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Outline of the work:

Precise time standard forms the base of science and fundamental metrology with a significant impact on
applications. The standard of time is defined by the 13-th CGPM (1967) as follows:

“The second is the duration of time equal to 9 192 631 770 times the period of radiation corresponding
to the transition between the two hyperfine levels of the ground state of cesium 133”.

The uncertainty of a cesium-atomic clock made in 1955 was of the order of 10", The international atomic
time is currently kept by an ensemble of cesium clocks with an uncertainty of a few parts in 10"°. Most
precise measurements of physical quantities are therefore performed by converting them to time. The voltage
is converted to time by using the Josephson effect and the length is converted to time by defining the speed of
light, for example. Since the linewidth of atomic transition is more or less independent of the transition
frequency, optical transitions allow 4-5 orders of magnitude improvement in fractional uncertainties compared
to microwave transitions.

The uncertainty in frequency 4f of an atomic clock is not only limited by the linewidth ¥, but also by the
signal-to-noise ratio, which is approximately given by

w
signal-to-noise ratio -

Af =

Any interaction between atoms is responsible for reduction of the life time of the quantum state. Thus an
optical clock that used a laser-cooled single atomic ion confined in a Paul trap was the primary candidate for
the best frequency standard.

However, the poor signal given by an atomic transition with a long life time prevents reduction of
uncertainties in the frequency.

Invention of the optical lattice clock by Prof. Hidetoshi Katori realizes both reduction in linewidth and
increase in signal-to-noise ratio. The scheme uses millions of neutral atoms trapped in an optical lattice, in
which the light-shift is cancelled out by using a particular “magic” wavelength of the laser.

According to the uncertainty principle, a long observation time is required for a narrow linewidth. A large
number N of neutral atoms confined in the optical lattice significantly reduces the interrogation time of the
atomic transition by 1/v/N so that the signal-to-noise ratio can be increased. Therefore ultrastable and highly
precise frequency can be achieved.

Prof. Katori experimentally demonstrated high accuracy of the optical lattice clock by using laser-cooled
strontium atoms confined in the optical lattice at the magic wavelength. In 2011 he observed that the
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uncertainty in frequency difference between optical lattice clocks of strontium-87 and strontium-88 was stable
within 107", He also observed an expected gravitational shift of 2.6 Hz corresponding to the difference in
altitude of 50 meters.

The atomic transition frequency is susceptible to light-shift due to black-body radiation of the ambient
temperature. In order to reduce the uncertainty due to black-body radiation he built a pair of cryogenically
cooled clocks operating at a temperature of 95 K. The black-body radiation at 95 K is 1/100 of that at room
temperature. Statistical agreement between the two cryogenic clocks was found to be 2 x 10™"* for a month.

Higher order light-shifts are theoretically predicted to be smaller than 10" and their contribution has been
experimentally investigated.

The frequency shift corresponding to a vertical displacement of 1 cm on the surface of the earth is
1.1x 107", which can be detected in a short time by the optical lattice clock. This allows realization of precise
measurement of geoid, which will be a useful tool in earth science. Investigation of relativistically curved
space-time by using optical lattice clocks may also be expected.

Optical lattice clocks are now investigated in National Institute of Information and Communication
Technology, National Institute of Advanced Industrial Science and Technology as well as in The University of
Tokyo and RIKEN by using strontium, ytterbium or mercury atoms. Comparisons between these clocks and
international comparisons are being carried out. Then the optical lattice clock is regarded as the predominant
candidate for the future redefinition of the unit of time.
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