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An optical atomic clock with !71'Yb atoms is devised and tested. By using a two-stage Doppler cooling technique, the
171'Yb atoms are cooled down to a temperature of 6+ 3 K, which is close to the Doppler limit. Then, the cold '7' Yb atoms
are loaded into a one-dimensional optical lattice with a wavelength of 759 nm in the Lamb—Dicke regime. Furthermore,
these cold 171 Yb atoms are excited from the ground-state 1S to the excited-state 3Py by a clock laser with a wavelength of

578 nm. Finally, the 'Sy—3Pg clock-transition spectrum of these

171Yb atoms is obtained by measuring the dependence of

the population of the ground-state 'S upon the clock-laser detuning.
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1. Introduction

Owing to intrinsically having ultranarrow-linewidth
optical-frequency transitions, group II atomic species and sim-
ilar species such as ytterbium may be used in new frequency

[1-8] The research on laser cooling, trapping and ap-

standards.
plications of such atomic species have been a hot topic in
the field of atomic and optical physics. Since having many
atoms in each atomic optical clock instead of only one single
trapped ion in each ion optical clock, the frequency stability
of the atomic optical clocks is theoretically predicted to be
better than that of the ion optical clocks. By using the opti-

cal lattice technique,[l] all atoms in an atomic optical clock
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are confined in the Lamb-Dicke regime, so that the Doppler
shift, recoil shift, and collisional shift of the clock-transition
frequency are dramatically reduced. Furthermore, by employ-
ing an optical lattice with a special wavelength, the AC Stark
shift of the clock transition induced by the lattice light will be
minimized. Therefore, the frequency uncertainty of the atomic
optical clocks will not be worse than that of the ion optical
clocks. However, recent experimental results show that the
frequency stability and uncertainty of the best atomic optical
clock>#! and the best ion optical clock!®! are already at the
level of better than 107!, Atomic optical clocks may become

the next-generation frequency standards.
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Fig. 1. (color online) Relevant energy levels of ytterbium (174Yb (I = 0) and '71'Yb (I = 1,/2)) for laser cooling, trapping, and probing.
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Here we report an experiment on an ytterbium atomic op-
tical clock. Ytterbium has two fermionic isotopes and five
bosonic isotopes. Among them, '"'Yb (I = 1/2) with a natu-
ral abundance of 14.3%, '73Yb (I = 5/2) with a natural abun-
dance of 16.1%, and '7*Yb (I = 0) with a natural abundance
of 31.8% have been extensively studied. We are mainly in-
terested in !71'Yb atoms for their relatively simple energy level
structure, which makes them very suitable for application in an
atomic clock. Figure 1 shows ytterbium’s relevant energy lev-
els for laser cooling, trapping, and probing. In the experiment,
by using a 399-nm laser, which corresponds to the strong tran-
sition 1So—!P;, we first carry out the following experiments:
the two-dimensional (2D) optical molasses for collimating the
171'yb atomic beam, Zeeman slowing for decelerating the lon-
gitudinal velocity of the '”'Yb atomic beam, and laser cool-
ing and trapping !7'Yb atoms in the 399-nm magneto-optical
trap (MOT). Then by using a narrow-linewidth 556-nm laser,
which is related to the weak transition 1So—3P1, we further
cool the 171'Yb atoms in the 556-nm MOT. Furthermore, we
load the ultracold '7'Yb atoms into a one-dimensional (1D)
optical lattice with a wavelength of 759 nm. Finally, by us-
ing a cavity-stabilized 578-nm laser, we observe the !Sy—Py

clock-transition spectrum of the 71 Yb atoms.

2. Experimental details

2.1. Cold-atom preparation

The apparatus of our experiment has been described in
detail in Ref. [10]. Here we give a brief description. Because
ytterbium atoms have a rather low vapor density at room tem-
perature, we heat them up to 450 °C in a hot oven for va-
porization. Then the thermal atomic beam effuses out the hot
oven, and is collimated by the 2D optical molasses and de-
celerated with a Zeeman slower respectively. After that, the
ytterbium atoms move into the double MOTs, which are over-
lapped by a 399-nm MOT and a 556-nm MOT, having a pair of
anti-Helmholtz coils and six pairs of counterpropagating laser
beams with a 67—~ polarization configuration. A schematic
diagram is shown in Fig. 2.

The 399-nm laser used for the 2D optical molasses, Zee-
man slower, first-stage cooling and probing is an SYST TA-
SHG 110 laser system from Toptica, which can provide an
output power of 120 mW at 399 nm. We divide the laser power
into five parts; besides the four parts mentioned above the
other one is used for the frequency stabilization of the 399-nm
laser. By using the modulation transfer spectroscopy (MTS)
technique,'!! we can lock the 399-nm laser frequency at the

Yb atomic transition for a long time.

After 500 ms of the first-stage cooling in the 399-nm
MOT, we measure the temperature of 7! Yb atoms by using the
time of flight (TOF) method. Using the intensified charge cou-
pled device (ICCD), the images of the atomic cloud are cap-
tured at 2 ms or 5 ms after the !7!'Yb atoms are released from
the 399-nm MOT, as shown in Figs. 3(a) and 3(c), respectively.
The corresponding spatial distributions along the falling direc-
tion are shown in Figs. 3(b) and 3(d) with the fitted curves.
The fitting function is y(x,t) = yo + aexp[—(x — xo)?/r(t)?],
where r(¢) is the 1/e radius of the cloud. Furthermore, the

temperature can be estimated by the following equation: T =

m_r(tn)’—r(n)?
2kg 51}

mann constant, and ¢ is the flight time. As shown in Fig. 3,

, where m is the atomic mass, kg is the Boltz-

the measured temperature of the 7! Yb atoms is 615 & 50 uK,
which is the lowest temperature that we have obtained so far,
and it is a little below the Doppler limit of 693 uK in the 399-
nm MOT. Typically, the temperature of the '7!'Yb atoms is
about 1 mK with about 107 atoms in the 399-nm MOT in our

experiment.

Fig. 2. (color online) Schematic diagram of laser cooling, trapping, and
probing of ytterbium atoms. The 399 (556) nm light is used for the
first (second) stage cooling. The 759-nm light is used to form the opti-
cal lattice. The mirror is used for the 759-nm laser to form a standing
wave. The 578-nm light is used to excite ytterbium atoms at the clock
transition. The lattice laser and clock laser have the same polarization
direction and overlap onto the cold atomic cloud. The 399-nm probe
laser is used for measuring the ground-state population.

The 556-nm laser for the second-stage cooling consists
of a 1111.6-nm diode laser, a fiber amplifier, and a home-
made frequency-doubling system.['?] The 1111.6-nm laser is
first amplified by a fiber optical amplifier, and then enters the
single-pass frequency-doubling system. The output power of
the 556-nm laser is about 28 mW. The laser is divided into
two parts. One, about 600 uW, is used for frequency lock-
ing, and the beam interacts orthogonally with the ytterbium

atomic beam. By using a photomultiplier tube (PMT), the
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fluorescence signal is collected, so that the 556-nm laser fre- by a polarization beam splitter (PBS), and the three parts are
quency is locked to the 'So—P; transition of the Yb atoms.  overlapped with the 399-nm cooling lasers by using a dichroic
The other, with most of the power, is used for the second-  mirror (DM) before entering the MOT window, respectively,

stage laser cooling. The laser beam is separated into three parts ~ as shown in Fig. 2.
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Fig. 3. (color online) The TOF signals of 7' Yb atoms released from the 399-nm MOT. (a) and (c) Images of the atomic cloud
corresponding to the flight time of 2 ms and 5 ms, respectively, where the arrows represent the direction of gravity. (b) and (d)
Corresponding spatial distributions along the falling direction with the fitted curves.
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Fig. 4. (color online) The TOF signals of '7!'Yb atoms. (a) and (c) Images at the flight time of 10 ms and 20 ms after the 556-nm MOT
off, respectively. (b) and (d) Corresponding spatial distributions along the falling direction and the fitted curves.
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After the 399-nm MOT is turned off, the 556-nm MOT
is immediately turned on. The magnetic-field gradient is de-
creased from 50 G/cm to 15 G/cm simultaneously. The trans-
fer efficiency is about 50%, and about 10° atoms are trapped in
the 556-nm MOT. In order to obtain a lower temperature, we
have optimized the 556-nm laser detuning, the B-field parame-
ters, and so on. After the optimization, the lowest temperature
of the '71'Yb atoms is about 6 &3 uK (the Doppler limit of
the second-stage cooling is about 4 uK.) Figure 4 shows the
TOF signals of the !7!'Yb atoms at 10 ms and 20 ms after being
released from the 556-nm MOT, with the fitting results.

2.2. Optical lattice

After the second-stage cooling in the 556-nm MOT, the
ultracold Yb atoms are loaded into an optical lattice. Since the
atoms are located in the Lamb—Dicke regime, the Doppler and
recoil effects are minimized. The wavelength of the optical
lattice is 759 nm, which is called the magic Wavelength,[13]
so the Yb atoms in such an optical lattice have an invariant
1So—*Py clock-transition frequency. Recently, 1D, 2D, and 3D
optical lattices have been achieved with cold Yb atoms in our
experiments. However, 17yb atoms have Zeeman sublevels
in both the ground and the excited clock states; considering
the polarization of the lattice light and the multiple sublevels
in the clock states, for simplicity, a 1D optical lattice is better
than a 2D or 3D optical lattice for making a clock,'"*! because
in the 1D optical lattice, the polarization of the lattice light is
spatially homogeneous. Therefore, in our experiment, we load
the cold Yb atoms into a 1D optical lattice.

We use a Ti:sapphire laser pumped by a Verdi-18 laser
(Coherent Corporation) to produce the 759-nm laser. The out-
put power of the 759-nm laser is about 4 W. Since its frequency
is far off resonance, the 7' Yb atoms will not be heated by the
lattice light. We use a pair of lenses with 15-cm focal length to
achieve a beam waist of about 30 um at the center of the cold
atomic cloud as shown in Fig. 2.

2.3. Clock-transition detection

In principle, the 'So—*Py clock transition of the !"1Yb
atoms is double forbidden with spin and angular moments.
Since the wavefunctions slightly overlap among the 'Py, Py,
3Py states, this transition is weakly allowed in reality, and
its linewidth is ultranarrow, about 10 mHz. For observing
the !Sg—>Py clock transition, a 578-nm laser with a narrow
linewidth is necessary. In our experiment, the 578-nm laser is
generated by frequency summing a 1030-nm ytterbium-doped
fiber laser with a 1319-nm Nd: YAG laser. The 578-nm laser
is divided into three parts, and they are sent to the frequency-
locking system, the optical frequency comb, and the cold Yb
atoms, respectively. Especially for sending to the cold '7'Yb
atoms, the 578-nm laser is exactly overlapped with the lattice

laser in space, and both waists are located at the atomic cloud
center, and their polarizations are parallel, as shown in Fig. 2.

3. Experiment results

Figure 5 shows the timing sequence in our experiment.
The first-stage cooling in the 399-nm MOT is on for 500 ms,
the second-stage cooling in the 556-nm MOT is on for 100 ms
after turning off the 399-nm MOT, Zeeman slowing laser, and
After the second-
stage cooling, the cold Yb atoms, with a temperature of about

atomic beam shutter at the same time.

20 pK, are loaded into the 1D optical lattice when all the lasers
are off and the B-field is set to zero. After the cold atoms stay
in the lattice for 20 ms, the 578-nm laser is turned on, and the
cold Yb atoms in the 'Sy ground state are excited into the Pg
excited state. After exciting the cold atoms for 50 ms, the 578-
nm laser is off, and the 399-nm probe laser is turned on for
measuring the population of the ground state after the excita-
tion has been done. By changing the 578-nm laser detuning,
we measure the dependence of the population of the ground
state on the 578-nm laser detuning. In our case, the 759-nm
laser is always on during the experiment.
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Fig. 5. Timing sequence of our experiment. The cycle time of the whole
experiment is 700 ms. The 759-nm laser is always on during the whole
experiment. The B-field is set at the high-low-zero three levels.

Figure 6 shows the experimentally-measured !'So—>Py
clock-transition spectrum of !7!Yb atoms in the 1D optical
lattice. When the 578-nm laser is far off the resonance of the
clock transition, there is no excitation; since all atoms are in
the 'So ground state, the fluorescence signal induced by the
399-nm probe laser is the biggest. When the 578-nm laser
is close to the resonance, some atoms at the 'Sg ground state
are excited to the 3Py excited state, and the fluorescence sig-
nal is reduced due to the decreasing ground-state population
as shown in Fig. 6. Experimentally, a double-pass acoustic
optical modulator (AOM) is used to scan and switch the 578-
nm laser. The detuning of the 578-nm laser is changed with a
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step of 0.1 kHz and a scanning range of 20 kHz. The data in
Fig. 6 are the averages of four time measurements. The data
are fitted with a Lorentz function, and the measured linewidth
of the clock transition is 1.7 kHz. In Fig. 6, we can see only
one peak because the magnetic field is near zero during the
probing of the clock transition, so that all Zeeman sublevels of
3Py are degenerate, and all peaks in Fig. 6 are aligned. In our
experiment, the residual magnetic field is less than 10 mG at
the cold-atom cloud, inducing a few-Hz linewidth broadening
and frequency shifting of the clock transition. In addition, the
578-nm laser linewidth is less than 10 Hz. Therefore, the ob-
served linewidth of the clock transition is not dominated by the
linewidth of the 578-nm laser at this moment. In the experi-
ment, the 578-nm laser is sent to the cold 71 Yb atoms after
going through the double-pass AOM. The frequency of the
578-nm laser is measured to be 518295680528.0+2.9 kHz,
and the frequency of the AOM corresponding to the reso-
nance peak is 78031.34+0.2 kHz in Fig. 6, therefore the res-
onance frequency of the !So—>P clock transition of the !71Yb
atoms is 518295836590.6 £2.9 kHz. Compared with the latest
data of the 'Sy—>Py clock-transition resonance frequency of
the 171'Yb atoms, 518295836590.865 0 kHz, which has been
recommended as the secondary representation of the second
by CIPM, '] the measured value is in agreement with the re-
ported data within an uncertainty of 2.9 kHz.
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Fig. 6. (color online) Fluorescence signal induced by the 399-nm probe
laser as a function of the 578-nm laser detuning. Fitted by a Lorentzian
function, the linewidth of the spectrum is 1.7 kHz. The 578-nm laser
power is set at 0.1 mW.

We also change the power of this excitation laser to obtain
the linewidth variation with the 578-nm laser power as shown
in Fig. 7. But when we further decrease the laser power, the
linewidth does not approach zero as expected. That may be
because the signal-to-noise ratio is getting worse due to the
number of atoms fluctuating in each experimental cycle. Cur-
rently, we are going to improve the signal-to-noise ratio by us-
ing the normalization method. After finishing the 578-nm ex-
citation followed by the ground-state population measurement,
the atoms at the excited-state are pumped back to the ground

state by using the 649-nm and 770-nm lasers as shown in Fig. 1
and measured by the 399-nm probe laser. The total population
of atoms during the clock-transition probe in this cycle is the
sum of the measured two populations of atoms in the ground
state. The excitation rate is the second-measured population
divided by the total population. Therefore, the noise due to the
number fluctuation will be ruled out from the signal, and then
the power of the 578-nm excitation laser can be decreased, so
that we may get the narrow linewidth of the clock transition of
Yb atoms to develop an ytterbium optical clock.

5.0

i —u— linewidth vs. 578 power
N —— fitting curve
E 4.0
=
<
g 3.0
% .
k=
g 20
£
Q
& 10F
0N

0 1 1 1 1 1 1 1
0 0.2 0.4 0.6 0.8

Laser power/mW

Fig. 7. (color online) Clock transition spectrum linewidth varies with
the 578-nm laser power.

4. Conclusion

We have produced ultracold "' Yb atoms with the temper-
ature of 643 uK. And the cold !7''Yb atoms have been loaded
into an optical lattice with the wavelength of 759 nm. We
have observed the clock transition spectrum of '7''Yb atoms in
the 1D optical lattice with the excitation linewidth of 1.7 kHz.
In the next step, we will improve the signal-to-noise ratio of
the clock-transition spectrum with help of 649-nm and 770-
nm lasers, > hoping to realize closed-loop locking!!*~1° for
the 578-nm clock laser and to measure the absolute 'Sy—>Pg
clock-transition frequency of '”'Yb atoms more precisely.
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