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frequency of light wave is the order of hundred terahertz (THz
=10'2 Hz), in other words, the oscillation period of light wave
is the order of femtosecond (fs = 10719 s).

In 2013, we have developed a new method for the mea-
surement of light wave. It is called FROG-CEP, frequency-
resolved optical gating capable of carrier-envelope determina-
tion. Our method does not need attosecond pulses, even self-
referencing is possible. The electric field oscillations of
infrared light with the period of several femtoseconds were
clearly measured with the method as is shown in Figure 1.

Currently, amplitude modulation and phase modulation are
common encoding techniques in optical communication. If we
can encode information in the shape of the light wave itself, the
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Figure 1. Infrared light waveforms measured with FROG-CEP. The
phase difference between the two infrared pulses was clearly measured.

communication speed becomes 3 orders of magnitude faster.
We believe that our method, FROG-CEP, becomes very impor-
tant to realize such communication technology.

Other than FROG-CEP, ultrabroadband mid-infrared con-
tinuum generation through filamentation, single-shot detection
of ultrabroadband mid-infrared spectra, and development of
2 um ultrafast lasers have been realized in our laboratory. We
are developing such cutting edge technologies for ultrafast
laser science.
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1. Development of Intense Femtosecond
Lasers at 2 ym")

Intense ultrashort infrared pulse lasers are highly attractive
in many research fields. Powerful femtosecond pulses in the
vicinity of 2 wm are desired for coherent mid-infrared or
terahertz pulse generation, high harmonic generation in the
water window soft x-ray region, and atmospheric sensing. In
order to obtain intense femtosecond pulses around the 2 um
wavelength region, one of the most widely used schemes is
optical parametric amplification (OPA) with well-established
ultrafast pump lasers such as Ti:sapphire or Yb lasers. How-
ever, OPA in general has a complicated design due to the
requirement of the precise synchronization between the pump
and seed pulses. This fact attracts a lot of attention to the
development of solid-state lasers which directly generate high
energy ultrashort pulses around 2 ym.

In this work we present a new table-top Tm:YAP laser
system based on a diode-pumped ring cavity regenerative
amplifier. The system generates 360 fs pulses at 2 um with the
peak power of 2 GW after the compression.

The schematic of the system is shown in Figure 2. The
seed source of the laser system is a Tm:ZBLAN fiber oscil-
lator,?) which generates 2 um pulses with the pulse energy of
4 nJ. The pulses are sent to a grating stretcher and then to a
ZBLAN fiber pre-amplifier pumped by a laser diode at
794 nm.?
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Figure 2. Schematic of the system. PC: Pockels cells.

The amplified seed pulses (~100 nJ) are picked with 1 kHz
rate by a Pockel cell and are sent to a regenerative amplifier
based on a Brewster-cut, 4% doped, 12 mm long Tm:YAP
crystal which is pumped by another 794 nm laser diode. The
output power of the regenerative amplifier is 1.4 W with the
absorbed pump power is 23.5 W at 45 round trips. The output
pulse is compressed using a pair of gratings. The energy of the
compressed pulse is 0.924 mJ.

The compressed pulse was characterized using a home-
built SHG-FROG system. The temporal and spectral profile of
the pulse obtained by the system are shown in Figure 3. The
pulse duration is 360 fs.

The compressed pulses exhibit good beam profile and can
be directly used to generate white light in bulk materials.
Using only 15 wJ of the amplified pulse, we have generated
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Figure 3. (a) Temporal profile of the pulse from the amplifier. Inset:
Zoomed view of the main pulse peak. (b) Power spectrum and spectral
phase of the pulse.
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Figure 4. Variation of the generated white light with the changes of
the pump intensity.

white light in a 3 mm YAG crystal. The white light spectra are
shown in Figure 4.

Such properties combined with the good power scalability
over a wide range of available pumping energies makes this
scheme a viable candidate for direct application for mid-infrared
OPA. In particular, the system exhibits a flexible electronic
control on the obtainable output energy through changes in
round trips, pumping energy, and repetition rate. The feature
makes it a good candidate for many applications such as spec-
troscopy which would require a tight control over the light
source. The proposed ring regenerative amplifier provides a
versatile and simple infrared source that can be used in many of
the current applications, in a compact table-top design.
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