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ABSTRACT

With the aid of an optical frequency divider based on an optical frequency comb, the frequency of a laser at 431 nm is divided from a cavity-
stabilized laser at 578 nm. Using the frequency-stabilized 431 nm laser, we observe a 2.5 kHz linewidth 4f '*6s> 'Sy—4f '*5d6s> (J = 2) transi-
tion of '7'Yb atoms trapped in an optical lattice. By measuring the lattice-induced frequency shift, we determine the magic wavelength of the
optical lattice for the 431 nm transition to be 797.97(20) nm. The frequency of the 431 nm transition is measured to be 695171 054 856.9(1.1)

kHz by referencing to the 'Sy—>P, transition at 578 nm of Yb atoms.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0246836

Recently, precision spectroscopy of ytterbium (Yb) has drawn
wide attention. Optical clocks based on the 1§,—>P, transition of '”'Yb
atoms at 578 nm demonstrate their extraordinary performance in a fre-
quency instability of 1.5 x 10~ '%/y/7 and a frequency uncertainty of
1.4 x 10" They support frequency ratio measurement against other
optical atomic clocks with uncertainties at the 10 '* level.” Optical
clocks based on the 28/, (F=0)—>F,, (F=3) electric octupole transi-
tion at 467 nm of a single trapped Yb" have similar uncertainties of
3% 107 "8 Such precise and accurate optical clocks play a critical role
in the redefinition of the International System of Units (SI) second and
precision measurements such as tests of fundamental physics, geodesy,
and the search for dark matter." ® By measuring isotope shifts of laser
cooled and trapped neutral Yb atoms or Yb ions, new forces beyond the
standard model have been searched.” ' Moreover, by comparing two
narrow-linewidth transitions (electric quadrupole at 436 nm and electric
octupole at 467 nm) of a single trapped Yb™ over time, temporal varia-
tion of the fine structure constant is improved to 1.0(1.1)x 10~ ®/yr.®

The 'Sy—P, transition of neutral Yb atoms at 507 nm has rarely
been studied, mostly due to its similarity to the well-known 578 nm
clock transition.'” A third long-lived excited state of 4f 1*5d6s> (J=2)
has been introduced for its lower blackbody radiation-induced fre-
quency shift at room temperature (~6x smaller compared to the
578 nm transition) and a high sensitivity to the fine structure constant
variation."” ™" To connect with this state, Yb atoms can be excited

from the 1SO, 3PO, or 3P2 state, corresponding to a wavelength of 431,
1695, and 2875 nm, respectively. The relative energy levels and transi-
tions are as shown in Fig. 1.

Ishiyama et al. were the first to observe the transitions to the 4f
B5des” (J=2) state.'® They observe Doppler broadening-limited
30kHz linewidth spectra at 431 nm for all the isotopes of Yb atoms
trapped in a crossed far-off resonance trap and a 12kHz-linewidth
spectrum for lattice-trapped '7*Yb atoms. Later, the absolute frequency
of the 'S, (F= 1/2)—4f135d6s2 (J=2, F=3/2) transition at 431 nm of
7lyb trapped in a magneto-optical trap (MOT) was determined to be
695171054 858.1(8.2) kHz by comparing against physical realization
of Coordinated Universal Time. The measurement uncertainty
includes a statistical uncertainty of 3.25kHz and a systematic uncer-
tainty of 7.65 kHz dominated by the AC Stark shift of the MOT laser."”
Later, the absolute frequency of the transition for other isotopes of Yb
were also measured with an uncertainty of ~10kHz.'® To obtain an
observed spectral linewidth unlimited by Doppler broadening, Qiao
et al. loaded '7"Yb atoms into an optical lattice close to its magic wave-
length and observed a 4 kHz linewidth spectrum of the *P, (F=1/2)
—4)‘135d6s2 (J=2, F=3/2) transition (1695 nm)."” With the aid of an
optical frequency comb and a hydrogen maser calibrated by the Yb
optical clock, they also measured the transition frequency with an
uncertainty of 1.3 kHz, which is dominated by the frequency shift due
to fiber transmission and lattice light.
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FIG. 1. The relevant energy levels and transitions for "'Yb atoms.

In this paper, we trap laser-cooled '7'Yb atoms into an optical lat-
tice. To excite the 431 nm transition, using an optical frequency divider
we stabilize the 431 nm laser frequency by referencing its fundamental
laser at 862 nm to a cavity-stabilized laser at 578 nm.””*' The frequency
of the 578 nm laser is calibrated by the 'Sy—>P, transition of '”'Yb
atoms. A Rabi spectrum of the 1Sy (F= 1/2)—4f B35d6s* (J=2, F=3/2)
transition is observed with a linewidth of 2.5kHz, corresponding to a
quality factor of Q ~ 2.8 x 10"". The frequency shift of the transition
due to the lattice light is investigated, yielding a magic wavelength of
797.97(20) nm when the polarization of the lattice light is aligned per-
pendicular to the quantization axis. By setting the lattice light frequency
close to the magic wavelength and averaging two m = *1/2 transitions
to cancel the first Zeeman shift, the frequency of the transition is mea-
sured to be 695 171 054 856.9 kHz with an uncertainty of 1.1 kHz domi-
nated by lattice light shift and statistical noise.

The schematic diagram of our experiment is shown in Fig. 2(a).
The details of laser cooling and trapping of Yb atoms can be found in
Ref. 22. After a two-stage MOT, the 71Yb atoms are loaded into a one-
dimensional optical lattice at about 798 nm, generated from a single fre-
quency, continuous wave Ti:sapphire laser. As much as a 600 mW laser

%
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light is delivered to the apparatus using a piece of polarization mainte-
nance (PM) optical fiber. The power of the lattice light is monitored on
a photo detector (PD;). The optical lattice is formed by a focused beam,
which is then retro-reflected by a curved mirror. The optical lattice is
tilted from the vertical axis by about 5°. The operating trap depth of the
lattice is ~100E, with E, = (h4)*/(2my,x %), where h is the Planck
constant, v}, is the lattice frequency, myy, is the mass of 71Yb atom,
and c is the speed of light. The diameter of the optical lattice is about
110 um. Nearly 10* '7'Yb atoms are trapped in the optical lattice.

The probe laser light at 431 nm (from Precilasers) is the second
harmonic of an 862 nm laser, which is summed from a diode laser at
1952.8 nm and a fiber laser at 1544.8 nm. As shown in Fig. 2(b), part of
the 862 nm laser is sent to an optical frequency divider based on an
optical frequency comb.””*"** The optical frequency divider sets the
frequency ratio between a reference laser at 578 nm and the 862 nm
laser as vgg, = vyp/Ry, where R, is the preset frequency divisor of the
optical frequency divider determined by the settings of direct digital
synthesizers (DDSs). The reference laser is a cavity-stabilized laser at
578 nm, which is calibrated by the 18,—3P, transition of a second
ensemble of '7'Yb atoms. The frequency uncertainty of the 'Sy—>P,
transition is below 1Hz. Here, we denote the frequency of the refer-
ence laser as vyy,. The optical frequency comb is frequency-stabilized
to a hydrogen maser, which means both f, and f;, are phase-locked to
signals synthesized from the maser. The comb frequency noise onto
the 862 nm laser is eliminated with the transfer oscillator scheme.” In
brief, we use mixers and DDSs to remove the carrier-envelope offset
frequency (fy) and repetition rate (f,) of the comb from the beat notes
between vgq, (Vyy) and their nearby comb teeth.””*"* As a result, a
virtual beat note between g4, and vy, is obtained, which is free of fq
and f.. Then this signal is sent to a servo for stabilizing the frequency
of the 862nm laser by feedbacking to the current of the 1952.8 nm
laser (fast) and to a piezo inside the 1544.8 nm laser (slow). The servo
bandwidth of the 862 nm laser is about 150 kHz. During the detection
of the 431 nm transition, we scan vgs, by adjusting the divisor of the
optical frequency divider (see Refs. 20 and 23 for more experimental
details of the optical frequency divider). We use optical fibers to trans-
fer the 862 and 431 nm laser light to the optical frequency divider and
the apparatus of the lattice-trapped Yb atoms, where fiber-induced
random phase noise is not compensated in this work. We test the fiber

iSetR,
v 431 nm laser

_ \'\ 399 nm

slowing light

W
Cavity-stabilized | ~ YP I_ l 862 nm
578 nm laser R ~—

A H A

Vesr=Van/ Ry

= = 41 5d, 652
Sk 3 J=2
: i/
'S,, ‘5 = iy
798 nm PD, 770 nm I_649.nm = = o0
lattice light A repumping light - -
1052 nm ) »—(C}++"Light power Lattice trapped Lattice trapped
monitor 171Yb atoms 171YD atoms

repumping light

FIG. 2. Schematic diagram of the experimental setup. (a) Laser cooling, trapping, and probing of ""*Yb atoms. (b) Frequency stabilization of the 431 nm laser.
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noise-induced laser linewidth to be <200Hz and the fiber noise-
induced laser frequency instability to be <2 x 10'° at 1 s averaging
time. The observed spectra in the following text are not limited by the
431 nm laser.

We use the frequency-controlled 431 nm laser to probe the '”'Yb
atoms trapped in the optical lattice. A magnetic field Bhias is applied to
split the Zeeman sub-levels. The polarization of the lattice light ey, is
perpendicular to the quantization axis. Before interrogation with the
431 nm laser, the atoms are prepared in one of the spin states |'Sp,
mg = *1/2) with a 556 nm laser light. Rabi interrogation is performed
by applying the 431 nm probe light with a power of 1.7 mW and a
diameter of about 2 mm to excite the 'S, (F= 1/2)—4f B5des® (J=2,
F=3/2) transition. The polarization of the 431nm probe light is
aligned along ey, In each frequency sweep step, the populations in the
ground and excited states are separately measured using the shelving
detection technique. The population in the ground state is measured
by exciting the atoms to the 'P; state with a pulse of 399 nm laser light
and detecting the fluorescence when the atoms decay back to the
ground state. In measuring the population of the atoms in the excited
state, the atoms are repumped back to the ground state via the chan-
nels of 4_)‘135d6s2 (J=2) — Sy, °Py — °S,, and *P, — 3S,. Then, we
measure the population of the atoms repumped to the ground state
using the above-mentioned method. All the repumping laser light are
shone on the atoms for 5ms. The efficiency of this combination of
repumping can reach more than 90%.

With an interrogation time of 200 ms, Rabi spectra with a line-
width of 2.5kHz is obtained, as shown in Fig. 3(a). Such a spectrum
corresponds to a quality factor of Q ~2.8 x 10", The maximum
excited rate is 0.3. The linewidth of these two spectra cannot be further
reduced by increasing the probe time or reducing the power of the
probe light. We attribute it to residual magnetic noise. Such a problem
does not happen to the traditional 578 nm clock transition of Yb atoms
at an observed spectral linewidth of ~1 Hz since the P, state is nearly
four orders of magnitude less sensitive to magnetic field compared to
the 4f *5d6s* (J = 2) state.” ™"’

We investigate the lattice-induced frequency shift of the 431 nm
transition by measuring the average frequency of two & transitions as
those shown in Fig. 3(a) under two lattice trap depths of 72E, and
144E, in an interleave mode. Figure 3(b) shows the lattice-induced fre-
quency shift of the 431 nm transition at different lattice frequencies.
Each error bar is dominated by the statistical uncertainty of the fre-
quency shift. With the aid of a dispersion fit curve, the magic wave-
length is determined to be 4;, = 797.97(20) nm when Av(4;) =0, only
0.7 nm away from that predicted in Ref. 16. With this measurement,
we can obtain the lattice-induced frequency shift of the 431 nm transi-
tion to be —0.09 = 0.85kHz at a lattice trap depth of 100E; in the fol-
lowing frequency measurement.

We also measure the absolute frequency by averaging the two 7
transitions using the optical frequency divider shown in Fig. 2(b).
Table I shows the uncertainty budget for the absolute frequency mea-
surement. The AC Stark shift induced by the probe light is evaluated
by measuring the frequency shift when the power of the probe light is
separately set to Py=1.7 mW and P; = 12 mW. The frequency shift is
measured to be 0.4 * 0.7 kHz. Therefore, we determine that the AC
Stark shift due to the probe light is 0.07(11) kHz at Py = 1.7 mW. The
measurement uncertainty of the probe light-induced frequency shift
covers the theoretical result from Ref. 14. The first-order Zeeman shift
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FIG. 3. Experimental results. (a) A spectrum of the |'Sy, mp= *=1/2) — |4f
3506s%(J = 2), F=3/2, mr = +1/2) transition with a bias magnetic field applied.
(b) Lattice light-induced frequency shift of the 431 nm transition at a trap depth of
100E; as a function of lattice frequency. The frequency shift crosses zero when the
lattice frequency is close to 375.696(92) THz, corresponding to a magic wavelength
of 797.97(20) nm.

is canceled by averaging the two 7 transitions. We use the frequency
splitting of the two 7 transitions to determine the applied bias mag-
netic field with the first-order Zeeman shift coefficient of 2.44(5)
MHz/G/mg."” Then we use the coefficient of —358 Hz/G? to determine

TABLE I. Systematic frequency shifts and uncertainties for frequency measurement
of the 'Sy (F = 1/2)—4f '° 5d6s? (J = 2, F = 3/2) transition.

Frequency Uncertainty

shift (kHz) (kHz)
Lattice light —0.09 0.85
Probe light 0.07 0.11
Second-order Zeeman —0.43 0.02
Frequency measurement 0 0.03
Other effects 0 <0.01
Statistical 0 0.61
Total —0.45 1.1
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the second-order Zeeman shift to be —0.43(2) kHz. The second-order
Zeeman shift coefficient is calculated with Eq. (7) from Ref. 25. The
frequency of the cavity-stabilized laser at 578 nm is calibrated before
and after the frequency measurement of the 431 nm transition. The
frequency measurement uncertainty, including the frequency drift of
the 578 nm reference laser, uncompensated fiber-induced laser fre-
quency noise, and the optical frequency divider, is estimated to be
30 Hz. Other effects, such as blackbody radiation, higher-order lattice
light shift, atomic collision, and DC Stark shift, are negligible, which is
estimated using the 578 nm clock transition with the same apparatus.
The coefficient of the blackbody radiation shift is from Refs. 13-17.

In the experiment, using the optical frequency divider, we directly
obtain the frequency ratio between the frequency-calibrated 578 nm
laser and the 431 nm transition from the settings of the DDSs. The
time base of a tunable DDS is an optically divided RF signal at
~10 MHz, whose frequency is fiime = Vyp/K, where K is a divisor deter-
mined by DDSs.””*"*> After correcting the above frequency shift, the
frequency ratio between the two clock transitions is v431/Vs7g
=1.341263050519(2). Then, we use the frequency ratio to calculate
the frequency of the 1Sy (F= 1/2)—4f 135d6s% (J =2, F = 3/2) transition
to be 695171 054 856.9(1.1) kHz, which agrees with Ref. 17.

In summary, we observe a 2.5kHz linewidth Rabi spectrum of
the 'S, (F= 1/2)—4f 135465> (J=2, F=3/2) transition. The magic
wavelength for the lattice laser is determined to be 797.97(20) nm
when the polarization of the lattice light is aligned perpendicular to the
quantization axis. The frequency of the transition is determined to be
695171054 856.9(1.1) kHz, dominated by lattice light shift measure-
ment. Further reduction in spectral linewidth will help even more pre-
cise frequency measurement, which is critical for the development of
optical atomic clocks and the search for new physics. Since residual
magnetic noise might be the main cause of the broadened spectra, one
path to obtain a narrower spectral linewidth is to reduce the magnetic
field noise. A magnetic field shielding and a low noise current source
for the bias magnetic field are expected to reduce the magnetic field
noise by about an order of magnitude. For another, since the 431 nm
transition for bosons has less Zeeman shift, in the next step we will
also try to explore it.
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