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Strategic International Collaborative Research Program (SICORP)
Japan—Germany Joint Research Program
Executive Summary of Final Report

1. Project title : 'Mid-IR and near-IR laser source and optics for high-brightness EUV

radiation |

2. Research period : October 2020 — March 2024

3. Main participants :

Japan-side
Name Title Affiliation Role in the
research project
Pl Kaoru Project Institute for Project
Yamanouchi Professor Attosecond Facility, management and
The University of R&D of Mid-IR
Tokyo lasers
Co-PI Masakazu Professor Faculty of Science and | R&D of Mid-IR
Washio Engineering, Waseda lasers
University
Co-PI Muneo Sugiura Vice- Optical Products R&D of optics
Executive Division, TOKAI
Engineer OPTICAL CO., LTD.
Co-PI Atsushi Iwasaki Professor School of Science, R&D of Mid-IR
The University of lasers
Tokyo
Collaborator Reza Amani Project School of Science, R&D of Mid-IR
Associate The University of lasers
Professor Tokyo
Collaborator | Koichi Tamura Manager | Optical Products R&D of optics
Division, TOKAI
OPTICAL CO., LTD.
Collaborator | Yuji Kato Manager R&D Department, R&D of optics

TOKAI OPTICAL
HOLDINGS CO., LTD.

Total number of participants throughout the research period: 23

Partner-side
Name Title Affiliation Role in the
research project
Pl Jens Limpert Project Fraunhofer IOF Jena Project
Professor management and
R&D
Co-PlI Peter Senior Fraunhofer ILT Aachen | R&D Multipass Cell
Russbueldt Scientist and Post
Compression
Co-PlI Vinzenz Hilbert Senior Active Fiber Systems R&D High
Scientist Harmonic
Generation
Collaborator Tobias Scientist Fraunhofer IOF Jena R&D of Tm-Lasers
Heuermann
Collaborator Lucas Scientist Fraunhofer ILT Aachen | R&D Multipass Cell
Eisenbach and Post
Compression
Collaborator Philipp Scientist Fraunhofer IOF Jena R&D High
Gierschke Harmonic
Generation

Total number of participants throughout the research period: 16
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4. Summary of the international joint research

The three teams in Japan and the three teams in Germany worked together to develop
"ultrashort pulse laser sources in the mid-infrared wavelength region" as well as "mid-infrared
optical elements." During the project period, we held 13 international joint meetings and
realized mutual visits twice, a joint seminar in person, and a hybrid-type symposium,
establishing scientific cooperation between the Japanese and German teams. Through
information exchanges and scientific discussions, Yb-, Er-, and Tm-doped fiber laser systems
were developed at the University of Tokyo and Waseda University. On the German side, the
output of a high-power femtosecond Tm (thulium) fiber chirped-pulse amplification (CPA)
system was compressed using a multi-pass cell (MPC), achieving a pulse width of 20 fs, a
repetition rate of 100 kHz, and an output of 144 W. This Tm fiber-laser based CPA system
with the MPC compression incorporates mid-infrared multilayer mirrors designed and
manufactured by TOKAI OPTICAL of Japan. Thanks to the international collaborative
research, a high-power ultrashort-pulsed mid-infrared fiber laser was realized. In addition,
high-order harmonics in the soft X-ray region was generated using an apparatus developed
in the present project. The high-repetition-rate, high-power ultrashort-pulse mid-infrared laser
systems developed through this international collaborative research project provided a
guideline for the development of light sources necessary in the field of attosecond science.

5. Outcomes of the international joint research
5-1 Scientific outputs and implemented activities of the joint research

The three teams in Japan and the three teams in Germany worked together to develop
"ultrashort pulse laser sources in the mid-infrared wavelength region" as well as "mid-infrared
optical elements." The output of a high-brightness femtosecond Tm-doped fiber chirped-
pulse-amplification system was compressed using a multi-pass cell, achieving a pulse width
of 20 fs, a repetition rate of 100 kHz, and an output of 144 W. The results were reported in
Journal of Physics: Photonics. In addition, high-order harmonics in the soft X-ray region was
generated using an apparatus developed in the present project, demonstrating the possibility
of generating high-order harmonics in the soft X-ray region at high brightness.

5-2 Synergistic effects of the joint research

During the project period, 13 international joint meetings were held, with two mutual visits,
one face-to-face seminar, and one hybrid symposium, establishing close scientific
cooperation. Through information exchanges and scientific discussions, Yb-, Er-, and Tm-
doped fiber laser systems were developed at the University of Tokyo and Waseda University.
The Tm fiber-laser based CPA system with the MPC compression developed by the German
teams incorporates a mid-infrared multilayer mirror designed and manufactured by TOKAI
OPTICAL, showing that a high-power ultrashort-pulse mid-infrared fiber laser source was
realized thanks to this international collaborative research.

5-3 Scientific, industrial or societal impacts/effects of the outputs

The high-repetition-rate, high-power, ultrashort-pulse laser in the mid-infrared region
developed through this international joint research project provides a guide to the
development of light sources essential for research in the field of attosecond science In the
future, it is expected that the high-order harmonics will be used not only for measurements
in the time domain, but also as a light source for submicron-sized laser microfabrication. This
international research project also contributed to fostering young researchers under an
international research environment.

Based on the cooperative framework established by the SICORP-MIRROR project, both
Japan and Germany sides have agreed to develop the international joint research project to
the next stage. Discussions on specific research projects are already underway between ILT
and TOKAI OPTICAL. In addition, the Japanese side will continue research exchanges with
IOF, ILT, and AFS, and will consider collaboration with the attosecond laser light source
developments in the Q-Leap ATTO division and the Attosecond Laser Facility (ALFA).
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Meyer, Philipp Gierschke, Mathias Lenski, Muneo Sugiura, Koichi Tamura, Jens Limpert,
Constantin Hafner, “Highly efficient nonlinear compression of mJ pulses at 2 um wavelength
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1. Lucas Eisenbach, Tobias Heuermann, Ziyao Wang, Jan Schulte, Rudolf Meyer, Mathias
Lenski, Philipp Gierschke, Muneo Sugiura, Koichi Tamura, Peter Ru3buldt, Jens Limpert,
and Constantin Hafner, "High average power nonlinear post-compression at 1.9 im
wavelength employing a gas-filled multi-pass cell," CLEO/Europe-EQEC 2023, Munich, June
29 (2023).
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2. A. A. Eilanlou, Y. Yoshino, A. lwasaki, K. Yamanouchi [Invited], “Development of a

bidirectional Yb:KGW ring laser oscillator for application in dual-frequency-comb

spectroscopy,” International Symposium on Atomic, Molecular, and Optical Science 2022,

Department of Chemistry, School of Science, The University of Tokyo, Tokyo, Japan, March

28 (2022).

3. A. lwasaki [Invited], “Development of lasers for the next 5 years,” International Symposium

on Atomic, Molecular, and Optical Science 2022, Department of Chemistry, School of

Science, The University of Tokyo, Tokyo, Japan, March 28 (2022).

4. A. Amani Eilanlou, G. Ren, Q. Zheng, Y. lto, N. Sugita, and A. Iwasaki [Invited],

“Development of a high-average-power Erbium-Ytterbium-doped fiber laser system,”

International Symposium on Quantum Frontiers, Tokyo, Japan, April (2023).
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2. A. Amani Eilanlou, Y. Mizutani, A. lwasaki, M. Washio, and K. Yamanouchi, “Development
of a combiner-free high-average-power erbium-ytterbium-doped fiber laser for pumping Mid-
IR lasers,” Asia-Pacific Laser Symposium, Hakodate Japan, September 2023 (Poster).
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1. SICORP-MIRROR Symposium, “Mid-IR and near-IR laser sources and optics for high
brightness EUV radiation,” Kaoru Yamanouchi (Project Professor, Institute for Attosecond
Laser Science, The University of Tokyo) and Jens Limpert (Professor, Institute of Applied
Physics, Friedrich Schiller University Jena), 5th Floor Auditorium, Chemistry Main Building,
Hongo Campus, The University of Tokyo (Tokyo, Japan), March 19 (2024) [about 15
attendees].

2. The 1926th Zasshikai Seminar (Department Seminar of Department of Chemistry, School
of Science, The University of Tokyo), “High performance coherently combined ultrafast fiber
laser systems” by Jens Limpert (Professor, Institute of Applied Physics, Friedrich Schiller
University Jena), organized by Kaoru Yamanouchi (Project Professor, Institute for Attosecond
Laser Science, The University of Tokyo), 5th Floor Auditorium, Chemistry Main Building,
Hongo Campus, The University of Tokyo (Tokyo, Japan), March 19 (2024) [about 30
attendees].
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