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Laboratory optical atomic clocks achieve remarkable accuracy (now counted to 18 digits or more), opening possibil-

ities for exploring fundamental physics and enabling new measurements. However, their size and the use of bulk

components prevent them from being more widely adopted in applications that require precision timing. By lever-

aging silicon-chip photonics for integration and to reduce component size and complexity, we demonstrate a compact

optical-clock architecture. Here a semiconductor laser is stabilized to an optical transition in a microfabricated rubid-

ium vapor cell, and a pair of interlocked Kerr-microresonator frequency combs provide fully coherent optical division
of the clock laser to generate an electronic 22 GHz clock signal with a fractional frequency instability of one part in
10'3. These results demonstrate key concepts of how to use silicon-chip devices in future portable and ultraprecise

optical clocks.
https://doi.org/10.1364/OPTICA.6.000680
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1. INTRODUCTION

Optical atomic clocks, which rely on high-frequency, narrow-line-
width optical transitions to stabilize a clock laser, outperform their
microwave counterparts by several orders of magnitude due to
their inherently large quality factors [1]. Optical clocks based
on laser-cooled and lattice-trapped atoms have demonstrated frac-
tional instabilities at the 107 level [2], setting stringent new lim-
its on tests of fundamental physics [3,4], and may eventually
replace microwave clocks in global timekeeping, navigation,
and the definition of the SI second [5]. Despite their excellent
performance, optical clocks are almost exclusively operated by
metrological institutions and universities due to their large size
and complexity.

Although significant progress has been made in reducing the size
of laser-cooled atomic clocks to fit inside a mobile trailer [6], ap-
plications of these clocks are still limited to metrological clock com-
parisons and precision geodesy [7]. In contrast, optical oscillators
referenced to thermal atomic or molecular vapors can be realized
in small form factors and still reach instabilities below 1014
[8,9]. A fully integrated optical clock would benefit many of the
applications [10] that currenty utilize compact or chip-scale [11]
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microwave atomic clocks but, until recently, techniques for on-chip
laser stabilization to atoms [12] and optical frequency division [13]
were not available. Here, we propose and demonstrate an architec-
ture for an integrated optical clock based on an atomic vapor cell
implemented on a silicon chip and a microresonator frequency comb
(“microcomb”) system for optical frequency division. Experimentally,
this consists of a semiconductor laser local oscillator locked to the
rubidium-87 two-photon transition at 385.284 THz that is coher-
ently divided down to a 22 GHz clock tone by stabilizing a pair of
interlocked microcombs to the local oscillator.

Microcombs, optical-frequency combs that utilize four-wave
mixing of a continuous-wave pump laser inside a high-Q optical
microresonator, can be made to operate over a wide range of rep-
etition rates, from ~#10 GHz to 1 THz [14]. In addition to their
small size, microresonator combs are compatible with wafer-level
manufacturing techniques and can operate at relatively low pump
powers (tens of milliwatts) [15,16] compared with fiber and free-
space frequency combs, making them an ideal choice for compact
optical clocks and low-noise oscillators [13,17,18]. As part of
prior work in our group, Papp ez al. [13] demonstrated the first
optical clock based on a microcomb by stabilizing two modes of a
33 GHz silica (SiO,) microresonator to the D2 and D1 optical
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transitions in Rb at 780 and 795 nm, respectively. However, due to
the lack of self-referencing [19], the full stability of the optical stan-
dard was not transferred to the microwave domain. Recent progress
in the field of microcombs has led to the realization of mode-
locked, low-noise comb generation via temporal soliton formation
in the resonator [20-22]. These dissipative Kerr-soliton (DKS) fre-
quency combs have been used to demonstrate octave-spanning
comb operation [23,24], self-referencing [25-27], and carrier-
offset-frequency (f,,) phase stabilization [28-30]. To date,
octave-spanning operation has only been demonstrated using combs
with ~#1 THz repetition rates, well outside the bandwidth of tradi-
tional electronic detectors, a requirement for producing a usable mi-
crowave clock signal. To circumvent this issue, our optical clock
architecture employs two interlocked microcombs: a high repetition
rate, octave-spanning comb used for self-referencing, and a narrow-
band comb used to produce an electronically detectable microwave
output.

2. EXPERIMENTAL METHODS

Figure 1(a) shows a simplified schematic of the experiment. The
local oscillator (“clock laser”) for our clock is a 778.1 nm, distrib-
uted Bragg reflector (DBR) laser that is referenced to the two-
photon transition in ¥Rb in a microfabricated vapor cell. We
generate a 1 THz repetition rate, octave-spanning, DKS fre-
quency comb by coupling 100 mW of pump light from a
1.54 pm external cavity diode laser (ECDL) into a Si3Ny (SiN)
microresonator, which is used for coarse optical division. Full sta-
bilization of the SiN comb is accomplished by stabilizing f;., and
locking an optical mode of the comb to the clock laser. We inde-
pendently generate a narrowband, 22 GHz repetition rate, DKS
comb by coupling 160 mW of light from a 1.556 pm ECDL
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via tapered optical fiber into a silica microresonator. The two
combs are then interlocked, and we use the silica comb as a finely
spaced ruler to measure the repetition rate of the SiN comb. The
output of the clock is a 22 GHz optical pulse train (and corre-
sponding electrical signal) that is phase-stabilized to the Rb two-
photon transition. The techniques for locking the DBR laser to
the Rb atoms and stabilizing the frequency combs are detailed in
Supplement 1. Figures 1(b)-1(d) show images of the main com-
ponents of the clock: the two microresonators and the Rb cell. All
three elements are microfabricated devices, and, in future imple-
mentations of the concept introduced here, would support more
advanced integration.

The two-photon transition in Rb (Fig. 2 inset) has been stud-
ied extensively for use as an optical frequency standard [31-34].
Here, we only discuss details of this system relevant to spectros-
copy in a microfabricated vapor cell. The clock laser is locked to
the 58/, (F=2) to 5Ds/, (F = 4) two-photon transition in
¥Rb at 778.106 nm (385.284566 THz) using a 3 x 3 x 3 mm
vapor cell [Fig. 1(d)]. The rear window of the cell is covered with
a high-reflectivity coating (R = 99.8%), which is used to retro-
reflect the clock laser and provide the counterpropagating beams
required to excite the Doppler-free, two-photon transition. The
front window is antireflection-coated on both sides to prevent
parasitic reflections.

Excitation of the two-photon transition is detected via fluores-
cence at 420 nm from the 5D to 6P to 5S decay path by a micro-
fabricated photomultiplier tube (PMT) along the optical axis of
the clock laser. Figure 2 shows the output of the PMT as the clock
laser is swept across the clock transition. A Lorentzian fit (purple)
to the fluorescence signal gives a linewidth of ~1 MHz, which
includes contributions of 330 kHz from the natural linewidth,
~475 kHz from the laser linewidth, ~100 kHz of transit time
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Fig. 1. Schematic of the microfabricated photonic optical atomic clock. (a) The microfabricated optical clock consists of an optical local oscillator, a
microfabricated Rb vapor cell, and a pair of microresonator frequency combs, which serve as optical clockwork. Absorption of the clock laser in the cell is
detected via the collection of 420 nm fluorescence using a microfabricated PMT. The optical clockwork consists of interlocked DKS combs generated
using a &2 mm diameter, silica microresonator, and a 46 pm diameter, SiN microresonator. Stabilization of the frequency combs’ output is performed via
electronic feedback (indicated by dotted lines) to the pump frequency and resonator detuning of the ECDLs used to pump the microresonators. The
feedback signals are generated from optical heterodyne beat notes of adjacent comb teeth, as indicated by the solid black arrows. In some cases, frequency
doubling (dashed black arrows) was required to compare optical signals. For simplicity, we do not picture the frequency and intensity modulators used for
feedback in the comb frequency servo loops. (b) Scanning-electron microscope image of the SiN microresonator. Photographs of (c) the silica micro-

resonator and (d) the microfabricated Rb vapor cell.
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Fig. 2. Spectroscopy of optical clock transition. Doppler-free fluores-
cence spectroscopy of the optical clock transition between the 55, s,
F=21t05D;s),, F=4 levels at 385.284566 THz, with a full width at
half-maximum of ~#1 MHz. The atomic level structure of the ¥Rb two-
photon transition is shown as an inset.

broadening [35], and ~100 kHz due to collisional broadening
from background gases in the cell (see Supplement 1).

Figures 3(a) and 3(b) show optical spectra of the free-running
soliton combs. During clock operation, the silica comb pump laser,
VGHz,pump» 18 frequency-doubled and subsequently phase-locked to
the clock laser, vgy,. The SiN comb tooth at 1556 nm (U, pump-2)
is then locked to vGHypump- Here, VG, THzpump-n» describes the
silica/SiN (GHz/THz) comb tooth 7 modes on the low-frequency
side of the pump. We lock the terahertz comb offset frequency, £,
with an ECDL-assisted, /-2 f interferometer [29]. Simultaneous
stabilization of the SIN comb offset frequency and repetition rate
(via U, pump-2 locked to vpy) effectively divides the clock laser
from 385 to 1 THz. We complete the optical frequency division
by phase locking v, pump-48 tO UTHypump-3 at 1564 nm, which
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generates a stable, Rb-referenced, 22 GHz clock output tone.
Figure 3(c) shows the beat note between the 22 GHz clock output
and a 22 GHz signal referenced to a hydrogen maser.

The frequency of the clock output, fgyy, ., is direcdy
linked to the Rb two-photon transition and is given by the simple
relationship,

£ vyt (@/242-[(g-1)-B+q-7-0) - fio mm.
GHz,rep — 2qp >

(1)
where vy, is the clock laser frequency, ¢ = 190 is the mode num-
ber of the SiN comb line closest to the clock transition
UTHz,pump-2> and p = 48 is the number of 22 GHz comb modes
separating the lock points to the SiN comb teeth, 11y, pymp-2> and
UTHz,pump-3- | he synthesizer frequencies used in each of the phase
locks between the comb teeth are defined in terms of the ratios of
integers a, f3, v, and & relative to a 10 MHz clock referenced to a
hydrogen maser, fjy,> as indicated in Fig. 3(b). The denom-
inator in Eq. (1) gives the full division factor of the comb:
n=2x48x190 = 18,240. A crystal oscillator referenced to
the free-running repetition rate of the silica comb [Fig. 4(b), open
green squares] can instead be used as a reference for phase locking
the microcombs, and the clock can be run with no external fre-
quency references.

3. RESULTS AND DISCUSSION

Figure 4 summarizes the performance of the optical clock.
Figure 4(a) shows a plot of the 22 GHz clock output measured
against the hydrogen maser and multiplied up to the optical do-
main (blue), along with a plot of the clock laser frequency mea-
sured against an auxiliary erbium fiber frequency comb (orange)
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Fig. 3. Microcomb spectra. (a) SiN microresonator comb spectrum, showing the 1 THz comb tooth spacing with a resolution bandwidth of
A2 =0.1 nm. An f-2f interferometer (light blue arrow) in which light ac 1998 nm is frequency-doubled to heterodyne with the comb teeth in
the dispersive wave at 999 nm is used to measure and stabilize the offset frequency, £, of the SiN comb (6 = f,.,/10 MHz). (b) Silica microresonator
comb spectrum (light blue) with 22 GHz repetition rate, shown overlaid with three teeth from the 1 THz, SiN comb (dark blue), with a resolution of
AZ = 0.02 nm. Arrows indicate phase locks used to stabilize the combs. Greek letters show the ratio-of-integer values multiplied by a 10 MHz clock that
are used as a reference for each of the phase locks. For the devices used in the experiment, @ = 154.224, f = 3525.29238, y = 539.9808, and

6 = -1280.0. (c) RF spectrum of the 22 GHz clock output.


https://doi.org/10.6084/m9.figshare.8015792

Research Article

Vol. 6, No. 5/ May 2019 / Optica 683

(a)
TO 10
IO
£2 oF .
8 .
N | |
e 10 - mean = 2939 + 33 Hz
IR s S dieiiesn bk
pE S
& :
|
0 500
(b) ©) =
' . s
-8 L R ~— unlocked
10 E O i:‘/ locked
5 C @ CsAC S
007§ gt |8 e
—9 ™ O z clock outpu -
10 E o 0 ELQ 0 A optical freq. 5 ﬁ/l,\ J %Wﬂs'“%
E |} N [ 22 GHz unlocked % L il ’W‘, “JNL“MC::::;
& [ \\“o & | I \‘ ey
> 10-10 L - 3 ol T
s E e [ 10 10 10 10 10
f= [ ®.e 1.9x10710/y/7 Frequency (Hz)
= r ‘o,
S0t e o ’ dﬁ)
3 f e, Ses s T
< L “i\. 2
7TF aaxiozs R 2
i ig . S ~100 |-
13 [ = - L] E N clock laser limit (calc.) ~ —— SizNg - SiO final I6tke.
10 E RN o —— Rb-SiO; pump —— 22 GHz clock output
M vl v vl il el o _150 Ll | | Lo
10-2 10~' 10° 10! 102 10% 104 101 102 103 104 105

Integration time, 7 (s)

Frequency (Hz)

Fig. 4. Optical clock performance. (a) Time-series measurement of the clock optical frequency offset derived from the 22 GHz clock output frequency,
Vdlock,ope (top, blue) and derived from the beat note against the Er:fiber frequency comb, v, (bottom, orange). The reference frequency is v, =
385284566370400 Hz [34]. Short breaks in the data indicate periods where the clock laser dropped out of lock. (b) Comparison of Allan deviation
of 22 GHz clock output for the free-running silica microresonator (green open squares), the fully stabilized comb (blue circles), and the heterodyne beat
note of the clock laser with the Er:fiber comb (orange triangles). At long integration times (purple pentagons), the clock stability is limited to &1 x 10713
due to temperature fluctuations in the lab. Error bars represent a 68% confidence interval. An Allan deviation of a Microsemi chip-scale atomic clock
(CSAC) measured against a hydrogen maser is shown for comparison (gray circles). (c) Frequency noise spectra for the free-running and locked clock laser.
A large servo bump at ~#4 kHz is evidence of frequency noise spectra. (d) Phase noise away from carrier for the 22 GHz clock output signal (blue), along
with the contributions from the intermediate phase locks (red and magenta) and the phase noise of the clock laser calculated from the laser frequency noise
spectrum (orange dashed), which gives a lower limit on the phase noise of the 22 GHz clock output.

as an independent confirmation of the clock accuracy. The mean
values of the two measurements of the clock frequency agree to
within their standard error. The absolute frequency shift of our
clock relative to the BIPM accepted value [34], after accounting
for the light shift and the Rb-Rb collision shift is Av =
2.9+ 7.9 kHz (Av/Avg, = 8 x10712), and is primarily due
to the collision shift from background gases in the cell (an un-
certainty budget is included in Supplement 1). It is worth noting
that this represents the first measurement of an absolute clock
transition frequency in a chip-scale vapor cell.

Figure 4(b) shows an Allan deviation of the fully stabilized clock
signal [Fig. 4(a), blue] measured against the hydrogen maser along
with an Allan deviation of the heterodyne of the clock laser with the
fiber frequency comb [Fig. 4(a), orange]. An Allan deviation of the
clock laser frequency measured against the fiber comb for 24 h
measured at a later date [purple] reflects the stability of the clock
laser at longer integration times. The measured fractional frequency
instability of the microwave output is 4.4 x 10712 /7'/2 and is lim-
ited by frequency noise on the DBR laser [Fig. 4(b)] via the inter-
modulation effect [36]. At long integration times (>10° s), we
notice that fluctuations in the clock laser frequency are correlated

with the laboratory temperature and limit the ultimate stability of
the clock to ~1 x 10713,

Figure 4(d) shows the clock phase noise (along with that of
the intermediate phase locks), which is competitive with high-
frequency (tens of gigahertz) analog signal generators. At low
frequencies (<300 Hz), the phase noise is limited by the intrinsic
phase noise of the clock laser (consistent with perfect optical di-
vision at integration time >1 s), while the bump around 1 kHz
results from the final phase lock between the silica and SiN
combs. The phase noise at high frequencies (>10 kHz, outside
the bandwidth of the comb-to-comb phase locks) is likely due to
the silica comb pump laser [37]. This suggests the clock could
be operated as a low-phase noise oscillator by utilizing narrow-
linewidth pump sources.

4. CONCLUSION

In summary, we present a clear path towards the future integra-
tion of optical atomic clocks by proposing a framework for optical
frequency division using microresonator frequency combs and
have demonstrated a distributed optical atomic clock with a sta-
bility of 4.4 x 10712 /7!/2, where the critical components of the
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clock are integrated devices. At present, the stability of our clock is
limited by the performance of available, integrated 778 nm
sources, but short-term stabilities near 10713 at 1 s may be possible
with low-noise lasers. We anticipate that devices such as inte-
grated narrow-linewidth lasers [38—40] with fast frequency tuning
rates and waveguide-based second-harmonic generators [41] will
eventually replace the off-the-shelf components in our clock,
making a fully integrated optical atomic clock viable. State-of-
the-art chip-scale optical clocks would impact applications, in-
cluding gravitational and remote sensing, timing and navigation
when GPS is unreliable, the synchronization of large aperture net-
works for long-baseline interferometry [42—44] and enable 77 situ,
Sl-traceable calibrations of laboratory instruments.
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