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We report precision measurements of the nuclear magnetic moment of **Ca®™, made by mi-
crowave spectroscopy of the 4s 281/2 |F=4,M =0) — |F =3,M =1) ground level hyperfine
clock transition at a magnetic field of ~ 146 G, using a single laser-cooled ion in a Paul trap.
We measure a clock transition frequency of f = 3199941 076.920(46) Hz, from which we determine
wr/pn = —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 ur value, in combination with previous
NMR results, to extract the change in shielding constant of calcium ions due to solvation in D2O:

Ao = —0.00022(1).

The favourable scaling laws of bound-state QED
(BSQED) effects with proton number Z have made
highly-charged hydrogen- and lithium-like ions ideal
probes of fundamental theories of atomic constituents,
leading to significant theoretical [1] and experimental [2—
5] attention. An overview of tests of BSQED are dis-
cussed in detail in recent reviews by Kozlov et al. [6]
and Indelicato [7]. However, as with the proton-size puz-
zle 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 ef-
fect [13, 14], which describes the spatial distribution of
the nuclear magnetisation. Typically one relies upon
measured nuclear magnetic moments (p) to infer the
theoretical Bohr-Weisskopf correction. The precision at
which one can test BSQED thus relies upon the precision
of the known py. The importance of such measurements
is exemplified by the ‘Bismuth Hyperfine Puzzle’, where
an incorrect measurement of ¢y in 2°°Bi resulted in a 7o
difference between experimental and theoretical predic-
tions [11, 15, 16].

In addition to tests of BSQED, highly-charged ions
have also been used to probe nuclear structure [17-19].
Of particular interest are ions with magic numbers of nu-
cleons [20]. Recently there has been significant theoret-
ical [21-27] and experimental attention [28-32] given to
the calcium isotopic chain as there exist two naturally-
occurring doubly-magic isotopes, “°Ca and “8Ca. The
properties of the calcium isotopic chain can reveal new
aspects of nuclear forces, such as three-body contribu-
tions [33] and the appearance of new magic numbers at
extreme neutron-to-proton ratios [34-37]. Precise spec-
troscopic measurements of p; are again critical, as typi-
cally 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 mo-
mentum J and nuclear spin I, and a static magnetic field

* david.lucas@physics.ox.ac.uk

B is described to good approximation by the Hamilto-
nian [38]

H=hAL-J - (p3+p1)- B,
=hAL-J + (gspJ — grpnI) - B, (1)

where h is Planck’s constant, A is the magnetic dipole hy-
perfine interaction constant, g; and g; are the electronic
and nuclear g-factors, and up and uy are the Bohr and
nuclear magnetons. Note that the apparent sign change
arises from the conventional definitions of puy and pg.
The first term describes 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 cal-
culated. However, for the case where J = 1/2, the eigen-
state energies are given analytically by the Breit-Rabi
formula [38, 39]
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where M = Mj; + M; is the magnetic quantum

number, Fni = hA(I+1/2) is the zero-field energy
splitting between the two hyperfine manifolds, and
X = (grux + gsus) /Engs. The Breit-Rabi formula high-
lights 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 hyper-
fine splitting, and the nuclear and electronic magnetic
moments. Spectroscopy of ground-level hyperfine struc-
ture is therefore an excellent technique to test physical
theories of atomic constituents.

Many spectroscopic techniques have been used to de-
termine these constants. The earliest techniques used
spectroscopy in thermal atomic beams (see Arimondo
et al. [40] for a detailed review), or nuclear-magnetic-
resonance (NMR) spectroscopy. The accuracy of NMR



pi/pN Environment Reference
—1.3152(2) Liquid NMR, Ca** [50]
—1.315645(7) Liquid NMR, Ca** [51]
—1.31537(60) Atomic vapour, Ca [52]
—1.315350(9)(1)  Single trapped ion, Ca* This work
—1.315349(9)(4)  Single trapped ion, Ca*t This work

TABLE I. Measurements of the nuclear magnetic moment of
43Ca in units of pux, and the environment in which they were
measured. Note that all of these measurements are uncor-
rected for diamagnetic shielding due to bound electrons, and
the NMR measurements are uncorrected for chemical shifts.
With respect to the results obtained in this work, the two
uncertainties correspond to the contribution due to the un-
certainty in the ground-level hyperfine splitting Fi,ss measured
by Arbes et al. [47], and the uncertainty in our measurements
respectively.

measurements is limited by the systematic error caused
by the ‘chemical shift’ [41-43], which describes the mag-
netic shielding of the target nucleus by the solution in
which the atom is measured. The chemical shift is chal-
lenging to calculate [43] and has led to significant dis-
agreements between theory and experiment [16]. The
advent of ion trapping extended the possibility of mea-
surements to ions, consequently enhancing the achievable
precision due to the ability to confine ions to a small re-
gion of free space which minimises effects such as mag-
netic field inhomogeneities, removes chemical shifts, and
provides extremely long coherence times [44—46].

43Ca is the only naturally occurring calcium isotope
with non-zero nuclear spin (I = 7/2), making it an
ideal reference nucleus. All three of the relevant atomic
constants have been previously measured. Arbes et al.
[47] measured Eyg = 3225608 286.4(3) Hz using double-
resonance spectroscopy of 3Ca™ ions in a Paul trap, and
Tommaseo et al. [48] measured g; = 2.002 256 64(9) us-
ing double-resonance spectroscopy of “°Ca® ions in a
Penning trap. One would expect the isotopic depen-
dence of gy to be smaller than the experimental mea-
surement uncertainty, based upon similar measurements
using Ba™ isotopes [49]. There exist three previous mea-
surements of uy for *Ca which are summarised in table
I. Two measurements were made using NMR of liquid
Ca salts [50, 51], and the other by spectroscopy in an
atomic vapour [52].

This paper details two precision measurements of
pur using a single *3Ca® 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 of the or-
der of minutes [56] due to the lack of first-order magnetic
field sensitivity. The two measurements were taken nine
months apart in the same apparatus, and used either the
time or frequency variants of Ramsey spectroscopy. The
remainder of this paper is structured as follows. We ini-
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FIG. 1. Energy level diagram of **Cat at B = 146.094G
showing the relevant states for laser cooling, state prepara-
tion, and readout. The lower panel shows the hyperfine struc-
ture of the 45, /5 state. The green states show the clock tran-
sition used for the measurements in this work, and the thin
black arrows show the transitions used for state preparation
and readout.

tially describe the experimental apparatus and measure-
ment techniques used, before analysing in detail sources
of systematic uncertainty in our measurement. We then
report the systematic-corrected measurement of py, and
compare to previous 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 con-
stant of between a free Ca® ion and Ca?t ions in D5O
solution.

A single *3Ca™ ion was loaded into a surface trap
[53] from a 12 % isotopically enriched calcium source us-
ing isotope-selective photoionization [59]. The ion was
Doppler cooled on the 397 nm 4S; 5 — 4Py /5 transition,
and repumped by an 866 nm laser to close the cooling
cycle (see figure 1). The RF trapping field was driven
at 38.7MHz, and the radial secular frequency was var-
ied between 2 MHz 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 cham-
ber. 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 mi-
crowaves were synthesized using a commercial microwave
synthesizer phase-locked to a rubidium frequency stan-
dard (RbFS [60]). To ensure an accurate absolute fre-
quency measurement, the phase difference between the
RDBFS and a GPS-disciplined oscillator (GPSDO [61]) was
measured for a period of 12hrs directly after the clock
transition frequency measurements. At this time inter-
val, the GPSDO has a frequency stability of 1.16 x 1072,

Additional lasers were used for state preparation and
readout [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
|F'=3,M = 1) state via a series of microwave m pulses
(see figure 1). After experiments on the clock transi-
tion, microwave 7 pulses transferred population in the
|F = 3,M = 1) state back to the |F =4, M = 4) state.
Population in the |F' = 4, M = 4) state was then shelved
in the metastable 3Dj5/ level by a series of 393 nm and
850 nm pulses (see [62] for further details). The Doppler
cooling beams where then applied and the state of the
ion inferred by the absence or presence of ion fluores-
cence. The ion was repumped to the ground level using
an 854 nm pulse.

The applied static magnetic field was measured us-
ing 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 sensitivity of df/dB = —2.36 MHz/G. After
optical pumping into the |F =4, M =4) state, a mi-
crowave m-pulse was applied and the probability of re-
maining in the |F = 4, M = 4) state was measured using
electron shelving [56, 62]. The pulse w-time was 22.2 s,
leading to a transition FWHM of 36 kHz. The coil cur-
rent 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 Fyg, g7, and g; con-
tribute a systematic frequency shift of the stretch transi-
tion 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 figure 2(a)) was used
to measure the clock transition frequency (f), as the
long coherence time facilitates large Ramsey delays (1)
and hence enhanced precision. The two measurements of
the clock transition frequency used differing variants of
Ramsey spectroscopy. The first measurement consisted
of Ramsey interferometry using a fixed microwave fre-
quency (fuw) and a variable Ramsey delay, whilst the
second measurement consisted of varying the microwave
frequency with a fixed Ramsey delay. Using two variants
of Ramsey spectroscopy gives us increased confidence in
our evaluation of systematic errors.

The first measurement of the clock qubit transition
frequency was performed as follows. The magnetic
field was set to 146.094 G using the stretch transition

|F=4,M =4) — |F =3, M = 3) spectroscopy method
outlined previously. The ion was then prepared in the
|FF=3,M =1) state via a series of microwave trans-
fer pulses (see figure 1). A pair of 7/2-pulses was
subsequently applied at a fixed frequency of f,w near
3.199941 070 GHz, with a variable Ramsey delay 7 =
0.1s — 1s. We inferred a fractional frequency deviation
between the RbFS and the GPSDO of frprs/fapspo =
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 tran-
sition is shown in figure 2(b). The solid line is 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. The
lower figures show a plot of the normalised residuals R,
[63], defined as the residuals between the data and the
fit, normalised to their respective uncertainty.

Figure 2(c) shows the measured clock transition fre-
quency as a function of applied trapping RF power
(Prr). Currents flowing in the RF trapping electrodes
generate oscillating magnetic fields at the RF drive fre-
quency (38.7 MHz). These oscillating 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 absence of
the AC Zeeman shift caused by the trapping RF is there-
fore determined from the intercept of the straight-line fit
in figure 2(c). The figure shows the frequency shift is of
the order of several Hz. This is larger than one might ex-
pect in comparison to an ion frequency standard [64], as
ion frequency standards typically use a Paul trap where
the RF electrodes are symmetric about the ion and there-
fore 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 high-
light an outlier point at Prr =~ 500mW. This point
lies above the fitted line by ~ 50 mHz, and may indi-
cate 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 fre-
quency was performed nine months later in the same ap-
paratus. The clock transition frequency was measured
as a function of 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 detuning 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 = 100mG using Ramsey delays 7 = 1.05ms
(a) and 7 = 24.93ms (b), identifying a frequency shift
of 11.34(8) Hz. The short Ramsey delay was used to iden-
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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 20.9ps, at a frequency (fuw) and separated by a Ramsey delay 7g. The ion’s
resulting state was subsequently measured using electron shelving. Figure (b) shows a typical Ramsey spectroscopy signal
on the clock transition at a trap RF power (Prr) of 279 mW, driven with a m/2-pulse duration of 20.9 us and a microwave
frequency of fuw = 3199941070Hz. 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. Figure (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 normalised residuals R,. Error bars represent the combined uncertainty from the Ramsey fit and from
the digitisation 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 normalised residuals show R, = +2. We calculate the reduced chi-squared statistic to
be x2 = 0.9 (b) and x2 = 1.5 (c). Note that the measured fractional frequency deviation between the RbFS and the GPSDO
of frbrs/fapspo = 3.22(2) x 10_10, corresponding to a systematic shift of 1.030(8) Hz of the clock transition frequency, has

been corrected in the data.

tify 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 tran-
sition frequency, we measured the clock transition fre-
quency using Ramsey spectroscopy for a series of trap
RF powers, as shown in figure 4(a). We observed a
linear frequency shift as a function of trap RF power,
corresponding to a systematic shift of —5.050(120) Hz at
the RF power used during the subsequent experiments.
We also measured a fractional frequency deviation be-
tween the RbFS and the GPSDO of frprs/fapspo =
4.13(2) x 10710, corresponding to a systematic shift of
1.322(8) Hz of the clock transition frequency. Figure 4(b)
shows the measured clock transition frequency as a func-
tion 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 gy, and values of Eyng and gy
were taken from Arbes et al. [47] and Tommaseo et al.
[48] respectively. The lower figure shows a plot of the
normalised residuals, from which we calculate x2 = 1.3,
indicating an excellent agreement between theory and ex-
periment.

The RF-induced AC Zeeman shift and the calibration
of the RbFS were the major sources of systematic fre-
quency shifts in these measurements. We now discuss
the uncertainties in these shifts, and other sources of un-
certainty (see table II).

The experimental uncertainty in the comparison of the
RbFS with the GPSDO, together with the specified in-
stability 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 non-
linearity 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



(b)

Py

TI50 D950 25 50
Afuw (HZ)

1(s .—.\'-.v ..."p.q .""q-'. -

9 -1 0 1 2
Afuw (kHz)

FIG. 3. Typical Ramsey spectroscopy signals on the clock
transition using 7z = 1.05ms (a) and 7r = 24.93ms (b),
a 7/2-pulse duration of 478.62ps, a microwave frequency
fuw = 3199941071 Hz, and static magnetic field offset from
the clock field AB = 100mG. The error bars are from quan-
tum 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 interfer-
ometry sequence, where the free parameters are the frequency
offset and an amplitude scale factor. The lower figures show a
plot of the normalised residuals R,. We calculate the reduced
chi-squared statistic to be x2 = 1.04 (a) and x2 = 0.84 (b),
and the dashed lines show R, = +2.
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FIG. 4. (a) Clock-transition frequency shift as a function of
applied 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 Prr = 392mW. The systematic shift due to the RF in-
duced AC Zeeman shift (—5.050(120) Hz) and the frequency
deviation between the RbFS 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 gr as a fitted parameter. The lower figures show the nor-
malised residuals, from which we calculate x2 = 0.8 (a) and
X2 = 1.3 (b) respectively. The dashed lines show R, = %2.

(Keysight N8481A), we measure any non-linearity to
be < 0.015dB over the range used in the experiment.
We bound the uncertainty by re-fitting the data in fig-
ures 2(c) using a worst-case scenario in which the gra-
dient is maximally affected. We find an upper limit
on the uncertainty of the fitted intercept of £25mHz.
The power meter also has a £0.005 dB digitization error
which, from the slope in figure 2(c), effectively gives a
random frequency error between +3mHz and +11 mHz
for the range of powers used; this has been accounted for
in the error bars in figure 2(c).

Drifts in RF power in the trap, relative to the mea-
sured input power, can occur for example due to vari-
ation in the step-up of the RF resonator. We can esti-
mate such drifts by monitoring the ion’s radial secular
frequency, as w, « v/ Prp. We measured short-term vari-
ations in Prr at the 0.05 % level, and longer-term drift of
0.05%/hour [65]. As the data in figure 2(c) were taken
mostly in time order, over &~ 5 hours, 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 po-
sition during the experiments can lead to changes in
the measured shift. To quantify this effect, we mea-
sured the clock transition frequency as a function of ra-
dial DC compensation fields £, and E,. We observe
frequency shifts of df/dE, = 3.9(2)mHz/(V/m) and
df /JdE, = 2.34(7)mHz/(V/m) in the directions parallel
and perpendicular to the trap surface respectively [66].
Experimentally, we observed that the micromotion com-
pensation was stable to within £5V/m and therefore as-
sign an upper bound of 20 mHz to this systematic shift.

For larger excursions in ion position, such as could oc-
cur 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 ob-
served intrinsic (uncompensatable) micromotion in the
y direction of amplitude =~ 20 nm, which leads to negli-
gible shift. Based on the measured heating rate of the
trap [68], the radial temperature of the ion is T' < 10 mK
after the longest (1s) Ramsey delays, which would lead
to a shift < 1mHz.

Fluctuations in the static magnetic field B can cause
frequency shifts in the measured clock transition fre-
quency f. These enter at second order for the clock
transition, for which d?f/dB? = 2.416 mHz/mG?2. The
automated servo corrections to the static field which
were applied during the experiment in figure 2 had an
rms amplitude of 0.8 mG, implying a frequency shift of
~ 1mHz due to servo imprecision. A larger source of
magnetic field noise is caused by 50 Hz mains power. We
measured the effect of 50Hz field modulation by per-
forming Ramsey spectroscopy on the first-order sensi-
tive |[F=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 fre-



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 Ton position drift 0 20
1,2 Ton position (thermal motion) <1 1
1,2 Magnetic field (50 Hz) 11 8
1,2 Magnetic 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 Blackbody AC Stark < 0.01 0.01
1,2 Second-order Doppler < 0.001 0.001

TABLE II. Systematic frequency shifts of the measured clock transition frequency. The measurement column indicates to
which measurement 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.

quency thus reveals the change in local magnetic field
within each mains cycle. We measured an rms ampli-
tude of 3(1) mG, which contributes a systematic shift of
11(8) mHz to the clock transition frequency. Field fluc-
tuations incoherent with 50 Hz were bounded by compar-
ing the measured spectral width of the stretch transition
(whilst line-triggering to remove 50 Hz effects) to the the-
oretical width for our measured Rabi frequency. We were
not able to measure a difference in spectral 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 107" Hz/(V/m)? [69]. The intrinsic micromo-
tion 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 < 10puHz. The rms
electric field due to black body radiation at 300K is
830V /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 pHz.

We add the various systematic uncertainties in quadra-
ture to obtain a total systematic uncertainty, which we
add linearly to the statistical uncertainty for each mea-
surement, to report both the clock transition frequency
and the nuclear magnetic moment. We extract the clock
transition frequency from the first measurement by de-
termining the intercept in figure 2(c). This gives f =
3199941076.920 +£ 0.0114¢a¢ & 0.0354ys; Hz, which corre-
sponds to a nuclear magnetic moment of ur/un =
—1.315350(9)(1). We extract the clock transition fre-
quency and the nuclear magnetic moment from the
second measurement by fitting the Breit-Rabi formula
to the data presented in figure 4(b), where the only
fit parameter was g¢j. This is determined to be
[ = 3199941076.89 & 0.024¢a¢ £ 0.134ys Hz, which cor-

responds to a nuclear magnetic moment of p;/un =
—1.315349(9)(4). The two uncertainties on the nuclear
magnetic moment are due to the uncertainty in the
ground-level hyperfine splitting Fyg measured by Arbes
et al., and the uncertainty in our measurements respec-
tively. Note that these measurements are not corrected
for diamagnetic shielding 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 differing spectroscopic methods
and the nine month interval between measurements.

The measured nuclear magnetic moment fiy,eas differs
from that of the bare nucleus ppare because of diamag-
netic shielding by the bound electrons. A calculation of
the diamagnetic correction factor, fibare/fmeas, for Ca™
has not been published. However, there are published
values for both Ca [57] and Ca?t [58]. We approxi-
mate the correction for Ca® to be the mean of these
values, and assume a 95% confidence interval between
the Ca (1.001495) and Ca?* (1.001465) correction fac-
tors, resulting in a diamagnetic correction of 1.001 480(8)
for Cat. This is consistent with a recent unpublished
calculation [73]. Applying this correction to our mea-
surement, we calculate a corrected magnetic moment of

fibare/ iy = —1.317297(13).

Our measurement (before diamagnetic correction) is
consistent with previous measurements by Jeffries et al.
[50] and Olschewski et al. [52], but disagrees with the
precision NMR measurement by Lutz et al. [51] (see
Table I). The measurement by Lutz et al. is, like our
measurement, uncorrected for diamagnetic shielding due
to the bound electrons. However, it is also uncorrected
for the change in shielding constant due to the D20 solu-
tion in which the Ca2% ions were measured, to which we
attribute the discrepancy [74]. Lutz et al. used the free-
atom measurement of Olschewski et al. [52] to determine
the shielding constant, defined as ¢ = 1 — (fmeas/ bare)-



However, the measurement by Olschewski et al. [52] does
not have a diamagnetic correction applied, and therefore
Lutz et al. were in fact measuring the change in shield-
ing constant between a free atom and a solvated ion. We
define this as Ao = oNMR — Tatom Where the subscripts
refer to the measurement technique. Due to the large
uncertainty in fiatom, LUtz et al. reported a measure-
ment of Ao = —0.0002(5) which is consistent with zero.
With our precision measurement of u; we can evaluate
the change in shielding constant between a free Ca™ ion
and a solvated Ca%* ion to be Ao = —0.00022(1). By
comparing the calculated shielding constant of Ca?* in
H,0 [58] and that estimated above for Ca™, we are able
to extract a theoretical change of shielding constant of
Ao = —0.00022(4), which is consistent with our mea-
surements.

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. This mea-
surement could be improved in the following way. The
sensitivity of a hyperfine transition to p; is dominated by
the second term of equation 2. Therefore, by applying the
demonstrated techniques to a AM = 0 transition, such
asthe |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 EFg and hence the overall
precision of p;. To increase precision further, the size of

the RF-induced AC Zeeman shift could be reduced by
performing the measurements in a 3D Paul trap with a
symmetric trap design to minimize RF magnetic fields
at the ion. With increased precision, it may be neces-
sary 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, 4 Ca [76, 77] and *°Ca can both be
readily artificially produced, and have long enough half-
lives to be used in similar experiments.

In summary, we have performed two precision measure-
ments of the nuclear magnetic moment of a single 43Ca™
trapped in a surface-electrode Paul trap. These mea-
surements improve upon previous free-atom experiments
[52] by more than one order-of-magnitude, and are free
from systematic shifts associated with NMR measure-
ments [50, 51]. This measurement adds to the increasing
number of precision nuclear moment measurements, and
improves the accuracy of measurements in the calcium
isotopic chain which are critical in tests of fundamental
physics theories.
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