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Instruments and technologies for measuring length

When we want to measure the length of some object, we normally turn to a tape
measure or a plastic ruler. A standard tape measure or plastic ruler measures lengths
down to the millimeter. With a tape measure, you can measure lengths several meters
long.

For more precise measurements of length, we have the vernier scale. While vernier
scales can only measure a maximum length of about 20 centimeters, they provide de-
tailed measurements as fine as one-twentieth of a millimeter. The micrometer provides
even finer precision measurements. Micrometers can measure lengths to an accuracy
of one one-hundredth of a millimeter. Unfortunately, they can only measure objects up
to about three centimeters long.

Today’s vernier scales and micrometers have been improved significantly in terms
of their measurement resolution and usability thanks to the introduction of digital
technology. The measurement resolution of standard digital vernier scales and digital
micrometers today is one one-hundredth of a millimeter and one one-thousandth of a
millimeter respectively.

Vernier scales and micrometers are suitable for measuring the lengths of relatively
small objects that can be placed on a tabletop. The instrument used to measure
lengths of several meters to several hundred meters is the laser rangefinder, which is
used on building or wooden home construction sites. Portable laser rangefinders are
available commercially that can measure distances up to 200 meters at one-millimeter
accuracy.

Length standards created by repeated ultrashort light pulses

All the instruments that measure length mentioned so far are off-the-shelf products.
At the laboratory level, however, “rulers” are being prototyped with precisions far in
excess of any conventional off-the-shelf product.

These rulers are based on a technology known as an optical frequency comb or fre-
quency comb. Professor Minoshima is researching optical frequency combs (see
Figure 1).

Optical frequency combs are called so because of their characteristic “teeth” that are
arranged uniformly across the frequency spectrum.

An ultrashort pulse laser (mode-locked laser), which generates repeated, extremely
short pulses of laser light, is used to generate an optical frequency comb. The width
of the light pulses generated by an ultrashort pulse laser are extremely short, on the
order of femtoseconds. One femtosecond is only 1 x 107"® second (one quadrillionth
of a second). Since light travels at 300 million meters per second, a light ray travels
only 3 x 107 meters (0.3 micrometers) in one femtosecond. Because the light pulses
are so short in both time and space, they can be used as a probe to measure very
small times or distances. And the ultrashort pulse laser’s light is composed of light at
many frequencies spaced at intervals determined by the pulse repetition frequency —
in other words, an optical frequency comb.

Professor Minoshima started her appointment at the university in 2013. Previously,
she had been involved in optical frequency comb research at the National Institute of
Advanced Industrial Science and Technology (AIST). Optical frequency combs can be
used as a means of creating very precise standards of length: namely, the definition of
the meter.

Many people, when they hear of the definition of the meter, probably think of the pro-
totype meter bar composed of an alloy. The prototype meter bar, however, has not
been used as a standard since 1960, about 55 years ago. Since 1960, the meter has
been defined by physical phenomena rather than an object like the prototype meter
bar. The first physical phenomenon used was a multiple of a specific lamp’s wave-
length. Since 1983, however, the meter has been defined based on the speed of light



itself. One meter is defined as “the length of the path
travelled by light in vacuum during a time interval of
1/299,792,458th of a second.”

The most important point of the post-1983 defini-
tion of the meter is that time is included in the defi-
nition. The accuracy demanded by the time of 1/
299,792,458th of a second is precisely the accuracy
in the definition of the meter, and, thus, length. Since
time is the inverse of frequency, the precision by
which a frequency is found translates into the preci-
sion of the length.

The model light source that maintains a consistent
frequency (wavelength) with high accuracy is the
laser light source. This is why, initially, the iodine-
stabilised helium-neon laser’s wavelength was used
as the practical means of realizing the length stan-
dard. The precision of lengths at this time was about
11 digits. The optical frequency comb developed
by AIST, however, improved this length precision by
about 300 times. Since July 16, 2009, the optical
frequency comb instrument developed by AIST has
been used as Japan’s official length standard.

In practice, however, lengths cannot be measured
accurately just by deciding on a highly precise
definition of the meter. Nevertheless, precision
measurements of lengths have been realized using
optical frequency combs as very accurate rulers.
For example, experiments have verified that optical
frequency combs can be used to measure a distance
of 240 meters to approximately 1.6 micrometers,
an extremely high resolution. This was the result
of research done by Professor Minoshima and her
research team. To visualize this kind of accuracy,
consider that the instrument can measure the differ-
ence of a single piece of paper in a stack of paper 10
kilometers high.

Realizing an intelligent optical synthesizer

A representative and promising research area
Professor Minoshima plans to engage in at the uni-
versity is the intelligent optical synthesizer. The intel-
ligent optical synthesizer is a technology to extend
the concept of a music synthesizer, used to make
music and musical compositions, to the optical field.
The intelligent optical synthesizer will allow the per-
former to freely manipulate light in time and space as
well as control the frequency (wavelength), phase, in-
tensity, polarization, and other parameters. Professor
Minoshima plans to develop this kind of light source
by applying optical frequency comb technology.

The intelligent optical synthesizer was select-
ed as an Exploratory Research for Advanced
Technology (ERATO) project by the Japan Science
and Technology Agency (JST). The JST ERATO
Minoshima Intelligent Optical Synthesizer Project,
which will run from October 2013 to March 2019,
aims to advance development of intelligent optical
synthesizers and explore application fields. Specific
fields being considered include astronomical obser-
vations, environmental sensing, and imaging.

[Interview and article by Akira Fukuda (PR Center)]
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Precision Space-Time Optics
Research into smart optical measurements and
controls made possible by optical frequency combs

Professor Kaoru Minoshima

An ultrashort pulse laser is a very advanced laser that outputs a series of ultrashort light pulses at uniform intervals. The laser
is also distinct because the pulses are highly localized spatially and spread out like the teeth of a comb across the frequency
spectrum. Making use of this multi-dimensionality will pave the way for intelligent precise space-time optics, which has many
diverse and highly functional applications. And since the ultrashort pulses are extremely reproduclble and occur at uniform
intervals, a wide dynamic range is available through this multi atory intends to brand new
application fields by taking full advantage of the properties of ultrashort ||ght pu\ses and optlca\ frequency combs.

Time domain:
Ultrashort optical pulse train
, 1 10t

Frequency domain:
Optical frequency comb

}’ M RF—opnul
L
Nm—!ml
A precise and variable
“optical ruler”

Tool for the manipulation of light

World of optics (optical synthesizer)
Optical frequency comb spectrum (mage)
~y Optical frequency comb
pical

= k
. Toot o the maniuiation o

Wavelengin =+

World of music (synthesizer)

What is an ultrashort pulse laser?

Multiplicity,
Very broad

Ultrafast time-resolved imaging Muiti Yy °
Strong __ — :I-bmd iformi jed
P oo oy arany
- laser imadiation N Precise e
(Wire:) 20,100 s | Time rsior Space [
e g;{ Tty
- 1 i
B 1= rtensity S /7 S
A | canversion "iuh, Nonlinear optics J&# canvareton

Femtosecond

Optical frequency synthesizer

Frequency (color)

Wbz 1o ThHr

Intelligent highly functional, high-precision applications
that make use of this multi-dimensionality and multiplicity

lvnvminnmn ultrafast phenomena

I/’Nondaslmme/’r'l‘:?:‘l::as:vemeasummam WovldM f}lﬁiﬁ%’;ﬁﬂfﬁ.ﬁ"ﬂ E ,J‘-ﬂ i ] o
.- i, 1
ﬁ ! e T
e e
3 Picometer displacement measurements h
OCT images of = B T =

i an Xecouper = B Pl S Sl I3

\__ ) e ot thes 4 L \{ \ 1

/’ One-shot 3D imaging

Chirped pulse
(time rainbow with femtosecond accuracy)

[Resolution i ar: 1 pm@7s |
10 pm di pi y J
Ultra-precise absolute long-distance measurements

Displacement 10 pm]

3D color map using

Uttrafast shutter (optical knife) true light colors

Ultrafast conversion between space, time, and color (frequency)

I G o B O o S B

3D imaging of moving targets.

Website: ftp://www.fomto—comb esuscasip’

Figure 1: Details of the Minoshima laboratory’s research. The laboratory is developing optical frequency

combs using ultrashort pulse lasers for various applications.
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Figure 2: Summary of the JST ERATO Minoshima Intelligent Optical Synthesizer Project. The aim is to

realize and explore applications for an intelligent optical synthesizer that can freely manipulate light.
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