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1. Introduction

In the last decade, tremendous progress in optical atomic clocks
has been made: the frequency instability and uncertainty of opti-
cal atomic clocks have reached 1078 or even 107"~ two
orders of magnitude better than the current definition of the sec-
ond. Such accurate optical clocks have important applications in
searching for possible variations of fundamental constants!),
relativistic geodesy'"), test of fundamental symmetries'®), and
detection of gravitational waves”! and dark matter®),

Compared with single ion optical clocks, optical lattice clocks
based on thousands of neutral atoms have much lower quantum
projection noise-limited frequency instability due to a larger
atom number!*), An optical lattice is employed to confine neu-
tral atoms in the Lamb-Dick regime, which removes the first-
order Doppler shift and the photon recoil shift®), and thus it
allows Doppler-free high spectral resolution. However, the
strong electric field of the lattice light will induce non-ignorable
Stark shifts in both the lower and upper states of the clock tran-
sition. To cancel the light shifts, the frequency of the lattice light
must be stabilized at a specific wavelength, named the magic
wavelength!'~'4],

Reference cavities made of ultralow expansion (ULE) glass are
commonly employed to stabilize the frequency of lattice
lasers!'™'**°]Since the length of reference cavities changes
due to temperature fluctuation and aging, the frequency of these
cavity-stabilized lattice lasers drifts typically on the order of 10-
100 kHz in a day, even the temperature of the reference cavities
is stabilized with a fluctuation less than 10 mK. In an alternative
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We present the frequency control of a 759 nm laser as a lattice laser for an ytterbium (Yb) optical clock. The frequency
stability and accuracy are transferred from the Yb optical clock via an optical frequency comb. Although the comb is fre-
quency-stabilized on a rubidium microwave clock, the frequency instability of the 759 nm laser is evaluated at the 10~ level
at1saveraging time. The frequency of the 759 nm laser is controlled with an uncertainty within 1Hz by referencing to the Yb
clock transition. Such a frequency-controlled 759 nm laser is suitable for Yb optical clocks as the lattice laser. The technique
of laser frequency control can be applied to other lasers in optical clocks.

Keywords: optical clock; optical frequency comb; laser frequency stabilization.

method, transfer cavities referenced to atomic transitions are
used to stabilize the frequency of lattice lasers, and the long-term
frequency fluctuations of the lattice lasers are on the order of the
megahertz (MHz) level, limited by the fluctuations of cavity
dispersion!'®’. In the above two methods, additional optical
cavities are employed. In order to reduce the Stark shift induced
by lattice light to an uncertainty of 107!%, the frequency of lattice
lasers must be periodically calibrated with an uncertainty of
1 MHz via optical frequency combs.

Optical frequency combs are powerful tools for measuring
and controlling optical frequencies!'”'®), which makes them
irreplaceable in applications of optical clocks, such as frequency
comparison between optical atomic clocks based on different
species and absolute frequency measurement relative to cesium
primary standards. Using an optical frequency comb, Bothwell
et al. stabilized the frequency of the lattice light to a clock
laser!"?), whose frequency is resonant on the transition of Sr
atoms. Therefore, the frequency of the lattice laser is traceable
to the Sr optical clock, and the laser frequency calibration is
not necessary. In this method, there is no extra optical cavity.
However, the optical frequency comb is required to be tightly
locked on the clock laser to achieve narrow-linewidth comb
lines, which is a challenge for long-time operation.

Although optical combs frequency-stabilized to microwave
standards are more robust, and their continuous operation time
is longer!"”, the frequency noise of such combs is much higher,
compared to those stabilized to a narrow-linewidth laser. To
overcome this problem, Pizzocaro et al. employed a Ti:sapphire
laser with a linewidth of 20 kHz as the lattice laser, whose
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frequency is monitored for compensating the slow frequency  the light beam with a power of 10 mW is sent to an optical fre-
drift via an optical frequency comb referenced on a hydrogen = quency comb for frequency control via a piece of optical fiber
maser'?”). For another, with the transfer oscillator scheme and ~ without fiber noise cancellation.
self-referenced time base, we have realized high precision fre- A Ti:sapphire mode-locked femtosecond (fs) laser operates
quency transfer from a narrow-linewidth laser to a free-running ~ with an average output power of 1.8 W and a repetition rate
laser without degrading the laser coherence even by using an  (f,) of 1 GHz. A small part of the mode-locked laser is used
optical frequency comb frequency-stabilized to a rubidium  togeneratef, by a photo detector. In order to optimize the signal
(Rb) clock!), to noise ratio (SNR) of the carrier-envelope offset signal (f o)
In this work, we apply such a technique to realize the fre-  and the beating signal between the comb teeth and the cw lasers
quency control of a lattice laser at 759 nm. The 759 nm laser ~ independently, the mode-locked laser is coupled into two pieces
is referenced to a clock laser at 578 nm of an ytterbium (Yb) opti- of photonic crystal fiber (PCF). The output of PCF, is focused
cal clock via an optical frequency comb as a transfer oscillator. ~ into a periodically poled KTiOPO, (PPKTP) crystal to detect
The optical frequency comb is frequency-stabilized to a com-  fp, in the set-up of collinear 1f-2f self-referencing'>*). In order
mercial Rb clock for long-term continuous operation. Although  to keep the following beating signals within the bandwidth of
the frequency noise of the comb tooth (107! at 1 s average time) ~ band pass filters, both f - and f, are phase-locked on a com-
is much worse than that of the clock laser (2 X 107! at I saver-  mercial Rb clock (FS725).

age time)!*?!, the additional frequency noise induced by the The output of PCF, beats with a cavity-stabilized laser at
transfer system is characterized to be 3.7 X 10~17 at 1 s average 578 nm (vs75)"**) and the 759 nm laser (v59), which correspond
time, benefiting from the ability to be immune from comb fre-  to the clock laser and the lattice laser of the Yb optical clock,
quency noise. The frequency instability of the lattice laser = respectively. The PCFs are sealed in an aluminum tube with
reaches 1071° at 1 s averaging time, limited by the length fluc- end facet beam expansion, enabling long-time and robust run-

tuation of the optical fiber. The laser frequency is controlled with ~ ning. The average power at the output of each PCF is ~260 mW.
an accuracy of 1 Hz, good enough as a lattice laser for Yb opical ~ The SNR of the beat signals is better than 30 dB with a 300 kHz
clocks. Such a technique supports coherence transfer as well as ~ resolution bandwidth (RBW). The frequencies of the beat sig-
frequency calibration at the same time, and it can be applied to ~ nals between the comb and the cw lasers are
other lasers used in optical atomic clocks.

Joszs =Vs7s = feeo = Nif s (1)

forso =759 = fcro — Naof s (2)

where N, and N, are integers associated with the particular
comb lines. With the transfer oscillator scheme!®*), the fre-
quency noise of the comb is removed by using double balance
mixers (DBMs) and direct digital synthesizers (DDSs).
Specifically, we subtract the frequency noise of f-po from
fr750 and f 76 by mixing them with f 5. The resulting signals
are

clock & A ® f;578 = Usyg3 — N]_f,,, (3)

2. Experimental Setup

The experimental setup of frequency control of the lattice laser
at 759 nm is shown in Fig. 1. The 759 nm laser is a Ti:sapphire
continuous wave (cw) laser pumped by a laser at 532 nm
(Matisse, Spectra-Physics). The output power is more than
1 W, and the linewidth is less than 1 MHz. A small part of
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SYN Jizs0 = V750 = Nof . (4)
= T These signals are then sent to two DDSs with divisors M, and
e {fosrs Hcro sy M,, respectively. The divisors of M, and M, are set to satisfy
PZT EOM PZT
Servo | D driver driver driver
v : : M, /Ny =M,/N,. (5)
o
driver 759 nm 5' . .
T i = The outputs of the DDSs are mixed in a DBM to subtract the
: fastPZT slow PZT frequency noise of f,. The output of the mixer is
L

578 nm E >
Ti:sapphire cw laser

fs laser
Fig.1. Experimental set-up for frequency control of the 759 nm laser. The solid
lines represent the light path, while the dashed lines represent the electrical By phase locking A to a reference signal, we can transfer the
path. Ti:sapphire fs laser, Ti:sapphire femtosecond laser; PCF, photonic crystal spectral purity and frequency stability of the 578 nm laser to the
fiber: PPKTP, periodically poled KTiOPQ, DDS, direct digital synthesizer; lattice laser at 759 nm. The actuator of the 759 nm laser for fre-
EOM, electro-optic modulator; PZT, piezo-transducer; Ti:sapphire cw laser, quency control is an intra-cavity electro-optic modulator
Ti:sapphire continuous wave laser: PD, photo detector: SYN, RF synthesizer. (EOM) and a fast and slow piezo-transducers (PZTs). For the

laser

A =555/ My — U759/ M. (6)
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EOM, two KDP crystals at Brewster’s angle are used to compen-
sate beam displacement, and a servo bandwidth of more than
100 kHz is provided. The PZTs are employed to compensate
the long-term laser frequency drift, and the servo bandwidth
of the slow (fast) PZT is 1 (10) kHz.

We employ the frequency-locked laser at 759 nm as the lattice
laser in an Yb optical clock. As shown in Fig. 2(a), a large part of
the 759 nm laser is coupled into a piece of polarization mainte-
nance (PM) optical fiber. The light output from the optical fiber
is focused by a lens, and it is reflected by a dichroic curved mirror
to build up an optical lattice with a trap depth of U = 200E, (E, is
recoil energy). The intensity of the lattice light is stabilized by
adjusting the driving power of an acousto-optic modulator
(AOM,) placed before the optical fiber. Thus, the lattice trap
depth is stabilized, too. The beam of the lattice light is formed
vertically, but offsets from the gravity by an angle of 5°. Here,
the dichroic mirror is used to reflect the 759 nm light and trans-
mit the 578 nm light at the same time. The intensity of the
578 nm laser as the probe light is stabilized by controlling the
driving power of AOM,.

Cooling and trapping of Yb atoms are performed through a
two-stage magneto-optical trap (MOT) using a strong transition
of 1S, — 'P, at 399 nm and a narrower transition of 'Sy — 3P,
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Fig. 2. (a) Simplified experimental set-up for optical clock operation. (b) Rabi
spectrum with a probe time of 200 ms.
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at 556 nm. After the atoms are loaded into the optical lattice!®),

a linearly polarized 556 nm pulse and a bias magnetic field are
applied for spin polarization. Then, the clock transition of 1S, —
3P, is probed with the 578 nm laser. The excitation rate is mea-
sured by applying three pulses at 399 nm and a pulse at
1389 nm™®*!. The 399 nm beam for detection strongly saturates
the 'S, — !P, transition with a power of 1 mW. The first 399 nm
pulse measures the population of the 'S, state. The second
399 nm pulse measures the population of the 3P state after
repumping the excited atom population over the short-lived
3D, level back to the 'S, with a 1389 nm pulse. The 10 mW beam
at 1389 nm is resonant with the transition of 3P, — 3Dy, and the
repumping efficiency is 90% after 5 ms. The third 399 nm pulse
then reveals the background signal from scattered light and
excited hot gas atoms. The fluorescence from the three 399 nm
pulses is collected with a photomultiplier tube (PMT), and, for
each pulse, the PMT signal is digitally integrated for 5 ms. The
signals are used to digitally calculate the normalized excitation
fraction and the total number of atoms. With an atomic probe
time of 200 ms, a Rabi spectrum with 4.3 Hz linewidth is
obtained [Fig. 2(b)].

Based on the above spectra with a linewidth of ~4 Hz, we tune
the frequency of the 578 nm laser to be resonant with the atomic
clock transition. We use the measured excitation rate as a fre-
quency discriminator to stabilize the 578 nm laser to the atomic
clock transition by feeding back to the driving frequency of
AOM;. There are four interrogations in each feedback cycle
of 2.2 s. Two of them are used to interrogate the 'S, (my =
+1/2) = 3Py (mp = +1/2) transition, and the other two are
used to interrogate the 'S, (my=—1/2) — 3P, (mp=—1/2)
transition with the frequency of the 578 nm laser set at the
shoulders of the transitions. The cavity-stabilized 578 nm laser
is further locked to the average frequency of the two mp = £1/2
components in order to remove the first-order Zeeman shift and
the vector lattice shift. When the frequency of the 578 nm laser is
locked on the clock transition, the frequency of the lattice laser is

10
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Fig. 3. Frequency noise induced by a 10-m-long fiber (red dots) and in-loop
frequency noise during frequency transfer (black squares).
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known as The frequency accuracy of the lattice laser is also evaluated.

According to Eq. (7), the frequency of the 759 nm laser is depen-

Vzs9 = My X (Vetock /M1 — B), (7) dent on the divisors of the DDSs, A, and v, It has been dem-

onstrated in the previous report?!) that the inaccuracy induced

where o is the center frequency of the clock transition. by the DDSs is less than 1 pHz. In our system, the frequency of A

is 98 MHz, and M, is about four. Since A is referenced to the Rb

clock with a frequency uncertainty of 5 x 1071, the frequency
uncertainty of M, X A is 0.2 Hz.

Since v;s4 is referenced to v/ according to Eq. (7), we exper-
To evaluate the frequency instability induced by the transfer ~ imentally study the frequency shift of vq,q when the frequency
process, the frequency of A is recorded on a frequency counter  of the lattice laser is set at different frequencies. We interleave
with a gate time of 1 s. The time base of the synthesizers and the ~ two clock cycles operating at different lattice intensities*”). As
counter is the Rb clock. The additional frequency noise onto the ~ shown in Fig. 4(a), two independent servos are employed to
759 nm laser induced in the laser frequency control is 3.7 X  separately calculate the correction signals ¢; and ¢} for feeding
1077 at 1 s average time, as shown with black squares in  back to the driving signals of AOM; (f; and f}). We use
Fig. 3. The frequency instability of the 578 nm laser is 2X  f; —f; to represent the frequency difference of the clock tran-
107'6 at 1 s average time!??), and it is 5.5 x 10716 / /7 after fur- sitions in a high and a low trap depth of Uy =226(4)E, and
ther stabilization to the Yb clock transition!?®!. The short-term U = 158(4)E,. The resulting shift at U =200E, is calculated
instability of the clock is limited by the gain of feedback and the ~ since the frequency shift is approximately linear to trap depth
Dick effect’?”?*]. Therefore, the frequency instability of the ~ when U < 300E,"*’.. The trap depths are determined by the

3. Results

759 nm laser is evaluated to be on the order of 1015 at 1 s aver- sideband spectroscopy of clock transition. The lattice laser fre-
aging time, which is mainly limited by the length fluctuation of ~ quency is measured by the comb referenced on the Rb clock. The
the optical fiber (as shown with red dots in Fig. 3). frequency shift of the clock transition as a function of the lattice

frequency is shown in Fig. 4(b). At U = 200E,, the frequency

@ fefpe shift of vge is less than +5Hz when the lattice frequency is
e ﬁ_:fl’_fl_ ______ - detuned from the working point within +1.5 GHz. Since the fre-
quency of the lattice laser is monitored on a wavemeter with an

=f+c, | =f +
L *q:]-j-rl-ﬁ-fl-'r ------ -Ep-j-(z-!l-?» uncertainty of 60 MHz, the frequency shift of v, can be kept
1¢ ey 1¢ within 0.2 Hz. As M,/M, = 0.76, the inaccuracy induced by

- m - Vdock 18 0.15 Hz. In a normal case, the frequency uncertainty

of Ugoa contributed by other effects is less than 1 Hz!*'*2),
Interrogation Therefore, the frequency uncertainty of v;s59 is less than 1 Hz,
5 considering the uncertainty of vy and A.
-1

my 172 -1/2 12 -12 112
Lattice power | I |
' ' ' ' 4. Conclusion
Cycle 1 2 3
We report a frequency-controlled lattice laser at 759 nm by ref-
(b) 8 erencing to a clock laser at 578 nm via an optical frequency comb
stabilized to a Rb clock. The frequency instability of the lattice
< 6 laser is on the order of 107'° at 1 s averaging time, and the fre-
g 4 o quency uncertainty is less than 1 Hz. Using this method, it does
3 ) - not need an extra cavity for frequency stabilization or laser fre-
s g quency calibration. This method can be applied for frequency
2 0 - stabilization of other lasers in optical clocks.
g 2 -
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