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1. Development of optical lattice clocks with strontium atoms in a cryogenic environment
2. Development of optical lattice clocks with ytterbium atoms

3. Development of optical lattice clocks with mercury and 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
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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.

1. Development of optical lattice clocks with strontium atoms in a cryogenic environment
(Takamoto, Ushijima, Das, Katori)

The fractional uncertainty of optical lattice clocks based on strontium (Sr) atoms in a cryogenic
environment has reduced to 107® with suppressed blackbody-shift uncertainty. Frequencies of
two such “cryogenic optical lattice clocks” agreed with the uncertainty of 10718, The largest
uncertainty of the present Sr optical lattice clock is attributed to the nonlinear light shift induced
by the multipolar and hyperpolarizability effect. In 2016, we have introduced an optical cavity to
achieve 40 times higher lattice intensity, which enables precise evaluation of the high-order light
shift. Careful evaluation of the nonlinear light shift is in progress to target a 19-digits clock
accuracy.

2. Development of optical lattice clocks with ytterbium atoms (Nemitz, Yanagimoto, Katori)

Ytterbium (Yb) atoms have similar properties to strontium atoms in transition wavelengths,
dipole moments for cooling transition, and the saturated vapour pressure. It is therefore allowed to
realize optical lattice clocks compatible with Sr and Yb atoms by sharing the vacuum chamber and
optics. In this research, we develop a Sr/Yb compatible clock system based on a cryogenic Sr optical
lattice clock. Moreover, 177Yb atoms have a nuclear spin of 1/2, which enables a simple clock
operation with smaller number of laser sources.

In last few years, we confirmed that our Yb optical lattice clock had an uncertainty of 1017, In
addition, we demonstrated frequency comparison between our Yb and Sr optical lattice clocks via
an optical frequency comb with the uncertainty of 10-17. In 2016, we evaluated a high-order light
shift, which presently limits the accuracy of our Yb optical lattice clock. By making the intensity of
the optical lattice laser 8 times higher, we successfully evaluated the light shift with an uncertainty
of 10°18,

3. Development of optical lattice clocks with mercury and cadmium atoms (Ohmae, Matsuura,
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 suppress emission of BBR. Another approach to reduce the
uncertainty of BBR shifts is to use atomic species that are insensitive to the BBR. As mercury (Hg)
and cadmium (Cd) atoms have an order of magnitude smaller sensitivity to the BBR than Sr and Yb
atoms, we have started the development of optical lattice clocks with Hg and Cd atoms, which
should enable 18-digits uncertainty even in a room-temperature environment. One of the
challenges in realizing Hg and Cd clocks lies in the development of laser sources. As the transitions
used for cooling, trapping and spectroscopy are in the ultraviolet (UV) region, UV lasers with high
power and high stability are necessary. For the development of stable laser sources in the UV
region, laser technologies such as frequency doubling of master oscillator and power amplifier
(MOPA) systems are exploited.

Our Hg optical lattice clock achieved a total uncertainty of 10-16. In order to improve the accuracy,
we plan to evaluate the uncertainty of the light shift, which mainly limits present accuracy of the
Hg lattice clock. To this end, in 2016, we have successfully constructed an optical cavity in a
vacuum chamber to enhance optical lattice intensity. In the Cd experiment, we have achieved a
magneto-optical trap with narrow line transition last year. This year, we successfully observed the
clock transition in the 113Cd isotope. We will prepare atoms in an optical lattice and measure the
magic wavelength of Cd.



Principal Investigator

T HE Hidetoshi Katori
Research Staff

A fF5 Masao Takamoto
hm gk Atsushi Yamaguchi
VAV M Manoj Das

R Kk Tomoya Akatsuka
WA AyY Nils Nemitz

+5 —# Ichiro Ushijima
Students

N AT Yusuke Komine

Y Y/ Tadahiro Takahashi
AR IER Masatoshi Matsuura
AR AR Tomoya Kimura

e fd Ken Nakanishi

KIS Ey Ray Mizushima

A i Ryotatsu Yanagimoto

Assistant and Part-timer

VN N5 Megumi Kobayashi
Visiting Members

Kui BEH Noriaki Ohmae
=iy R Tetsushi Takano

SRR 28 4EE / FY2016



