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We report a single-ion optical atomic clock with a fractional frequency uncertainty of 5.5 x 107 and

fractional frequency stability of 3.5 x 107'°/4/7/s, based on quantum logic spectroscopy of a single >’ Al*

ion. A cotrapped »Mg™ ion provides sympathetic cooling and quantum logic readout of the >’ Al*!S, <

3P, clock transition. A Rabi probe duration of 1 s, enabled by laser stability transfer from a remote
cryogenic silicon cavity across a 3.6 km fiber link, results in a threefold reduction in instability compared to
previous 27 Al clocks. Systematic uncertainties are lower due to an improved ion trap electrical design,
which reduces excess micromotion, and a new vacuum system, which reduces collisional shifts. We also
perform a direction-sensitive measurement of the ac magnetic field due to the rf ion trap, eliminating

systematic uncertainty due to field orientation.

DOI: 10.1103/hb3c-dk28

Introduction—Optical atomic clocks based on spectros-
copy of dipole-forbidden electronic transitions in isolated,
trapped atoms are among the most precise instruments
developed, capable of measuring time more precisely than
the cesium clocks that currently define the second [1].
Accordingly, optical clock frequency ratios are some of the
most accurate measurements [2,3] and are used as probes
for new physics [4], including time variation of funda-
mental constants [5,6]; violations of local position invari-
ance [7]; constraints on dark matter [2,8,9]; and general
relativity at small scales [10,11]. Optical clocks based on
single trapped ions [12,13] and neutral atoms in optical
lattices [14] have reached fractional frequency uncertainties
below 107'8; further advances open new possibilities for
these investigations. Additionally, as the scientific com-
munity moves toward the redefinition of the second,
advances in the state of the art for clock accuracy and
stability are critical [15].

The exquisite degree of control and access to environ-
mentally insensitive transitions offered by trapped atomic
ions have made them a leading technology for measure-
ment accuracy. In particular, the 'S, <> 3P, transition in
singly ionized aluminum offers a high transition frequency,
long excited-state lifetime, and one of the lowest known
sensitivities to blackbody radiation [16—19]. In this Letter,
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we report the accuracy and stability evaluation of the
current-generation 2’Al* quantum logic clock at the
National Institute of Standards and Technology (NIST).
This clock realizes the lowest fractional frequency uncer-
tainty of any clock to date, at Av/v =35.5x 107, Its

fractional instability of 3.5 x 107'°/1/z/s represents a
threefold reduction in instability compared to the previous
NIST quantum logic clock [12]. Critical to these achieve-
ments are a more stable clock laser, an improved Paul trap
electrical design with reduced excess micromotion, and a
150x improvement in background gas pressure from a new
ultrahigh vacuum system.

Clock operation and stability—The operation of the
clock is similar to that described in [12,20]. The clock
cycle begins with preparation of the >’ Al* clock ion into
one of the |'Sy, m; = +5/2) states via optical pumping on
the 'S, <> 3P, transition. Sympathetic cooling on the
’Mg™ logic ion then brings the ion pair to the Doppler
temperature limit. Finally, we probe the 2’Al* clock
transition using Rabi spectroscopy followed by quantum
logic readout [21,22].

We probe both the my = +5/2 and mp = —5/2'S, <
3P, transitions and generate a “virtual” first-order mag-
netic-field-insensitive transition from their mean frequency
[23]. Additionally, we alternate probing from opposite
directions, with the two probe beams counterpropagating
through the same single-mode optical fibers; the average of
opposite directions is insensitive to possible first-order

© 2025 American Physical Society
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Doppler shifts due to ion motion. Both probe laser acousto-
optic modulators (AOMs) are switched on during each
cycle, with the inactive direction detuned by 100 kHz. This
maintains a nearly identical electric- and magnetic-field
environment for probes in either direction and either side of
the 2’ Al* Zeeman structure.

Decoherence of the 2’Al* clock laser (1, ~267 nm)
limited previous generations to a 150 ms probe time. We
extend the laser coherence by transferring the stability of
the JILA cryogenic silicon cavity [24] to the clock laser. An
ultrastable laser locked to this cavity travels over a 3.6 km
path-length-stabilized fiber link to NIST. This fiber link via
the Boulder Research and Administrative Network has
been described previously [2]; for this work, it has been
modified as shown in Fig. 1(a), such that the cavity-
stabilized light serves as reference for an Er:Yb frequency
comb [25,26]. We first prestabilize the >’Al* clock laser
with a Pound-Drever-Hall lock to a room-temperature
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FIG. 1. (a) Schematic of the optical network for laser stability
transfer between the JILA silicon cavity and the Al™ clock laser.
See the text for details. Black lines represent electronic feedback;
all others represent path-length-stabilized laser beam paths.
BRAN: Boulder Research and Administrative Network
(3.6 km fiber link); AOM: acousto-optic modulator used for
frequency stabilization; Si: cryogenic silicon cavity; x2: fre-
quency doubling stage; ULE: room-temperature ultralow-expan-
sion glass cavity. (b) Overlapping Allan deviation of the
frequency ratio vap+/vs, (black points). Asymptotic fit (blue
line) gives a fractional frequency stability of 3.5 x 10716/ \/;/‘s
beyond the servo time of ~80 s (where 7 is the averaging time).
The dashed line represents the projection noise limit. Red points
are overlapping Allan deviation of a simulation incorporating
experimental noise and duty cycle. Error bars are 68% confidence
interval of Allan deviation. (c) 2’Al* clock transition line shape
with a 1 s probe. Error bars are 68% binomial confidence interval
of transition probability.

ultralow-expansion glass cavity. With a lower bandwidth
of ~10 kHz, we then modulate the drive frequency of an
AOM to stabilize the beat note between clock laser and
frequency comb. With this improved clock-laser stabiliza-
tion, we can operate the clock using a 1 s probe duration
without substantial loss of atom-laser coherence.

To operate with a 1 s probe, we control effects which
scale with the probe time. Previous >’ Al* clocks have been
operated by ground-state cooling before the clock probe
[27]; however, with a 1 s probe time, the heating rate in our
system would yield average motional phonon occupation
numbers above the Doppler limit. We therefore Doppler
cool the logic ion during the clock probe and carefully
characterize the temperature at the Doppler limit.

Since Doppler cooling produces a thermal distribution
[28,29], we expect the main nonthermal component to arise
from collisions with background gas, which are accounted
for in the collision shift [30]. The probability of a collision
between the trapped ions and background gas scales
linearly with the probe time. To reduce the collision rate,
we developed an all-titanium vacuum system to minimize
hydrogen outgassing, as well as designing for improved
conductance and hydrogen pumping speed. These improve-
ments yielded a base pressure of (2.5 4 1.3) x 10710 Pa
[(1.8 £0.9) x 107!2 Torr] as measured by the reorder rate
of a two-ion crystal [31], sufficient to suppress the collision
effect for long probe times. This also reduces the rate of
aluminum hydride formation, decreasing the need to stop
the clock and reload ions during a measurement run.

In addition to readout and state preparation, auxiliary
operations are interleaved with clock interrogation to
stabilize the ion order and measure the intensity of the
cooling light. The clock interrogation has a duty cycle of
~80%. The clock-laser path length is stabilized through all
optical fibers from the frequency comb to the trap vacuum
chamber. An active magnetic field servo with ~1 kHz
bandwidth adjusts shim coils surrounding the optical table
based on flux gate sensors located on opposite sides of the
vacuum chamber; this stabilizes the quantization field and
minimizes noise at 60 Hz and harmonics.

We measure the 2’ Al* clock stability by comparison to
the JILA Sr optical lattice clock [14], with results shown in
Fig. 1(b). The optical lattice clock fractional stability is

< 1x107'%/,/z/s, meaning the comparison stability of

3.5 x 10719/, /7/s is dominated by the 7 Al* clock. To our
knowledge, this represents the lowest instability of any ion
clock reported to date [3]. In the future, this stability could
be improved by further extending the probe time using
differential spectroscopy [36] or by extending the quantum
logic clock to multiple spectroscopy ions [37-39].

In the following paragraphs, we describe the evaluation
of systematic shifts to the 2’Al* clock transition, as
reported in Table 1.

Secular motion—The relativistic time-dilation shift, or
second-order Doppler shift, due to secular motion in the ion
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TABLE I. Fractional frequency shifts and uncertainties for the
NIST *’Al* quantum logic clock.

Effect Shift (10~'%)  Uncertainty (107'%)
Secular motion —114.6 3.8
dc quad. Zeeman —-6317.9 2.5
Cooling laser Stark -37.2 2.0
Blackbody radiation -30.7 1.7
Excess micromotion -1.6 1.6
Clock laser Stark 0 0.8
Background gas collisions —0.3 0.4
ac quad. Zeeman —-0.54 0.06
First-order Doppler 0 <1
AOM phase chirp 0 <1
Electric quadrupole 0 <1
Total —6502.8 5.5

trap [29] is the largest source of systematic uncertainty in
this clock. We evaluate the energy in the secular modes of
the two-ion crystal using sideband thermometry [40,41]. To
quantify the statistical uncertainty and test the repeatability
of sideband thermometry at the Doppler limit, we repeat the
measurements many times over the course of several
months. The results are consistent within the measurement
uncertainty with the calculated Doppler limit for our
nominal laser geometry and secular mode frequencies.
Figure 2 shows the record of measurements for one of
the radial “stretch” modes, with the others shown in
Supplemental Material [31].

We controlled for potential systematic shifts in this
temperature measurement by varying sideband pulse dura-
tion, altering the motional frequency spectrum and using
higher-order sidebands for the analysis. We found no
significant dependence of the results on any of these
changes. We take the weighted standard deviation of all
measurements for each secular mode to be the uncertainty
on that mode’s temperature. This accounts for possible
instability in the underlying value as well as statistical
uncertainty in the individual measurements. Since the
uncertainties for each mode are statistical, we add them
in quadrature to get a total secular motion shift
of Av/v = —(114.6 £3.8) x 10717,

Quadratic Zeeman shift—While the first-order Zeeman
shift is eliminated by averaging transitions with opposite
magnetic-field dependence, there remains a quadratic
Zeeman shift. We write this as Av/v = C,(B?), where
C, is the quadratic Zeeman coefficient [42] and (B?) =
(Bpc)* + (Bic). The frequency difference between
Zeeman levels gives a real-time measure of the quantization
field Bpc, while B, is measured via hyperfine spectros-
copy on the Mg ion [31]. The average dc quadratic
Zeeman shift is Av/v = —(6317.9 +2.5) x 107'%, where
the exact value for any given day of operation depends on
the measured B, but the uncertainty is not affected at the
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FIG. 2. (a) Repeated measurements of the motional quantum
number for one of the radial stretch modes, performed over
several months. Error bars are 1o uncertainty. Red solid and
dashed lines are the weighted mean and standard deviation of the
measurements, respectively. The black line is the calculated
Doppler limit for our nominal trap and laser parameters.
(b) Weighted means and standard deviations for all six modes.
Z modes are along the trap axis; X and Y modes are radial. STR:
stretch; COM: center of mass. Black lines are the calculated
Doppler limit for each mode.

given level of precision. Compared to the previous-
generation 2’ Al* clock, we operate at a lower magnetic
field of 0.10 mT, which reduces the amplitude and
uncertainty of the dc quadratic Zeeman shift.

(B3 ) is dominated by the magnetic field due to the trap
if drive at Q/2z = 70.86 MHz. We measure (B3.) by
observing a frequency shift on the first-order field-insensi-
tive transition |F = 3,mp = 0) <> |F =2, my = 0) in the
Z’Mg* ground state as a function of rf drive power, while
using the first-order sensitive transition |F =3,
mp = =3) < |F =2,m; = =2) to subtract (Bpc)? [42].
This measurement is sensitive to the direction of the ac
magnetic field relative to the quantization axis [43]. To
remove this directional ambiguity, we repeat the measure-
ment with the quantization axis oriented in three nearly
orthogonal directions. We use three pairs of magnetic-field
coils to change the magnetic-field direction and propagate
the 280 nm laser beams used for 2’Mg™" state preparation
and readout along each quantization axis. In each of these
three conditions, we measure the hyperfine frequency shift
at a range of different trap rf drive powers. Simultaneously
fitting the results gives the ac quadratic Zeeman shift
without directional ambiguity, where we quantify the
uncertainty using a parametric bootstrapping method
[44]. At our operating condition, this is (B.) = 0.85 +
0.09 uT?; this corresponds to a clock frequency shift of
Av/v = —(0.54 £0.06) x 10~'°. Figure 3 shows the
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0 50 100 0 50 100 0 50 100

> F? (MHz?)

FIG. 3. Frequency shift on the »Mgt|F =3, mp =0) <
|F =2,mp =0) ground-state hyperfine transition due to the
trap-induced ac magnetic field. This shift is linear with (B3 ) and
here plotted as a function of trap rf power, represented by the sum
of squared trap secular frequencies LF2. Error bars are lo
uncertainty. The quantization field and detection laser are
oriented along three nearly orthogonal axes; directions are nearly
vertical or at 45° to the trap axis. These three axes are depicted as
arrows in each inset, together with trap rf electrodes. Also shown
are a subset of fit results from parametric bootstrapping of the
measurement data and the angle of the near-orthogonal axes; see
the text and [31].

measured frequency shifts, as well as a subset of the
simultaneous fit results projected back onto the three
measurement axes. See Supplemental Material [31] for
more details.

Cooling laser Stark shift—The 280 nm laser beam used
for continuous Doppler cooling of the logic ion also
illuminates the 2’Al* spectroscopy ion, inducing an ac
Stark shift. We evaluate this shift by directly measuring the
Stark shift on the clock transition induced by a stronger
280 nm beam and then extrapolating to the lower power we
use for Doppler cooling. Specifically, we measure the Stark
shift on the clock transition from one of our 280 nm Mg~
Raman beams, typically used for resolved-sideband cool-
ing and quantum logic operations. While the Raman and
Doppler beams are detuned from one another by ~50 GHz,
this is small compared to the detuning from the deep UV
transitions that dominate the clock transition differential
polarizability [45]; the difference in Stark shift is, therefore,
negligible.

The Rabi rates of Raman transitions, together with power
ratios between beams in a Raman pair, give an absolute
calibration of the saturation parameter S of the Stark
shifting beam; see Supplemental Material [31] for more
details. We measure at several different Stark-shifting beam
powers, as shown in Fig. 4(a), obtaining a shift of Av/v =
—(2.59 £0.06) x 10717 x §.

During clock operation, we regularly measure the
depumping rate of the Mg™* qubit dark state to determine
the saturation parameter. We apply a correction based on
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FIG. 4. Stark shift due to cooling light. (a) Six measurements of
the frequency shift on the clock transition were performed at three
different Stark shifting beam powers. Error bars are 1o uncer-
tainty. The blue line and red shaded region give the mean shift per
saturation parameter and its weighted standard deviation, re-
spectively. (b) Time series of saturation parameters measured
during a day of clock operation, showing no evidence of
long-term drift. Error bars are 1o. The blue line and red shaded
region are the saturation parameter and its lo uncertainty,
S = 0.1621 £ 0.0046, respectively, extracted from fitting the full
day of data.

the average measurement across the day and the calibrated
ratio of laser powers at the two ions’ positions. Figure 4(b)
shows measurements across a typical day of operation,
binned into approximately 20-min intervals. In the absence
of any long-term drift, we take the full day’s worth of
saturation parameter measurements and apply an average
correction to the day’s clock data. Repeating this procedure
across many days of clock operation, we obtain an average
shift and uncertainty of Av/v = —(37.2+£2.0) x 107",
where the exact value for any given day of operation
depends on the measured saturation parameter.
Blackbody radiation—The *’Al* clock transition has
one of the lowest polarizabilities due to blackbody radiation
of any existing atomic clock [16]. This was recently
measured [46] with high precision in a 2’ Al1*-4°Ca™ clock,
using the Stark shift on the “°Ca™ clock transition as a
reference for the intensity of a Stark-shifting infrared
laser and giving a polarizability of (6.86 £ 0.23)x
10~* Jm?/V2. We measure the temperature of our appa-
ratus using a set of six thermocouples—three located on the
trap and support structure and three on the surrounding
vacuum chamber—constraining the ion’s blackbody envi-
ronment to be 24.0 £ 3.3°C, for a Stark shift due to
blackbody radiation of Av/v = —(30.7 £ 1.7) x 10717,
Excess micromotion—Excess micromotion (EMM) was
the largest systematic uncertainty in the previous NIST
ZTAL* clock [12]. This is substantially reduced due to an
improved Paul trap electrical design, featuring a thicker
diamond wafer, thicker sputtered gold traces, and rerouting
of the traces to balance capacitances on opposite rf
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electrodes. We optimize micromotion compensation volt-
ages at the start of each day of clock operation and measure
again at the end of each day. These measurements constrain
the EMM-induced second-order Doppler shift on the clock
transition to Av/v = (—1.6 £1.6) x 107!%; see Supple-
mental Material [31] for more details on trap design and
EMM constraints.

Background gas collisions—Frequency shifts due to
background gas collisions in a 2’ Al* clock were evaluated
indetail in [30], where a strong suppression of Doppler shifts
due to collision-induced heating was identified, thanks to the
Debye-Waller effect. The application of continuous Doppler
cooling in this work weakens this suppression, as ions which
would otherwise not interact with the clock laser are
recooled during the probe time. However, the low pressure
in our new vacuum system also strongly suppresses this shift.
Accounting for the weaker Debye-Waller suppression, the
measured collision rate, and the one-second probe time, we
constrain this shift to be Av/v = —(0.25 4+ 0.36) x 1071,
See [31] for additional details.

First-order Doppler shift—The previous-generation
quantum logic clock observed a first-order Doppler shift
on the order of 5 x 1077, which was strongly suppressed
by averaging clock probes from opposite spatial directions.
In this apparatus, we measure a first-order Doppler shift
consistent with zero, at Av/v= (0.1 41.7) x 10713,
Combined with the suppression from averaging opposite
probe directions [12], the residual first-order Doppler shift
is negligible.

Other shifts—A possible ac Stark shift due to the clock
laser has been investigated, following [12,20]. Because of
the lower laser intensity required for a one-second probe,
the shift uncertainty is reduced to Av/v = 0.8 x 10719,
Possible AOM phase chirp effects and electric quadrupole
shifts are also bounded below 10~!° [47].

Conclusion—We have developed a ?’Al* clock with
instability of 3.5x107'°/,/z/s and inaccuracy of
5.5 x 107!%, This represents a threefold improvement in
stability over previous aluminum ion clocks, while also
advancing the state of the art in optical clock accuracy. The
stability could be improved with an even more stable clock
laser, enabling longer probe times, or by simultaneous
interrogation of a Coulomb crystal including several
aluminum ions. The accuracy is mainly limited by the
measurement of the Doppler temperature. We note that a
cryogenic system with low heating rates would allow
ground-state operation with 1 s or longer probe times,
while also reducing uncertainty due to background gas
collisions and blackbody radiation. Combined with realistic
improvements to the measurement of the quadratic Zeeman
coefficient and micromotion amplitude, a clock with
accuracy at the 1 x 10717 level is feasible.
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