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Ultra high-brightness Nd:YAG Q-switched Laser

WA {EF, /A&HE KBS, Nicolaie Pavel”, FE FE{='
S.YAMAMOTO , YKOYATA , N.PAVEL , Y.HIRANO

EEEREASN HREHRSWRE, BEEARFRSRE STHEREH

"Mitubist Electric Corp. Information Technology R&D Center, " Institute for Molecular Science, Laser Research Center for Molecylar Science

Abstract

High average power (>100W) with high brightness operation of dicde-pumped rod type Nd:YAG lasers are investigated. The
key technologies to compensate thermal distortions are described and high brightness operations of normal and Q-switched modes

were demonstrated.

F—7—F I L—¥, AKL -V, LilEL—F, QXA v FL—¥, N&YAG, TEM.E— F, WmEHHH
(Lasers, All solid state lasers, Laser Diodes, Q switched lasers, Nd:YAG, TEM,, mode, High average power)
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Thermal lensing effects in Nd** doped solid-sfate laser materials

Takashige Omatsu, and Masayuki Shimosegawa (Chiba University)

Justin Blows and Judith Dawes (Maquarie University)

Abstract

We demonstrated quantitative investigation of thermal lens in Nd** doped solid-state laser material without
and without laser action. The heat loading increases by two-times when the laser action is inhibited. The
increase of heat loading is induced by the non-radiative relaxation of inversion population.
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100-W Green Average Output Power from a Double-Pass Nd:YAG
MOPA System. Design and Operation

Y. Hirano, Y. Koyata, S. Yamamoto, and T. Tajime
(Mitsubishi Electric Corporation, 5-1-1 Ofuna, Kanagawa 247, JAPAN)

N. Pavel
(Institute for Molecular Science, Okazaki 444-8585, JAPAN)

ABSTRACT

We have developed a Nd:YAG master-oscillator power-amplifier system that operates
at 78-mJ per pulse. The pulse width is 47-ns and the repetition frequency is 2.4-kHz, with the
pump diodes working at 20% duty cycle. This results in an average output power of 188-W with
a peak power of 1.66-MW. The amplifier output beam has a M? factor of 3.1x3.3. Using an
external KTP doubler, this MOPA system has produced 104-W green average power at a
frequency-conversion efficiency of 64.6%. Continuos operating for more than three hours with
the green power stability better than +1% was performed. The detailed considerations used to

design this system are discussed.

Keywords: taser amplifier, neodymium:YAG laser, frequency conversion

1. INTRODUCTION

At present, goals for dicde-pumped solid-
state lasers are the development of high average
power, high repetition rates and good beam quality
at both fundamental and frequency doubled
wavelengths. The master-oscillator power-amplifier
configurations (MOPA) have been reported that
produce as much as 800 W while operating at up to
100 Hz, with beam quality less than 1.5 times the
diffraction limit {1). Extending the repetition rate
from 100 Hz to 2.5 kHz while using a zigzag slab
master oscillator, a phase conjugated mirror and a
two-stage zigzag slab amplifier, the performance of
the previous system was extended to nearly 700 W
IR power with a 1.1 diffractiondimited beam [2].
However, to design this kind of configuration careful
management of the thermally induced slab
aberrations, solutions to improve the low pump
absorption efficiency and to reduce the thermal
fracture stress of the active medium must be
considered.

An average output-power of 100 W with an
almost diffraction-limited beam has been achieved
from a flashiamp pumped Nd:YAIO, rod MOPA
system [3]. To compensate for the strong thermal
lens of the material, a phase conjugate mirror (or
SB8S cell) was used. The repetition rate of the burst-
mode passively Q-switched system was 3 kHz with
the pulse duration of 70 ns. Recently, the
performance of this system was extended to an

average output-power of 520 W and a pump
repetition rate of 100 Mz [4]. This new scheme
contains two preamplifiers in a double-pass two-rod
configuration, each preamplifier stage equipped with
a further single-pass amplifier. The electrical to
optical efficiency of these flash-pumped amplifiers
was less than 1.25%. Furthermore, the long time
operation was limited by sparking in the SBS celi to
about one minute [3].

The highest reported green average power
from a solid-state laser oscillator is 315 W [5].

Here we report a double-pass two-rod
Nd:YAG MOPA system that generates an maximum
average output power of 188 W. The repetition rate
is 2.4 kHz and the puise duration is 47 ns. With two
KTP crystal in an extracavity second-harmonic
generation setup we generate more than 100 W
green average power, at a frequency-conversion
efficiency of ~64.6%.

2. DESCRIPTION of the SYSTEM

Figure 1 presents the developed MOPA
system. The oscillator consists of a two Nd:YAG
rods {($4 mm x 60 mm length, 0.8 at.%) placed in a
resonator of 60 cm length. The output mirror has
70% reflectivity at 1.064 pm. To compensate for
stress birefringence and thermal bifocusing effects a

90° quartz rotator [6), that changes the polarization
states (radial and tangential ones) and averages the
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Fig. 1 The experimental schame of the MOPA system. P:
polarizer; F: Faraday rotator; HR: high-reflectivity mirvar, HWP:
half-wave plate; QWP: quarter-wave plate.

thermal lens power for both components, was set
between the two rods. Further, in order to
compensate for the thermal lens effect of the active
media, a concave lens was placed between the rods.
A beam expander with variable focal length and
magnification of 2.2 was chosen as solution to
compensate thermal lensing under varying pumping
conditions and 1o ensure the optimum mode-
selection properties of the resconator [7].

Figure 2 shows the cross section of the
developed . pump-power module [8]. For the diode-
fast axis the output beams from stacked diodes are
collimated individually by the cylindrical microlens
amay, line-focused by an aspherical cylindrical lens
and then transported inside the diffused pumping
cavity through the slab waveguide. The slab
wavequide aperture is of rectangular shape with the
width of 15 mm and the thickness of 400 pm. The
reflectivity of the pumping cavity inner wall, which is
made of ceramic, is more than 97%. The circular
symmetrical pump beams from the slab waveguides

Nd:YAG Rod

Cylindrical Cooling Sleeve

R

Microlens Array: {Diffuser)
Aspharic D} ed Pumping Cavi
Cylindrical Lens s ¢ 4

Fig. 2 Cross section of the pump modute.

are diffused by the cavity wall and by cooling
sleeves made of high refractive index material of
which inner surface is ground-rough polished. These
reflection type and transmission type diffusers
generate a uniform pump-beam distribution inside
the laser rod, near of a top-hat distribution.

The four 5-bar stacked diode arrays with
cylindrical microlenses array (SDL-3230-J5) were
used per every head. The pulse repetition rate
was 2.4-kHz with the diode-laser operating at 20%
duty cycle. The averaged transport efficiency from
the diode output power to the power incident in the
pumping cavity was determined as high as 87%.
The pump-efficiency from diode laser to active
medium, which includes the focusing line
transmission, cavity transfer characteristics and
active-medium absorption-efficiency, was estimated
using the slope efficiencies of full multimode
operation. With plane-plane short resonators we
determined a pump-efficiency of ~67.0% for Module
I and ~70.0% for Module 1. At the pump power
of 338 W the oscillator outputs a laser beam of 24 W
{10 mJ energy} in a Gaussian transversal
distribution (M? factor of 1.2x1.2) of 2.8 mm spot-
size. The pulse duration was 47 nsec (FWHM
definition).

To vary the power of the signal incident in the
amplifier a A2 plate was placed between the

oscillator and the amplifier. The polarizer P2 and
the Faraday isolator F2 serve as power coupling
from the amplifier. The polarizer P1, whiles
preventing the parasitic oscillation and protecting
the oscillator against the radiation from amplifier,

allowed to measure the depolarization loss.
The laser amplifier consists of two Nd:YAG

rods (¢$3.2 mm x 110 mm length, 0.8 at.%). The

twelve 5-bar stacked diode arays with cylindrical
microlenses array (SDL-3230-J5) were used per
every head. The total diode output peak-power
was 2.4-kW with a 480 W average power for
Amplifier |, and 2.6-kW with a 520 W average power
for Amplifier . The whole MOPA system has

dimension of 70 cm x 40 cm.,
By the standard Findlay-Clay analysis [9] the

coefficient K, which relates the small-signal gain ge¢

to the diode pump-power, was estimaled to be
0.0026 W'. Therefore, the available gain at the
maximum pump-power was G=3.46 for Amplifier {
and G=3.79 for Amplifier |l.

3. AMPLIFIER CHARACTERISTICS and
THEORETICAL ASPECTS

For the single-pass amplification, rotating the
A/2 plate placed after the oscillator varied the power

of the signal incident in the amplifier stage. The
amplifier rods were pumped at the diode maximum-
power and the laser beam power was measured

directly after AMPLIFIER Il ) )
o fully characterize the output to input-signal

power for the ampiifier we developed a 3D-
computation model that it based on the Frantz-
Nodvik analysis [10] and modified by using a



triangle-shaped temporal pulse. To take into account
the beam propagation in every active medium, the
laser rod was characterized by a thermally induced
refractive power D, which was different for radial and
tangential polarized beams, and was split in thin
Gaussian ducts of identical length. Additional factors,
such as diffraction losses, changes of the laser-
beam to gain filling factor along the medium and
passive-losses, were incorporated into the model to
achieve a realistic simulation.

' Figure 3 presents the average power for the
single-pass amplification. At the signal power of 24
W resulted 116 W in a beam of M? factor, which was
measured by a WavefrontMeter Class-2D CCD
Camera, of 2.7x2.8. A very good agreement
between the experimental data and the theory can
be observed.
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Fig. 3 Output-power as a function of signal input power for the
single-pass amplification. Experimental data by rectangles and
theory by the continuous lines.

For the double-pass amplification. the
oscillator signal of 24 W was incident in the amplifier
stage and the pump-power of the amplifiers was
varied. We obtained maximum 188 W in a beam of
M? factor of 3.1x3.3. The depolarization losses were
3%. Decreases of the output-power from the Frantz-
Nodvik model due to the temporal-overlap between
the waves that propagates simultaneously forward
and backward in the amplifier [11] were evaluated as
11.5%.

4. SECOND HARMONIC CONVERSION

A type-ll KTP crystal is very useful for green
generation of 1 um wavelength because of its high

nonlinear coefficient, small walk-off angle and large
tolerance  parameters. In spite of these
characteristics the gray tracking damage, which is
caused by the nonlinear green absorption, prevents
this crystal from operating at high peak and high
average power levels. This damage could be
relaxed by reducing the green intensity inside the

crystal. Then to reduce the green intensity and to
increase the conversion efficiency a two-crystal
architecture was chosen, as presented in Fig. 4.

= HWP

SHG STAGE
Fig. 4 The KTP double stage. DS: dichroic separator.

Two KTP crystals (designed as of 5x5x15 mm?®
and 5x5x20 mm® dimensions) were placed in water-
cooled houses that control the crystals temperature
at 70 °C with an accuracy of 0.1 °C. A telescope
situated in front of first KTP was used in order to
reduce the fundamental beam intensity less than 20
MW/cm?. The green output power and the
conversion efficiency are presented in Fig. 5. We
obtained maximum 104 W green average-power at
the incident power of 161 W, which corresponds fo a
frequency-conversion efficiency of 64.6%.
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Fig. 5 The green power and the frequency-conversion
efficiency as a function of amplifier output average-power.
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Fig. 6 Frequency-conversion efficiency as a function of power
density for the first KTP.

Figure 6 shows the conversion-efficiency as a
function of fundamental beam intensity for the first



KTP The theoretical lines were obtained from a
modified theory of [12], namely considering a laser
beam of top-hat distribution and pulses of triangle
temporal shape. In simulation the phase mismatch
(rad/cm) was parameter, A good agreement
batween the experimental data and the theoretical
curve of 0.5-radfcm resulted. The theory gave a
phase mismatch between 1.0 and 1.5-rad/cm for the
second KTP, At the condition of high conversion, the
beam quality of the fundamental radiation that
leaves first KTP is lower that that of the incident
beam on crystal. Then, the conversion-efficiency of
the second KTP, lower than the expected theoretical
value, is understandable.
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Fig.7 Green power and green power fluctuations
during more than three hours of continuous operation.

The MOPA system has operated continuously
at the maximum pumping conditions for more than
three hours, as presented in Fig. 7. Green power
fluctuation were less than %1% and no damage or
darkening of the KTP crystals were observed. The
accumulated green operation time at the maximum
level was over 10 hours.

5. CONCLUSIONS

We have developed a two-rod NA:YAG
double-pass MOPA system that generates 188 W
average-power in a circular laser beam of 3.1x3.3
M? factor. The pulse duration was 47 ns and the
repetition rate is 2.4 kHz. This system is compact
(70 em x 40 cm) and does not contain expensive or
complicated elements. A high-gain side-pumping
method, two-rods birefringence and bifocusing
compensation, temporal overlap between the beams
traveling through the amplifier in opposite directions
and its influence on the power level were some
aspects used to design the laser system. For reliable
and efficient second harmonic conversion a two KTP
crystal architecture was used. We obtained 104 W
green average-power at 161 W infrared incident

power, which correspond to a ~64.6% conversion
efficiency. During more than three hours of
operation the green power stability was better that
+1.0%. This kind of system, operating in
fundamental or SH regime, can be a solution for
industrial applications such as fast cutting, drilling,
marking, etc. at an acceptable cost to life time ratio.
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Abstract

All solid state cw 266nm lasers using the in-house Czochralski-grown f-BaB,0, (Cz-BBO) crystal show long-
term reliability of 5000 hour operation.  For the development at higher output power and/or shorter wavelength,
we characterized optical loss spectrum and observed minute scattering centers in the Cz-BBO.  Novel ultraviolet
laser scattering tomography (LST) method has been applied for the real-time observation of the scattering.  The
large capacity optical disk mastering and the high-resolution microscope have been developed using the deep-UV
lasers with the Cz-BBO.
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{B-BaB,0,, Czochralski method, deep-UV laser, ultraviolet laser scattering tomography)
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Fig. 2. Long-term reliability of cw deep-UV operation more
than 30mW output power.
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Fig. 7. Real-time imaging of scattering at the beginning
(left) and after 2hours (right) of irradiation with high power
pulse deep-UV laser light.
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Development of all-solid-state 196nm source with W-class power

Jun Sakuma, Andrew Finch, Kyoichi Deki, Naoki Kitatochi, Yasu Ohsako,
Masahiro Horiguchi, Toshio Yokota (Ushio Research Institute of Technology)

Abstract

We have developed an all-solid-state deep-UV coherent source operating at a 5kHz repetition-rate, The
system consists of two independent laser sources and four frequency-mixing stages. The source generated 14.3W
of 349nm and 2.0W of 241.6nm as the intermediate outputs. By using a temperature-tuned CLBO crystal for the
final mixing stage, 1.0W of 196.3nm output was produced. By employing BBQO crystals for the same process,
0.24W at 196.3nm and 0.156W at 193.7nm were also generated.
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(diode-pumped solid-state lasers, frequency conversion, nonlinear optical crystals)
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Crystal Phase-matching Acceptance Ref
Angle angle (mrad-cm)

CLBO 715 0.64 8

CLBO 718 0.42 9
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Abstract

As optics becomes an enabling technology for ever wider areas of science and
engineering, we need a new vision of how to meet the professional needs and provide a
professional home for the worldwide optics community and those who work in it.

Key Word : OSA, SPIE, UNO
SUMMARY

The field of optics continues to grow
almost without limits as optics becomes an
enabling technology for an ever wider range of
scientific, engineering, and technological
applications. New areas and applications of
optics continually emerge, bringing new groups
of people into the optics community.
Commercial opportunities in  optics are
expanding rapidly. At the same time optical
science and optical engineering become ever
more closely linked and the world itself becomes
more globally interconnected, so that workers in
all areas of optics become one worldwide
community. New technologies for delivering
information to workers in science and
engineering are also emerging explosively, and
few can predict where these new developments in
communications technology will take us.

One result of all this is that individual
careers in optics become ever more complex and
demanding. Individual workers must adapt to
new optics technologies, new applications areas,
and new career paths. An individual's career in
optics may extend from "concept to consumer”
as that person shifts perhaps from basic research

to optical engineering and then to product
development or management. The nature of an
optics education must therefore change and
evolve to meet these needs.  Distinguished optics
educators have pointed out that it is essential not
only to bring a broader and more diverse group
of students into the field of optics, but also to
provide those students with a unified education
that gives them a solid foundation in both optical
science and engineering.

At the same time, the roles of scientific
and engineering societies in serving the
worldwide optics community must be
reexamined. Our professional societies need to
evolve to meet the needs of optics workers
worldwide and to help optics take its place as a
primary discipline of science and engineertng.
These societies need to develop an  effective
structure that will unify the optical science and
engineering community worldwide, rather than
dividing it. They need to serve optics workers
better  throughout their changing careers - a
unified society for a unified profession. They
need to serve this community on a worldwide
and international basis, without artificial
barriers. They need 1o develop new resources to
serve their members better, with better services



and products, for example through investments
in expensive and complex new information
technologies. They need to be flexible and
nimble, so as to bring new groups of
professtonals from newly emerging areas of
optics into this community. And, they need to
serve the greater society as well with  expanded
public service and educational activities.

A vision for the world optical community
of the 2lst century, and specifically for a
professional  structure that can serve this
worldwide community, has recently been
developed by a joint task force chartered by OSA
and SPIE. After more than a year of intensive
discussions, this task force has proposed the
creation of a new worldwide optics organization
that can meet the challenges, the needs, and the
opportunities of the future.  This proposed
organization has at present the temporary
working name of "UNO", a term which is
closely related to the concept of unity, or the
number one, but which at this point stands only
for "Un-Named Organization”.

The vision of the task force is that UNO
will be a unified, international, individual-
membership and member-governed organization
which will serve both as a single entry point into
the optics profession and as a continuing

professional home for workers in optical science,
optical engineering, and optical applications
throughout their careers. The basic purpose of
this organization will be to increase and diffuse
the knowledge of optics, and to serve the needs
of optics professionals and of the broader
community in optics on a worldwide basis.

As a fundamental part of the UNO
concept existing optics societies, specifically
SPIE and OSA at the start, will become "Member
Societies” within UNO. These member societies
will continue to operate with a great deal of
autonomy, preserving their names and
governance, their primary activities, and their
special cultures and values, but with their
products and services becoming equally available
to all members of UNO. At the same time all the
members of UNO can join together to carry out
unified volunteer activities in such areas as
educational and public policy or public service
programs. As time goes on other optics societies

-around the world, as well as small or newly

emerging scientific or technical communities
within optics, can find professional homes within
UNO, either as new Member Societies or
Technical Divisions within UNO, or as affiliated
organizations which remain independent but join
in collaborative agreements with UNO,
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High Power Femtosecond Fiber Laser and Wavelength Conversion

Makoto Yoshida, Martin Fermann, Almantus Galvanauskas, Yuzuru Uehara and Dan Harter

Abstract

(IMRA America., Inc)

We introduce novel techniques to improve the average power of femtosecond fiber laser and
wavelength conversion techniques. The high power femtosecond fiber laser includes the use of
single-model propagating mutimode fiber, uisng Yb as a gain material and parametric chirped pulse
amplifier. The wavelength conversion techniques inculde the use of Raman soliton fiber.
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Tunable blue-green Yb:YAG microchip laser and its application to optical memories

Jiro Saikawa*, Sunao Kurimura, Ichiro Shoji, and Takunori Taira
(Institute for Molecular Science)

Abstract

We developed an intracavity frequency-doubled Yb:YAG microchip laser which is a tunable light source around 515nm
region and applied to wavelength-multiplexed volume holograms. A laser cavity was designed considering thermal-lens
effect to obtain stable and highly efficient operation. As a resuilt, we obtained green output power of 520 mW and
tunability of 22 nm (Av-~22.4 THz). We demonstrated wavelength-multiplexed volume holographic storage by using the

all-solid-state tunable blue-green laser.

F—U—F:YhYAG. BERAELV—¥—, BRAEL V-, BRESEXLR. LINDO,
(Yb:YAG; tunable laser, blue-green laser, wavelength-multiplexed optical memory, LiNbO,}
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Difference Frequency Generation Using an Ali-Solid-State Rapid Tuned Laser

Norihito Saito™ " %, Satoshi Wada', and Hideo Tashiro" *
(‘RIKEN, *Science University of Tokyo)

Abstract

We have demonstrated mid-infrared difference frequency generation using dual-wavelength oscillation
of an electronically tuned all-solid-state Ti:sapphire laser. The rapid wavelength scanning from 6.0to 7.1 um,
from 6.8 to 8.6 pm, or from 8.5 to 11.3 um without crystal rotation was obtained at the phase-matching angle

of 8=46°,53°, or 58°, respectively,

F—7— F RN, BFSMTisapphire b — ¥ —, ZRRLRE
(Mid-infrared, Difference frequency generaion, Electronically tuned Ti:sapphire laser)
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Developement of waveguided laser on dye-doped plastic and its short pulse
generation

Yuji OKI, Takesi YOSHIURA and Mitsuo MAEDA

{(Kyushu University)

Abstract

Takayoshi MATSUQOKA
(Seiko Electric)

Efficient and compact laser was developed on a dye doped plastic waveguide. Two type of distributed feedback
(DFB) laser operation was demonstrated on a Rhodamine6G doped poly-methylmethacrylate waveguide. A laser
threshold of 30uJ was obtained. The shortpulse generation based on relaxation oscillation was also discussed.
The spiking output from the DFB short cavity laser and waveguided pulse compressor were proposed and demon-

strated.
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(dye laser, waveguided laser, distributed feedback, Rhodamine6G, poly-methylmethacrylate
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[X] 7: Setup to extract first spike
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[%] 8: Example of waveform of extracted first spike
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Experimental study on synchronization of chaos in microchip lasers

Atsushi Uchida, Masahiko Shinozuka, Takeshi Ogawa, and Fumihiko Kannari
(Keio University)

Abstract

We experimentally demonstrate synchronization of chaos generated in two Nd:YVO, microchip lasers
with master-slave coupling schemes. Synchronization is achieved when the optical frequencies of the master
and the slave lasers are matched under injection locking. We speculate that the principle of chaos
synchronization is simple amplification of chaotic oscillations of the master laser in the slave laser cavity
because the modulation parameters do not have to be matched between the master and the slave lasers. For
accurate synchronization in multi-mode lasers, the power ratio among longitudinal modes need to be matched,
which is more severe condition than that in single-mode lasers.

¥—U—F :HFREAY, BEBEE A>Tzl ayXrd KMV, f70F T L—Y <AY—2L—7
(synchronization of chaos, secure communication, injection locking, Nd:YVO, microchip laser, master-slave)
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Fig. 1 Idea of secure communication using chaos.
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Fig. 2 Experimental setup for chaos synchronization in two Nd:YVQ,
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and (¢}, (d) with synchronization in MS-1 with single-mode oscillations.
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Fig. 4 Experimentally obtained chaotic temporal waveforms and
correlation plots for the two Jaser outputs (), (b) withoul synchronization
and {c}, (d) with synchronization in MS-2 with single-mode oscillations.
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