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TOPICAL REVIEW — Ultracold atom and its application in precision measurement
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Progress of the °Ca ion optical clock based on the 428, ,2-3d 2D5 /2 electric quadrupole transition is reported. By
setting the drive frequency to the “magic” frequency €y, the frequency uncertainty caused by the scalar Stark shift and
second-order Doppler shift induced by micromotion is reduced to the 10~!° level. By precisely measuring the differential
static scalar polarizability Ac, the uncertainty due to the blackbody radiation (BBR) shift (coefficient) is reduced to the
10719 level. With the help of a second-order integrating servo algorithm, the uncertainty due to the servo error is reduced
to the 10~ '8 level. The total fractional uncertainty of the “*Ca™ ion optical clock is then improved to 2.2 x 10~'7, whereas
this value is mainly restricted by the uncertainty of the BBR shift due to temperature fluctuations. The state preparation is
introduced together with improvements in the pulse sequence, and furthermore, a better signal to noise ratio (SNR) and less

dead time are achieved. The clock stability of a single clock is improved to 4.8 x 10~13 /,/7 (in seconds).

Keywords: “°Ca™ ion optical clocks, “magic” drive frequency, frequency uncertainty, frequency stability
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1. Introduction

Owing to their low uncertainty and instability, atomic op-
tical frequency standards have found many irreplaceable and
extremely important applications, such as in navigation and
for tests of physical theories that need high precision. In the
past two decades, the development of optical clocks has made
great progress, surpassing the microwave Cs fountain clocks
in terms of uncertainty and stability.

Optical frequency standards are mainly based on single
ions trapped in ion traps such as Ba™, Sr™, Hg*, In™, Al™T,
Yb*, and Ca*,['! or neutral atoms trapped in optical lat-
tices such as Sr, Yb, and Hg.[®-11 Single-ion optical clocks
always have simple ion-trap and optical systems as a sin-
gle ion can be confined by a radio frequency (RF) potential
for as long as several days or even a month. To date, the
Al" ion of NIST has achieved the smallest uncertainty of
9.4 x 10712111 Optical lattice clocks can provide better sta-
bility because of their large number of atoms. Benefiting from
the development of the ultra-narrow-linewidth laser technol-
ogy, the Sr lattice optical clock in JILA has achieved the best

DOI: 10.1088/1674-1056/ab9432

stability of 4.8 x 107! /,/T with the use of an ultra-stable
clock laser based on cryogenic silicon reference cavities.!'?!
Another good stability of 1.5 x 107! /,/7 has also been mea-
sured by NIST based on their Yb lattice optical clock.!®!

The optical clocks based on the 425, /2=3d 2Ds /2 elec-
tric quadrupole transition of a single trapped “°Ca™ ion have
been studied by our group at the Wuhan Institute of Physics
and Mathematics (WIPM), Chinese Academy of Sciences in
China for many years. The reason why we chose the 4°Ca*
ion is its relatively simple energy level structure and laser sys-
tem in which all lasers mentioned in the energy-level scheme
(Fig. 1) can be generated by diode lasers. However, compared
with other ions, especially the Al* ion, the “°Ca* ion has a
greater blackbody radiation (BBR) shift and uncertainty.

For optical clocks, the most important criteria are low
uncertainty and instability. In 2015, we achieved an uncer-
tainty of 6.5 x 107'® and a stability of 1.0 x 107'*/,/7 for a
single 4°Ca* optical clock.['¥ To improve these two criteria,
many efforts have been adopted. On one hand, we introduce
the “magic” RF drive frequency to reduce the micromotion-
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induced uncertainty, 314151

a second-order integrating servo
algorithm is applied to reduce the servo uncertainty,!'*1 and
a “0Ca™ optical clock cryogenic system cooled by liquid ni-
trogen is setting up to reduce the uncertainty of the BBR field
evaluation of temperature.!'>! On the other hand, we apply a
state-preparation technology to increase the SNR of the clock
transition, and the high-resolution timing control system based
on the field-programmable gate arrays (FPGAs) and direct dig-
ital synthesizers (DDSs) to reduce dead time.!') The SNR
and dead time are crucial for the stability of optical clocks.
Finally, we have obtained a total frequency uncertainty of
2.2 x 10717151 and a stability of 4.8 x 10713 /1/7 based on
an asynchronous comparison of two independent clocks. In
this paper, we will go through each of these improvements in
detail.
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Fig. 1. Partial energy-level diagram of *°Ca*t showing the transitions used
in cooling, repumping, and probing.

2. Experimental setup

The “°Ca™ ion optical clock system mainly consists of
two parts. One is the ion trap system, containing an ion trap,
a vacuum chamber, magnetic shields, and fluorescence detec-
tion devices. The other is a laser system, for the 40Ca™ ion,
which is composed of 397-nm, 866-nm, 854-nm, and 729-nm

lasers and their frequency-stabilization devices.!!”!

2.1. Ton trap system

In 2015, we used a miniature Paul ring trap to trap a
40Ca™ jon. To reduce the shift and its uncertainty due to the
secular motion, an ion trap with a lower heating rate is re-
quired. A new trap originally designed by NIST!!!] with small
modifications is adopted. A schematic diagram of this trap is
shown in Fig. 2, and the vacuum chamber of the “°Ca™ ion
system is shown in Fig. 3. The outer vacuum chamber of the
40Ca™ ion system is made of stainless steel. There are 6 glass
windows on the periphery for laser access, and a glass window
on the upper part for collection of the ion fluorescence. The
clock transition can be split into 10 Zeeman components with
a weak (in uT level) magnetic field.['®) Owing to the spinless

nucleus of the “°Ca* ion, every component is very sensitive to
the magnetic field. Small variations in the magnetic field could
greatly broaden the spectrum of the clock transition; therefore,
we installed two layers of magnetic shields outside the vacuum

chamber to decrease this variation. v
1

Vocos(£2t)

Vs

Fig. 2. Schematic diagram of the new linear Paul trap. V; cos(Qr) is the RF
potential. V; and V5 are the horizontal and vertical compensation voltages,
which are used to compensate for the static electric stray field at the center
of the ion trap.

Fig. 3. Vacuum chamber and fluorescence collection devices of a *Ca™ ion
optical clock.

2.2. Laser system

As shown in Fig. 1, the °Ca™ ion has a simple energy
level system. Only 4 lasers with wavelengths of 397 nm,
866 nm, 854 nm, and 729 nm are used. The strongly allowed
48, 52— 4’p, /2 dipole transition is used for cooling, with a
corresponding wavelength of 397 nm. For the cooling process,
it is necessary to use an 866-nm laser to repump the ion from
the metastable state 3°Dj /2 return to the S—P cooling branch,
as there is a chance that the ion decays from the 4P, /2 state
to the 3°Ds /2 state. After being excited to the 3?Ds /2 state by
a probe pulse, the state of the ion will be read out by fluores-
cence detection. Another 854-nm laser is used to clear out the
3°Ds /2 metastable state after each interrogation. In the laser
system, the 397-nm and 866-nm lasers are generated by com-
mercial diode lasers and stabilized by an ultra-low expansion
(ULE) cavity. The ultra-stable clock laser is stabilized by a 10-
cm-long ULE reference cavity with a stability of ~ 1 x 10713
at 1 s—20 s. Because a high pumping efficiency can be obtained
within a large frequency range for the 854-nm laser, there is no
frequency-stabilization device for it. The frequencies and am-
plitudes of all lasers are manipulated by acousto-optic mod-
ulators (AOMs). We only need to change the RFs generated
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by the DDSs to change the frequencies and amplitudes of the
laser beams or switch it on and off.

3. Time sequence control system

In this work, the improvements on the pulse sequence
mainly focus on a reduction in dead time and the introduc-
tion of state-preparation technology. The new control system
based on the FPGAs and DDSs can alter the RFs applied to
the AOMs within a few microseconds. Then, we can change
the frequency and power of the cooling laser beam many times
within one cycle to realize optimal cooling and fluorescence-
detection efficiency simultaneously. The dead time caused by
modifying all RFs is negligible. Moreover, with the imple-
mentation of the state preparation nearly double the previous
excitation probability on the resonance of the clock transition
can be achieved, which means a lower instability.

3.1. Cooling and detection pulses

Figure 4 shows the spectrum of the transition of
475, 2 4%p, /2 used for cooling and fluorescence detection
in 4°Ca™ ion optical clocks. Three detuning frequencies (pre-
cooling, Doppler-cooling, and PMT shown in Fig. 4) are used
for cooling and detection. First, the cooling laser is far-red
detuned (precooling point), then near-red detuned (Doppler-
cooling point) by approximately half the linewidth from the
cooling transition line center to further cool the ion. In the
cooling stage, the 866-nm laser beam is switched on to re-
pump the ion to the 4°P, /2 state, due to the branching frac-
tion of the decay of the 4°P, /2 state to the 4%s, /2 state. One
reason for dividing the cooling process into two stages is that
the 854-nm-laser pulse is inevitably required to clear out the
’Ds /2 state after each interrogation, so the first cooling process
can be merged into it. The other is that if the ion is very hot,
Doppler cooling will be less efficient than precooling. The
measured temperature of the cooled ion is 1.0(5) mK, which
is close to the Doppler cooling limit.['®]

40 T T T T T T T T
JPMT point

351 b
_ 4
g a0f P -
80 Doppler pointr, X
o 2l % ]
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= 20 ! ‘5\ 1
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Fig. 4. Spectrum of the cooling transition of *°Ca* ion. There are three fre-
quency detuning points, which are used in precooling, Doppler cooling, and
PMT detection. The goal is to achieve optimal efficiency for each process.

As shown in Fig. 4, the strongest fluorescence signal can
be obtained at the PMT point.[!3] The FPGAs and DDSs con-
trol systems can implement the cooling and detection pulses at
different frequencies without introducing additional dead time.
The final state of the “°Ca™ ion after interrogation can be dis-
tinguished by a state detection pulse. If the “°Ca™ ion is in
metastable state >Ds /2> only the background fluorescence sig-
nal can be obtained. By optimizing the imaging mirror and
the related parameters of the 397-nm and 866-nm lasers, we
obtained an average fluorescence count of 30 in a 0.5-ms-long
detection, with a background count of less than 6.

3.2. State preparation

For the *°Ca* ion, the ground state S ), has two mag-
netic sublevels with equal probability, so the greatest excited
probability for each Zeeman component is only ~ 0.5, as there
is only a 50% chance that the ion is in the 281/2 (m=+1/2)
or 28, j2(m = —1/2) states initially. Initial state prepara-
tion can increase the transition probability twice and im-
prove the stability by ~ v/2 times.['®!°] Many methods can
be used to implement state preparation, depending on the
energy-level structure of the ion and the requirements of the
experiment.') In our lab, we chose the frequency-resolved
optical pumping on the clock transition. Compared with the
optical pumping of circularly polarized light on the cool-
ing transition, it takes more time but only requires a simple
setup.?°1 Specifically, as shown in Fig. 5, the probe laser’s
frequency is set at the resonance of one of the two transi-
tions of %S 5 (m = +1/2) — 2Ds 5 (m = +1/2) or 28 jp(m =
—1/2) — 2Ds)5(m = —1/2) state to pump the ion from the
281> to the *Ds , state. An 854-nm-laser pulse will pump the
ion from the ?Ds ), state to the *P5 , state and then it will de-
cay to the two %S, /2(m = £1/2) states with equal probability.

P3)y

R S ——

equel-probability
decay

clock laser

+1/2
—1/2
Fig. 5. Schematic diagram of the state preparation. Firstly the *°Ca* ion is
excited to the metastable 2D5/2 (m = +1/2) state form the 251/2 (m=+1/2)
state by the 729-nm laser, then to the >P; /2 state by the 854-nm laser, and
spontaneously decay to the two grounds with equal probability from the
2p, /2 state. After several times, the 40Ca* ion would be pumped to the
Zsl/z(m = —1/2) state.
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By repeating this cycle for approximately 5 times, we obtained
a > 95% probability of preparing the °Ca* ion in one of the
two ground states. Figure 6 shows the Zeeman-resolved spec-
trum with and without state preparation.

(a) without state preparation
T T T T T L

/2 } —

—5/2 _ -
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Fig. 6. Zeeman-resolved spectra of the %S, 2 2Ds /2 transition of a single

40Cat ion obtained at the same probe laser power. The ground state sublevel
my = +1/2 and the upper state sublevel m; (*Ds /2) are shown below and
above each arrow respectively. (a) Spectrum shows 10 Zeeman components
completely and is obtained without state preparation. In the (b) spectrum,
the **Ca™ ion has been pumped to the S, 2(m = +1/2) state; thus, only 5
Zeeman components are obtained, but with a higher transition probability.

3.3. Probing pulse

In the interrogation, other lasers, except for the probe
laser, have been switched off by mechanical shutters instead
of the AOMs to cancel other lasers’ AC Stark shift.[!421] Tt
adds a 5-ms-long dead time twice, for opening or closing the
mechanical shutter before or after the integration, respectively.
In this experiment, the two clocks share the same clock laser
and timing control system, i.e., for the two clocks, the inter-
rogation is asynchronous. To improve the stability compared
to the previous result,!'3] we choose the Ramsey scheme with
which a single 7-pulse is separated equally by a free evolution
time Tee. For a sufficiently short pulse duration, the linewidth
of the central fringe is independent of the Rabi pulsation and

[16] This is much narrower than the Rabi

is equal to 1/2Tfee.
result on the condition of the same time spent in the interroga-

tion.

3.4. Clock transition spectroscopy

For a single ion system, to obtain the transition probabil-
ity at each frequency point, the ion needs to be interrogated
multiple times with the same parameters, and the successful
excitations will be counted. For the %S, 2= ’Ds /2 transition,
if the ion is found in the >Ds /2 state by detection after interro-

gation, it has been excited successfully.?? Thirty integrations

at each frequency point were taken, and a Ramsey spectrum
with a free evolution time of 80 ms is obtained, as shown in
Fig. 7. More integrations can reduce the uncertainty of the
transition probability, but take longer time.

397 nm
cooling

evolution

Fig. 7. The pulse sequence for one interrogation cycle. In this experi-
ment, the free evolution time is Tf.. = 80 ms and the time for one cycle
is T = 99.6 ms. The fluorescence is collected at Dy for state detection and
at Dy to verify that the ion has returned to the S state after an 854-nm pulse.

e
oo
T

o
[e)]
T

=}
[
T

0.2

Transition probability

—-30 —20 —-10 O 10 20 30
Frequency detuning/Hz

Fig. 8. The high-resolution spectrum with a free evolution time of 80 ms.
The black points are the probabilities of the clock transition and the red solid
line is the fitting result of a Ramsey line shape, corresponding to a linewidth
of approximately 6.5 Hz.

4. Evaluation of systematic frequency shifts

A variety of potential sources might be associated with
the %S, o s ’Ds /2 electric-quadrupole transition of a laser-
cooled trapped “°Ca* ion, causing a frequency shift and uncer-
tainty. They have been evaluated in our previous work.!!%2!]
In this paper, we report the recent progress on the evaluation
of the scalar Stark shift and the second-order Doppler shift in-
duced by excess micromotion, the BBR shift, and the servo

shift.
4.1. Excess micromotion uncertainty induced by scalar
Stark shift and second-order Doppler shift

Figure 2 shows a schematic diagram of the latest ion trap,

modified by a linear Paul trap. The potential near the axis of

the trap can be approximated by!?3]
¥/ 2 2
U(x,y,2) = ?0 <1 +X Rzy >cos(£2t)
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KU() 2
2

1 2,2

Z | (" +y )}, (D)
where Vpcos(Qr) and Uy are the potential added to the elec-
trodes and endcaps, respectively, R is the perpendicular dis-
tance from the trap axis to the trap electrodes, k(< 1) is a
geometrical factor, and Zj is the distance between the two
cap electrodes. After solving the Mathieu equation, we ob-
tain the position of the ion in a typical case with |¢;| < 1 and
ja;| < 112

1 dexUy
aX:ay:fEaz:fW, (2)
2eVy
A==y = pngr 4= 0, 3)
u;(t) =~ uy;cos( it + @s;) [1 + % cos(Q1)|, 4

where u; is the position of the ion (i = x,y,z), @s; is the initial
phase, and ; ~ 1Q/a;+ 34?7 is the secular motion angular
frequency. uy; is the amplitude of the secular motion, reflect-
ing the ion temperature, which can be reduced by Doppler or
sideband cooling.

If we consider a uniform static electric field Eq4., equa-

tion (4) becomes (%!

u,-(t) ~ [uol--i-ul,'COS(CO,'l‘-i-(pSi)]

X [1 + Cgcos(!)t)} , (5)

where

4eE, i

_. 6
nla + 142" ©

Uupi =
The field E4. displaces the averaging position ug; (i = x,y,z)
from the center of the trap, and induces a micromotion with an
amplitude of %u()iq,- and an angular frequency 2. This excess
micromotion is caused by a uniform static electric field Eg4.
and the AC electric fields of the trap. From the expression of
its amplitude, one can ascertain that it cannot be reduced by
cooling, but it can be evaluated by monitoring the change of
the ion’s place with a high-resolution camera, while the trap
depth is alternated between strong and weak. Moreover, by
varying the trim electrode voltages, we can find a set of ideal
parameters where the position of the ion does not change with
the trap depth. This was the most effective way to minimize
excess micromotion in our previous work. 142!

Ton movement can create a second-order Doppler (time-
dilation) shift and a scalar AC Stark shift due to the AC field
the ion experiences. If we consider only the shifts caused by
the excess micromotion, they are approximately!3-15-23]

Avy  1(V)?

W ze m ED g

where Aoy = 0 (Dsj2) — & (S12) is the differential static
scalar polarizability of the clock transition.

From Eqgs. (1) and (5), we can obtain the AC electric field
and the velocity of the ion. By placing the position obtained in

Eq. (5) to the AC electric field, equation (7) can be simplified
tol3:15.23]

Avy (Q)Z{ Aoy mQc 2]
—E— () 22 R;, 8
Vo @y ﬁwo( ) g;’ ®

where R; is the micromotion sideband-to-carrier intensity ra-
For the *°Cat ion, A
is a negative value, so we can choose a drive frequency of
Qo ~ (e/mc)\/—hvo/Aayg to cancel the scalar Stark shift and
second-order Doppler shift induced by excess micromotion.

tio of one Zeeman component.

The frequency € is called the “magic” trap drive frequency.
The experiment of measuring the frequency €2 is based
on the comparison of two clocks (clock 1 and clock 2). Clock 1
is used to provide a constant standard frequency reference, and
clock 2 is a test trap to study the change in micromotion shifts
with trap drive frequency 2. To begin with, all indicators
of frequency shift and uncertainty of both clocks were opti-
mized to the best with a fractional frequency uncertainty of
~3x 107", We can guarantee that the transition frequency
of clock 1 is a constant value within the uncertainty level, and
that any frequency change exceeding the uncertainty level of
clock 2 is entirely caused by micromotion. The DC offset volt-
age of clock 2 is trimmed to induce a relatively large micro-
motion level in the ion for an obvious comparison. Then, the
frequency difference of the two clocks is due to the micromo-
tion shift of clock 2. The drive frequency of clock 2 is tuned
from 22 MHz to 27 MHz and the frequency difference at each

point was measured, as shown in Fig. 9.1

T T T T T T T

g 2#,./'//1

i i ]

-4 J

-6 L ]

22I.5 23]‘0 2:‘;.5 241.0 24I-.5 25.0 25I.5 26.0 26|.5
Clock 2 RF drive frequency/MHz

Frequency difference (clock 2—clock 1)/Hz
|
N
1

Fig. 9. Frequency difference between the two *’Ca™ ion clocks as a function
of the RF drive frequency of clock 2. The red curve is a fit to the data and
gives ) = 27 x 24.81(1) MHz. The shaded area illustrates the uncertainty
in the theoretical result.[!>!

To obtain the value of Aag with a lower uncertainty by
£y, we have to consider the micromotion at the trap drive har-

monics n£2. The total scalar Stark shift and the time-dilation
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shift can be expressed as>13]

Vo = Aoy 1 e 2 5
Av, =—— —+ E-(nQ)). (9
Vh 2 X;",; hvo +n2(m£2c) (Ei(nQ)). )

By solving Eq. (9), Aoap is calculated to be
—7.2677(21) x 10740 J-m2.V—2.[15] From Egq. (8) and the pre-
vious evaluation method, we evaluated an excess micromotion
fractional uncertainty of 4 x 107191151

24.95
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Measurement #

Fig. 10. Measurement of  obtained by scanning the RF drive frequency of
clock 2. To reduce the measurement statistical uncertainty of £, we repeated
this scanning randomly from 24.7 MHz to 24.95 MHz 15 times. Fifteen scans
were recorded (data shown as black squares). The corresponding weighted
mean of € is shown by the red circle. The inset shows the data taken in one
of the scans and a linear fit through the data as shown in Fig. 8. and obtained
the result of Qg = 27 x 24.801(2) MHz.!15]

4.2. Blackbody radiation (BBR) shift of coefficient Ay

To date, the BBR shift uncertainty is the main source of
the total uncertainty for the “°Ca* ion.[>*! The BBR shift of

the S—D transition can be expressed as!>>~>7!

1 (831943 VNP T \*
T 2h m 300 K

xAap(1+m), (10)

where T is the BBR field temperature, 4 is Planck’s constant,
and 1 is a temperature-dependent dynamic correction to Ady.
From Eq. (10), the BBR shift uncertainty is caused by two
parts: the uncertainty of coefficient Aoy and temperature 7.
By using the value of —7.2677(21) x 107*° J.m?.V~2, the un-
certainty caused by the BBR shift (coefficient Ap) at room
temperature has been reduced to 3 x 10~!%,113] benefiting from
the calculated coefficient Aoy having a lower uncertainty than
the theoretical value.

4.3. Servo

In contrast to optical lattice atomic clocks, a single inter-
rogation of a single ion can only provide one binary unit of in-
formation. In one frequency feedback cycle, the ion should be
interrogated multiple times on the two sides of each Zeeman

component to obtain the transition probabilities or error signal.
The probe laser’s frequency is f and the ion is interrogated n
times at the frequencies of f = f+ 6,,/2 and f— = f — 8,,/2
respectively, where J,, is the linewidth. After counting the suc-
cessful excitations n at f1 and n_ at f_, the error signal and
the frequency modification of the probe laser can be expressed
as follows:[16:22]

o ny —n_
e= 5’”7n++n_’ (11
ferf+g-e (12)

where g is a numerical coefficient, called “gain”. A frequency
correction g - e is added to the laser frequency by an AOM to
compensate for any frequency change of the clock laser stabi-
lized by an ULE reference cavity. The servo algorithm is used
to lock the frequency of the probe laser to the resonance of the
clock transition. In this section, the clock laser refers to the
laser beam stabilized by the reference cavity, and the probe
laser represents the beam that passes through the position of
the ion after modulated by an AOM.

Generally, the frequency of the clock laser is subject
to drift with a nonlinear rate, similar to the probe laser be-
tween each frequency modification. However, for an ion op-
tical clock, each feedback takes about a few seconds or more.
The probe laser’s frequency may change significantly and ran-
domly owing to the noise of the reference cavity. This will
cause a significant servo shift and error. A second-order inte-
grating servo algorithm is introduced to obtain the current drift
rate by the analysis of the latest frequencies, which reduces the

servo errort1416:28]
eqr = linear fitting[f1, ..., fv], (13)
where ey, refers to the current drift rate, [fi,..., fy] are the

latest N frequencies, and N is determined by the drift charac-
teristics of the clock laser. Then, the modified frequency of the
probe laser in the next servo cycle can be expressed as!!°]

f—f+g-e+gi-eq, (14)

where g; is another numerical coefficient.

Benefiting from the implementation of a second-order in-
tegrating servo algorithm and a longer probe time, the servo-
error uncertainty is reduced to 7.6 x 10718, [15]

4.4. ““Ca* uncertainty budget

Table 1 summarizes the latest results of the systematic
shifts and their uncertainties for the “°Ca* ion in our group.
The total fractional uncertainty obtained by adding the contri-
butions in quadrature is 2.2 x 10~!7. The BBR shift (temper-
ature) is the largest contribution to the total uncertainty, but
it can be reduced by lowering the temperature of the ion sur-
roundings or a more accurate evaluation of the temperature.
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Table 1. System shifts and uncertainties for the evaluation of the *°Ca™
ion. [13]
ion.

Effect Shift/10~'®  Uncertainty/10~'8
BBR field evaluation 863 19
(temperature)
BBR coefficient Aoy
including dynamic correction 0 0.3
Excess micromotion 0 04
Second-order Doppler -11.4 5.5
(thermal motion)
AC Stark shift 1.2 1.3
Residual quadrupole 0 3.6
Zeeman effect 0 1.5
Servo 22 7.6
Total 885 22

5. Stability of “°Ca™ ion optical clock

Stability is an important criterion for optical clocks be-
sides uncertainty. To measure the frequency stability of a
40Ca™ ion optical clock, we compared the frequency differ-
ence between two independent clocks continuously for ap-
proximately 38 h. In this experiment, both clocks have
independent physical and optical systems, except for the
probe laser, which is stabilized by a 10-cm-long ULE

(171 Both 4°Ca™ ions are interrogated asynchronously.

cavity.
To cancel the electric quadrupole shift and quadratic Stark
shift, we lock the probe laser to two pairs of the Zeeman
components.['**’I One pair is 2S »(m = +1/2) — *Ds 5 (m =
+1/2) and 2S;/5(m = —1/2) = *Ds5(m = —1/2), and the
other is 251/2(m =—1/2)— 2D5/2(m =—-3/2) and 2S1/2(m =
+1/2) — 2D5/2 (m = +43/2). The pulse sequence is shown in
Fig. 7. Eight frequency points on the left and right sides of the
4 Zeeman components are interrogated. To obtain the excited
probability on each point or the total error signal, the same
interrogation at each point is repeated 10 times.

The center frequency of the 2S, 2 ’Ds /2 transition for
the *°Ca + ion can be computed by the frequencies of the four

Zeeman components! #4391

4 fith 1 fitfa
3 )

2 3 2 (15)

f center —
where fi and f, are the frequencies of the transitions of
281 /2(m = £1/2) = *Ds)5(m = £1/2), and f3 and f; are
the frequencies of the transitions of 2S, p(m=+1/2) —
’Ds /2(m==43/2). The frequency difference of the two clocks
is obtained from the RF frequencies applied to the AOMs as
they share the same clock laser. Figure 11 shows the results of
the frequency difference of each comparison. The stability of
each Ca* optical clock is 4.8 x 10713 /,/7, which is deduced
from the Allan deviation of the comparison between the two
clocks, as shown in Fig. 12.

Frequency difference/Hz

0 5 10 15 20 25 30 35

Time/h

Fig. 11. Frequency difference between two “°Ca™ ion optical clocks.
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Fig. 12. Normal Allan deviation is measured for a single clock. The stabil-
ity of a single clock is achieved by dividing /2 the Allan deviation of the
comparison of two clocks. The result is 4.8 x 10713 //7.

6. Summary and prospects

To improve the performance of the °Ca* optical clock,
several efforts have been made in recent years. For the un-
certainty, we precisely measured the “magic” trap drive fre-
quency £y at which the shift of the scalar Stark and second-
order Doppler induced by excess micromotion can cancel each
other, corresponding to an uncertainty of below 1 x 10718,
Then, the differential static scalar polarizability Acg is ob-
tained by using the measured “magic” trap drive frequency
€y, with an uncertainty about 40 times smaller than the value
of the theoretical calculation. Benefiting from the more accu-
rate value of A, the uncertainty due to the BBR shift (coef-
ficient) has also been evaluated to be 3 x 10719, Additionally,
the servo error uncertainty is also reduced to the 1078 level
by introducing a second-order integrating servo algorithm. Fi-
nally, the total uncertainty of the “°Ca™ ion optical clock is
evaluated to be 2.2 x 10717,
pulse length to 80 ms and obtained a high-resolution Ramsey

For stability, we increased the

spectrum with a linewidth of approximately 6.5 Hz. The time
spent on cooling and detection has been reduced significantly
by changing the frequency of the cooling laser on the precool-
ing, Doppler, and detection pulses. Furthermore, by preparing
40Cat ion in one of the two ground states, the transition prob-
ability is double than before, which greatly reduces the QPN.
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With these improvements, the Allan deviation is measured to
be 4.8 x10713/,/T by a Ramsey-excited comparison of two
independent *°Ca* ion optical clocks.

For the BBR shift due to temperature fluctuations, accord-
ing to Eq. (10), the frequency shift is related to 7%. Then,
lowering the temperature around the ion can significantly re-
duce the BBR shift (temperature) as well as its uncertainty.
In our laboratory environment, the temperature is measured
as 21.0(1.5) °C (294.15(1.5) K), corresponding to a 7.8-
mHz frequency uncertainty.!'3! It is difficult to evaluate the
room temperature with a lower uncertainty under existing ex-
perimental conditions. Therefore, we are setting up a liquid
nitrogen cryogenic system as shown in Fig. 13, which puts
the ion at the temperature of liquid nitrogen of approximately
—196 °C (77.15 K). The shift at liquid nitrogen temperature
can be reduced by two orders of magnitude smaller to the un-
certainty under the same temperature uncertainty assessment.
The new system is expected to be able to evaluate the uncer-
tainty of the BBR shift (temperature) to the 107! level.

Fig. 13. The liquid nitrogen cryogenic “°Ca™ ion optical clock system.

The stability of the “°Ca™ ion optical clocks is ulti-
mately limited by its metastable state lifetime of 1.16 s.[3!]
For Rabi interrogation, this limit is o, (7) ~ 9.3 x 10716/\/7
for a probe time of ~ 1.5 s. For Ramsey interrogation, this
limit is oy () & 6.2 x 10716 /\/7 for a free evolution time of
~ 15,116,191

Lower instability for single-ion optical clocks can be ob-
tained by a longer probe time, which will be adopted in the
future, with the help of a lower frequency noise by the clock
laser and a shorter dead time.

Acknowledgments

The authors would like to thank Tingyun Shi, Zongchao
Yan, Chengbin Li, Liyan Tang, Pierre Dube, and David
Leibrandt for their cooperation and fruitful discussions.

References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]
[20]

[21]

[22]

(23]

[24]

[25]
[26]

(27]
[28]

[29]

(30]

(31]

074209-8

Barwood G P, Huang G, Klein H A, Johnson L A M, King S A, Mar-
golis H S, Szymaniec K and Gill P 2014 Phys. Rev. A 89 050501

Chou C W, Hume D B, Koelemeij J C J, Wineland D J and Rosenband
T 2010 Phys. Rev. Lett. 104 070802

Dubé P, Madej A A, Tibbo M and Bernard J E 2014 Phys. Rev. Lett.
112 173002

Huntemann N, Sanner C, Lipphardt B, Tamm C and Peik E 2016 Phys.
Rev. Lett. 116 063001

Rosenband T, Hume D B, Schmidt P O, Chou C W, Brusch A, Lorini
L, Oskay W H, Drullinger R E, Fortier T M, Stalnaker J E, Diddams S
A, Swann W C, Newbury N R, Itano W M, Wineland D J and Bergquist
J C 2008 Science 319 1808

Campbell S L, Hutson R B, Marti G E, Goban A, Darkwah Oppong N,
McNally R L, Sonderhouse L, Robinson J M, Zhang W, Bloom B J and
Ye J 2017 Science 358 90

Campbell S L, Hutson R B, Marti G E, Goban A, Darkwah Oppong N,
McNally R L, Sonderhouse L, Robinson J M, Zhang W, Bloom B J and
Ye J 2017 Science 358 90

McGrew W F, Zhang X, Fasano R J, Schiffer S A, Beloy K, Nicolodi
D, Brown R C, Hinkley N, Milani G, Schioppo M, Yoon T H and Lud-
low A D 2018 Nature 564 87

Nicholson T L, Campbell S L, Hutson R B, Marti G E, Bloom B J, Mc-
Nally R L, Zhang W, Barrett M D, Safronova M S, Strouse G F, Tew
W L and Ye J 2015 Nat. Commun. 6 6896

Ushijima I, Takamoto M, Das M, Ohkubo T and Katori H 2015 Nat.
Photon. 9 185

Brewer S M, Chen J S, Hankin A M, Clements E R, Chou C W,
Wineland D J, Hume D B and Leibrandt D R 2019 Phys. Rev. Lett.
123 033201

Oelker E, Hutson R B, Kennedy C J, Sonderhouse L, Bothwell T,
Goban A, Kedar D, Sanner C, Robinson J M, Marti G E, Matei D G,
Legero T, Giunta M, Holzwarth R, Riehle F, Sterr U and Ye J 2019 Nat.
Photon. 13 714

Guan H, Huang Y, Liu P L, Bian W, Shao H and Gao K L 2015 Chin.
Phys. B 24 054213

Dubé P, Madej A A, Zhou Z and Bernard J E 2013 Phys. Rev. A 87
023806

Huang Y, Guan H, Zeng M, Tang L and Gao K 2019 Phys. Rev. A 99
011401

Peik E, Schneider T and Tamm C 2006 J. Phys. B: At. Mol. Opt. Phys.
39 145

Bian W, Huang Y, Guan H, Liu P, Ma L and Gao K 2016 Rev. Sci.
Instrum. 87 063121

Huang Y, Guan H, Bian W, Ma L, Liang K, Li T and Gao K 2017 Appl.
Phys. B 123 166

Dubé P, Madej A A, Shiner A and Jian B 2015 Phys. Rev. A 92 042119
Zeng M Y , Huang Y, Shao H, Wang M, Zhang H Q, Zhang B L , Guan
H and Gao K L 2018 Chin. Phys. Lett. 35 074202

Huang Y, Guan H, Liu P, Bian W, Ma L, Liang K, Li T and Gao K 2016
Phys. Rev. Lett. 116 013001

Itano W M, Bergquist J C, Bollinger J J, Gilligan J M, Heinzen D J,
Moore F L, Raizen M G and Wineland D J 1993 Phys. Rev. A 47 3554
Berkeland D J, Miller J D, Bergquist J C, Itano W M and Wineland D
J 1998 J. Appl. Phys. 83 5025

Shao H, Huang Y, Guan H, Qian Y and Gao K 2016 Phys. Rev. A 94
042507

Arora B, Safronova M S and Clark C W 2007 Phys. Rev. A 76 064501
Mitroy J, Safronova M S and Clark C W 2010 J. Phys. B: At. Mol. Opt.
Phys. 43 202001

Safronova M S and Safronova U 12011 Phys. Rev. A 83 012503
Barwood G P, Huang G, King S A, Klein H A and Gill P 2015 J. Phys.
B: At. Mol. Opt. Phys. 48 035401

Huang Y, Liu Q, Cao J, Ou B, Liu P, Guan H, Huang X and Gao K
2011 Phys. Rev. A 84 053841

Dubé P, Madej A A, Bernard J E, Marmet L, Boulanger J S and Cundy
S 2005 Phys. Rev. Lett. 95 033001

Shao H, Huang Y, Guan H, Li C, Shi T and Gao K 2017 Phys. Rev. A
95 053415


https://doi.org/10.1103/PhysRevA.89.050501
https://doi.org/10.1103/PhysRevLett.104.070802
https://doi.org/10.1103/PhysRevLett.112.173002
https://doi.org/10.1103/PhysRevLett.112.173002
https://doi.org/10.1103/PhysRevLett.116.063001
https://doi.org/10.1103/PhysRevLett.116.063001
https://doi.org/10.1126/science.1154622
https://doi.org/10.1126/science.aam5538
https://doi.org/10.1126/science.aam5538
https://doi.org/10.1038/s41586-018-0738-2
https://doi.org/10.1038/ncomms7896
https://doi.org/10.1038/nphoton.2015.5
https://doi.org/10.1038/nphoton.2015.5
https://doi.org/10.1103/PhysRevLett.123.033201
https://doi.org/10.1103/PhysRevLett.123.033201
https://doi.org/10.1038/s41566-019-0493-4
https://doi.org/10.1038/s41566-019-0493-4
https://doi.org/10.1088/1674-1056/24/5/054213
https://doi.org/10.1088/1674-1056/24/5/054213
https://doi.org/10.1103/PhysRevA.87.023806
https://doi.org/10.1103/PhysRevA.87.023806
https://doi.org/10.1103/PhysRevA.99.011401
https://doi.org/10.1103/PhysRevA.99.011401
https://doi.org/10.1088/0953-4075/39/1/012
https://doi.org/10.1088/0953-4075/39/1/012
https://doi.org/10.1063/1.4954729
https://doi.org/10.1063/1.4954729
https://doi.org/10.1007/s00340-017-6731-x
https://doi.org/10.1007/s00340-017-6731-x
https://doi.org/10.1103/PhysRevA.92.042119
https://doi.org/10.1088/0256-307X/35/7/074202
https://doi.org/10.1103/PhysRevLett.116.013001
https://doi.org/10.1103/PhysRevLett.116.013001
https://doi.org/10.1103/PhysRevA.47.3554
https://doi.org/10.1063/1.367318
https://doi.org/10.1103/PhysRevA.94.042507
https://doi.org/10.1103/PhysRevA.94.042507
https://doi.org/10.1103/PhysRevA.76.064501
https://doi.org/10.1088/0953-4075/43/20/202001
https://doi.org/10.1088/0953-4075/43/20/202001
https://doi.org/10.1103/PhysRevA.83.012503
https://doi.org/10.1088/0953-4075/48/3/035401
https://doi.org/10.1088/0953-4075/48/3/035401
https://doi.org/10.1103/PhysRevA.84.053841
https://doi.org/10.1103/PhysRevLett.95.033001
https://doi.org/10.1103/PhysRevA.95.053415
https://doi.org/10.1103/PhysRevA.95.053415

	1. Introduction
	2. Experimental setup
	2.1. Ion trap system
	2.2. Laser system

	3. Time sequence control system
	3.1. Cooling and detection pulses
	3.2. State preparation
	3.3. Probing pulse
	3.4. Clock transition spectroscopy

	4. Evaluation of systematic frequency shifts
	4.1. Excess micromotion uncertainty induced by scalar Stark shift and second-order Doppler shift
	4.2. Blackbody radiation (BBR) shift of coefficient 0=000.0433em0
	4.3. Servo
	4.4. 40Ca+ uncertainty budget

	5. Stability of 40Ca+ ion optical clock
	6. Summary and prospects
	References

