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Optical clocks have been demonstrated to be good choices to redefine the SI “second.” With this goal,
we have constructed a quantum-logic-based >’ Al* ion optical clock with a fractional frequency uncertainty
of 1.6 x 10718, A 2Mg™* ion is used as the logic ion for sympathetic cooling, state readout, and frequency-
shift measurement of the 2’ Al* ion. The stability of the optical clock is 2.6 x 107'%/.,/T, measured with a

self-comparison method.
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I. INTRODUCTION

High-precision optical clocks have seen widespread
applications in testing fundamental physical laws [1-4],
the measurement of fundamental physical constants [5,6],
satellite navigation [7], gravitational-wave detection [§8]
geodesy [9,10], and the exploration of new physics [11].
The systematic uncertainties of 2’Al* [12,13], '7'Yb* [2],
40Cat [14], VSLu* [15], 'Yb [10], and ®7Sr [16—19] opti-
cal clocks have reached the order of 10~'® or even 10717,
which is more than 2 orders of magnitude better than that
of the best microwave clocks [20]. The redefinition of the
“second” in the International System of Units (SI) using
optical clocks instead of Cs microwave clocks has been
widely discussed [21,22] and several conditions have been
put forward on the performance of optical clocks before
they can be accepted as new SI standards, including at least
three different optical clocks (of the same type in different
laboratories and of different types in either the same labo-
ratory or different laboratories) with uncertainties less than
2 x 10718 [23].

Benefiting from the insensitivity to fluctuations of exter-
nal electromagnetic field, the ?’Al* ion optical clock
developed by the National Institute of Standards and
Technology (NIST) has reached a fractional frequency
uncertainty of 9.4 x 107'° [12]. In 2021, the 2’ Al* clock
transition was endorsed by the International Committee for
Weights and Measures (CIPM) as a secondary representa-
tion for the definition of “second” with a relative standard
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uncertainty of 1.9 x 107! [24]. However, the sympa-
thetic cooling and quantum logic spectroscopy (QLS) [25]
operations of 2’Al* ion optical clocks are quite compli-
cated and only NIST has met the uncertainty requirement
so far, while several other groups are in the active develop-
ment stage [13,26-29]. It is of great significance to build
2TAI* ion optical clocks satisfying the conditions of the
new definition of the “second” at different laboratories.

In this paper, we report a detailed evaluation of the sys-
tematic uncertainties of a 2>Mg*->’AlT ion optical clock
developed at Huazhong University of Science and Tech-
nology (HUST). The total fractional frequency uncertainty
of the 2’ Al ion 'Sy — 3Py clock transition is evaluated to
be 1.6 x 10~'%, which satisfies the uncertainty requirement
for the new definition of the “second.” The stability of the
clock is evaluated to be 2.6 x 10713 /./7.

II. EXPERIMENTAL APPARATUS

The physical system implemented has the same fea-
tures as described in Refs. [29-33]. A linear Paul trap
is employed to restrict the motion of a >Mg*-?’Al* ion
pair. The electrodes are made of beryllium copper. Three
compensation electrodes made of oxygen-free copper are
installed to suppress the excess micromotion (EMM). The
driving field of the trap is supplied by a radio-frequency
(rf) source and a helical resonator with a driving frequency
of Qi = 2w x 24 MHz. The Q value of the helical res-
onator is better than 400. The secular-motion frequencies
of a single >Mg™ ion in three directions are measured to
be w, = w, = 27 x 2.08 MHz and @, = 27 x 1.57 MHz.
The ion-heating rates of the secular motions are greatly
suppressed by gold coating of the beryllium copper elec-
trodes and low-pass filtering of the end-cap electrodes [29].
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The >Mg*-?” Al* ion pair is loaded through laser abla-
tion with a Q-switched 532-nm Nd:YAG laser. A fourth-
harmonic generation (FHG) laser of 285 nm is tuned to
resonant with 2>Mg for selective ionization of magnesium
isotopes. Two FHG lasers of 280 nm locked to a wave
meter are employed to carry out Doppler cooling and
Raman sideband cooling (RSBC) of the »Mg* ion, in
which the Raman laser frequency is detuned from the res-
onance by 16 GHz [34]. To drive the narrow transitions
of the 2’Al* ion, we build several ultrastable laser sys-
tems [35-37]. A 1068-nm laser referenced to a 10-cm-long
Fabry-Perot cavity with a fractional frequency stability
of 6 x 1071 at 1 s drives the 'Sy — 3P, transition after
frequency quadrupling to 267.0 nm. The 'Sy — 3Py clock
transition is probed by a 267.4-nm FHG laser stabilized
to a 30-cm-long Fabry-Perot cavity with a fractional fre-
quency stability of 1 x 107!¢ at 1 s. The drift rate of the
clock laser is about 40 mHz/s at 267.4 nm.

Sympathetic cooling and the QLS are utilized to detect
the clock transition. Typically, the Mg ion is Doppler
cooled for 1 ms, followed with a (20-30)-ms three-
dimensional (3D) RSBC sequence with excitations of both
first- and second-order secular-motional sidebands, after
which the 2’Al* ion would be sympathetically cooled
with mean phonon numbers of approximately 0.1 [12,
29]. A clock laser pulse with a duration of dozens to
hundreds of milliseconds illuminates the 2’Al* ion to
drive the clock transition. The state of the 2’Al* ion
can be read out by a probability-threshold method based
on the QLS [29]. We detect the Zeeman transitions of
|1S0,mp = :I:%) < |3Po,mp = :I:%) with a m-polarization
pulse. Consequently, a state-preparation strategy is per-
formed by cycled optical pumping between Zeeman
sublevels of 'S, and 3P, before each measurement. The
polarization of the laser pulses can be quickly switched
between o~ and ot within 200 s by an electro-optic
modulator (EOM). A four-point locking method is intro-
duced to eliminate the first-order Zeeman shifts. The
locking error signal is fed back to a double-passed acousto-
optic modulator (AOM). The mean dead time of each cycle
is about #; = 300 ms, corresponding to 4.6 s for one data
point with a probe time of £, = 160 ms. To avoid the influ-
ence of the clock laser drift during the operation, a linear
frequency shift is applied to the AOM in advance, yielding
a residual drift rate of no more than 1 mHz/s.

In comparison with single-ion optical clocks, the gra-
dients of the electric field and the magnetic field have a
greater influence on the ion pair. There are two sets of
independent parameters for excess micromotion compen-
sation, because the 2Mg* and 2’ Al* ions are in different
positions. There is a large stray magnetic field near the ion
trap that cannot be fully compensated, which leads to a
magnetic field gradient of 1.1 mG/pwm near the trap cen-
ter. This might contribute more than a 10-Hz frequency
difference between the two ion positions. Consequently,
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FIG. 1. A simplified schematic of the experimental setup.
Lasers 1-3 are used for Mg* Doppler cooling, RSBC, and
ionization, respectively, with wavelengths of 280 nm, 280 nm,
and 285 nm, respectively. Micromotions in three directions can
be measured by combining three pairs of Raman-beam mea-
surements. The 1068-nm and 1070-nm lasers referenced to
ultrastable cavities are frequency quadrupled to drive the 'Sy —
3P, and 'Sy — 3Py transitions of 2’AlT ion. EMCCD, electron-
multiplying charge-coupled device; PMT, photomultiplier tube;
BS, beam splitter. 1a, Doppler cooling and/or detection beam,;
1b, repumping beam; 2a and 2e, w-polarized Raman lasers; 2b,
2c¢ and 2d, o-polarized Raman lasers.

the order of the ion pair must be fixed to minimize
excess micromotion and to avoid a frequency shift of
the 27 Al* ion by adjusting the voltage of the compensa-
tion electrodes. Three pairs of Helmholtz coils that are
perpendicular to each other are mounted around the vac-
uum chamber to compensate the Earth’s magnetic field and
the aforementioned stray magnetic field, yielding a total
bias magnetic field of about 2.2 G to define the quantiza-
tion axis (Bquan in Fig. 1). The power-line magnetic field
noise at 50 Hz and the slow drift of the bias magnetic field
are suppressed by active feedback with another two sets of
coils [38].

1. FREQUENCY-SHIFT EVALUATION

The ?’Al™ ion has a relatively large time-dilation (TD)
shift due to its smaller mass. The EMM mainly comes
from the stray electric fields that push the ion away from
the minimal point of the pseudopotential and the phase
imbalance of the rf drive with a frequency of Q. It can
be estimated by measuring the ratio () of the transition
intensities between the carrier and the motional sidebands
[39]. By combining a pair of Raman laser beams (2a—2e
in Fig. 1), the EMM along the axial (z) and the hori-
zontal radial (—X% — p, written as the XYy) directions of
Mgt can be measured directly, while there is an angle
of B = m/4 between the vertical radial component (y —
X, written as XYvy) and the laser wave-vector direction
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FIG. 2. The EMM r values with varied compensation voltages.
The blue diamonds (pink dots) represent the ion-pair order of
25Mg+_27A1+ (27A1+-25Mg+).

(W2 — 1)y — (W24 Di — /22, written as LWy). In
Fig. 2, we show the ratio » of EMM along the XYy
direction with varied compensation voltages. We observe
different ratio behaviors by exchanging the order of the
ion pair. Limited by the coherence time, the measured
optimal voltage has a range of about 2 V and yields a rel-
ative frequency shift at a level of 1 x 10~!°, In addition, a
slow drift of approximately 3.4 V per month is observed.
Thus it would be enough to perform the EMM compen-
sation every 10 days. After EMM compensation in all
three directions, the total relative shift of the EMM expe-
rienced by the 2’ Al* ion is —7.4(8) x 107!8, as shown in
Table I. Here, we assume that the EMM along LWy, is fully
contributed by the XYy projection for the upper limit esti-
mation. Further reduction can be realized by optimization
of the coherence time and direct measurement along the
XY+ direction. In addition, the electric field causes a small
ac Stark shift, given by

Av _ (Av Qe/2m 2 )
v JSak \ v Jpum \400 MHz /
which is only 0.36% of the EMM shift in our setup [40].
The secular motion is the harmonic vibration in the
pseudopotential, which can be laser cooled to reduce the
TD shift. By solving the motional equations of the ion pair

trapped by the rf electric field, the TD shift caused by the
ith secular-motional mode can be expressed as

Av 1, 1
i = — 20222 (14 &) | = + 7
( v >TD’[ 4,LLC2wl 121,0( +{)<2+n>

= TDS; (% + ﬁi) : )

TABLE I. The measured EMM parameters along three direc-

tions and the corresponding relative-frequency shifts.
Frequency shift

Direction 7 (mHz) Fractional (x1071%)

z 0.013(2)  —0.041(13) —0.036(11)

XYu 0.049(5) —0.58(12) —0.52(11)

LWy 0.126(7) e e

XYv ‘e —7.67(85) —6.84(76)

Total —-8.3(9) —7.4(8)

where p is the mass ratio between the 2’ Al* ion and the
Mg* ion [41]. w;, bi, zip and 7; are the motional fre-
quency, the normalized eigenvector, the modal amplitude
per phonon, and the mean phonon number, respectively. ¢;
is a factor of the intrinsic micromotion in the radial direc-
tion that has nearly the same energy as the secular motion
with the motional frequency of ;¢ even in a perfect ion
trap [39]. Before clock interrogation, Doppler cooling of
the 2°Mg™ ion is performed, with a cooling limit of about
1 mK. The mean phonon numbers (7;9) of the secular-
motion modes can be determined by the ratio between
the red- and blue-sideband transition probabilities. Further
reduction of the ion-pair temperature is realized by 3D
RSBC of all six motional modes, while the thermal equi-
librium distribution of the Fock states is destroyed and the
ratio method is no longer valid. A more complicated situ-
ation is pointed out by numerical simulation under limited
conditions [31,42] and a multicomponent thermal distribu-
tion is introduced [12,42,43], which strongly relies on the
simulation model. Care should be taken to avoid overfit-
ting. We note that the heating effect in the ion trap can drive
the Fock states to a thermal distribution rapidly and then
the ratio method is again valid [42,44,45]. The “thermal-
ization coefficient” and “compact time,” u = 1 — e~?"/, are
introduced in Ref. [45] and the thermalization occurs at
u < 0.2 with a large Fock-state number and a high reser-
voir temperature. Then 2yt <« 1, where y denotes the
decay rate and ¢ represents the thermalization time. For the
secular-motion mode with a heating rate of several quan-
tas per second, tens of milliseconds of thermalization time
would be enough. Here, for a more conservative evalua-
tion, a thermalization time of 0.2 s is adopted to evaluate
the secular-motion shift. The measured ;¢ after heating
are taken as the upper limit when calculating the TD shift
and its uncertainty, as listed in Table II. In the meantime,
by applying a variable delay sequence ¢, after RSBC, the
heating rate 7; can be calculated from the varied n(z;). So
the mean phonon number is given by n; = n; + n;t, /2.
With that, the total relative TD shift is —1.3(4) x 10~'8
with a clock probe time of 160 ms.

The quadratic Zeeman shift of the 2’ Al* ion is propor-
tional to (Bz), which can be written as (Bz) = (B(ZIC) + (B§c>.
We use the 2Mg™ ion to measure the bias magnetic field
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TABLE II.

The parameters of the secular-motion modes of the 2>Mg*-?>’ Al* ion pair. The center-of-mass (COM) mode represents

the ions moving in the same direction, while the stretch (STR) mode represents the ions moving in opposite directions. The heating

rates of the ion pair are also given in the last row.

£-COM 2-STR $-COM $-STR 2-COM 2-STR
w;/27 (MHz) 2.0(1) 1.2(1) 2.0(1) 1.2(1) 1.55(1) 2.67(2)
z;0 (nm) 5.9(4) 10(1) 5.9(4) 10(1) 8.03(6) 5.67(5)
TDS; per quantum (x 10~'%) ~0.12(2) —0.17(4) —0.12(2) —0.17(4) —0.068(1) ~0.101(2)
Mo 1.9(1.9) 0.18(18) 2.4(2.4) 0.34(34) 0.60(60) 0.05(5)
i (s71) 10(2) 0.9(9) 12(3) 1.7(6) 3.0(7) 0.23(5)

B at the position of the 2’ Al* ion by exchanging the order
of the ion pair. For the 2>Mg* ion microwave transition of
|2S1/2,F = 3,mF = 3> <~ |2S1/2,F = 2, mrp = 2>, consid-
ering the first-order and second-order Zeeman effects, the
transition frequency can be written as vs3_z = v3o—n0 +
Cy (B) + G (B?), where v39_2 is the unperturbed fre-
quency and has been measured recently, while C; and C,
are linear and quadratic coefficients, respectively, which
have been reported previously [46]. After active compen-
sation of the magnetic field, the fluctuation of By, is about
0.03 mG [38]. As for B,, it consists of three terms. Bpg
comes from the power supply at 50 Hz and is measured
with a magnetometer. The magnetic field produced by the
rf drive (By) at 24 MHz is estimated by the quadratic
Zeeman shift of the >Mg™ |2S1/2,F =3, mp = O> PN
]2S1 2. F=2,mp = O) transition, as described in Ref. [32].
The last one comes from black-body radiation (BBR) field
(Bgpr) related to the temperature at the ion position that
is evaluated together with the BBR shift. The relative
quadratic Zeeman shift is evaluated to be —3285.1(1.2) x
10~!3 by using the quadratic coefficient of the 2’ Al* ion
clock transition, Cy a; = —0.71944(24) Hz/G? [46).

The first-order Doppler shift is ideally suppressed for
ions tightly bound in the Lamb-Dicke regime. However,
there still exists relative motion between the clock laser
and the ?Al* ion. It might come from jitters and slow
length drifts of the optical path due to turbulent air
flow and thermal expansion of the structures between the
ion trap and the clock laser, and the perturbations due
to ion motion, which is correlated with the interroga-
tion cycles [12]. Two counterpropagating laser beams are
applied to the ion alternatively to measure the first-order
Doppler shift. Their directions are well overlapped within
1 mrad. Both of them are stabilized by using a heterodyne
Michelson interferometer, where each of the laser beams
is reflected by a mirror glued to the vacuum chamber. By
self-comparison of the two lock systems with the respec-
tive beam, we obtain the clock-frequency difference (blue
dots) Af = v; — vy, where v; is the center frequency of
each lock system, as shown in Fig. 4 (a). The red line
denotes the average frequency difference of 16(21) mHz
(enlarged on the right-hand side), corresponding to a frac-
tional frequency of 1.4(1.9) x 10~'7 over an averaging

time of 1.9 x 10* s. The error bar indicates the statistical
uncertainty for comparison from the last Allan-deviation
data point, while the systematic uncertainty is small. The
first-order Doppler shift correlated with the operational
cycle in our case is smaller than that in Ref. [12]. By com-
paring the physical system, one possible explanation is the
size of the ion trap. The distance between the two opposed
electrodes in our trap is about 1.7 mm, which is more than
3 times larger. This means that there are fewer photons to
illuminate the electrodes. The electric field disturbance at
the center of the ion trap is weaker due to fewer photo-
electrically induced stray charges and the greater distance.
For the operational sequence described here, the residual
uncertainty of the first-order Doppler shift comes from ion
displacement and the angle misalignment is evaluated to
be 1 x 10~!” by using a similar method in Ref. [12].

There are two kinds of frequency shifts coming from
the AOM used in our experiment. A 200-MHz rf drive
referenced to an H-Maser is used to shift the clock laser
frequency, yielding a systematic uncertainty of no more
than 20 wHz. In the meantime, the AOM would be heated
when it is switched on. The phase chirp leads to a variable
frequency shift depending on the AOM drive power. We
use a power of less than 1 mW and the fractional frequency
uncertainty is 1 x 1071,

The energy level of the 2Al* ion is disturbed by the
BBR field, which causes an ac Stark shift. It is mainly
related to the static differential polarizability Aca(0) of
the 2’ Al ion and the temperature T, at the ion-trap cen-
ter. Aaa(0) = 7.02(95) x 1074 Jm?/V? has been mea-
sured previously [12]. Since it is difficult to measure
T directly at the ion-trap center, we use finite-element
analysis to obtain the temperature. To verify the finite-
element-analysis model, we construct a similar vacuum
system with the same ion-trap design. We measure the tem-
perature around the ion trap with calibrated thermistors
mounted around the trap electrodes. The results of sim-
ulation and experiment match well within a permissible
uncertainty. For the 2’Al* ion-trap system, several ther-
mistors are mounted on the surface of the vacuum chamber
to monitor the temperature during operation, as shown in
Fig. 3. The magnetic field coils mounted around the vac-
uum chamber would heat the vacuum chamber. Due to the
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FIG. 3. The temperature data during clock operation. Three

calibrated thermistors, P1, P2, and P3, are mounted on the sur-
face of the vacuum chamber and the monitored temperatures are
higher than that of environment due to the magnetic field coils.
From the data, a temperature fluctuation of 0.5 K (peak to peak)
is observed. The inset shows the simulated temperature of the ion
trap. A small sphere (not in real size scale) is placed at the center
of the ion trap to help evaluate the temperature of the 2’ Al* ion
and its boundary conditions are chosen to have no influence on
the simulation result.

asymmetric coil current, a small thermal gradient exists.
A thermal model of the *Al* ion-trap system is estab-
lished. By using the measured environment values as input
parameters, the simulated temperature distribution of the
vacuum chamber agrees well with measurement within
experimental uncertainty. The inset shows the simulation
result of the ion trap. Benefiting from the relatively low
loss tangent of the ion-trap holder, the rf heating effect is
small. The temperature at the position of the ion is evalu-
ated to be 300.6(0.5) K, with simulation and measurement
uncertainties of 0.1 K and 0.5 K (peak to peak), respec-
tively. The BBR shift makes a contribution of —3.3(5) x
107'8, which is mainly limited by the uncertainty of
Aapi(0).

Laser beams illuminating the 2’ Al™ ion during the clock
interrogation can lead to ac Stark shifts by coupling to
off-resonant transitions. The 280-nm and 267.0-nm laser
beams can be turned off using single- or double-passed
AOMs with attenuation better than 30 dB. A mechanical
shutter is used to switch off the 285-nm laser beam with an
attenuation of better than 60 dB. The laser power leaked
out is no more than 10 nW, 1 nW, and 1 nW for 280 nm,
267.0 nm, and 285 nm, respectively, with a maximum sat-
uration parameter of S ~ 0.001. The clock transition is
excited by 267.4-nm laser and the intensity is estimated
from the transition rate of 2’ Al* ion. According to the

TABLE III. The fractional systematic shifts and the associated
uncertainties of the 2Mg*-27 Al* ion optical clock.
Uncertainty
Effect Shift (x10~1%) (x10718)
Excess micromotion —-74 0.8
Secular motion —1.3 0.4
Quadratic Zeeman —3285.1 1.2
First-order Doppler 0 0.1
AOM phase chirp 0 0.1
Black-body radiation -3.3 0.5
Laser Stark 0 <0.1
Background gas collisions 0 <0.1
Electric quadrupole 0 <0.1
Total —3297.1 1.6

treatment in Ref. [47], we find that the relative laser Stark
shift is less than 1 x 10717,

For collisional shift between the ion pair and the back-
ground gas, we can estimate the residual gas pressure at
the ion position by counting the ion-pair reorder rate. The
pointing direction of the 280-nm Doppler cooling laser is
adjusted to illuminate the 2Mg* ion on one side; thus
the order of the ion pair can be discerned from the pho-
ton number counted by the photomultiplier tube (PMT)
every 0.1 s. The potential energy barrier (E,) in our ion
trap is E,/kp = 0.9 K, where kg is the Boltzmann constant.
A reorder rate of 0.0023(15) s~! is observed, correspond-
ing to a residual pressure of 4.0(2.6) nPa. This result is one
order of magnitude better than that in Ref. [48] and the
collisional shift is less than 1 x 107!, Another small shift
comes from the electric quadrupole effect due to the static
axial confining trap potential, which is evaluated to be less
than 1 x 10719 [49].

The systematic shifts of the 2 Al* ion optical clock are
summarized in Table III. The total fractional systematic
uncertainty is 1.6 x 10~'%, mainly limited by the quadratic
Zeeman shift. Further improvement can be realized with
suppression of the quadratic coefficient of the 2’ Al* ion
clock transition and reduction of the bias magnetic field.
For 2’Al* ion, TD shift also contributed a lot due to its
small mass. By direct measurement of EMM along the ver-
tical direction, we expect a better evaluation of the EMM
shift in the future. For the secular motion, a more reliable
method with less dependence on the model is required.

IV. CLOCK STABILITY

We use a self-comparison method to evaluate the sta-
bility of the 2’ Al* ion optical clock [50]. The clock probe
time is 160 ms, which corresponds to about a 5-Hz Fourier-
transform-limited line width. The total averaged cycle time
is about 460 ms. Two servo systems are used in turn to
lock the clock transition. Since both make the same con-
tribution to the fluctuation of the clock signal, a stability
of 2.6 x 1071°//T is achieved for one single 2’Al* ion
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FIG. 4. The result of the self-comparison experiment. (a) Data
of the center-frequency difference of two counterpropagating
lock systems (blue points) and the average frequency devia-
tion (red line). The enlarged graph shows a clock difference
of 16(21) mHz, corresponding to a fractional frequency of
1.4(1.9) x 107'7. (b) The Allan deviation of a single optical
clock, which is divided by +/2 of the data in (a). The solid line
represents a fitted asymptote of o (t) = 2.6 x 10713/ /7 for the
27 Al* ion optical clock. The dashed line represents the QPN limit
ofo(r) =24 x 1071/ /7.

optical clock, approaching the quantum projection noise
(QPN) limit, as shown in Fig. 4(b). This result is mainly
limited by the signal-to-noise ratio of the clock transition
and the dead time during the operation.

V. CONCLUSIONS

In summary, we have developed a high-precision
quantum-logic-based *Mg*->’Al* ijon optical clock
toward the redefinition of the SI “second.” A detailed
analysis of the systematic frequency shifts is reported, with
a total fractional systematic uncertainty of 1.6 x 1078,
This result is mainly limited by the quadratic Zeeman effect
and exhibits great potential to reach an uncertainty below
10~ '8 with further optimization. In the future, we are plan-
ning to develop a new 2’ Al™ ion optical clock. Moreover,
clock comparisons with the same or different species is
very important in testing the systematic uncertainty evalua-
tion procedure and in measurement of the frequency ratios.
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