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Reducing statistical noise in frequency ratio
measurement between Ca* and Sr optical clocks
with a frequency-synthesized local oscillator from
a Sr optical clock
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Optical frequency ratio measurement between optical atomic clocks is essential to precision measurement as well
as the redefinition of the second. Currently, the statistical noise in frequency ratio measurement of most ion clocks
is limited by the frequency instability of ion clocks. In this work, we reduce the statistical noise in the frequency
ratio measurement between a transportable Ca™ optical clock and a Sr optical lattice clock down to
2.2 x 1075/ /7. The local oscillator of the Ca* optical clock is frequency-synthesized from the Sr optical

lattice clock, enabling a longer probe time for Ca™ clock transition. Compared to previous measurement using

independent local oscillators, we achieve 10-fold reduction in comparison campaign duration.
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1. INTRODUCTION

Optical atomic clocks have reached a systematic frequency un-
certainty at the 107'® level and even beyond [1-8]. The unprec-
edented accuracy and precision make optical
indispensable tools in time and frequency metrology. In met-
rology, a new definition of International System of Units (SI)
second based on optical transitions has been proposed [9].
Meanwhile, optical clocks are now popular in precision mea-
surement and tests of fundamental physics [10,11], such as
the search for dark matter [12], testing the possible variance
of fundamental physical constants [13,14], and chronometric
geodesy [2,15]. To realize above applications, frequency com-
parison or frequency ratio measurement between optical clocks

clocks
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is required. Since statistical noise determines measurement pre-
cision as well as statistical uncertainty in frequency ratio mea-
surement, low statistical noise is pursued, especially in
applications with limited observation time and those demand-
ing high accuracy.

As the noise induced by state-of-the-art optical frequency
combs is below 1 x 1077 at 1 s averaging time [16-18], statis-
tical noise in frequency ratio measurement between independent
optical clocks is mostly determined by the frequency instability
of the clocks. Nowadays, the frequency stability of optical clocks
is mostly determined by the frequency noise of their local oscil-
lators (LOs). First, laser frequency noise leads to a limited laser-
atomic probe time 7',, which sets a quantum projection noise
(QPN)-limited fractional frequency instability of
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where v, 7, T, and N are the transition frequency, averaging
time, cycle time, and number of unentangled atoms, respectively
[19]. Second, the frequency stability of clocks also suffers from
the LO frequency noise through the Dick effect [20] when LO
interacts with the atoms intermittently. As a result, a long probe
time is preferred to increase the interrogation duty cycle
(7, /T,) to reduce the Dick noise.

Compared to optical lattice clocks operating with 10°-10%
atoms, single ion clocks exhibit inferior frequency stability,
which is predominantly influenced by QPN. To reduce the
QPN limit of ion clocks, LOs with high frequency stability
have been developed to increase the probe time. For example,
the frequency instability of a Yb™ optical clock was improved
from 5x107°//7 [21] to 1 x 107/ /7 [22] by using an
ultra-stable laser frequency-stabilized to a cryogenic silicon cav-
ity [23] instead of a room-temperature ultra-low expansion
(ULE) optical cavity. By improving the frequency stability of
ion clocks, the statistical noise reaches 1.3 x 10715 /./7 in fre-
quency ratio measurement between Al and Yb clocks [24] and
1 x 1071/ /7 between Yb™ and Sr clocks [25]. Alternatively,
pre-stabilizing LOs with multiple atomic ensembles has also
been proposed to elongate the probe time [26-28].

Except for improving the clock stability, various protocols
have been adopted to reduce the statistical noise in frequency
comparisons between optical clocks. Synchronous interroga-
tion of clock transitions with phase-coherent LOs can minimize
the Dick noise by common-mode cancelation of laser fre-
quency noise-induced excitation rate fluctuation [3,29-31].
A statistical noise of 5 x 10717 //7 in the frequency ratio mea-
surement between two Sr clocks was achieved, approaching the
QPN limit [3]. Based on synchronous interrogation, correla-
tion spectroscopy uses a protocol to obtain atom-atom fre-
quency measurement that is independent of laser frequency
noise. It can further extend the probe time beyond the LO co-
herence time [32], and thereby it reduces the QPN limit.
Differential spectroscopy extends the LO coherence time: after
two phase-coherent LOs synchronously interrogating two
atomic species, the spectrum of one atomic species is used
to correct the LO frequency noise before interrogating the
other atomic species again [33-35]. With a combination of dif-
ferential spectroscopy and a zero-dead-time optical clock using
two atomic-ensembles, a statistical noise of 2 x 1071°/.\/7 in
the frequency ratio measurement between Al™ and Yb clocks
was achieved [35]. The above schemes rely on synchronous in-
terrogation between two optical clocks.

Here in the frequency ratio measurement between a trans-
portable Ca™ optical clock [36] and a Sr optical lattice clock
[37], the timing sequences of the two optical clocks are quite
different. Thus, the above schemes cannot be applied in this
measurement. Instead, we extend the LO coherence time of
the Ca™ clock by frequency-synthesizing from the Sr clock
with an optical frequency divider (OFD) [18]. In addition
to the phase coherence transfer from the Sr optical lattice
clock to the LO of the Ca™ optical clock at 729 nm, the
OFD directly enables the measurement of the frequency ratio
between the two optical clocks, which are both the secondary

representations of the SI second [38]. Compared to previous
measurement using independent LOs, the method used in this
work improves the statistical noise by a factor of 3.2, reaching
2.2 x 107/ /7. As a result, it enables a 10-fold reduction of
the comparison campaign duration to a certain statistical un-
certainty. Moreover, when the LO of the Ca™ optical clock is
frequency-synthesized from the Sr clock, a Rabi spectrum with
1.6 Hz linewidth is obtained, the narrowest linewidth of the
Ca™ clock to the best of our knowledge.

2. EXPERIMENTAL SETUP

In this work, an OFD built by East China Normal University
(ECNU) and a transportable Ca™ clock built by Innovation
Academy for Precision Measurement Science and Technology
(APM) were transported to National Institute of Metrology
(NIM) of China to compare against a Sr optical lattice clock
there. The detailed setups of the OFD, Ca™ clock, and Sr
clock are introduced elsewhere [18,36,37].

The operation timing sequences for the Ca™ and Sr clocks
are shown in Figs. 1(a) and 1(b), respectively. For the Ca™
clock, after Doppler cooling, the ion is pumped to either
1S 2, m; = £1/2) state for clock interrogation. The total dead
time for a single cycle is ~20 ms. We alter the probe time 7',
for different situations. The state of the ion is detected 10 times
to improve the signal-to-noise ratio (SNR). In order to cancel
the first-order Zeeman shift, the electric quadrupole shift, and
the tensor Stark shift, three pairs of Zeeman transitions of
1*Si/2smj = £1/2) = |*Ds )y, m; = £1/2, +£3/2, +£5/2)
are used to calculate the center frequency of the Ca™ clock tran-
sition. As a result, the clock laser frequency is steered every 120
clock cycles, i.e., ~13 s when 7', = 80 ms. For the Sr clock,
the atoms are trapped and cooled in a two-stage magneto-
optical trap (MOT). Then they are loaded into a one-
dimensional optical lattice and are prepared to either |'S, m; =
£9/2) state. Afterwards, the atoms are probed for 200 ms.
The total cycle time for the Sr clock is 1086 ms. To cancel
the first-order Zeeman shift, both |'Sy, mp = £9/2) —
[°Py, mp = £9/2) transitions are probed to calculate the center
frequency of the clock transition, which is corrected every four
clock cycles (~4.3 s). As we can see in Fig. 1, the two clocks
operate with distinct timing sequences. Thus it is difficult to
utilize the comparison protocols such as synchronization com-
parison [3,29-31] or differential spectroscopy [34], where
synchronized interrogation is always required.

Cooling and State (a)
state prep. Lo detection

Cca* robe
o | | 1 1 ] e

Clock - e e >
120 cycles / clock feedback

Sr 1st-MOT  2nd-MOT State prep. (b)
clock N T BN |
Lattice LO State
loading probe  detection

4 cycles / clock feedback

Fig. 1. Timing control sequence for (a) Ca™ optical clock and (b) Sr
optical lattice clock.
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The experimental setup of the frequency ratio measurement
between the two clocks is shown in Fig. 2(a). The Ca™ and Sr
clocks are placed in two separated rooms, while the cavity-
stabilized LO of the Sr optical clock and the OFD are placed
in a third room. For the Sr clock, the LO is a 698 nm laser
frequency-stabilized to a 30-cm-long ULE optical reference
cavity, yielding a frequency instability better than 3 x 1071¢ ar
an averaging time of 1-10 s. The laser light is delivered to in-
teract with Sr atoms, and the laser frequency is steered by an
acoustic-optic modulator [AOM, AOM?2 in Fig. 2(a)] to lock
the laser frequency to the 'Sy — ®P; transition of Sr atoms.
Meanwhile, ~2.5 mW laser light is sent to the OFD via a
phase-noise-canceled fiber link, serving as the reference of
the OFD. The driving frequency of AOM3 is also updated
to ensure the reference frequency vgg = vs.. For the Cat
clock, a single frequency laser at 729 nm is used as the LO.
Instead of locking its frequency v7,9 to an independent optical
reference cavity, its frequency is synthesized from the LO of the
Sr clock at 698 nm by the OFD with a preset ratio Rj.

In order to obtain a high-SNR beat note between the
729 nm laser and the comb light, we use injection locking am-
plification [39] to amplify the 729 nm laser. Near 40 pW light
from a 729 nm master laser is injected into a slave laser through
an optical isolator, and the slave laser outputs 25 mW laser light
with the same frequency as the master laser. After beam split-
ting, the laser light is coupled into a piece of phase-noise-
canceled fiber. About 5 mW 729 nm light is sent to the
OFD to beat against the comb light. The OFD is based on
a Ti:sapphire optical frequency comb with an optical spectral
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coverage of 0.5-1.1 pm, and its repetition rate f, (~1 GHz)
and offset frequency f; are loosely locked to a hydrogen
maser [40]. The transfer oscillator scheme [41] is adopted
in the optical frequency division to cancel out the comb fre-
quency noise as shown in Fig. 2(b). First, the beat signal be-
tween the 729 nm (698 nm) laser and the nearby comb line,
i.e, fi7a9 (fhgos) is mixed with £ to remove the offset fre-
quency. Then it is divided by a direct digital synthesizer
(DDS) by M, (M,). The divided signals are mixed, which

is expressed as

v79 = (fo + 1729 x f,) + fo

1=

M,
_veos — (fo + 71698 x f,) + fo
M,
_ U729 ~ 1729 X f V698 ~ 7698 % fr 2
M, M, ’

where 7,59 and 7g9g are the corresponding mode numbers of
the comb lines which beat against the contlnuous wave lasers.

When the divisors of the DDSs are set to satisfy M‘ = Zzz, the
comb frequency noise is canceled out. Thus we can get a virtual
beat note f, = 7;’ - 1;%, which is merely related to the
frequencies of the 729 nm laser and the 698 nm reference laser,

unconstrained by the comb frequency noise. To stabilize the
frequency of the 729 nm laser, the virtual beat note is mixed
with a radio frequency (RF) synthesizer at a frequency of f ..

to derive an error signal for feedback. The time base of the RF

Sr
:""W“‘.‘

Cavity stabilized
Local Oscillator

v698

lll‘ v

lfn9|‘_ |m

'
S :
!

729 nm
laser

Fig. 2.

V
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(a) Schematic of the experiment setup. AOM, acoustic-optic modulator; NCF, noise canceled fiber link; DDS, direct digital synthesizer;

OFD, optical frequency divider. The red straight line and the black dashed line stand for the optical path and electric control path, respectively.
(b) Noise cancelation scheme for frequency noise of the comb used in OFD. The method to generate the optically referenced time base f-  is also

shown on the right side.
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synthesizer is an RF signal f at 10 MHz that is optically
divided from vg9g. The diagram of f-|x generation is shown
on the right of Fig. 2(b). In this step, the beat note f'40s and

its mirror beat note f 2698 are detected, mixed with f), and
divided in DDSs. When the divisors of the DDSs satisfy

Ms _ _meos — Yoo
T = i fox can be expressed as fox = i X

1 1 .. . .
(E - m), where the divisor M, is used to set the signal around

10 MHz for the external time base of the RF synthesizer.
Finally, the error signal § = £, - f,. is sent to a digital servo
to feedback to the current of the 729 nm laser. As a result, when
the servo loop is closed, the OFD links the two laser frequencies
as V79 = vg93/ Ry with a preset ratio

R0=1/< +ftune Ml M4_M3>‘ (3)
2

107 " M, MsM,

After that, the frequency-synthesized 729 nm laser light is
sent to probe the Cat ion. AOMI is used to shift laser fre-
quency to be resonant on the *S;;, = *Ds,, transition of
Cat at vey+.

Using the setup shown in Fig. 2(a), we improve the fre-
quency stability of the 729 nm laser, and meanwhile we can
obtain the frequency ratio between vg; and v+ by recording
the correction frequency A f with a frequency counter refer-
enced to the optically divided RF clock f- k. When the Sr
clock is used as the OFD reference, i.e., v593 = vs,, the fre-
quency ratio between Ca™ and Sr optical clocks can be ex-
pressed as

U A f vSr A s 1 1
v _RO ax =z Y107 m, \ar, L)
4)

where A is the counted value for A f. As a result, the frequency
ratio between the Ca™ and Sr clocks is derived as

_ 1, 4 MM,
TGS T R, 10T MMy - M)

(5)

3. RESULT AND DISCUSSION

Compared to the LO stabilized to a room-temperature ULE
cavity at 729 nm [36], the frequency-synthesized 729 nm
LO derived by the OFD has an improved frequency stability,
determined by the 698 nm cavity-stabilized laser in short-term
scale (within the laser servo time constant of the Sr optical
clock, i.e., 17 s) and Sr atomic transition in long-term scale
(>17 s) [42]. As a result, a longer probe time for Ca®t clock
is permitted. Figure 3 displays the Rabi spectra of the Ca™
clock transition with a probe time 7', = 160 ms, 320 ms,
and 640 ms, and spectra with a full widch at half maximum
(FWHM) linewidth of 4.8 Hz, 2.5 Hz, and 1.6 Hz are ob-
served, respectively. At each frequency point, the ion is probed
for 100 times to improve the SNR. Notably, for the 320 ms and
640 ms probe time, it takes 34 and 66 s in each frequency step,
respectively. During this period, there is no need for linear drift
compensation due to the long-term coherence of the 729 nm
LO frequency-synthesized from the Sr clock. It is the narrowest
linewidth for the measured Ca™ clock transition as far as we

10 T T T T T
® ® Tp= 160 ms
0.8 N o T =320ms -
= o Do P
S o BOP ° Tp:640 ms
Q "o ® X -
& %7 %
= 79 ey
5 — |/ \\ —48Hz
g 47 25Hz ——s 55— T
g — =~—1.6Hz
' B A
M 0.2+ A 1 U .
N AR\
P . ) T, N -
00de® edwwf ~'J}3’:%\osa&°—%°° ° |

Frequency (Hz)

Fig. 3. Measured Rabi spectra of the Ca™ clock transition with 100
times averaging at each frequency point. The probe time is 160 ms
(green circles), 320 ms (blue circles), and 640 ms (purple dots), re-
spectively. The dashed lines and shaded regions are the corresponding
fits to the measured data using the Rabi model and their 1 - 6 con-
fidence intervals.

know. Currently, the probe time is limited by the coherence
time of the Ca™ ion, ruined by magnetic field noise.

When the probe time is increased longer than 160 ms,
the magnetic field noise leads to a distortion of the spectra,
which compromises the robustness of clock locking since
the 2S5, m; = £1/2) = |’Ds 5, m; = £5/2) wansition is
susceptible to magnetic field. As a result, we keep the probe
time for the Ca™ clock no longer than 160 ms to realize a
robust lock during the clock comparison campaign. Figure 4
presents the statistical noise of the measured frequency ratio
r with a probe time of 80 and 160 ms. Compared to previous
results using independent LOs for each clock [36], the statis-
tical noise of the measured frequency ratio is improved from
7 x 107 //7 t0 3.3 x 10715/ /7 with an 80 ms probe time.
Moreover, when the probe time of the Ca™ clock is increased to
160 ms, the instability of the measured ratio is further reduced
to 2.2x 1071 /,/7. As a result, by improving the statistical
noise of the measured frequency ratio, we can shorten the aver-
aging time from 22 days to ~2 days to reach a desired statistical
uncertainty of 5 x 1078

As the additional instability induced by the OFD
(<8 x 10718 in 1-10,000s) and the phase-noise-canceled opti-
cal fiber path (7 x 107'8) is negligible, the measured statistical
noise in Fig. 4 might be dominated by the frequency instabil-
ities of the clocks. To estimate the independent performance
of the Ca™ clock, the LO at 729 nm is synthesized from
the 698 nm cavity-stabilized laser and a time-interleaved self-
comparison is carried out [29], where two locking loops with
independent PIDs are employed to calculate the correction sig-
nals Af | and Af, for feedback to AOM1 separately. In each
loop, to remove the first-order Zeeman shift, a pair of Zeeman
split levels (mj = £1/2) is interrogated, and a correction fre-
quency is calculated after 10 times averaging to enhance the
SNR. The difference between the correction signals is recorded.
The calculated overlapping Allan deviation (OADEV) gives a
lower limit of its real long-term performance [29].

Figure 5 presents the calculated OADEV of a single
Ca® clock when using Rabi spectroscopy with different
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Fig. 4. Overlapping Allan deviation of the frequency ratio measure-
ment. The LO of Ca™ clock is frequency-synthesized from the Sr clock
by OFD (red dots and blue squares for T, =80 ms and 160 ms,
respectively). The dashed lines are weighted 1/ /7 fits to the measured
frequency ratio data for an averaging time greater than 100 s. Error
bars indicate 1 - ¢ confidence intervals. A previous result with inde-
pendent LOs for the Ca™ and Sr clocks is shown for reference (purple
circles) [36].

+ITp:80 ms
+Tp: 160 ms

+Tp:320 ms

10-15 I : N

107 N
)VO\/\,\ =3
)

Overlapping Allan Deviation

10-17

T
10° 10! 10° 10° 10
Averaging Time (s)

Fig. 5. Frequency instability of a single Ca™ clock measured by the
time-interleaved self-comparison method with a probe time of 80 ms
(red triangles), 160 ms (purple dots), and 320 ms (blue squares). The
LO of the Ca™ clock is frequency-synthesized from the cavity-stabilized
698 nm laser with the OFD. The dashed lines are the weighted 1/./7
fits to Tp = 80 ms, 160 ms, and 320 ms data for an averaging time
greater than 100 s. Error bars indicate 1 - o confidence intervals.

interrogation pulse widths. For an 80 ms probe time, the fre-
quency instability averages down following 3.3 x 107/ /7.
The longer coherence time of the frequency-synthesized
729 nm LO permits an increased probe time to lower the
QPN limit. The instability of the Ca™ clock is improved to
2.0 x 10715 //7 with a 160 ms probe time. It further gets to
1.4 x 1071 / /7 with a 320 ms probe time, although the remain-

ing laser frequency drift and fluctuations of the environmental

) “ - Q Vol. 12, No. 11 / November 2024 / Photonics Research 2745
| —

magnetic field hinder the long-term continuous locking. In each
probe time, the measured instability is ~1.2 times the QPN limit,
which is mainly attributed to the magnetic noise and the state
preparation efficiency.

During the Ca™ /Sr clock comparison, the probe time of the
Sr clock is kept at 200 ms, which gives an instability
1.18 x 10715 / /7 [37]. As a result, we note that the measured
statistical noise corresponds to the root sum square of uncorre-
lated contributions from the two clocks. The results indicate
that although the OFD transfers the phase coherence from
Sr to Ca' clock laser, the two clocks operate independently
in clock comparison as no synchronous interrogation is applied
due to the extinct timing control sequences for the two optical
clocks. Currently, the measured statistical noise is mainly do-
minated by the QPN-limited frequency stability of the Ca™
clock as well as the Dick-noise-limited frequency stability of
the Sr clock. To further reduce the statistical noise in measuring
the frequency ratio between Ca™ and Sr clocks, a passive or
active control of magnetic field [43] would be helpful to in-
crease the probe time to 640 ms for the Ca™ clock. On the
other hand, it would also be achievable when two Sr atom en-
sembles are used in a zero-dead-time configuration to improve
the frequency stability of the Sr clock.

4. CONCLUSION

In conclusion, we demonstrate a statistical noise of
2.2 x 1071/ /7 in frequency ratio measurement between Ca™
and Sr clocks using an optical frequency divider. Compared to
experimental setup using independent local oscillators, the im-
provement on the statistical noise gives a 10-fold reduction for
comparison campaign duration. As no synchronization inter-
rogation is utilized, the statistical noise of the measured fre-
quency ratio is determined by the frequency instabilities of
the Ca*t and Sr optical clocks, which currently are dominated
by the QPN for the Ca™ clock and Dick noise for the Sr clock,

respectively.
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