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Key Sentence:

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

2. Development of optical lattice clocks with mercury atoms

3. Investigation of the constancy of fundamental constants and relativistic geodesy using optical
lattice clocks
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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 outcome
of such research, are a key technology that supports our modern society, such as navigation with
GPS and synchronization of high-speed communications networks. In 2001, we proposed a new
atomic clock scheme, the “optical lattice clock,” which may allow us accessing to 18-digit-precision
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.

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

The fractional stability of optical lattice clocks based on strontium atoms reached 1017 for an
averaging time of 1,000 s, which corresponds to the quantum limit of observing 1,000 atoms. In
such precision, the blackbody radiation (BBR) shift becomes the main source of clock uncertainties.
We started the development of cryogenic optical lattice clocks where lattice-trapped strontium
atoms are surrounded by 70 K walls to dramatically reduce the BBR shift. Targeting 18-digits clock
precision, we have developed ultrahigh vacuum chambers, cryogenic environment and frequency
stabilized lasers. Using these devices, we have succeeded in cooling and trapping of strontium
atoms and started the evaluation of BBR shift by comparing two clocks in cryogenic and
room-temperature environment.

2. Development of optical lattice clocks with mercury atoms (Ohmae, Yamanaka, Thoumany, Rosi,
Katori)

In view of the BBR shifts, mercury atoms offer an order of magnitude smaller BBR shift than
strontium atoms; therefore the mercury atoms may allow achieving 18 digits uncertainty even at
room temperature operation. We started the development of optical lattice clocks based on mercury
atoms. The realization of a mercury atomic clock presents many challenges. The light sources
required are in the ultraviolet (UV) region. As UV lasers are not directly available, we use
frequency doubling stages to convert IR radiation into UV. We have developed a 254-nm laser to
cool and trap mercury atoms, a 363-nm laser for optical lattice trapping, and a 266-nm laser to
probe the clock transition. We have succeeded in cooling and trapping mercury atoms, and have
started to probe the clock transition.

3. Investigation of the constancy of fundamental constants and relativistic geodesy using optical
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lattice clocks (Akatsuka, Takamoto, Ohmae, Das, Thoumany, Katori)

In timekeeping at the 10-18 uncertainty that optical lattice clocks will provide in the near future,
clocks will read out the advance of time by placing them 1 cm higher on the Earth’s surface. Then
the role of the atomic clocks can be a probe for the curved space-time due to the gravity, rather than
a tool for sharing accurate time. Such sensitivities to gravitational potentials will find new
applications in relativistic geodesy, to observe crustal movements and to search for resources
underground. In order to demonstrate such applications, we plan a precise frequency comparison of
two clocks in remote sites, RIKEN and the University of Tokyo. Along with the development of
optical lattice clocks, we developed the optical fiber link for frequency transfer between the two
sites.

The foundations of physics and atomic clocks implicitly assume the time- and space-invariance of
fundamental constants. Among these is the dimensionless quantity known as the fine structure
constant a(= e?/4meyhc). Atomic clocks should keep the same time regardless of their constituent
elements if a is constant, but the constancy of a is still a controversial issue. An interesting
question is whether these clocks tick the same way as the others throughout the year as the
gravitational potential from the sun changes. Precise comparisons of atomic clocks support such
challenges; testing the coupling between electromagnetic constants (such as ) and gravity and the
constancy of the fundamental constants. Through the frequency comparison of strontium and
mercury based optical lattice clocks at the 1018 uncertainties, we plan to explore the constancy of
fundamental constants.
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