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Precision measurement of the **Ca* nuclear magnetic moment
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We report precision measurements of the nuclear magnetic moment of “*Ca™, made by microwave spec-
troscopy of the 4528, |F =4, M =0) — |F =3, M = 1) ground level hyperfine clock transition at a
magnetic field of & 146G, using a single laser-cooled ion in a Paul trap. We measure a clock-transition
frequency of f = 3199941076.920(46) Hz from which we determine u;/uy = —1.315350(9)(1) where the
uncertainty (9) arises from uncertainty in the hyperfine A constant, and the (1) arises from the uncertainty in our
measurement. This measurement is not corrected for diamagnetic shielding due to the bound electrons. We make
a second measurement which is less precise but agrees with the first. We use our u; value in combination
with previous NMR results to extract the change in shielding constant of calcium ions due to solvation in

D,0: Ao = —0.00022(1).
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I. INTRODUCTION

The favorable scaling laws of bound-state QED (BSQED)
effects with proton number Z have made highly-charged
hydrogen- and lithiumlike ions ideal probes of fundamental
theories of atomic constituents, leading to significant theo-
retical [1] and experimental [2-5] attention. An overview of
tests of BSQED are discussed in detail in recent reviews
by Kozlov et al. [6] and Indelicato [7]. However, as with
the proton-size puzzle preventing further improvements in
tests of QED [8-10], progress in stringent tests of BSQED
is limited by our understanding of finite nuclear-size effects
[11]. The dominant source of error [12] is the Bohr-Weisskopf
effect [13,14], which describes the spatial distribution of the
nuclear magnetization. Typically one relies upon measured
nuclear magnetic moments (i) to infer the theoretical Bohr-
Weisskopf correction. The precision at which one can test
BSQED, thus, relies upon the precision of the known ;. The
importance of such measurements is exemplified by the “bis-
muth hyperfine puzzle,” where an incorrect measurement of
w; in 2”Bi resulted in a 7o difference between experimental
and theoretical predictions [11,15,16].

In addition to tests of BSQED, highly-charged ions have
also been used to probe nuclear structure [17-19]. Of partic-
ular interest are ions with magic numbers of nucleons [20].
Recently there has been significant theoretical [21-27] and
experimental attention [28-32] given to the calcium isotopic
chain as there exist two naturally-occurring doubly-magic
isotopes “°Ca and **Ca. The properties of the calcium iso-
topic chain can reveal new aspects of nuclear forces, such
as three-body contributions [33] and the appearance of new
magic numbers at extreme neutron-to-proton ratios [34-37].
Precise spectroscopic measurements of p; are again critical
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as typically one uses a reference nucleus of the same element
to deduce unknown properties of other isotopes [32].

The interaction of an atom with electronic angular momen-
tum J, nuclear spin I, and a static magnetic field B is described
to good approximation by the Hamiltonian [38],

H = hAL-J — (uy + py) - B,
= hAL - J + (gyuBJ — grunI) - B, (D

where £ is Planck’s constant, A is the magnetic dipole hy-
perfine interaction constant, g, and g; are the electronic and
nuclear g-factors, and ug and uy are the Bohr and nuclear
magnetons. Note that the apparent sign change arises from
the conventional definitions of wy and uy. The first term de-
scribes the magnetic dipole interaction between the nucleus
and bound electrons, and the second and third terms describe
the Zeeman interaction between the static magnetic field and
the electronic and nuclear magnetic moments, respectively.
The energy eigenstates of this Hamiltonian, in general, must
be numerically calculated. However, for the case where J =
1/2, the eigenstate energies are given analytically by the Breit-
Rabi formula [38,39],
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where M = M, + M is the magnetic quantum number, Epg =
hA(I 4+ 1/2) is the zero-field energy splitting between the
two hyperfine manifolds, and x = (g;uy + gsi4B)/Enss- The
Breit-Rabi formula highlights that the transition frequency
between states in the J = 1/2 manifold depends upon three
intrinsic properties of the atomic ground level; namely, the
zero-field hyperfine splitting, and the nuclear and electronic
magnetic moments. Spectroscopy of ground-level hyperfine
structure is, therefore, an excellent technique to test physical
theories of atomic constituents.

EL(B,M) = — giuNBM
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TABLE 1. Measurements of the nuclear magnetic moment of
#3Ca in units of py and the environment in which they were mea-
sured. Note that all of these measurements are uncorrected for
diamagnetic shielding due to bound electrons and the NMR mea-
surements are uncorrected for chemical shifts. With respect to the
results obtained in this paper, the two uncertainties correspond to
the contribution due to the uncertainty in the ground-level hyperfine
splitting Epg measured by Arbes et al. [47] and the uncertainty in our
measurements respectively.

wi/ Uy Environment Reference
-1.3152(2) Liquid NMR, Ca?* [50]
-1.315645(7) Liquid NMR, Ca** [51]
-1.31537(60) Atomic vapor, Ca [52]
-1.31535009)(1) Single trapped ion, Ca™ This paper
-1.315349(9)(4) Single trapped ion, Ca™ This paper

Many spectroscopic techniques have been used to de-
termine these constants. The earliest techniques used spec-
troscopy in thermal atomic beams (see Arimondo et al. [40]
for a detailed review), or nuclear-magnetic-resonance (NMR)
spectroscopy. The accuracy of NMR measurements is lim-
ited by the systematic error caused by the “chemical shift”
[41-43], which describes the magnetic shielding of the target
nucleus by the solution in which the atom is measured. The
chemical shift is challenging to calculate [43] and has led
to significant disagreements between theory and experiment
[16]. The advent of ion trapping extended the possibility of
measurements to ions, consequently, enhancing the achievable
precision due to the ability to confine ions to a small region
of free space which minimizes effects, such as magnetic-field
inhomogeneities, removes chemical shifts, and provides ex-
tremely long coherence times [44—46].

#3Ca is the only naturally occurring calcium isotope with
nonzero nuclear spin (I = 7/2), making it an ideal refer-
ence nucleus. All three of the relevant atomic constants
have been previously measured. Arbes et al. [47] measured
Enss = 3225608 286.4(3) Hz using double-resonance spec-
troscopy of *Ca™ ions in a Paul trap, and Tommaseo et al.
[48] measured g; = 2.002 256 64(9) using double-resonance
spectroscopy of °Ca™ ions in a Penning trap. One would
expect the isotopic dependence of g; to be smaller than the
experimental measurement uncertainty, based upon similar
measurements using Ba™ isotopes [49]. There exist three pre-
vious measurements of u; for ¥*Ca which are summarized in
Table I. Two measurements were performed using NMR of
liquid Ca salts [50,51], and the other by spectroscopy in an
atomic vapor [52].

This paper details two precision measurements of ; using
a single **Ca™ ion held in a surface-electrode Paul trap with
integrated microwave circuity [53]. Ramsey spectroscopy [54]
was performed on the |F =4, M =0) - |[F =3, M =1)
clock transition [55] at B = 146.094 G where the coherence
time is on the order of minutes [56] due to the lack of first-
order magnetic-field sensitivity. The two measurements were
taken 9 months apart in the same apparatus and used either
the time or the frequency variants of Ramsey spectroscopy.
The remainder of this paper is structured as follows. We ini-
tially describe the experimental apparatus and measurement
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FIG. 1. Energy-level diagram of *Ca™ at B = 146.094 G show-
ing the relevant states for laser cooling, state preparation, and
readout. The lower panel shows the hyperfine structure of the 45,
state. The green states show the clock transition used for the measure-
ments in this paper, and the thin black arrows show the transitions
used for state preparation and readout.

techniques used before analyzing in detail sources of sys-
tematic uncertainty in our measurement. We then report the
systematic-corrected measurement of p; and compare to pre-
vious measurements. We estimate the diamagnetic-corrected
nuclear moment using published calculations of the shielding
constants for Ca [57] and Ca** [58]. From our measurement
and previous NMR spectroscopy [51], we extract the change
in shielding constant between a free Ca* ion and Ca®>* ions in
a D, O solution.

II. EXPERIMENTAL METHODS

A single ¥*Ca* ion was loaded into a surface trap [53] from
a 12% isotopically enriched calcium source using isotope-
selective photoionization [59]. The ion was Doppler cooled
on the 397 nm 4S5, — 4P, transition, and repumped by an
866-nm laser to close the cooling cycle (see Fig. 1). The radio-
frequency (1f) trapping field was driven at 38.7 MHz, and the
radial secular frequency was varied between 2 and 4 MHz.
The axial frequency was 0.5 MHz. A static magnetic field
was provided by current flowing through two coils external
to the vacuum chamber. Transitions between energy levels
in the ground-state hyperfine manifolds were driven directly
by the magnetic field generated from a current applied to one
of the trap’s integrated microwave electrodes. The microwaves
were synthesized using a commercial microwave synthesizer
phase locked to a rubidium frequency standard (RbFS [60]).
To ensure an accurate absolute frequency measurement, the
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FIG. 2. (a) Pulse sequence used for Ramsey interferometry. The ion is first prepared in the |F = 3, M = 1) state before applying a pair
of 7 /2 pulses of duration 20.9 us at a frequency (f,w) and separated by a Ramsey delay tz. The ion’s resulting state was, subsequently,
measured using electron shelving. (b) shows a typical Ramsey spectroscopy signal on the clock transition at a trap rf power (Pg) of 279
mW, driven with a 7 /2-pulse duration of 20.9 s and a microwave frequency of f,w = 3199941070 Hz. The error bars are from quantum
projection noise. The solid line is a fit to the data using an analytical expression for the propagator of a Ramsey interferometry sequence
where the free parameters are the frequency offset, —1.791(12) Hz, and an amplitude scale factor. (c) shows the measured clock-transition
frequency f as a function of applied trap rf power. The solid line is a weighted straight-line fit to the data. The lower figures show the residuals
R and the normalized residuals R,. Error bars represent the combined uncertainty from the Ramsey fit and from the digitization error of the
rf power meter. The smaller and larger shaded regions in the plot of residuals shows the 68% and 95% confidence intervals of the linear fit,
respectively, the dashed lines illustrate the +35-mHz total systematic uncertainty, and the dashed lines in the plot of the normalized residuals
show R, = £2. We calculate the reduced chi-squared statistic to be (b) Xf =0.9and (c) Xf = 1.5. Note that the measured fractional frequency
deviation between the RbFS and the GPSDO of fryrs/ fapspo = 3.22(2) x 1071, corresponding to a systematic shift of 1.030(8) Hz of the

clock-transition frequency, has been corrected in the data.

phase difference between the RbFS and a GPS-disciplined
oscillator (GPSDO [61]) was measured for a period of 12 h
directly after the clock-transition frequency measurements. At
this time interval, the GPSDO has a frequency stability of
1.16 x 10712,

Additional lasers were used for state preparation and read-
out [56,62]. We first optically pumped the ion to the |F =
4, M = 4) state using circularly-polarized 397-nm light after
which the ion was prepared into the |FF = 3, M = 1) state via
a series of microwave 7 pulses (see Fig. 1). After experiments
on the clock transition, microwave  pulses transferred popu-
lation in the |FF = 3, M = 1) state back to the |F =4, M =
4) state. Population in the |FF =4, M = 4) state was then
shelved in the metastable 3Ds,, level by a series of 393- and
850-nm pulses (see Ref. [62] for further details). The Doppler
cooling beams were then applied, and the state of the ion
inferred by the absence or presence of ion fluorescence. We
define the probability of detecting ion fluorescence as Py. The
ion was repumped to the ground level using an 854-nm pulse.

The applied static magnetic field was measured using
Rabi spectroscopy on the stretch |F =4, M =4) — |F =
3, M = 3) transition. This transition is first-order sensitive to
the applied magnetic field with a transition frequency sensi-
tivity of df /dB = —2.36 MHz/G. After optical pumping into
the |FF =4, M = 4) state, a microwave 7 pulse was applied,
and the probability of remaining in the |FF = 4, M = 4) state

was measured using electron shelving [56,62]. The pulse
time was 22.2 us, leading to a transition full width at half
maximum of 36 kHz. The coil current was then adjusted
to ensure agreement between the measured stretch transition
frequency and that predicted by the Breit-Rabi formula at
the clock field of 146.094 G. The experimental uncertainties
in Eng, g7, and gy contribute a systematic frequency shift
of the stretch transition which is three orders of magnitude
smaller than the systematic shift induced by magnetic-field
fluctuations. This procedure enabled calibration of the static
magnetic field to an accuracy of ~1 mG.

Ramsey spectroscopy [54] [see Fig. 2(a)] was used to mea-
sure the clock-transition frequency (f), as the long coherence
time facilitates large Ramsey delays (tg) and, hence, enhanced
precision. The two measurements of the clock-transition fre-
quency used differing variants of Ramsey spectroscopy. The
first measurement consisted of Ramsey interferometry using
a fixed microwave frequency (f,w) and a variable Ramsey
delay, whereas the second measurement consisted of varying
the microwave frequency with a fixed Ramsey delay. Using
two variants of Ramsey spectroscopy gives us increased con-
fidence in our evaluation of systematic errors.

The first measurement of the clock qubit transition fre-
quency was performed as follows. The magnetic field was set
to 146.094 G using the stretch transition |F =4, M =4) —
|FF =3, M = 3) spectroscopy method outlined previously.
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The ion was then prepared in the |F =3, M = 1) state via
a series of microwave transfer pulses (see Fig. 1). A pair of
7 /2 pulses was subsequently applied at a fixed frequency of
Jfuw near 3.199 941 070 GHz with a variable Ramsey delay
7x = 0.1 s —> 1 s. We inferred a fractional frequency devia-
tion between the RbFS and the GPSDO of frprs/ fopspo =
3.22(2) x 10719, corresponding to a systematic shift of
1.030(8) Hz of the measured clock-transition frequency. A
typical Ramsey spectroscopy signal of the clock transition is
shown in Fig. 2(b). The solid line is a fit to the data using
an analytical expression for the propagator of a Ramsey inter-
ferometry sequence where the only free parameters were the
frequency offset and an amplitude scale factor to account for
imperfect state readout. The lower figures show a plot of the
normalized residuals R, [63], defined as the residuals between
the data and the fit, normalized to their respective uncertainty.

Figure 2(c) shows the measured clock-transition frequency
as a function of applied trapping rf power (P,r). Currents flow-
ing in the rf trapping electrodes generate oscillating magnetic
fields at the rf drive frequency (38.7 MHz). These oscillat-
ing magnetic fields off-resonantly couple states within each
hyperfine manifold, which are separated by approximately
50 MHz, resulting in a systematic shift of the clock-transition
frequency. The unperturbed transition frequency in the ab-
sence of the AC Zeeman shift caused by the trapping rf is
therefore determined from the intercept of the straight-line
fit in Fig. 2(c). The figure shows the frequency shift is on
the order of several hertz. This is larger than one might
expect in comparison to an ion frequency standard [64], as
ion frequency standards typically use a Paul trap where the
if electrodes are symmetric about the ion and therefore the
generated magnetic fields are nulled at the ion. However, in a
surface trap the null is in the plane of the trap and therefore the
magnitude of cancellation is greatly reduced. The residuals
show excellent agreement between theory and experiment;
however, they also highlight an outlier point at P+ ~ 500 mW.
This point lies above the fitted line by ~50 mHz and may
indicate drifts in systematic shifts over the timescale of a
full data collection cycle; it is consistent with our systematic
uncertainty (see below).

The second measurement of the clock-transition frequency
was performed 9 months later in the same apparatus. The
clock-transition frequency was measured as a function of the
applied magnetic field about 146.094 G, using a fixed trap
rf power. The ion was prepared in the |F =3, M = 1) state
after which a pair of 7 /2 pulses was applied at a variable de-
tuning A f,w about the clock-transition frequency with a fixed
Ramsey delay. Figure 3 shows a typical Ramsey spectroscopy
signal of the clock transition at a static magnetic field offset
from the clock field AB = 100 mG using Ramsey delays (a)
g = 1.05 ms and (b) 7z = 24.93 ms, identifying a frequency
shift of 11.34(8) Hz. The short Ramsey delay was used to
identify the central fringe, and the longer delay was used for
the precision measurements. The solid line is once again a fit
to the data using an analytical expression for the propagator
of a Ramsey interferometry sequence where the only free
parameters were the frequency offset and an amplitude scale
factor to account for imperfect state readout.

To determine the AC Zeeman shift of the clock-transition
frequency, we measured the clock-transition frequency us-
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FIG. 3. Typical Ramsey spectroscopy signals on the clock
transition using (a) tgx = 1.05 ms and (b) ©x =24.93 ms, a 7 /2-
pulse duration of 478.62 us, a microwave frequency of f,w =
3199941071 Hz, and static magnetic field offset from the clock field
AB = 100 mG. The error bars are from quantum projection noise.
The vertical arrow in (b) indicates the central fringe. The solid line
is a fit to the data using an analytical expression for the propagator
of a Ramsey interferometry sequence where the free parameters are
the frequency offset and an amplitude scale factor. The lower figures
show a plot of the normalized residuals R,. We calculate the reduced
chi-squared statistic to be (a) x> = 1.04 and (b) x2 = 0.84, and the
dashed lines show R, = £2.

ing Ramsey spectroscopy for a series of trap rf powers as
shown in Fig. 4(a). We observed a linear frequency shift
as a function of trap rf power, corresponding to a system-
atic shift of —5.050(120) Hz at the rf power used during
the subsequent experiments. We also measured a fractional

73 ‘ : : : 93
- @ (b)
Eool 90t
o
S 87t
S Ly
% 84+t
o [
70 81l
S
69+ 8t
.3 R —
[ 0 e o © . [ HEE O,.o.. ..-|o .o'o..

~100 =50 0 50 100
AB (mG)

375 450 525 600
PRF (mW)

FIG. 4. (a) Clock-transition frequency shift as a function of ap-
plied trap rf power where the solid line is a linear fit to the data.
(b) Measured clock-transition frequency as a function of applied
static magnetic-field offset from 146.094 G, measured at Py =
392 mW. The systematic shift due to the rf-induced AC Zeeman
shift [—5.050(120) Hz] and the frequency deviation between the
RbBFS and the GPSDO [1.322(8) Hz] have been applied to all points
equally. The solid line is a fit to the experimental data using the Breit-
Rabi formula with only g, as a fitted parameter. The lower figures
show the normalized residuals from which we calculate (a) sz =0.8
and (b) xf = 1.3, respectively. The dashed lines show R, = £2.
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TABLE II. Systematic frequency shifts of the measured clock-transition frequency. The measurement column indicates to which measure-
ment the shift applies where the numbering follows the order of measurements presented in the main text. Note that for measurement 1, we
extrapolate to zero rf-induced AC Zeeman shift; systematic uncertainty introduced by this extrapolation is accounted for by the values in the

table.

Measurement Source Magnitude (mHz) Uncertainty (mHz)
1 Rb frequency standard 1030 8

2 Rb frequency standard 1322 8

2 rf-induced AC Zeeman 5050 120
1,2 rf power meter linearity 0 25
1,2 rf power drift 0 10
1,2 Ion position drift 0 20
1,2 Ion position (thermal motion) <1 1
1,2 Magnetic field (50 Hz) 11 8
1,2 Magpnetic field (DC error) 1 1
1,2 Magnetic field (non-50 Hz) <0.1 0.1
1,2 rf-induced AC Stark <0.01 0.01
1,2 Black-body AC Stark <0.01 0.01
1,2 Second-order Doppler <0.001 0.001

frequency deviation between the RbFS and the GPSDO of
frors/ fapspo = 4.13(2) x 10719, corresponding to a system-
atic shift of 1.322(8) Hz of the clock-transition frequency.
Figure 4(b) shows the measured clock-transition frequency as
a function of static magnetic field about 146.094 G, corrected
for the systematic shifts discussed previously. The solid line
is a fit to the data using the Breit-Rabi formula from which we
are able to extract the clock-transition frequency and hence the
nuclear magnetic moment. The only fit parameter was g;, and
values of Eyg and g; were taken from Arbes et al. [47] and
Tommaseo et al. [48] respectively. The lower figure shows
a plot of the normalized residuals from which we calculate
x> = 1.3, indicating an excellent agreement between theory
and experiment.

III. SOURCES OF UNCERTAINITY

The rf-induced AC Zeeman shift and the calibration of the
RDbFS were the major sources of systematic frequency shifts
in these measurements. We now discuss the uncertainties in
these shifts, and other sources of uncertainty (see Table II).

The experimental uncertainty in the comparison of the
RDBFS with the GPSDO, together with the specified instability
of the GPSDO, give a total uncertainty of 8 mHz in the RbFS
calibration.

The largest uncertainty in correcting for the rf-induced
AC Zeeman shift arises from any potential nonlinearity in
the rf power meter (Keysight V3500A) which was used to
measure the applied trap rf power. By comparing the device
to a precision power sensor (Keysight N§8481A), we measure
any nonlinearity to be <0.015 dB over the range used in the
experiment. We bound the uncertainty by refitting the data in
Fig. 2(c) using a worst-case scenario in which the gradient is
maximally affected. We find an upper limit on the uncertainty
of the fitted intercept of £25 mHz. The power meter also
has a £0.005-dB digitization error which from the slope in
Fig. 2(c) effectively gives a random frequency error between
43 and =11 mHz for the range of powers used; this has been
accounted for in the error bars in Fig. 2(c).

Drifts in rf power in the trap, relative to the measured input
power, can occur, for example, due to variation in the step up
of the 1f resonator. We can estimate such drifts by monitoring
the ion’s radial secular frequency as @, o< /P;. We measured
short-term variations in Py at the 0.05% level, and longer-term
drift of 0.05%/h [65]. As the data in Fig. 2(c) were taken
mostly in time order, over ~5 h, a linear drift in time could
systematically affect the fitted gradient. We determine the
worst-case effect to be 10 mHz.

The rf-induced AC Zeeman shift is dependent upon the
magnitude and polarization of the rf magnetic field at the
ion position. Hence, drifts of the ion’s radial position during
the experiments can lead to changes in the measured shift.
To quantify this effect, we measured the clock-transition fre-
quency as a function of radial DC compensation fields E,
and E,. We observe frequency shifts of df /dE, = 3.9(2) and
df /dE, = 2.34(7) mHz/(V/m) in the directions parallel and
perpendicular to the trap surface, respectively [66]. Exper-
imentally, we observed that the micromotion compensation
was stable to within £5 V/m and, therefore, assign an upper
bound of +20 mHz to this systematic shift.

For larger excursions in ion position, which could occur
due to micromotion or thermal motion of the ion, we measure
a quadratic dependence of the AC Zeeman shift on position
[67], which will not average to zero. We observed intrinsic
(uncompensatable) micromotion in the y direction of ampli-
tude ~20 nm, which leads to a negligible shift. Based on the
measured heating rate of the trap [68], the radial temperature
of the ion is T < 10 mK after the longest (1-s) Ramsey de-
lays, which would lead to a shift <1 mHz.

Fluctuations in the static magnetic-field B can cause fre-
quency shifts in the measured clock-transition frequency f.
These enter at second order for the clock transition for
which d’f/dB? = 2.416 mHz/mG?. The automated servo
corrections to the static field which were applied during the
experiment in Fig. 2 had an rms amplitude of 0.8 mG, imply-
ing a frequency shift of ~1 mHz due to servo imprecision.
A larger source of magnetic-field noise is caused by 50-Hz
mains power. We measured the effect of 50-Hz field modu-
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lation by performing Ramsey spectroscopy on the first-order
sensitive |FF =4, M =4) — |F =3, M = 3) transition as
a function of delay after the zero crossing of the mains
power cycle (line trigger). The measured transition frequency
thus reveals the change in local magnetic field within each
mains cycle. We measured an rms amplitude of 3(1) mG,
which contributes a systematic shift of 11(8) mHz to the
clock-transition frequency. Field fluctuations incoherent with
50 Hz were bounded by comparing the measured spectral
width of the stretch transition (while line triggering to remove
50-Hz effects) to the theoretical width for our measured Rabi
frequency. We were not able to measure a difference in spec-
tral width within the experimental uncertainty of 0.6 kHz,
which bounds shifts due to such field fluctuations to be
<0.1 mHz.

Residual electric fields at the ion can induce an AC Stark
shift of approximate magnitude 1 x 10~!'! Hz/ (V/m)2 [69].
The intrinsic micromotion observed in the y direction implies
an rf field of rms amplitude 400 V/m [70]. Hence, the AC
Stark shift due to trap fields is expected to be <10 uHz.
The rms electric field due to black-body radiation at 300 K
is 830 V/m [69], leading to a similar shift.

A second-order Doppler shift will also be present due to
the intrinsic micromotion and any thermal motion of the ion.
The total shift is <1 puHz.

IV. RESULTS

We add the various systematic uncertainties in quadrature
to obtain a total systematic uncertainty, which we add linearly
to the statistical uncertainty for each measurement, to report
both the clock-transition frequency and the nuclear magnetic
moment. We extract the clock-transition frequency from the
first measurement by determining the intercept in Fig. 2(c).
This gives f = 3199941076.920 £ 0.011,; £ 0.0354y Hz,
which corresponds to a nuclear magnetic moment of ;;/uy =
—1.315350(9)(1). We extract the clock-transition frequency
and the nuclear magnetic moment from the second measure-
ment by fitting the Breit-Rabi formula to the data presented
in Fig. 4(b) where the only fit parameter was g;. This is de-
termined to be f = 3199 941076.89 £ 0.02,; & 0.13y5 Hz,
which corresponds to a nuclear magnetic moment of t;/uy =
—1.315349(9)(4). The two uncertainties on the nuclear mag-
netic moment are due to the uncertainty in the ground-level
hyperfine splitting Eyg measured by Arbes et al. [47], and
the uncertainty in our measurements, respectively. Note that
these measurements are not corrected for diamagnetic shield-
ing of the nucleus due to the bound electrons [71,72]. The
two measurements are in excellent agreement with each other
which gives confidence in the reported values given the differ-
ing spectroscopic methods and the 9-month interval between
measurements.

The measured nuclear magnetic moment fiye,s differs from
that of the bare nucleus p, because of diamagnetic shield-
ing by the bound electrons. A calculation of the diamagnetic
correction factor tpare/ hmeas for Ca™t has not been published.
However, there are published values for both Ca [57] and
Ca®* [58]. We approximate the correction for Ca™ to be
the mean of these values and assume a 95% confidence in-
terval between the Ca (1.001495) and the Ca®* (1.001465)

correction factors, resulting in a diamagnetic correction of
1.001 480(8) for Ca™. This is consistent with a recent un-
published calculation [73]. Applying this correction to our
measurement, we calculate a corrected magnetic moment of
Wpare/ My = —1.317297(13).

Our measurement (before diamagnetic correction) is con-
sistent with previous measurements by Jeffries [50] and
Olschewski [52] but disagrees with the precision NMR mea-
surement by Lutz et al. [51] (see Table I). The measurement
by Lutz et al. [51] is, like our measurement, uncorrected for
diamagnetic shielding due to the bound electrons. However,
it is also uncorrected for the change in shielding due to the
DO solution in which the Ca®* ions were measured, to which
we attribute the discrepancy [74]. Lutz et al. [51] used the
free-atom measurement of Olschewski [52] to determine the
shielding constant, defined as o = 1 — (Umeas/ Ubare)- HOW-
ever, the measurement by Olschewski [52] does not have
a diamagnetic correction applied, and therefore, Lutz et al.
[51] were in fact measuring the change in shielding constant
between a free atom and a solvated ion. We define this as
A0 = ONMR — Oatom Where the subscripts refer to the mea-
surement technique. Due to the large uncertainty in facom,
Lutz et al. [51] reported a measurement of Ao = —0.0002(5)
which is consistent with zero. With our precision measure-
ment of p; we can evaluate the change in shielding constant
between a free Cat jon and a solvated Ca®* jon to be
Ao = —0.00022(1). By comparing the calculated shielding
constant of Ca®t in H,O [58] and that estimated above for
Ca™, we are able to extract a theoretical change in shielding
constant of Ao = —0.00022(4), which is consistent with our
measurements.

V. FUTURE WORK AND CONCLUSIONS

The precision of our nuclear magnetic moment mea-
surement is limited by the uncertainty in the ground-level
hyperfine splitting measured by Arbes et al. [47]. This mea-
surement could be improved in the following way. The
sensitivity of a hyperfine transition to u; is dominated by
the second term of Eq. (2). Therefore, by applying the
demonstrated techniques to a AM = 0 transition, such as
the |[F =4, M =1) — |F =3, M = 1) clock transition at
B = 287.783 G, it would be possible to improve upon the
current measurement of Eyg and, hence, the overall precision
of w,. To increase precision further, the size of the rf-induced
AC Zeeman shift could be reduced by performing the mea-
surements in a three-dimensional Paul trap with a symmetric
trap design to minimize rf magnetic fields at the ion. With
increased precision, it may be necessary to take into account
modifications to the Breit-Rabi formula [75].

We note that these measurement techniques could also be
applied to more exotic calcium isotopes with nuclear spin. For
example, *!Ca [76,77] and **Ca can both be readily artificially
produced and have long enough half-lives to be used in similar
experiments.

To summarize, we have performed two precision measure-
ments of the nuclear magnetic moment of a single **Ca* ion
trapped in a surface-electrode Paul trap. These measurements
improve upon previous free-atom experiments [52] by more
than one order of magnitude and are free from systematic
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shifts associated with NMR measurements [50,51]. This mea-
surement adds to the increasing number of precision nuclear
moment measurements and improves the accuracy of mea-
surements in the calcium isotopic chain which are critical in
tests of fundamental physics theories.
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