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INSTRUMENTATION AND MEASUREMENT

A Yb optical clock with a lattice power enhancement cavity
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We construct a power enhancement cavity to form an optical lattice in an ytterbium optical clock. It is demonstrated
that the intra-cavity lattice power can be increased by about 45 times, and the trap depth can be as large as 1400E; when
laser light with a power of only 0.6 W incident to the lattice cavity. Such high trap depths are the key to accurate evaluation
of the lattice-induced light shift with an uncertainty down to ~ 1 x 10~!8. By probing the ytterbium atoms trapped in the
power-enhanced optical lattice, we obtain a 4.3 Hz-linewidth Rabi spectrum, which is then used to feedback to the clock
laser for the close loop operation of the optical lattice clock. We evaluate the density shift of the Yb optical lattice clock
based on interleaving measurements, which is —0.46(62) mHz. This result is smaller compared to the density shift of our
first Yb optical clock without lattice power enhancement cavity mainly due to a larger lattice diameter of 344 pm.
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1. Introduction

In the last decade, the development of optical atomic
clocks has drawn wide attention since they can provide un-
precedented measurement precision and uncertainty at the
10718 Jevel.l'* Nowadays, optical atomic clocks play a
significant role in tests of fundamental physics,>~’! search

891 and precision measurement.!'!11 Most

for dark matter,
importantly, the international system of units (SI) of time,
the second, will be redefined based on the optical atomic
clocks.!'>131 Optical clocks based on a large number of neutral
atoms trapped in an optical lattice (also called optical lattice
clocks) have shown advantages in frequency stability. Due
to thousands of atoms contributing to the signal, optical lat-
tice clocks have lower frequency instabilities on the 1071°//7
level®14] and thus it takes less time to achieve a measurement
uncertainty of 10~!8 in frequency ratio measurements.®!
However, in optical lattice clocks the lattice light usually
has a large power in order to trap enough atoms, resulting in
nonnegligible frequency shifts. The shifts of the ground and
the excited electronic levels can be cancelled by carefully tun-
ing the lattice laser frequency close to a magic wavelength, [1°]
which will largely reduce the resulting frequency shift of the
clock transition. As the frequency uncertainty of optical lat-
tice clocks has been pushed down below 107, high order
couplings, including magnetic dipole, electric quadrupole, and
hyper-polarizability should be considered.!'*~'°l However, the
uncertainties of the frequency shift coefficients due to multi-
polarizability and hyperpolarizability are the key limitation
when reducing the uncertainty of lattice light shift below
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2 x 10718 117.20211 Ope approach to accurately determine these
coefficients is to measure the frequency shifts when the trap
depth varies from tens of recoil energy to even thousands of
recoil energy,!'®!7l which challenges the output power of lat-
tice lasers. A power enhancement lattice cavity can solve
this problem.[1%18191 Meanwhile, the implement of a lattice
power enhancement cavity has three other benefits. First, due
to power enhancement the lattice intensity can be kept un-
changed when the lattice beam waist is increased in order
to reduce the collision shift and the collision loss of trapped
atoms as well. The exclusion of the frequency shifts due to
atomic collision is a prerequisite in determining the higher-
order lattice shift coefficients.[!®17] Second, the lattice light in
the cavity is a standing wave, and the intensities of two prop-
agating lattice beams are balanced. Thus, the frequency shift
due to imbalanced lattice intensity can be ignored.!">!”! Third,
due to power enhancement, it reduces the light power of the
lattice laser, and thus the power consumption and size. This
additional benefit is critical in transportable optical clocks for
practical applications such as geopotential measurement. 22231

In this paper, we design and construct a power enhance-
ment cavity to form an optical lattice for ytterbium (Yb) atoms.
The waist diameter of the intra-cavity lattice light is 344 um,
large enough to significantly reduce the atomic density and
thereby the frequency shift due to atomic collision. Exper-
imentally, we succeed in loading thousands of !”'Yb atoms
from the magneto-optical trap (MOT) into the cavity-enhanced
optical lattice with a trap depth U set in the range of 13E,—
1400E;, where E; is the lattice photon recoil energy. The intra-
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cavity lattice power is increased by about 45 times. Such trap
depths support accurate evaluation of the frequency shift of op-
tical atomic clocks due to the lattice light. Moreover, based on
interleaving measurements we evaluate the density shift of the
YD optical lattice clock to be —0.46(62) mHz, smaller com-
pared to that of our first Yb optical lattice clock mainly due to
a larger lattice waist.

2. Experimental setup

The schematic diagram of the optical clock based on Yb
atoms trapped in a cavity-enhanced optical lattice is shown in
Fig. 1. Laser cooling and trapping Yb atoms are similar to
our previous work.?*#?3 In brief, !7!'Yb atoms flying from an
effusive oven are slowed down by absorbing an opposite prop-
agation laser light at 399 nm, whose frequency is red-detuned
from the 'So—'P; transition. The upper inset in Fig. 1 shows
the related energy levels of Yb atoms. Then the slowed atoms
are trapped and cooled in a two-stage MOT, the first stage on
the 1Sy—!P; transition and the second on the 'So—>P; transi-
tion. Consequently, nearly 10° atoms with a temperature of
about 15 uK are ready for loading into an optical lattice.
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Fig. 1. Schematic of the vertically-oriented lattice build-up cavity using
out-of-vacuum cavity mirrors CM| and CM;. The inset figures show the
cavity reflection (DC output voltage of PD;) and the relevant energy lev-
els of Yb atoms.
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The lattice laser light at 759 nm is from a Ti: sapphire
continuous wave (c.w.) laser via a piece of polarization main-
tenance (PM) optical fiber. At the output of the PM fiber, it is
reflected on a reflective Bragg grating (RBG) with a spectral
bandwidth of 0.05 nm to reduce background spectra-induced
Stark shift.[?! The diffraction efficiency of the RBG is ~ 90%
depending on the spatial mode of the input light. Then the
diffracted light is phase-modulated at ~ 50 MHz in an electro-
optic modulator (EOM). The polarization of the light incident
onto the EOM is aligned along the principal axis of the EO

crystal to reduce undesired amplitude modulation, and an op-
tical isolator (ISO) is placed after the EOM to prevent the cav-
ity reflection light back into the EOM. A portion of the light
after ISO is detected on a DC photo detector (PD,) to realize
light power stabilization via adjusting the driving power of an
acousto-optic modulator before the PM fiber (not shown in the
figure). The transmitted laser light of the beam splitter (BS;)
combines with laser light at 578 nm (clock laser on the transi-
tion of 1So—>Pp). Two lenses are placed before BS, for mode
matching of the 759 nm laser light with the lattice cavity. The
polarizations of the 578 nm laser light and the lattice laser light
are purified and matched on a polarizer (P,) before coupling
into the lattice cavity. As shown in Fig. 1, all the optics before
P, are horizontally located on a platform.

In our previous system, 759 nm laser light with a power
of 230 mW is focused, and it is retro-reflected by a curved
mirror to build up an optical lattice, which has a trap depth of
80E; and a radius of 55 um. The intensity of the retro-reflected
beam of the lattice is attenuated to 85% of the incident lattice
light. In this work, a power enhancement lattice cavity is com-
posed of two high-reflective mirrors, CM; and CM,, with a
curvature of 250 mm separated by ~ 20 cm. With the same
number of atoms, a waist radius of 172 um in the transverse
plane enables a relatively low atomic density and thus a small
density-dependent collisional shift. The cavity is formed ver-
tically in order to lift degeneracy among different lattice sites
and to suppress tunneling.>’! The curved mirrors of CM; and
CMj; are placed outside of the vacuum chamber. By measur-
ing the cavity linewidth Avg,, (3.77 MHz), cavity reflection
Rcav (as shown in the inset of Fig. 1), cavity transmission Tc,y
of both an empty cavity and a cavity with vacuum windows
placed inside the cavity, the transmissions of CM; and CM;
are measured to be T;, ~ 1% and Ty ~ 0.015% at 759 nm,
respectively. The loss Ly, of each vacuum chamber window is
~ 0.5% at 759 nm. Thereby, the power-enhancement factor of

the lattice cavity is estimated to be ~ 41 according to!?8]
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where F = 27/Lyy is the finesse of the lattice cavity, and
Liot = Tin + Tout + 4Ly, is the total loss of the cavity. In this
work, F ~ 199.

The cavity reflected laser light at 759 nm is steered onto
PD;. By demodulating the AC signal from PD; with the driv-
ing signal of the EOM on a double balanced mixer, we ob-
tain an error signal (the Pound-Drever—Hall signal[*!) related
to the cavity resonance detuning from the 759 nm laser fre-
quency. Such an error signal is then used to tune the voltage
applied to a piezo (PZT) attached to the output mirror of the
lattice cavity, CM,. As long as the cavity is locked to the
759 nm laser light, the laser light can be resonant inside the
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cavity, and the cavity transmission light can be detected on
PD3. In order to largely reduce the frequency shift due to the
lattice light, the frequency of the 759 nm laser can be stabi-
lized close to the magic wavelength via an optical frequency

comb. 3%

3. Method and results

We load the atoms into the vertically-oriented one-
dimensional optical lattice. In order to obtain enough atoms
trapped in the optical lattice, we set the initial trap depth U; in
the range of 180E,—270E;. The lattice photon recoil energy is

E — (hvlat)2

= ? h x 2.02 kHz, )

where & is the Planck constant, ¢ is the speed of light, viy is
the lattice laser frequency, and myy, is the mass of the 71Yb
atom. By the end of the green MOT, we keep the lattice depth
at U; for another 20 ms, and then we ramp the lattice depth to
a desired value in 50 ms, as shown in Fig. 2(a). By ramping
the lattice power, we can load more atoms into the lattice, i.e.,
nearly three times as that without ramping the lattice power.
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Fig. 2. (a) Experimental timing sequence of the Yb optical clock. (b) Mo-
tional sideband spectra at different trap depths, shown as the excitation frac-
tion of the 3Py state versus laser frequency detuned from the ! Sy—>Pq clock
transition.

After the Yb atoms are trapped in the lattice, we shine
the clock laser light at 578 nm on the lattice-trapped atoms
to excite the 'So—>Py transition. The transmissions of CM;
and CM, are > 99% at 578 nm. The population in the 3Py
states is then measured in sequence using electron shelving

detection.*!] Figure 2(b) shows the motional sideband spec-
tra at different lattice depths. From the figure, we can deduce
the trap depth U, longitudinal atomic temperature and vibra-
tional state.[*?l The longitudinal atomic temperature ranges
from 1 pK to 25 uK when U is set in the range of 13E—
1400E;. When the power of the 759 nm laser light incident
onto the cavity is ~ 600 mW, the trap depth approaches to
1400E;, the highest to date.
the trap depth is suitable for experimental evaluation of the
lattice-induced light shifts.[!>191 From the trap depth U, we

can deduce the lattice power sensed by the atoms. Thereby the

Such a wide tuning range of

power-enhancement factor is measured to be G ~ 45. For nor-
mal operation of a Yb atomic clock, the trap depth can be set
to < 50E in order to reduce the lattice light shift. Here we can
trap ~ 1000 '71'Yb atoms when the trap depth U is lowered to
13E.. In that case, the power of the incident lattice light before
the cavity is only ~ 10 mW.

With enough '71'Yb atoms trapped in the power enhance-
ment lattice cavity, we then probe the clock transition of Yb
atoms with Rabi spectroscopy by stepping the 578 nm laser
frequency. The atoms are prepared to either one of the two
nuclear spin states of 'Sy by depleting the other spin state us-
ing a pumping light at 556 nm at a certain frequency and then
decaying to the ground state. Three pairs of Helmholtz coils
are employed to cancel the static stray magnetic field in three
directions and to provide a bias magnetic field B to split the
nuclear spin state degeneracy. The magnetic field B is ori-
ented along with the polarization of the lattice light. When the
atomic probe time is 200 ms and a single cycle time of 600 ms,
a normalized excitation spectrum of the 'Sy (mg = +1 /2)—
3Py (mp = +1/2) clock transition with a spectral linewidth
of ~ 4.3 Hz (full width at half-maximum, FWHM) and an
excitation rate of ~ 0.8 at peak are observed, as shown in
Fig. 3(a), comparable to that without power enhancement lat-
tice cavity.!?>! The spectrum in Fig. 3(a) is based on the '"Yb
atoms trapped in a lattice at a depth of S0E;. We also probe the
clock transition of Yb atoms trapped in a lattice with a depth
as low as 13E;, and similar Rabi spectra are observed.

Based on the above Rabi spectra, we use the measured
excitation rate as a frequency discriminator to stabilize the fre-
quency of the 578 nm laser to the atomic transition. To antic-
ipate the frequency instability of the optical clock in a closed
loop, we made an interleaved measurement, >3 which is
close to a white noise model of 1.5 x 10713 /,/7, where 7 is
the averaging time.

By interleaving measurements at different atomic densi-

d.[2034 Assuming the same

ties, the density shift is evaluate
volume, the atomic density is proportional to the number of
atoms. Here the number of atoms is set by changing the

duration of the slower light at 399 nm during the first-stage
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Fig. 3. (a) Rabi spectrum of the 'Sy (mp = +1/2)->Py (mp = +1/2)

clock transition of ytterbium atoms trapped in a cavity-enhanced optical

lattice at a depth of S0E;. (b) Measured frequency difference A when

the number of atoms is switched between 10Nyom and Nyiom. (c) Frac-

tional frequency instability of the interleaved measurement at two atomic

densities. One-sigma error bars are shown.
MOT. Using this method, it does not impact the trapping con-
ditions, and thus the density shift is proportional to the number
of atoms.[?!3>) When Yb atoms with an atomic temperature
of 4 uK are trapped in the optical lattice at a trap depth of
U ~ 50E;, we measure the frequency difference of A when
the number of atoms is switched between 10Nyiom and Naom
in each cycle, as shown in Fig. 3(b), where Naom ~ 103 is the
number of atoms in normal operation. A single cycle time
is 550 ms. This frequency difference of A is measured to be
—4.1(5.6) mHz with the uncertainty determined by the stan-
dard deviation of the mean values of three sub-datasets (each

sub-dataset is based on 4000 data points from Fig. 3(b)). Fig-
ure 3(c) shows the instability of the frequency difference be-
tween two atomic densities, which can reach 1.5 x 10~!7 in
an averaging time of 10* s. Assuming the frequency shift
is proportional to the atomic density,!?>*3 in normal opera-
tion at Nyom ~ 103, the typical density shift is estimated to be
A - Nytom/ (10Natom — Natom ) = —0.46(62) mHz.

The measured density frequency shift in the cavity en-
hanced optical lattice is smaller than our previous result of
—2.7(1.7) mHz, which is measured when the atoms are
trapped in a normal lattice with a depth of U ~ 80E., a lat-
tice waist diameter of 110 um and an atomic temperature
of 0.8 uK. In both cases, the excitation rate of Yb atoms is
~ 50%. Since the collision shift is insensitive to the trap depth
U when U < 100E,,['7] the smaller density shift measured in
this paper is majorly due to a larger lattice waist in spite of a
higher atomic temperature.

4. Conclusion

We report a lattice power-enhanced !7'Yb optical clock.
The intra-cavity lattice power can be enhanced by about 45
times. In our current setup, we can set the trap depth of
the lattice in the range of 13E,—1400E;, enabling us to accu-
rately measure the frequency shift coefficients of the Yb op-
tical clock due to lattice light in the next step. Meanwhile, it
is possible to operate the Yb optical lattice clock in a low trap
depth at 13E; for a lower lattice light shift and a lower density
shift, which will largely reduce the corresponding uncertain-
ties down to ~ 1 x 10718, In addition, the clock system can be
more compact with less power consumption and a smaller size
of the lattice laser.
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