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Demonstration of chronometric leveling using transportable optical clocks
beyond laser coherence limit
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An optical clock network requires the establishment of an optical frequency transmission link between
multiple optical clocks, utilizing narrow-linewidth lasers. Despite achieving link noise levels of 10720, the
final accuracy is limited by the phase noise of the clock laser. Correlation spectroscopy has been developed
to transmit frequency information between two optical clocks directly, enabling optical clock comparison
beyond the phase noise limit of clock lasers, and significantly enhancing the measurement accuracy or
shortening the measurement time. In this article, two compact transportable “°Ca™ clocks are employed to
accomplish a correlation spectroscopy comparison, demonstrating a 10-cm level measurement accuracy of
chronometric leveling using a mediocre clock laser with linewidth of 200 Hz. The relative frequency insta-
bility reaches 6.0 x 10713 /,/7/s, which is about 20 times better than the result with Rabi spectroscopy
using the same clock laser. This method circumvents the harsh requirements on the performance of the
clock laser, so that an ordinary stable laser can also be employed in the construction of an optical clock
network, which is essential for field applications, especially for chronometric leveling.
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L. INTRODUCTION

Optical atomic clocks with fractional systematic uncer-
tainties at the 10~'® level or below [1-8] are the most
precise measurement devices of any kind, driven greatly
by the progress in ultrastable lasers [9]. In metrology, a
single clock can serve as an absolute frequency standard
in principle [10,11]. However, numerous other applica-
tions require two or more optical clocks to establish a
network, facilitating the desired observation by compar-
ing the frequency difference between each clock [12—16].
In such comparison-mode scenarios, the frequency differ-
ence measurement stability is limited by the laser noise,
which restricts the clock probe time and introduces Dick
effect noise [17]. Better clock laser systems, e.g., locking
to a cryogenic silicon cavity, have been built to extend the
clock probe time and increase the duty cycle [18]. How-
ever, these kinds of high-performance ultrastable cavities
are always bulky and sensitive to the environment, so the
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robustness is inadequate to satisfy a wide range of applica-
tions such as chronometric leveling in the field, even in
harsh environments for global geodetic observation net-
works [4,19-22]. Furthermore, the narrow-linewidth laser
serves solely as the carrier of the frequency difference
information between clock transitions, and not that of the
key information required in optical clock comparisons.
Consequently, it is possible to achieve clock comparison
far beyond the laser coherence time limit by appropriate
methods.

To achieve frequency comparison beyond the clock
laser’s coherence time, it is necessary to measure the
evolution of coherence between the optical clocks. One
of the methods is to prepare an entangled state of two
trapped ions through a fiber network, which requires high-
fidelity entanglement preparation between remote trapped
ion systems [23—25]. In contrast, correlation spectroscopy
is simple and robust for building a global optical clock
network as it takes up fewer resources [26,27]. With this
method, coherence between two independent 2’ Al™ clocks
at a probe duration as long as 8 s on the clock transition was
observed [27]. According to the contrast in the correlation
spectrum, an estimated instability of 1.8 x 10710/ /7 /s is

© 2024 American Physical Society
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possible in the ion clock comparison and thus comparable
with the performance of using optical lattice clocks [27].

In this research, we demonstrate the closed-loop oper-
ation of clocks based on the correlation spectroscopy
method and apply it to chronometric leveling using a clock
laser with poor coherence. Using two transportable 4°Ca™
optical clocks, a 729-nm clock laser with an intention-
ally degraded coherence time of 2.6 ms, corresponding
to a linewidth of 200 Hz, is employed to achieve 100-
ms Ramsey probe durations for clock comparison. The
chronometric leveling results are consistent with the values
obtained by the traditional method of Rabi spectroscopy,
and the accuracy is limited to the level of 10 cm due to the
1 x 10~!7 systematic uncertainties of both clocks [28,29].
The instability of frequency difference measurement is sig-
nificantly improved to 6.0 x 107! /,/7/s, which is about
20 times better than the result obtained with clocks oper-
ated at a 2-ms Rabi probe time using the same intentionally
degraded clock laser. This is close to the instability of
6.8 x 10713/ /T/s obtained by Rabi spectroscopy when
the laser phase is not intentionally degraded [28].

II. EXPERIMENTAL METHODS AND RESULTS

For simplicity, only two sets of single-ion optical clock
are involved here. Assuming that the two ions have the
same ground state || ) and excited state |1), a Ramsey-type
clock comparison scheme is described as the following
three steps: (1) prepare a quantum superposition state
l¢) = (J4) + |T))/\/§ of each ion with a 77 /2 clock pulse;
(2) turn off the clock laser and let the ions distributed in
different traps evolve independently for a preset time of
Tg; and (3) apply the second 7t /2 pulse to the ion and mea-
sure the population P of each ion in the || ) state. If there
is a mismatch between the frequency v; of the clock laser
and the atomic resonant frequency vy, and § = v, — vy, the
ion will accumulate a phase ¢ = 2w 1z$ during the Ram-
sey probe duration. Therefore, the interference fringe P, =
Acos(2Qmdtg + ¢g) will be observed, where A is defined
as the fringe contrast and ¢y is the initial phase associ-
ated with laser detuning. When both ions are interrogated
simultaneously using the common laser, we can measure
the parity IT instead of the transition probability to realize
a correlation spectroscopy. Here IT is defined as the time
average of the parity operator I1 = 0..10.2, where 6 ; rep-
resent the Pauli operator of a trapped ion in the ith trap.
The measurement result is the product of the oscillations
of the two systems [27]:

() = %[COS(27T5+‘L’R + ¢y) +cosRmd_tr +¢_)], (1)

where 6+ = 8; £ 8, and ¢+ = ¢ £ ¢,. If the free evo-
lution time tz is long enough compared with the laser

coherence time, the first term in Eq. (1) will be averaged to
zero. The phase decoherence of the laser is averaged due
to the common mode effect of the two ion systems, leav-
ing only the independent spontaneous emission parts of the
two ion systems. Introducing a decay rate I" due to spon-
taneous emission, the correlation measurements will give
the following interference fringe:

(1) = %e—”fe cos(28_tr + ¢_). Q)

The frequency difference information of the two ions
appears in the interference fringe, and the common mode
of the laser phase noise is suppressed. If the feedback con-
trol method is adopted to track the maximum slope points
of the interference fringe, the following measurement
instability can be obtained [27,30]:

1 T,
2Cmv

o(t) =

3)

b
2t

where 7. is the cycling time of the clock and C = Cye '™
describes the reduction of fringe contrast due to the deco-
herence. The measurement instability is not limited by the
coherence time of the clock laser, but only related to the
spontaneous emission rate of the ion’s clock transition.

As shown in Fig. 1, our experimental setup consists
of two separate transportable optical clocks based on sin-
gle trapped “°Ca™ ion (labeled as TOC-729-1 and TOC-
729-3). The %S)/» — 2Ds), clock transition of “°Ca* is
interrogated by a shared 729-nm laser referenced on a
10-cm ultrastable cavity. Normally, the linewidth of this
clock laser is about 1 Hz, and its short-term stability
reaches a level of 2 x 10~ [31]. To simulate a laser with
poor coherence in this experiment, white noise modula-
tion is added to the driver of an acousto-optical modulator
(AOM1) in the cavity path. The two transportable optical
clocks are placed approximately 2 m apart, connected by
a 10-m-long single-mode fiber, and a fiber noise cancel-
lation system is established to synchronize the laser noise
between the two trapped-ion systems. The beat signal is
obtained from the zero-order optical reflections of AOM3
and AOM4, and its frequency noise is directed to the driver
of AOM2 by a servo to keep the coherence of the laser con-
sistent between the two trapped-ion systems. To eliminate
the spatial laser noise as much as possible, the free-space
transmission distance of the zero-order optical reflections
of each AOM is about the same as the distance from the
AOM to the ion.

During the clock interrogation, the phase of the second
7 /2 pulse on TOC-729-1 is scanned relative to TOC-729-
3, and the parity fringe is observed as shown in the inset
of Fig. 2(a). Series of fringe contrasts under different free
evolution time are measured, and the results are shown in
Fig. 2(a), along with the laser-coherence-limited Ramsey
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FIG. 1.

The devices and clock comparison scheme of the correlation spectroscopy experiment. (a) Two transportable optical clocks

share the same clock laser via a 10-m-long fiber with a fiber noise cancellation system to synchronize the laser noise. TOC-729-1
is placed on a fixed platform, and TOC-729-3 can move up and down. (b) Synchronous inquiry timing scheme. The 25}/, — 2Ds»
transitions of the two *°Ca™ optical clocks are excited simultaneously, but the phase of the second pulse of the two clocks is different.

spectroscopy contrast. In these measurements, due to the
limited power of the 729-nm laser, the 7= pulse time is
approximately 400 ws, so the laser coherence time is inten-
tionally degraded to 2.6 ms and it is verified that the laser
linewidth is degenerated to about 200 Hz by heterodyne
beating with a narrow-linewidth laser. There is no further
destruction of the laser coherence time to a much shorter
scale. But, in principle, lasers with arbitrary linewidths can
be employed to achieve high-precision frequency compar-
ison once the laser’s coherence time is long enough to
perform a /2 pulse but shorter than the free evolution
time of the Ramsey-type interrogation.

We find that the measured coherence time using correla-
tion spectroscopy does not reach the 1.17-s lifetime of the
upper 2Ds ; state of “°Ca* due to the decoherence from the
magnetic field noise. This can be verified by comparing
the parity fringes of three Zeeman components with dif-
ferent magnetic sensitivities. The decoherence times of the

Am = 0, —1, and —2 transitions are 797(16), 317(13), and
153(5) ms, respectively. Although the magnetic field noise
now becomes the main limitation of the further extension
of the clock’s probe time, this experiment demonstrates a
scheme with clock interrogation time far beyond the laser’s
coherence time. As a comparison, the coherence time of
two ions in the same linear trap (TOC-729-1) is measured
using correlation spectroscopy with the Am = 0 transition
[see Fig. 2(b)]. The maximal contrast is close to 0.5, which
is better than the contrast obtained by two ions in differ-
ent linear traps. Trapping in the same trap suppresses the
ambient noise, including laser propagation noise and mag-
netic field noise, making it possible to reach a coherence
time of 0.83(0.25) s.

The phase difference ¢_ of the correlation spectrum is
closely related to the frequency difference of the interro-
gated transition. So the frequency difference of the same
transition of two ions can be calculated from the phase of
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FIG. 2. Evaluation of the two correlated optical clocks based
on trapped “°Ca™. (a) Contrast as a function of the probe dura-
tion. The black squares, red circles, and blue triangles are the
measured contrasts of the correlation spectrum of the Am = 0,
—1, and —2 transitions, and the corresponding lines are the deco-
herence fitting curves. For comparison, the laser coherence limit
measured using Ramsey spectroscopy is shown as purple dia-
monds, while the lifetime limit of the clock transition is shown
as the green solid line. Inset: the parity fringe of the correlation
spectrum at a typical 100-ms probe time of the Am = 0 tran-
sition. The horizontal axis in this inset means the phase of the
second 77 /2 pulse of TOC-729-1, and the amplitude of the fitting
line represents the fringe contrast. (b) The evaluation of parity
fringe as a function of probe time with two ions in the same linear
trap.

the selected peak of the parity fringes:

Af:i(m@), 4

TR 2

where 3 is the free evolution time, ¢ is the phase of the
selected peak in the parity fringe, and N is an integer con-
stant related to the initial frequency difference. Taking the
results of the inset in Fig. 2(a) as an example, since the
magnetic field difference between TOC-729-1 and TOC-
729-3 is about 2905(1) nT, the corresponding frequency
difference of the Am = 0 transition is 16 302.7(11.2) Hz,
and the frequencies of ions’ free evaluation during the

Ramsey probe time are different in these two clocks. As
shown in the inset of Fig. 2(a), the peak phase mea-
sured with correlation spectrum on the same transition is
—0.153(0.030) x 27, and Nam—o) = —1630, so the fre-
quency difference calculated by Eq. (4) is —16301.53(30)
Hz. This result is consistent with the frequency difference
calculated by magnetic field.

The peak phase tracking of the parity fringes can be
achieved by interrogating at the two points with a parity
fringe on both sides of the specified peak. In the exper-
iment, the inquiry of these peaks is also added to judge
whether the locking is normal. Based on this, we demon-
strate the closed-loop clock operation with a pair of Zee-
man components. The correlation spectra obtained from
2S12(my = —1/2) = *Ds;p(m; = —1/2) and %Sy 2(m; =
+1/2) = 2Dsy(m; = +1/2) are shown in Figs. 3(a) and
3(b), where the scanned phase has been calculated as fre-
quency difference of each peak. Frequency comparisons
with the parity fringes of Am = 0 transitions at the differ-
ent interrogation times ranging from 10 to 200 ms are then
demonstrated, and their self-comparison instability results
are shown as ope,s in Fig. 3(c). The instabilities estimated
by the contrast of parity fringes and the instability calcu-
lated with the lifetime of ?Ds ), are shown in Fig. 3(c). The
measured results are in great agreement with the estimated
instability within the error range.

The frequency shift due to the electric quadrupole effect
is eliminated by averaging three inner pairs of Zeeman
components with magnetic sublevels m; = £1/2, +3/2,
and £5/2 of the upper 2Ds/, state sequentially in each
cycle during the lock runs. The effective data duration of
each measurement is approximately four hours, and the
instability of the frequency difference data obtained by
seven groups of measurements reaches 6.0 x 1071%//7/s
[Fig. 4(b)]. This is about 20 times better than the limit mea-
sured by the traditional Rabi method under the same laser
linewidth.

After these efforts, we perform a laboratory demonstra-
tion of chronometric leveling with this method of corre-
lation spectroscopy. TOC-729-1 acts as a reference when
placed on an optical table, and TOC-729-3 is placed on
two locations successively with geometric height differ-
ence (relative to TOC-729-1) of —0.792(10) and 1.072(10)
m, respectively. As shown in Fig. 4(a) and Table I, at the
two different elevations, the frequency differences between
TOC-729-1 and TOC-729-3 are measured as —50.5(3.3)
and 39.1(2.6) mHz, respectively. Most of the system-
atic frequency shift evaluation process is the same as
in our previous work [28,29]. Since only the informa-
tion of the frequency difference of the two optical clocks
can be obtained in the clocks’ operation with correlation
spectroscopy, frequency shifts caused by servo, electric
quadrupole, and magnetic field drifts are evaluated in dif-
ferential mode. After correcting the systemic shifts of
—15.2(6.4) and —12.8(7.7) mHz, the absolute frequency

044052-4



DEMONSTRATION OF CHRONOMETRIC LEVELING...

PHYS. REV. APPLIED 21, 044052 (2024)

(b)

-16310 -16 305 =16 300 -16 295 -16290 16290 16295 16300 16305 16310
Frequency difference (Hz)

1x107"2
Lifetime limit

L] e} [ (e}

est meas

1x10—13 \
\E

\§

1000

1x107™

Allan deviaton at 1s

1x107"®
1 10 100
Tz (ms)

FIG. 3. Demonstration of closed-loop operation referenced on
the parity fringes. (a),(b) A pair of parity fringes converted by
phase scanning with Am = 0. The horizontal axis is the fre-
quency difference of the same transition of the two ions, and the
Ramsey probe time of the correlation spectrum is 100 ms. (c)
Comparison of measured (blue circles), estimated (red circles),
and theoretical (black line) instabilities of the clock comparisons
using correlation spectroscopy.

differences at the two different elevations are synthesized to
be —35.3(7.2) and 51.9(8.2) mHz, respectively. The frac-
tional frequency shifts are calculated as —8.6(1.8) x 10~
and —12.6(2.0) x 10717,

According to Einstein’s general theory of relativity, the
frequency change of an optical clock due to the change
of geopotential difference can be expressed as Av/v. =
gAh/c? [32], where v, is the clock transition frequency,
Av is the clock frequency difference caused by the geopo-
tential difference, g is the gravitational acceleration, A/ is
the elevation difference, and c is the speed of light. Accord-
ing to the gravitational acceleration g = 9.793461(2) m/s?
at the locations of the clocks, the elevation differences
measured by the optical clocks are —78.8(16.1) and
115.9(18.3) cm, respectively. These results are consistent
with the elevation differences obtained by the geometric
measurement within the error range, and are also consis-
tent with the results obtained by the traditional method of
Rabi spectroscopy [28].
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FIG. 4. (a)Results of elevation difference measurements based

on correlation spectroscopy at two different elevations. The cor-
responding measurement results shown by the red and blue
symbols are corrected by the systematic shifts. The solid lines
represent the weighted average of the date while the shadowed
areas represent the standard deviation of the mean. (b) Relative
instabilities with different frequency comparison methods. The
black squares are the instability data obtained by locking on the
peaks of the six parity fringes with 100-ms probe time and the
black solid line is the fitting as a result of 6.0 x 10713 /./7/s.
The red circles are the instability of the Rabi lock with 2-ms
probe time and the red solid line is the fitting as a result of

1.2 x 10783/ /T/s.

I1II. CONCLUSION

As a conclusion, we demonstrate closed-loop clock
operation of the order of 100 ms using an interroga-
tion laser with artificially destructed coherence time at
the millisecond level based on the method of correlation
spectroscopy. Frequency comparison with an instability
of 6.0 x 10713//T/s is achieved, which is 20 times bet-
ter than that of the traditional Rabi spectroscopy using
the same destructive laser. Our scheme is applied to an
elevation difference measurement experiment using trans-
portable optical clocks. This result proves that correla-
tion spectroscopy between independent optical clocks at

044052-5



YI YUAN et al.

PHYS. REV. APPLIED 21, 044052 (2024)

TABLE L
and 107.2(1.0) cm.

The elevation difference measurement results of correlation spectrum comparison under height differences of —79.2(1.0)

Statistical frequency System frequency Absolute frequency Elevation
AH (cm) difference (mHz) shift (mHz) difference (mHz) difference (cm)
—79.2(1.0) —50.5(3.3) —15.2(6.4) —35.3(7.2) —78.8(16.1)
107.2(1.0) 39.1(2.6) —12.8(7.7) 51.9(8.2) 115.9(18.3)

different locations can improve significantly the measure-
ment precision beyond the laser coherence time.

In this demonstration, the clock probe time is limited to
the 100-ms level due to the strong magnetic sensitivity of
40Ca™ ion. In the future, frequency comparison with corre-
lation spectroscopy can be applied to other clock systems
that are very insensitive to magnetic field noise, such as
76Lut, 17'Yb* (E3 transition), and 2’Al", and of course
neutral atoms like ¥’Sr, '7'Yb, and so on [33]. Consid-
ering that the clock lifetime of these atoms is tens of
seconds or even longer, the clock probe time can be eas-
ily extended to several seconds or even tens of seconds
using correlation spectroscopy, which means that the insta-
bility of the frequency comparison can reach the level of
1 x 10716/ /7 /s or better. This excellent stability of fre-
quency comparison accessing a statistical uncertainty of
1 x 107!8 in several hours opens an avenue for geodetic
surveys, which resolves an elevation difference of 1 cm in
a short averaging time.

Correlation spectroscopy is suitable for the frequency
difference measurement of optical clocks in complex envi-
ronments outside the laboratory, which removes the neces-
sity of an ultrastable laser system. Instead, it requires
the high performance of fiber networks, which have been
improved significantly in recent years, showing the possi-
bility of connecting optical clocks located tens of kilome-
ters [34] or even 2200 km apart [35]. Therefore, correlation
spectroscopy has a bright application prospect in the field
of chronometric leveling. With the continuous improve-
ment of optical clock performance, the measurement accu-
racy of correlation spectroscopy can be further improved
by selecting appropriate clock systems, which may trigger
practical discussions in the geophysical community and
other application areas.
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