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Key Sentence:

1. Evaluation of higher-order lattice light shifts in Sr and Yb optical lattice clocks towards
uncertainties below 1018

2. Frequency ratio measurement of optical lattice clocks with the uncertainty beyond the SI second

3. Development of optical lattice clocks with cadmium atoms
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Purpose of Research:

The quest for superb precision in atomic spectroscopy contributed to the birth of quantum mechanics
and the progress of modern physics. Highly precise atomic clocks, which are one of the outcomes of
such research, are a key technology that supports our modern society, such as navigation with GNSS
(Global Navigation Satellite System) and synchronization of high-speed communication networks.
In 2001, we proposed a new atomic clock scheme, the “optical lattice clock,” which should allow us
to access the 18-digit-precision in time/frequency in a measurement time of seconds. Armed with
such high- precision atomic clocks, we investigate fundamental physics such as the constancy of
fundamental constants and their coupling to gravity, as well as the application of such clocks to
relativistic geodesy. In parallel, we explore quantum information technology and quantum
metrology using “optical lattice clocks” as platforms to investigate the quantum feedback scheme
and quantum simulator/computation.
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1. Evaluation of higher-order lattice light shifts in Sr and Yb optical lattice clocks towards
uncertainties below 1018 (Takamoto, Ushijima, Bregolin, Mizushima, Katori)

Optical lattice clocks have been operated by tuning the lattice laser to the “magic frequency”,
where the light shifts due to the electric-dipole polarizability are cancelled out as a linear shift in
the lattice laser intensity. However, if we consider the higher order light shifts induced by the
magnetic-dipole and electric-quadrupole polarizabilities and hyperpolarizabilities, the lattice light
shift cannot be completely cancelled out by tuning the lattice laser frequency and dominates the
clock's uncertainty at 10'18. We have experimentally investigated the higher-order lattice light shifts
and determined the lattice parameters to minimize the uncertainty of lattice light shifts for Sr and
Yb.

To investigate the higher order light shifts, we have measured the parameter dependence of light
shift in a wide range of lattice laser intensity. The intensity of the lattice is increased by employing
a build-up cavity with an enhancement factor of 40 for the Sr clock and tight focusing optics to realize
8 times higher power density for the Yb clock. The light shift induced by the multipolar
polarizabilities was extracted from the vibrational state dependence of light shifts. From a fit of the
data to the light shift, we have derived the parameters for the higher order light shifts and
determined the operational conditions to minimize the uncertainty of lattice light shifts.

2. Frequency ratio measurement of optical lattice clocks with the uncertainty beyond the SI second
(Ohmae, Bregolin, Matsuura, Mizushima, Katori)

The absolute frequencies of optical lattice clocks can be measured with uncertainties limited by
the realization of the frequency standard, ~ 5X 1016, Frequency ratio of optical lattice clocks is
measurable beyond the SI limit. So far, we reported the frequency ratios of Hg/Sr, Yb/Sr with
uncertainties of ~1017. Since the stabilities of these ratios are limited by the frequency transfer
instability caused by the optical frequency comb, we have developed single-port, all-polarization-
maintaining erbium fiber combs with a frequency transfer instability of less than 1017 at an
averaging time of 1 s.

Using this comb, we measured the frequency ratio of Hg and Yb clocks with an instability of
2x 10715 /\/r_/s, where 7 is an averaging time. We tested the cyclicity of the frequency ratios
(fyn/ fsr) X ( fsr/ ng) X (ng/ fo) = 1. The difference of the fj;s/fy, measurement and the calculated
value of (fug/fsr) X (fsr/fyp) based on the previous measurements was only 8 X107, which is
smaller than the combined uncertainty of each frequency ratio measurement of 1 X 1016 and SI limit
of 5X1016, Such a highly-accurate frequency ratio can be a probe to test the constancy of the
constants.

Highly-accurate frequency and frequency ratio measurement contributes to a standard frequency
list made in CIPM. The frequencies of Sr and Yb clock frequencies are already in a list of secondary
representations of the second (SRS), and Hg clock frequency is newly adopted as a SRS in 2017.

3. Development of optical lattice clocks with cadmium atoms (Yamaguchi, Katori)

One of the major uncertainties of an optical lattice clock is the black body radiation (BBR) shift.
In order to suppress BBR shift, Sr and Yb optical lattice clocks in our group prepared atoms in a cold
environment, which greatly suppresses emission of BBR. Another approach to reduce the
uncertainty of BBR shift is to use atomic species that are insensitive to the BBR. As cadmium (Cd)
has an order of magnitude smaller sensitivity to the BBR than Sr and Yb atoms, we have started
the development of an optical lattice clock with Cd atoms, which should enable high accuracy and
stability even in a room-temperature environment.

Until last year, we have developed a laser cooling technique to cool the Cd atoms down to 5
pK. This year, we have loaded those ultracold Cd atoms into an optical lattice potential. We have
constructed an optical cavity to enhance the optical lattice laser and to achieve trap depth which is
deep enough to trap Cd atoms. We then observed the clock transition in Cd atoms trapped in the
optical lattice potential. The magic wavelength of Cd, at which the frequency shift induced by the
optical lattice laser becomes minimum, is being evaluated now.
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