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We present the compact long-term nearly continuous operation of a room-temperature Ca+-optical-
clock setup towards a transportable clock, achieving an overall systematic uncertainty of 4.8 × 10−18 and
an uptime rate of 97.8% over an 8-day period. The active liquid-cooling scheme is adopted, combined
with precise temperature measurement with 13 temperature sensors both inside and outside the vacuum
chamber to ensure the accurate evaluation of the thermal environment for the optical clock. The envi-
ronmental temperature uncertainty is evaluated as 293.31(0.4) K, corresponding to a blackbody-radiation
frequency-shift uncertainty of 4.6 × 10−18, which is reduced more than twice compared to our previous
work. Through frequency comparison of the room-temperature Ca+ optical clock with a cryogenic Ca+

optical clock, the overall uncertainty of the clock comparison is 7.5 × 10−18, including a statistical uncer-
tainty of 4.9 × 10−18 and a systematic uncertainty of 5.7 × 10−18. This work provides a set of feasible
implementations for high-precision transportable ion optical clocks.

DOI: 10.1103/PhysRevApplied.19.064004

I. INTRODUCTION

Optical clocks based on neutral atoms trapped in an opti-
cal lattice or single ions trapped with ion traps have been
greatly improved in the past two decades [1–7]. At present,
the systematic uncertainties of optical clocks referenced
to Yb [3], Sr [2,4], Al+ [5], Yb+ [6], and Ca+ [7] have
reached the 10−18 level or below [5]. The uncertainties
of these state-of-the-art optical clocks have all exceeded
the best Cs fountain clocks by more than 1 order of mag-
nitude [8], with promising applications ranging from the
redefinition of the SI second [8,9] to testing of the gen-
eral relativity [10,11], testing if fundamental constants
vary through time and space [11–14], geoid measurements
[15], etc. The Comité International des Poids et Mesures
proposed a roadmap for the redefinition of the SI sec-
ond in 2018, which clearly stated that it was necessary to
develop a transportable optical clock with an uncertainty
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at the 10−18 level to measure the frequency ratios between
optical clocks in different institutes, with uncertainties at
the 10−18 level, to check the reproducibility of the opti-
cal clocks and their frequency comparisons [8]. Besides,
in terms of geoid measurements, a transportable optical
clock with an uncertainty at the 10−18 level is required
to achieve a centimeter-level height-difference resolution
[16]. This will surpass the resolution of the traditional
geodetic measurement scheme and will demonstrate the
advantages of the optical-clock-based geopotential mea-
surement. However, it is challenging to realize a trans-
portable high-performance optical clock. Many institutions
all around the world are now carrying out research on
transportable optical clocks [16–20]. Among them, trans-
portable Sr and Ca+ optical clocks assembled in car trailers
with systematic uncertainties at the 10−17 level have been
developed [17,19]. RIKEN of Japan developed a cryo-
genic transportable Sr optical lattice clock at 245 K to
suppress the blackbody-radiation- (BBR) shift uncertainty,
achieving a systematic uncertainty of 5.5 × 10−18 [16].

The Ca+ ion is an ideal reference candidate for build-
ing a transportable optical clock. It has a relatively simple
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level scheme, requiring fewer numbers of diode lasers
with weaker power compared to the Al+- and Yb+-based
optical clocks [5,6] and the Yb- and Sr-based optical
lattice clocks [3,4], allowing for the building of a com-
pact, low-cost, and reliable transportable optical clock
[19,20]. The uncertainty of our previous transportable
Ca+-ion optical clock was 1.3 × 10−17, which was lim-
ited by the BBR-shift uncertainty [19]. A liquid-nitrogen-
cooled cryogenic Ca+-ion optical clock has been built
with a systematic uncertainty of 3.0 × 10−18 [7], but it
is difficult to apply it as a portable optical clock at the
moment. Therefore, reducing the uncertainty of the BBR
shift at room temperature is an important goal for building
10−18-level-uncertainty transportable Ca+ optical clocks.
Here, temperature stabilization of the thermal environ-
ment, precise temperature measurement, and evaluation
schemes are introduced to reduce the temperature variation
and improve the accuracy of temperature evaluation. The
uncertainty of the BBR frequency-shift evaluation is then
lowered to the 10−18 level, and a frequency comparison
with an overall uncertainty of 7.5 × 10−18 is implemented
for the verification of the uncertainty evaluation.

In addition to the uncertainty, the continuous operation
ability is the other essential feature of an optical clock for
redefining the second [8]. Here, we report on an over-one-
week operation of a room-temperature Ca+ optical clock
with an improved uptime rate of over 95%, after optimiza-
tion of the laser system and the control program. Compared
to other ion-based optical clocks, one group reported the
long-term quasicontinuous performance of an Yb+ clock

with 76% uptime for 25 days [21]. Regarding optical
lattice clocks, Sr optical lattice clocks with uptime rates
of 93% for 10 days [22] and 84% for 25 days [23] were
reported, and the long-term operation of an 171Yb optical
lattice clock for half a year, including uptimes of 93.9% for
the first 24 days [24], was reported.

II. EXPERIMENTAL APPARATUS

Here, we present a room-temperature Ca+ optical clock
with an optimized structure of the ion trap (Fig. 1) and
miniaturized titanium vacuum chamber [Fig. 2(a)]. A
diamond-wafer-based linear ion trap is introduced with
low heating rates. The ion trap is built of a laser-machined
300-μm-thick diamond wafer, which is gold plated to
generate the radio-frequency (rf) trap electrodes and dc
compensation electrodes on the diamond surface. The dis-
tances between the trapped ion and rf electrodes are about
0.25 mm. The ion-trap wafer and polished titanium end-
caps are mounted on the silver-plated oxygen-free copper
support with high thermal conductivity, which is attached
to an oxygen-free copper heat sink with most surfaces
exposed to the external vacuum environment. The heating
rates of the trap are measured to be less than 5 quanta/s in
all directions [25]. With a probe time of about 80 ms, the
thermal-motion-shift uncertainty due to the heating rates is
as low as the 10−19 level.

The vacuum chamber has a volume of 0.28 × 0.16 ×
0.19 m3 and is made of titanium alloy. To achieve a
stable magnetic field environment for Ca+, four layers

Endcap electrodes
Horizontal
compensation
electrode

Vertical
compensation
electrode

rf electrodes

Temperature sensors

Silver-plated 
oxygen-free
copper support 

FIG. 1. Simplified schematic of the ion-trap system. Design is based on that used in NIST Al+ clocks [5], with some minor mod-
ifications. Three in-vacuum thermocouple sensors with a calibration accuracy of 0.1 K are installed inside the vacuum chamber to
characterize the thermal environment; one is installed at the diamond wafer to monitor its fluctuation, and two others are mounted on
the top and middle of the silver-plated oxygen-free copper support to measure the temperature fluctuation and gradient of the vacuum
chamber. Third thermocouple located in the middle of the support is not shown. Insulation materials between the endcap electrodes and
copper support are also diamond. Design makes them nearly invisible to the ions, which means that the BBR-temperature uncertainty
contributed by insulation supports is greatly suppressed.
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FIG. 2. (a) Vacuum chamber is made of titanium alloy to avoid the magnetic field produced by the chamber. Titanium-alloy material
also helps to achieve higher vacuum. One CF35 window is on top for image collection and vertical laser probing, six CF16 windows
are on the sides for laser cooling and probing in the corresponding directions, including an infrared window (colored in red) for
the temperature measurement with an infrared camera, two CF16 feedthroughs are used for applying voltages on the trapping rf
and compensation electrodes. Four layers of magnetic shields are added to significantly weaken the environmental magnetic field
fluctuations. Within the magnetic shields, three pairs of coils are installed to adjust the strength and direction of the magnetic field. (b)
Vacuum chamber is located in a liquid-cooled box to ensure uniformity and stability of the thermal environment. Brown tube is the
helical resonator used for rf supply of the ion-trap system. Modules in the system are connected by optical fibers and cables with the
laser-stabilization system and circuit control system in the laboratory environment.

of magnetic shields are added [Fig. 2(a)]. The vacuum
chamber and optics are placed on a 0.9 × 0.7-m2 table.
The table is surrounded by a liquid-cooled box to iso-
late it from room-temperature fluctuations [Fig. 2(b)]. The
size of the box is 1.14 × 0.84 × 1.03 m3. Ten platinum
resistance-temperature detectors are installed to evaluate
the thermal environment outside the vacuum chamber. The
overall temperature-measurement system is calibrated with
an accuracy level better than 0.1 K at the Hubei Institute of
Measurement and Testing Technology. A detailed descrip-
tion of the liquid-cooled box is presented in Sec. 1 of the
Supplemental Material [26].

Compared to the room-temperature optical clock, the
vacuum system of our liquid-nitrogen cryogenic optical
clock is relatively complex and huge [7]. Such a complex
vacuum system is prone to vacuum leakage during trans-
portation. Moreover, the current liquid-nitrogen Ca+ opti-
cal clock requires daily liquid-nitrogen replenishment to
maintain its operation, which prevents it from being trans-
ported long distances. In contrast to the cryogenic clock,
the vacuum system of the room-temperature optical clock
is relatively small and robust for easier transportation.
Meanwhile, in the room-temperature optical clock, the
liquid-cooled box is simply composed of five liquid-cooled
panels, which can be easily disassembled and reassem-
bled. In our preliminary test for transportation, the clock
is moved from the 1-m-high optical table to the ground;

it takes less than a day for the recovery of clock opera-
tion. Therefore, the room-temperature optical clock with
our liquid-cooled scheme can be conveniently mounted in
our transportable car trailer in the future.

III. FREQUENCY-SHIFT EVALUATION

Similar to our previously built optical clocks [7,25,27,
38], cooling lasers under optimized operation conditions
are adopted to reduce the second-order Doppler shift due
to the secular motion of the ion. Considering the trap heat-
ing rates, the ion temperature is estimated as 1.19(33) mK
during the clock-comparison experiments, corresponding
to a second-order Doppler shift (due to secular motion) of
−(4.1 ± 1.2) × 10−18 [32–35]. The excess-micromotion-
induced second-order Doppler shift and Stark shift, the
combination of Stark shifts due to secular motion, and the
second-order Doppler shift due to secular motion (micro-
motion induced) are canceled out by choosing the magic rf
trapping frequency [27,32,36]. The excess-micromotion-
induced shift and its uncertainty are evaluated to be less
than 1 × 10−19. The quadrupole shift, first-order Zeeman
shift, and tensor Stark shifts due to ion motion and the
lasers are canceled out by averaging the three pairs of
Zeeman components [37,38]. A specific magnetic field
direction is chosen to achieve a magic angle between the
electric field gradient and the magnetic field direction for
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TABLE I. Percentages of effective and geometric solid angles for different parts of the ion-trap system.

Vacuum part Material Emissivity �eff
i /(4π) (%) �

geo
i /(4π) (%)

Endcaps Titanium 0.166 47 51
Inner walls of vacuum chamber Titanium 0.166 26 28
Ion trap (including compensation electrodes) Gold 0.05 14 16
Glass window Fused-silica glass 0.75 13 5

the reduction of the electric quadrupole shift drift, which
greatly suppresses the residual quadrupole shift, with an
evaluated uncertainty of 4 × 10−19 [39,40]. The servo shift
and uncertainty are inferred from the small residual errors
in the quantum jump imbalances recoded by the software
[25,38]. The upper limit of the servo-induced frequency-
shift uncertainty is evaluated to be 4 × 10−19. In our exper-
iment, two laser beams in opposite directions are used for
independent and interleaved probing of the ion [5,7]. By
averaging the two independent frequency measurements,
the first-order Doppler shift is reduced with an uncertainty
of 3 × 10−19. The ac Stark shift due to the probe laser
is greatly reduced with an uncertainty of <1 × 10−19 by
adopting the hyper-Ramsey interrogation scheme [41,42].
More detailed methods and results of the evaluation of the
systematic shifts and uncertainties are shown in Sec. 2 of
the Supplemental Material [26]. After the abovementioned
improvements and evaluations, for Ca+ optical clocks, the
total systematic uncertainty is mainly limited by the BBR
shift.

For optical clocks, the BBR shift can be expressed as
[43]

�νBBR = −�α0
2h

〈
E2

〉
T[1 + η(T)] (1)

where �α0 is the differential static scalar polarizabil-
ity for the clock transition, η(T) is the dynamic cor-
rection coefficient, h is Plank’s constant, and

〈
E2

〉
T =

[8.319430(15) V/cm]2(T/300 K)4 is the mean-squared
electric field in a BBR environment at temperature T

[44]. In our previous work, the differential static scalar
polarizability, �α0, was measured to be −7.2677(21) ×
10−40 J m2 V−2 and the uncertainty of the BBR shift con-
tributed by the BBR coefficient, �α0, including dynamic
correction, was reduced to 3 × 10−19 [27]. Therefore, the
key to reducing the BBR frequency-shift uncertainty of the
Ca+ optical clock at room temperature is the suppression
of BBR temperature uncertainty.

To estimate the blackbody-radiation temperature as
accurately as possible, active temperature stabilization by
liquid cooling, the precise measurement of the thermal
environment, and finite-element (FE) analysis of the ther-
mal radiation of the setups are implemented here. As Ca+

is illuminated by the thermal radiation of the components
of the ion-trap system, the effective BBR temperature, Teff,
felt by the ion can be calculated in terms of the effective
solid angles and the temperatures of the surfaces of all
components [28]:

T4
eff = c

4σ
u = ∑

i

(
�eff

i
4π

)
T4

i , (2)

where c is the speed of light, u is the local field energy
density, and σ is the Stefan-Boltzmann constant. The radi-
ating surface of each component of the trap system can
be described by its own temperature, Ti, and the effective
solid angle, �eff

i , observed by the ions, and i runs over
all enclosure surfaces. �eff

i represents the weight of the
corresponding part surface, i, when calculating Ti.

TABLE II. Temperature evaluation results for the ion-trap system.

Component

Temperature
evaluation
value (K)

Uncertainty
due to sensor

calibration (K)

Uncertainty
due to

temperature
gradient (K)

Uncertainty
due to ambient-

temperature
fluctuations (K)

Total
uncertainty (K)

Endcaps 293.35 0.1 0.1 0.3 0.4
Inner walls of

vacuum
chamber

293.25 0.1 0.2 0.3 0.4

Ion trap (including
compensation
electrodes)

293.35 0.1 0.1 0.3 0.4

Glass window 293.25 0.1 0.2 0.3 0.4
Teff 293.31 0.4
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TABLE III. Systematic shifts and uncertainties for the evaluation of two clocks and their comparison. Here, only the effects with
systematic shifts or uncertainties of >1 × 10−19 are shown.

Contributor (10−18)

Fractional
systematic shift

of clock 1
(10−18)

Fractional
systematic

uncertainty of
clock 1 (10−18)

Fractional
systematic shift

of clock 2
(10−18)

Fractional
systematic

uncertainty of
clock 2 (10−18)

Fractional
systematic shift

of clock
1-clock 2
(10−18)

Fractional
systematic

uncertainty of
clock 1-clock 2

(10−18)

BBR-field evaluation
(temperature)

842.8 4.6 7.3 2.7 835.5 5.3

BBR coefficient
(�α0)

0 0.3 0 0.3 0 0.4

Excess micromotion 0 0 0 0.2 0 0.2
Second-order

Doppler (thermal)
−4.1 1.2 −3.1 0.9 −1 1.5

Residual quadrupole 0 0.4 0 0.4 0 0.6
Servo 0 0.4 0 0.4 0 0.6
First-order Doppler 0 0.3 0 0.3 0 0.4
Gravitational shift −27.5 1
Total 838.7 4.8 4.2 3.0 807.0 5.7

Analysis of the BBR temperature based on the finite-
element method shows that a large effective solid angle
of the insulation supports, temperature fluctuation, and
the gradient of the vacuum chamber typically give the
largest contributions to the BBR temperature uncertainty
[29,30]. The diamond-wafer-based linear ion-trap config-
uration makes the effective solid-angle contribution of
the insulation supports almost disappear. Through active

temperature control of the operating thermal environment
of the optical clock by liquid cooling, the temperature
fluctuation of the vacuum system is reduced from ±1.6 to
±0.3 K.

We calculate the effective solid angle of each compo-
nent in the ion-trap system by FE analysis using a method
similar to the one given in Ref. [7] with the COMSOL Multi-
physics software. In the model, the calcium ion is replaced
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FIG. 3. Frequency comparison of the two clocks. Micromotion-minimization process is carried out and the ion temperature for the
room-temperature clock is measured daily during the clock comparison. Frequency difference is measured to be 329.9 mHz with a
statistical uncertainty of 2.0 mHz (4.9 × 10−18). Combined with the systematic uncertainty of 5.7 × 10−18 described in Table II, the
total uncertainty for the clock comparison is 7.5 × 10−18. Uptime rate for the comparison is mainly limited by the cryogenic optical
clock.
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with a small blackbody sphere, which acts as a probe. Con-
sidering temperature control of the liquid-cooled box, the
absolute temperatures of our vacuum parts, such as the vac-
uum chambers and ion trap, are very close to room temper-
ature, effective solid angles, �eff

i , in the case of a uniform
temperature distribution can be used to characterize the
realistic system [31]:

�eff
i

4π
=

(
Teff

Ti

)3
∂Teff

∂Ti
(3)

where Teff is the temperature of the probe and Ti is the
set temperature for component i. In our case, Teff/Ti ≈ 1.
Typical emissivity values are adopted for different surface
materials in the calculations [29], the emissivity values of
the endcaps, walls of the chamber, ion trap, and fused-
silica windows are set to 0.166, 0.166, 0.05, and 0.75,
respectively. For comparison, the geometric solid angles
are also calculated using emissivity values of 1 for all sur-
faces. The results are listed in Table I. The temperature
of different components can be measured by the temper-
ature sensors combined with the infrared camera. The
temperature-measurement details of each component are
listed in Table II.

The effective BBR temperature felt by the ion is cal-
culated to be 293.31(40) K, corresponding to a BBR-
shift uncertainty of 1.9 mHz. Finally, the temperature-
associated BBR shift uncertainty is determined to be 4.6 ×

10−18. It can be further reduced by calibrating the tem-
perature sensor with an accuracy of less than 15 mK and
designing a more uniform and stable temperature-control
system for optical clocks.

Table III summarizes the systematic uncertainty bud-
get for the room-temperature clock (clock 1 columns). The
total systematic uncertainty is 4.8 × 10−18; this is limited
by the BBR temperature evaluation precision.

IV. CLOCK COMPARISON

We further measure the frequency difference between
the room-temperature Ca+-ion optical clock (clock 1 in
Table III) and the cryogenic clock (clock 2 in Table III,
with an uncertainty of 3.0 × 10−18) [7] to verify the per-
formance of the room-temperature clock. The two clocks
have a height difference of 25(1) cm, corresponding to a
frequency shift of 11.3(4) mHz or 27.5(1.0) × 10−18 in
fractional. In the frequency-comparison experiment, the
same clock laser synchronously probes the two clocks to
observe hyper-Ramsey spectroscopy with a free evolution
time of 40 ms, and the frequency difference is obtained
by comparing the two acousto-optic modulators used to
modulate the two clock laser frequencies to make them
resonant with the clock transitions. As shown in Table
III, a fractional frequency-shift difference of 8.070(57) ×
10−16 is evaluated, corresponding to a 331.7(2.3)-mHz
difference and a systematic uncertainty of 5.7 × 10−18.
As shown in Fig. 3, the measured frequency difference

FIG. 4. Frequency difference between transition pairs 2S1/2(m = ±1/2) → 2D5/2(m =±1/2) and 2S1/2(m =±1/2) →
2D5/2(m =±3/2) of the room-temperature clock. Rabi interrogation method with a 20-ms probe time is used. Operating uptime rate
reaches 97.8% in a period of around 8 days. Current continuous uptime rate of the room-temperature clock is limited by ion loss
caused by the instability of the frequency of the cooling laser and the interrogation operation of the probe laser, which occurs at
a frequency of about once a day. Furthermore, unlocking of the clock laser would also cause operation of the optical clock to be
interrupted. Future improvements will focus on reloading the 40Ca+ ion faster and developing a more stable reference cavity for
frequency stabilization of the clock laser.
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is 329.9(2.0) mHz, which is in good agreement with the
evaluated value. More details about the clock comparison,
including the Allan deviation, are shown in Sec. 3 of the
Supplemental Material [26].

V. UPTIME RATE OF THE CLOCK

The uptime rate of the room-temperature clock is mea-
sured, as shown in Fig. 4. The clock can reliably operate
for over a week, with an uptime rate of over 95%. It is
comparable to those optical clocks with long-term qua-
sicontinuous performance, such as the Sr and Yb clocks
mentioned in the end of Sec. I [22–24]. This experiment
also verifies the reliability of the room-temperature optical
clock after its preliminary transportation experiment from
the optical table to the ground.

VI. CONCLUSION

We develop a nearly continuous Ca+ optical clock
towards a transportable clock, with a systematic uncer-
tainty of 4.8 × 10−18 at room temperature. Through opti-
mization of the ion-trap structure, the proportion of the
effective solid angle of the insulating supports in the ion
trap is greatly suppressed. Moreover, an active temperature
control and evaluation scheme is introduced. These efforts
help to reduce the portable Ca+ optical clock’s BBR-shift
uncertainty to the 10−18 level. The evaluation is also ver-
ified by measuring the frequency difference between the
room-temperature and cryogenic clocks with an overall
uncertainty of 7.5 × 10−18. This transportable Ca+ opti-
cal clock achieves 10−18-level systematic uncertainty and
the Ca+-optical-clock comparison shows 10−18-level total
uncertainty. Higher-accuracy clock comparisons can be
implemented with optical clocks from other laboratories
to test the uncertainty evaluation and measurements of
clock-frequency ratios [45]. Our setups for reducing the
BBR-shift uncertainty are suitable for developing robust
transportable optical clocks based not only on Ca+ ions,
but also on other ions or neutral atoms.
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