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A liquid-nitrogen cryogenic 40Ca+ optical clock is presented that is designed to greatly reduce the blackbody radiation
(BBR) shift. The ion trap, the electrodes and the in-vacuum BBR shield are installed under the liquid-nitrogen container,
keeping the ions in a cryogenic environment at liquid-nitrogen temperature. Compared with the first design in our previous
work, many improvements have been made to increase the performance. The liquid-nitrogen maintenance time has been
increased by about three times by increasing the volume of the liquid-nitrogen container; the trap position recovery time
after refilling the liquid-nitrogen container has been decreased more than three times by using a better fixation scheme in the
liquid-nitrogen container; and the magnetic field noise felt by the ions has been decreased more than three times by a better
design of the magnetic shielding system. These optimizations make the scheme for reducing the BBR shift uncertainty of
liquid-nitrogen-cooled optical clocks more mature and stable, and develop a stable lock with a narrower linewidth spectrum,
which would be very beneficial for further reducing the overall systematic uncertainty of optical clocks.

Keywords: cryogenics, ion trapping, 40Ca+ optical clock
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1. Introduction

In recent decades, significant progress has been made
towards the high accuracy and stability of single-ion opti-
cal clocks[1–4] and optical lattice clocks.[5–8] Optical clocks
referenced to Al+,[2] Yb,[5] Sr,[6–8] Yb+ [3] and Ca+ [1] have
reached a fractional frequency uncertainty of 10−18 or even
better. Such an uncertainty is already two orders of mag-
nitude smaller than the uncertainty of microwave clocks,[9]

so optical clocks will promote not only a redefinition of the
second[9,10] but also applications such as frequency metrology
and fundamental physics.[11] In many state-of-the-art optical
clocks, the Stark shift uncertainty due to blackbody radiation
(BBR) remains the dominant contributor to the overall clock
uncertainty.[1,5–8] One way to reduce the BBR shift uncertainty
to 10−18 or even less is to ensure a uniform, accurately char-
acterized BBR environment for the ions/atoms at room tem-
perature, such as the Yb clock at NIST[5] and the Sr clock
at JILA.[7] These methods reduce the uncertainty of the BBR
shift by accurately evaluating the BBR temperature felt by the
ions/atoms, but do not suppress the BBR shift. Another way
to simultaneously reduce the BBR shift and its uncertainty

is to interrogate the ions/atoms in a cryogenic environment.
In addition, the cryogenic environment can produce a much
higher vacuum level, which reduces the background gas col-
lision rate, thus benefiting both the storage and the spectro-
scopic study of atoms or ions.[21–24] A cryogenic environment
has been used in the Hg+ [12] and Ca+ [1] optical clocks, the
highly charged ion optical clock[13] and the Sr optical lattice
clock,[6] among others, and greatly suppresses the BBR shift
and its uncertainty.

Building optical clocks based on 40Ca+ gives technolog-
ical advantages over other optical clocks in that all the wave-
lengths required for laser cooling and state manipulation can
be generated by commercially available and easy-to-handle
solid state lasers. For 40Ca+ optical clocks, BBR can induce
the Stark shift of ∼ 0.35 Hz at room temperature.[26–28] The
uncertainty from this frequency shift also dominates the un-
certainty budget table of a Ca+ optical clock. It scales pro-
portionally with the fourth power of the ambient temperature
(T 4)[29,30]

∆νBBR = −∆α0

2h
[831.9430(15) V/m]2
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The BBR Stark shift of the clock transition is reduced to
the mHz level when Ca+ optical clocks are interrogated in a
liquid-nitrogen environment of approximately 77 K.[1] In this
case, if the BBR temperature can be estimated with uncertain-
ties of a few K, the uncertainty of the BBR shift can be es-
timated to be < 10−18. In contrast to liquid-nitrogen refrig-
eration, a mechanical cryocooler or a liquid-helium cryostat
is used in some optical clocks to achieve lower-vacuum cryo-
genic environments.[6,13,31] However, the vibrations generated
by these methods must be suppressed at the position of the ion
trap,[19,31] which increases the system complexity. For 40Ca+

ion optical clocks, liquid-nitrogen cooling is good enough to
suppress the BBR frequency shift and has a lower cost.

In previous work we built a liquid-nitrogen-cooled 40Ca+

optical clock (cryogenic trap 1), and its systematic uncertainty
was estimated to be 3.0×10−18.[1] However, cryogenic trap 1
requires a daily replenishment of liquid nitrogen because the
liquid nitrogen is depleted about 36 h after the liquid-nitrogen
container is filled. The process of replenishing the liquid ni-
trogen causes a short-term loss of the fluorescence signal for
15 min, and it takes more than 1 h to return to the normal
operation. Moreover, due to the large size of the system and
the overall performance of the magnetic shielding in cryogenic
trap 1, the magnetic field fluctuation at the ion is larger than
that of room temperature optical clocks with good magnetic-
field shielding, broadening the spectral line of the clock tran-
sition. The magnetic field fluctuation in the vertical direction
of cryogenic trap 1 is much stronger than that in the horizontal
direction, resulting in the need to set the magnetic field direc-
tion to horizontal during the clock interrogation process, so
that the overall magnetic field amplitude is less sensitive to the
vertical environmental magnetic field fluctuations. All of the
above means that although cryogenic trap 1 has a lower sys-
tem uncertainty than room-temperature 40Ca+ optical clocks,
it does not perform as well as those room-temperature optical
clocks in terms of stability.[1,26,32]

For the above reasons, we started to design and build a
new generation of cryogenic ion trap for 40Ca+ optical clocks
(cryogenic trap 2) with longer continuous operating time and
better control of the ambient magnetic field. In this work, the
continuous operating time was extended to more than 5 days
by increasing the volume of the liquid-nitrogen container, and
the problem of recovery of the ion fluorescence signal after
liquid-nitrogen replenishment was optimized. At the same
time, by improving the design of the magnetic shields and us-
ing a titanium vacuum chamber, the magnetic field noise at
the ion is effectively suppressed, and a narrower spectral line
in the clock interrogation is obtained. With these improve-
ments, the cryogenic 40Ca+optical clock will have a longer
continuous operating time and better operating conditions in
the future.

This article will begin with an overview of this improved
liquid-nitrogen system, then the liquid-nitrogen setup and
BBR shield, ion trap and electrodes and the magnetic control
system will be introduced in detail in the subsequent sections.

2. External design of the improved liquid-
nitrogen system

2.1. Vacuum system

The ion trap, the BBR shield and the liquid-nitrogen con-
tainer are housed in a vacuum chamber. The chambers and
associated fixtures are made of titanium metal, which has non-
magnetic properties and lower outgassing rates, aiming for
smaller shifts caused by the magnetic field and ultra-high vac-
uum maintenance. Optical and electrical access is provided
by ten ports, seven of which are used for laser access along
three orthogonal directions and fluorescence collection, and
two of which are used for electrical feedthroughs. A com-
posite pump, combining the non-evaporable getter pump with
the ion pump, is connected to the last port, with a pumping
speed of more than 500 l·s−1 (H2). Compared with our pre-
vious stainless-steel system,[1] where only a diode ion pump
with 6 l·s−1 (Ar) and 15 l·s−1 (CH4) was available, a StarCell
ion pump (Agilent Technologies) with 21 l·s−1 for Ar and
30 l·s−1 for CH4 was installed in the new system. With this
improvement, the background gas pressure has been reduced
to 4×10−9 Pa. An ideal cryogenic vacuum environment not
only helps to reduce the effects of collisions between trapped
ions and background gases but also to prevent ion loss by
reaction with gases that produce new molecular ions. AC
and DC magnetic fields from the laboratory environment are

(a)
(b)
(c)

(d)

(e)
(f)

(g)

(h)
(i)

(j)

(k)

(l)

(m)
(n)

Cryogenic trap 2 Cryogenic trap 1

Fig. 1. Cutaway drawing of the cryogenic system. The left panel shows
cryogenic trap 2 and the right panel shows the main vacuum system part
of cryogenic trap 1 at the same scale. Notable features include: (a) vac-
uum cambers; (b) polytetrafluoroethylene fixing rods (assembled with three
pieces); (c) liquid-nitrogen container; (d) supplemental port and pressure re-
lief ports of liquid nitrogen (assembled with four pieces); (e) BBR shield;
(f) ion trap; (g) frames of Helmholtz coils (assembled with three pairs); (h)
imaging system; (i) wires of the ion trap electrodes; (j) three-layer internal
magnetic shields; (k) three layers of external magnetic shields; (l) helical
resonator; (m) non-evaporable getter pump; (n) ion pump.
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suppressed by six concentric permalloy metal magnetic
shields outside the vacuum chamber. To precisely control the
magnetic field felt by the ion, three pairs of Helmholtz coils
are mounted on the laser beam access port (the pink parts in
Fig. 1). The vacuum system is mounted on an optical table,
where the laser setup rests.

2.2. Imaging system

The fluorescence of the 40Ca+ ions at the cooling tran-
sition at 397 nm is split at a ratio of 1:9 to image onto an
electron-multiplying CCD camera (Andor) and a photomulti-
plier tube (PMT; Hamamatsu), respectively. The first imag-
ing lens consists of two custom-made aspherical lenses (As-
phericon) mounted below the re-entrant viewport at the bot-
tom of the titanium vacuum chamber. It has a free aper-
ture diameter of 50 mm and a working distance of 48.3 mm.
With a numerical aperture of 0.46, it covers 5.6% of the total
solid angle around the ion. After the ion fluorescence collec-
tion, a 40× achromatic microspot ultraviolet focusing objec-
tive (Thorlabs) magnifies the secondary image onto the CCD
camera and PMT. A 100 µm pinhole placed in front of the ob-
jectives is centered on the ion image with micrometer screws
to maximize the fluorescence-to-background ratio. The colli-
mated light passes through a series of baffles and two narrow-
bandpass filters (Semrock) to prevent stray light from the other
laser sources from reaching the PMT and CCD. After Ramsey
excitation, the PMT monitors the final state of the ion after in-
terrogation by observing the ion fluorescence at 397 nm. This
method is known as ‘electron shelving’.[46] Single-ion fluores-
cence rates of 200 counts·s−1 were typically observed during
a 0.5 ms long detection with scattered background light levels
of less than 20 counts·s−1. After the interrogation, the ion is
initialized again with the 854 nm laser, making the clock run
faster. The CCD camera is used to simultaneously observe the
ion’s motion and position.

3. Liquid-nitrogen setup and BBR shield
The cryogenic quadrupole Paul traps are used in sev-

eral laboratories around the world to achieve extremely
low pressures[21,24] or to reduce BBR shifts in optical
clocks.[1,6,12,13] As shown in Fig. 2, the ion trap assembly
and the BBR shield are closely connected to the bottom of
the liquid-nitrogen container. To achieve low differential con-
traction between the parts when the section is cooled to liquid-
nitrogen temperature, both the BBR shield and the container
are made of oxygen-free copper with good thermal conduc-
tivity. The ultrahigh vacuum provides good insulation be-
tween the cryogenic section and the room-temperature vacuum
chamber, except for a few necessary electrical connections and
the end of the three polytetrafluoroethylene fixing rods. These

designs can ensure the stability and uniformity of the tempera-
ture of the ion environment, which then benefits the frequency
uncertainty and long-term stability of optical clocks.

The liquid-nitrogen container is rigidly connected di-
rectly to the top flange of the vacuum system through four non-
magnetic stainless steel vent holes to reduce heat transfer be-
tween the liquid-nitrogen container and the room-temperature
vacuum chamber, replacing the previous elastic connection
method[1] using stainless steel flanged bellows. Two of the
vent holes are used for liquid-nitrogen evaporation and liquid-
nitrogen replenishment, and two others are sealed with rubber
plugs. The change in the nitrogen output from the vents may
indicate the change in the ion trap position, so it is helpful to
monitor the nitrogen flow through the vents with a flow meter.

Liquid nitrogen 
container

Pressure 
relief ports

Polytetrafluoroethylene 

fixing rods 
BBR shield

Ion trap

Window for 

fluorescence detection

Fig. 2. Schematic diagram of the cryogenic section assembly showing
the liquid-nitrogen container and the BBR shield. The liquid-nitrogen
container is approximately 640 mm high and 5 mm thick. It has a liquid-
nitrogen capacity of ∼ 15 l, which is three times that of cryogenic trap 1.
The pressure relief ports for liquid-nitrogen replenishment have been in-
creased to four compared with the previous design. In order to reduce
the displacement of the ion trap after each round of liquid-nitrogen re-
plenishment, they are symmetrically distributed on the top of the liquid-
nitrogen container. Based on similar considerations, three polytetraflu-
oroethylene rods are fixed in the lower half of the liquid-nitrogen con-
tainer to prevent horizontal displacement. Finally, cryogenic trap 2 can
achieve continuous operation for up to 5 days without liquid-nitrogen
replenishment.

In our previous work, the liquid-nitrogen was completely
consumed approximately 30 h after the liquid-nitrogen con-
tainer was filled.[1] The ion-trap-position recovery process af-
ter each round of liquid-nitrogen replenishment caused the ex-
periment to be interrupted for approximately 1.5 h every day.
As shown in Fig. 3, the horizontal displacement of the ion trap
after the liquid-nitrogen replenishment causes the ion image
observed by the CCD camera to initially disappear from the
screen. Then, as the temperature distribution of the cryogenic
section stabilizes, the ion trap center gradually returns to a
level that is not much different from the initial position. This
process takes more than 1 h, after which the PMT position is
optimized to return the single-ion fluorescence-to-background
ratio to normal experimental conditions. The stability of the
single-ion fluorescence signal is critical for the clock interro-
gation and state detection, so in the design of cryogenic trap 2

113701-3
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we improved this situation by adopting better thermally con-
ductive materials and fixation methods for the cryogenic sec-
tion. Compared with the previous design, cryogenic trap 2 can
return to the experimental state faster after liquid-nitrogen fill-
ing, and does not require daily liquid-nitrogen replenishment.
We compared the CCD fluorescence image recovery capabil-
ities of the two systems by recording the position of the ion
image in the CCD before and after liquid-nitrogen replenish-
ment, and the results are shown in Fig. 3.
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Fig. 3. The precise ion position changes observed by the CCD camera. The
X- and Y -axis displacements of the single-ion image in the CCD screen are
recorded over time, characterizing the horizontal displacement of the ion trap.
The interrupted part of the legend curve corresponds to the case when the
ion displacement is beyond the imaging range of the CCD after filling with
liquid nitrogen. It can be seen that under the same displacement–time coordi-
nate scale, the ion imaging offset of cryogenic trap 2 (bottom panel) is much
smaller than that of cryogenic trap 1 (top panel) in both the X- and Y -axis
directions, and the recovery time is much shorter. In addition, the ion imaging
of cryogenic trap 1 has a small deviation from the initial position after return-
ing to relative stability, requiring periodic optimization of the imaging system,
while the ion imaging of cryogenic trap 2 basically returns to the initial posi-
tion after 30 min and has a position drift of almost zero during the subsequent
experiments. These improvements increase the continuous operating time of
the liquid-nitrogen cryogenic 40Ca+ optical clock, so that the interruption time
due to the liquid-nitrogen replenishment is only 30 min every 5 days, which
contributes to the stability of the optical clock.

In the first cryogenic system, although the BBR shift is
estimated to be 3.0± 1.1 mHz, corresponding to a fractional
uncertainty of 2.7× 10−18,[1] it is still limited by the uncer-
tainty of the environmental temperature felt by the ion. The
uncertainty contribution from the differential static polariz-
ability is less than 1× 10−19, benefiting from a precise mea-
surement through the magic trap frequency scheme.[28] While
the contribution of the ambient temperature uncertainty has
been greatly suppressed by reducing the ambient temperature
from 293 K to 80 K, it is still too large to reduce the uncer-
tainty to the 10−19 level for the 40Ca+ optical clock. In the
improved clock, more temperature sensors with 0.1 K calibra-
tion accuracy at liquid-nitrogen temperature are installed in the
vacuum. The uncertainty of the temperature felt by the ion is
aimed to decrease from approximately 5 K for cryogenic trap 1

to < 3 K for cryogenic trap 2, corresponding to a BBR shift
uncertainty of < 6×10−19.

 

Fig. 4. Physical illustration of the in-vacuum BBR shield. The BBR
shield is attached to the bottom of the liquid-nitrogen container. Six
BK7 glass windows of diameter 10 mm for light transmission are
mounted on the sides of the BBR shield and one window of diame-
ter 40 mm for both light transmission and fluorescence collection is
installed at the bottom. The transmittance of the BK7 glass is zero for
wavelengths > 3 µm,[36] which eliminates the effect of window trans-
mittance on the BBR at room temperature.

4. Ion trap and electrodes
As shown in Fig. 5, cryogenic trap 2 uses an ion trap

of a similar design to the NIST one[37] and provides access
ports for laser beams along three mutually orthogonal direc-
tions, making it possible to evaluate the micromotion shifts
and the ion’s temperature with high accuracy.[2,4] The ion
trap is built of a 0.3 mm thick diamond wafer, which is ma-
chined using the laser and then gold-plated to generate the
radio-frequency (RF) trap electrodes and DC compensation
electrodes. The distance between the trapped ion and RF
electrodes is ∼ 0.25 mm. The trap wafer is mounted on an
oxygen-free copper support, which is attached to the bottom
of the liquid-nitrogen container to achieve the cryogenic envi-
ronment. The polished titanium endcaps are mounted on the
oxygen-free copper support via two pieces of 0.8 mm thick
diamond wafers, ensuring good heat transfer. Ions are gen-
erated by 532-nm laser ablation pulses focused on the sur-
face of a calcium wire[33] mounted on the back of one of the
endcap electrodes, approximately 8 mm from the trap center.
Compared with the previous photoionization method in which
atoms are emitted from a heated oven,[27] the laser ablation
technique can reduce the heat load associated with ion loading,
which is especially important for cryogenic systems.[21,34,35]

The ion position in the axial direction of the trap is controlled
by holding the endcap electrodes held at positive DC poten-
tial relative to the trap wafer. In the radial direction, the
ion position is controlled with two mutually orthogonal DC
compensation electrodes located 3 mm from the trap center.
Based on measurements of the ion secular sideband spectra,
the axial secular frequency is measured as ωZ ≈ 2π×2.4 MHz
and the radial secular frequencies are ωX ≈ 2π × 3.0 MHz,
ωY ≈ 2π ×2.8 MHz.
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Ca+ doppler cooling 

532 nm

Photo-ionization for 

generating Ca+
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the clock transition
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Endcap electrode
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Trap wafer
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BBR shield

Liquid-nitrogen 
container

Main vacuum 
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Fig. 5. Trap geometry and laser beam layout are shown in the top view cross section (left panel). The schematic diagram in the upper right
corner shows the ion trap used in the liquid-nitrogen clock.
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Fig. 6. Rabi flopping on the carrier (left panel) and micromotion sideband (right panel) of the 40Ca+ 2S1/2–2D5/2 transition driven by the
729 nm probe laser beams in the three mutually orthogonal directions. tπ represents the Rabi π times for the carrier and the micromotion
sideband at the same 729-nm power. The micromotion-induced shift can be evaluated by measuring the ratios of the sideband and carrier Rabi
rates.[2,4,38] The uncertainties of the measured Rabi π time come from the statistical uncertainty of the Rabi-flop fittings.

The micromotion due to trap imperfections and the stray
field is partially cancelled by optimizing the two compensation
voltages. The micromotion is measured with the sideband-to-
carrier intensity ratios method by probing the ion in three or-
thogonal directions.[4,38] If the micromotion levels are not op-

timal, the compensation voltages in the horizontal and vertical
directions are adjusted and the measurement is repeated until
an optimal solution is found. Figure 6 shows the Rabi oscilla-
tion of the carriers and the micromotion sidebands in three or-
thogonal directions after the micromotion has been optimized.
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With the introduction of the magic RF trapping frequency,
where the second-order Doppler shift and the scalar Stark shift
cancel each other,[28] the micromotion-induced shift can be
greatly reduced. Experimentally, the trap is operated by ap-
plying low RF power (< 2 W) at a frequency of 24.943 MHz
(very close to the magic frequency of 24.801± 2 MHz[28]),
yielding an excess micromotion-induced shift uncertainty of
< 1×10−19.

5. Magnetic controlling system
In contrast to other ion systems being investigated, the

single-ion 40Ca+ reference transition has a linear Zeeman sen-
sitivity to the ambient magnetic field. The available qubit
transitions of 40Ca+ have magnetic field dependences of up
to 2π × 39 GHz·T−1,[42,43] and the qubit transition has a
linewidth of about 0.14 Hz.[44,45] When subjected to a mag-
netic field, the 2S1/2–2D5/2 transition splits into ten Zeeman
components shifted symmetrically around the zero-field line
center.[39] Probing several of them provides a scheme to can-
cel the main systematic effects such as the linear Zeeman shift
and the electric-quadrupole shift.[40,41] While the first-order
Zeeman shift can be cancelled by probing symmetric Zeeman
components, the magnetic field fluctuation would broaden the
observed clock transition, preventing the clock stability from
being any better.

In previous work, a stable magnetic field environment
was achieved using three pairs of Helmholtz coils and four
layers of magnetic shields.[1] Since the vertical magnetic field
fluctuation is much stronger than the horizontal magnetic field
fluctuation in cryogenic trap 1, the magnetic field at the ions
is compensated to zero by the Helmholtz coils inside the mag-
netic shields, and then a horizontal magnetic field of < 3 µT
is applied, so that the overall magnetic field amplitude is less
sensitive to the vertical environmental magnetic field fluctua-
tions. For our 40Ca+ optical clocks, prolonging the interro-
gation time is currently the dominant way to improve the sta-
bility; therefore, higher-performance clock lasers and better
magnetic control systems are required for developing a stable
lock with a narrower linewidth spectrum.

In the improved system, upgraded magnetic field control
is used for cryogenic trap 2, providing better magnetic field
stability and allowing the magnetic field to be controlled with
higher precision. Three-layer inner and three-layer outer mag-
netic shields made of permalloy reduce the effects of slowly
varying DC magnetic fields and strongly shield against the AC
field broadening and shifts. What’s more, an active feedback
control and passive compensation scheme has been introduced
to suppress the magnetic field fluctuations, where the required
passive compensation amplitude is obtained by monitoring the
magnetic field fluctuations by the three-axis magnetic field
sensors (Bartington) outside the magnetic shield. The com-

pensation voltage obtained by the active feedback is applied
to the pair of Helmholtz coils in the corresponding direction.
After the above improvements, the magnetic field fluctuations
at the ion position were spectroscopically measured using the
servo locking results of cryogenic trap 1 and cryogenic trap 2,
simultaneously. As shown in Fig. 8, the measurement results
show that the magnetic field noise stability of cryogenic trap 2
is about three times better than that of cryogenic trap 1.

Three layer external 
magnetic shields

Three layer internal 
magnetic shields

Frames of 
Helmholtz coils 

Fig. 7. Schematic of the magnetic field shielding. The three-layer in-
ner shields are mounted on the vacuum chamber. The three-layer outer
shields are coaxial with the inner shields and are mounted on the non-
magnetic optical table.
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Fig. 8. The magnetic field fluctuations at the ion position obtained by
the splitting of the clock transition between the Zeeman components.
The results for cryogenic trap 1 (black line) give a magnetic field jitter
of 1.7 mHz in 14000 s. Cryogenic trap 2 (red line) has a magnetic field
jitter of 0.5 mHz over the same period of time.

Magnetic field noise is an important factor causing quan-
tum decoherence in quantum systems, and in our previous
work the clock transition linewidth was limited by the mag-
netic field fluctuations. To verify the improvement of the clock
transition linewidth, a probe laser is used to synchronously
probe both clocks. The blue line in Fig. 9 shows the narrowest
linewidth of the 40Ca+ ion 2S1/2–2D5/2 transition of cryogenic
trap 1 of 18 Hz with an interrogation time of 40 ms. The yel-
low line in Fig. 9 shows the result for cryogenic trap 2. By
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increasing the interrogation time to 150 ms, Zeeman transi-
tions with a linewidth of 5.9 Hz were observed, which is three
times smaller than the value for cryogenic trap 1.
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Fig. 9. The narrowest 2S1/2–2D5/2 clock transition linewidth of cryo-
genic trap 1 (blue line) and cryogenic trap 2 (yellow line).

6. Conclusion
In summary, we have presented a liquid-nitrogen cryo-

genic 40Ca+ optical clock. Compared with our previous work,
many improvements have been introduced. The volume of
the liquid-nitrogen container has been increased by a factor of
three, so that the duration of liquid-nitrogen cooling has also
been increased by almost three times. The fixation scheme
for the liquid-nitrogen container has been optimized, reduc-
ing the recovery time of the ion trap position by almost three
times. The number of layers in the magnetic shielding sys-
tem has been increased, and an active magnetic field feed-
back scheme has been introduced, so that the magnetic field
noise is also suppressed by more than three times. More high-
precision temperature sensors are installed in the cryogenic
system, with the aim of reducing the ambient temperature un-
certainty of the ion. As a result of these efforts, the perfor-
mance of liquid-nitrogen cryogenic optical clocks has reached
or exceeded the level of room-temperature optical clocks in
many aspects. With these improvements, an uncertainty eval-
uation for the 40Ca+ ion system below the 10−18 level is ex-
pected to be within reach in the near future.
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