is
larger by a factor of two.
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C. Isoscalar spin expectation value


The isoscalar spin expectation value  σ  can be extracted
from
 the sum of mirror magnetic moments [44]. A value of
 σ  for the A = 53, T = 1/2 mirror pair may be obtained
53
using the present μ(53 Fe) and the systematic value of μ(
 Co)
evaluated by the Buck-Perez relation. It is obtained as  σ  =
1.05(13), whereas the theory predicts 0.68 and underestimates
the experimental value as summarized in Table I.
A similar discrepancy was observed 
in the neighboring
A = 55, T = 1/2 system [7], where  σ  values were
obtained as 0.91(7) and 0.65 for experiment and theory,
respectively.
The deviation is explained as a cancellation in

 σ  from contributions between the enhancement due to
the large orbital angular momentum, and the reduction due to
the configuration mixing. Such an enhancement can also be
seen in the sd shell nuclei, and was explained by examining
the isovector and isoscalar components of the M1 operator
separately [45,46].
An evaluation of isoscalar components of the M1 operator
in the fp shell is required
 to obtain isoscalar effective g factors
that can explain the  σ  obtained for A = 55 and inferred
for A = 53. The experimental determination of μ(53 Co) is
critical to further the discussion.

The known μ and AHF of stable 57 Fe were used to extract
the magnetic moment of 53 Fe as μ(53 Fe) = −0.65(1) μN .
The electric field gradient of the Fe atom was calculated
using the MCDF method to extract Q from B HF , since no
ground state Q or B HF has been determined for any Fe
isotopes so far. The quadrupole moment was obtained as
Q(53 Fe) = +35(15) e2 fm2 . Shell model calculations with the
GXPF1A interaction well reproduce the present μ and Q using
typical effective g factors and effective charges in the fp shell,
respectively. The good agreements support the soft nature of
the 56 Ni nucleus.
The present μ(53 Fe) may be used to obtain a prediction on
the magnetic moment of the T = 1/2 mirror partner 53 Co as
μ(53 Co) = +4.55(5) μN , based on the Buck-Perez systematic
relation. An isoscalar spin expectation value was inferred using
53
53
the
 present μ( Fe) and the systematic value of μ( Co) as
 σ  = 1.05(13). The shell-model calculation
with
effective

g factors used in the present study gives  σ  = 0.68 and
does not reproduce the present value, which is very sensitive
to small differences in the magnetic moments. The evaluation
of isoscalar components in the fp shell is essential to obtain
effective g factors that are more sensitive to details of nuclear
structure in the region around 56 Ni. The measurement of
μ(53 Co) is of importance to further the discussion.
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