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About the Ultrafast Optics conference

Since the first edition in Monterey, California, in 1997, Ultrafast Optics (UFO) has been a
dedicated forum for scientists and researchers to discuss the science and technology of ultra-
short laser pulses. UFO thrives thanks to the dedicated efforts of its general chairs, program
chairs, and local organizers, with guidance from an executive committee of past chairs. Its
intentionally small size (typically 150-200 attendees), single-session format, strong involvement
from exhibitors, inspiring locations, and engaging social activities all work together to create a
welcoming, interactive, and tightly connected international ultrafast optics community.

Over the years, UFO has journeyed across the globe, bringing together the international ultra-
fast optics community in a series of inspiring locations:

I: 1997 - Monterey, California, USA

IT: 1999 - Ascona, Switzerland

I1I: 2001 - Chateau Montebello, Quebec, Canada
IV: 2003 - Vienna, Austria

V: 2005 - Nara, Japan

VI: 2007 - Santa Fe, New Mexico, USA
VII: 2009 - Arcachon, France

VIII: 2011 - Monterey, California, USA
IX: 2013 - Davos, Switzerland

X: 2015 - Beijing, China

XI: 2017 - Jackson Hole, Wyoming, USA
XII: 2019 - Bol, Croatia

XIII: 2023 - Bariloche, Argentina

The 14th edition in the Azores provides a special opportunity to reconnect and share the latest
advances, as well as enjoy the breathtaking island landscapes while forging lasting collabora-
tions. We hope you take full advantage of the program, discussions, and unique environment
to learn about the latest advances in the field.
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Sao Miguel, the largest island in the Azores archipelago, is
often called “the Green Island” thanks to its lush landscapes,
volcanic lakes, and rolling pastures. Located in the middle of
the Atlantic Ocean, this island is a remarkable blend of natural
beauty, rich history, and vibrant culture. Measuring about 62
kilometers in length and 16 kilometers at its widest point, Sao
Miguel is home to nearly half of the Azorean population, with :
its capital, Ponta Delgada, serving as the main gateway to the archlpelago

What makes Sao Miguel so special is its unique volcanic origin, which has shaped both the
geography and the lifestyle of its inhabitants. The island boasts stunning calderas such as Sete
Cidades and Furnas, each home to emerald and sapphire-colored lakes nestled within steep
crater walls. Visitors are often captivated by the view from Vista do Rei, overlooking the twin
lakes of Sete Cidades, a scene that has become one of the most iconic images of the Azores.
In Furnas, volcanic activity is still very much alive, with bubbling hot springs, fumaroles, and
geysers scattered across the valley. Locals have turned this geothermal energy into tradition
by cooking the famous Cozido das Furnas, a hearty stew slow-cooked underground by volcanic
steam.

Nature lovers find Sao Miguel a paradise. The island is covered with endemic vegetation,
colorful hydrangeas lining country roads, and tea plantations that are unique in Europe. The
Gorreana and Porto Formoso tea estates have been producing black and green tea for over a
century, offering a glimpse into the island’s agricultural heritage. The climate, mild and humid
year-round, allows for an extraordinary variety of plant life, giving Sdo Miguel its characteristic
green appearance in every season.

K. —-— The coastline of Sao Miguel is equally impressive. Dramatic
; cliffs rise above the Atlantic, interspersed with natural pools,

sandy beaches, and fishing villages that still preserve their charm.
Surfers are drawn to Santa Barbara beach, while others enjoy
swimming in the warm, iron-rich waters of Caldeira Velha or re-
laxing in the oceanfront hot pools of Ferraria, naturally heated
by underwater volcanic vents. Whale watching is another high-
: light, as the waters around the island are one of the best places

in the world to spot both resident and migratory species, from playful dolphins to majestic

sperm and blue whales.

Beyond its natural wonders, Sao Miguel offers a rich cultural experience. The capital, Ponta
Delgada, combines modernity with tradition: cobblestone streets, whitewashed churches with
black basalt trim, and lively squares filled with cafés and restaurants. Throughout the year,
festivals bring the community together, with the Festas do Senhor Santo Cristo dos Milagres
being the largest religious celebration in the Azores. The local cuisine is another attraction,
featuring fresh seafood, locally grown pineapples, and the signature volcanic-cooked stew.

Sao Miguel is more than just a beautiful island—it is a place where nature and people live in
harmony, shaped by centuries of resilience and connection to the sea. Whether hiking along
crater rims, soaking in hot springs, tasting unique teas and wines, or simply enjoying the
hospitality of its people, visitors leave with the sense that Sao Miguel is both timeless and
alive.
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A word to our sponsors:

We would like to express our deepest gratitude to our sponsors for their invaluable support of
this year’s UFO conference. Their contributions have not only made this gathering possible,
but have also helped create an environment where scientists, students, and industry partners
can share their latest discoveries, spark new collaborations, and inspire future directions in the
field. The advancement of ultrafast science depends on strong partnerships between academia,
industry, and the wider community, and we are truly grateful to our sponsors for recognizing
the importance of investing in this endeavor. Their commitment ensures that we can continue
to celebrate innovation, nurture the next generation of researchers, and strengthen the global
ultrafast optics community.
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Anne L’Huillier, Lund University, Sweden
The world of atoms at the attosecond time scale

Abstract: Extreme Ultraviolet light sources based on high-order
harmonic generation in gases consist of extremely short light
bursts, in the 100-attosecond range, allowing for outstanding
temporal resolution. Attosecond pulses enable the study of
atoms in an entirely new way. It is now possible to measure
tiny time delays in photoionization, the phase change across a
resonance, or the quantum state of a photoelectron. This presen-
tation will outline some of the main steps of attosecond science,
from the sources to the applications.

About the speaker: Anne L’Huillier is a Swedish/French re-
searcher in attosecond science. She started her career at the
Commissariat & I'Energie Atomique, in Saclay, France, as a PhD student until 1986, then as
a permanent researcher until 1995. She moved to Lund University, Sweden, and became full
professor there in 1997. Her research is focused on high-order harmonic generation in gases
and its applications, particularly in attosecond science. She was awarded the Nobel Prize in
Physics 2023 with Pierre Agostini and Ferenc Krausz “for experimental methods that generate
attosecond pulses of light for the study of electron dynamics in matter”.

Sponsored by Light Conversion.
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Matthias Kling, SLAC, Stanford University, USA
Breaking Boundaries: Next-Generation Ultrafast Lasers for Transformative Research

Abstract: Ultrafast laser technology is fundamental to break-
throughs in scientific research, enabling applications that range
from probing fundamental atomic processes at the attosecond
scale to generating and manipulating bright particle beams.
However, many established laser systems are approaching their
performance limits, highlighting the need for innovative ap-
proaches to enhance capabilities in intensity, wavelength diver-
sity, and high average power. This presentation will outline re-
cent advancements in both table-top and free-electron laser sys-
tems and emphasize the required architectures, components, and
techniques critical for driving transformative discoveries across

various scientific disciplines.

About the speaker: Matthias Kling is a leading expert in ultrafast science, serving as Professor
of Photon Science and Applied Physics (by courtesy) at Stanford University and Director of
the Science and R&D Division at the Linac Coherent Light Source (LCLS) at SLAC National
Accelerator Laboratory. With a background spanning physics, laser physics, and physical
chemistry, he earned degrees from the Universities of Gottingen and Jena before completing
postdoctoral research at UC Berkeley and AMOLF in Amsterdam. From 2007 to 2021, he led
a research group within the Laboratory of Attosecond Physics at the Max Planck Institute of
Quantum Optics and held faculty positions at Kansas State University and the University of
Munich. Since joining SLAC and Stanford in 2021, he has been shaping the scientific program
at LCLS, advancing cutting-edge research in ultrafast dynamics. Matthias also chaired the 2023
Basic Research Needs Workshop on Laser Technology, contributing to the strategic direction
of the field.

Sponsored by Thorlabs.
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Invited Speakers

Benjamin Wetzel, XLIM Research Institute - Photonics Department, Limoges, France
Birgitta Bernhardt, Technische Universitat Graz, Austria

Carmen Menoni, Colorado State University, USA

Caterina Vozzi, Politecnico di Milano, Italy

Charles Durfee, Colorado School of Mines, USA

Clara Saraceno, Ruhr Universitdt Bochum, Germany

Christopher Barty, Lumitron/University of California Irvine, USA

Cristina Hernandez-Gomez, Central Laser Facility, STFC, UK

Darko Zibar, Danish Technical University, Copenhagen, Denmark

Derryck T. Reid, Heriot-Watt University, Edinburgh, UK

Jens Biegert, ICFO, Spain

Jinping Yao, Shanghai Institute of Optics and Fine Mechanics, Shanghai, China
John Travers, Heriot-Watt University, Edinburgh, UK

Laura Sinclair, NIST, University of Colorado, USA

Lucia Caspani, Universita degli Studi dell’Insubria, Italy

Marc Hanna, Institut d’Optique, Palaiseau, France

Maria Chernysheva, Leibniz Institute of Photonics Technology, Jena, Germany
Ming-Chang Chen, National Tsing Hua University, Taiwan

Pieter Nethling, University of Stellenbosch, South Africa

Regina Gumenyuk, Tampere University, Finland

Tamas Nagy, Max-Born Institute, Berlin, Germany

Zsuzsanna Heiner, Humboldt University, Berlin, Germany
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Schedule
SUNDAY OCTOBER 5TH
18:00 - 20:30 RECEPTION
MONDAY OCTOBER 6TH

Session

M1: Novel methods for generating and manipulating

ultrashort pulses
Chair: Bruno Schmidt

INVITED M1.1: John C Travers

LEEls = (s Advances in soliton-driven light sources and their characterisation
INVITED M1.2: Zsuzsanna Heiner
09:45 - 10:15 High-repetition-rate 1-pm pumped mid-IR OPAs for interface-specific
spectroscopy
10:15 - 10-30 ORAL M1.3: Daniel Walke
’ ’ A 52 W few-cycle OPCPA for soft X-ray generation
ORAL M1.4: Nikoleta Kotsina
10:30 - 10:45 Terawatt-scale optical attosecond pulses and 30 GW-scale
far-ultraviolet pulses through extreme soliton dynamics
10:45 - 11:15 COFFEE BREAK

Session

M2: Spectral broadening and pulse compression 1

Chair: Anne-Lise Viotti

INVITED M2.5: Marc Hanna

1115 = 1149 Multipass cells: multimode behavior and soliton self-frequency shift
ORAL M2.6: Jonas Manz
11:45 - 12:00 10 mJ Compression in Gas-Filled and Bulk-Based Multipass Cells of a

kHz Thin-Disk Laser

10
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12:00 - 12:15

ORAL M2.7: Victor Koltalo
Yb-based multi-pass cell post-compression scheme reaching 0.6 TW
limited by quasi-phase-matched four-wave mixing

12:15 - 12:30

ORAL M2.8: Peer Biesterfeld
Towards a New HHG Driver Laser Platform: Post-Compression of
Q-Switched Lasers in Multi-Pass Cells

12:30 - 12:45

ORAL M2.9: Ana Silva
High-energy, blue shifted 100x spectral broadening from strong
space-time focusing in a dispersion-managed hybrid multi-pass cell

12:45 - 14:15

Session

LUNCH + POSTER SESSION 1

Ma3: Frequency-combs and carrier envelope phase control

Chair: Ursula Keller

INVITED M3.10: Derry T. Reid

sl ey New technologies for visible to infrared astrocombs
ORAL M3.11: Muhammad Thariq
14:45 - 15:00 How to Generate XUV Frequency Combs Without Enhancement
Resonators?
ORAL M3.12: Eric Cormier
15:00 - 15:15 Generation of sub 100 fs femtosecond pulses with tunable repetition
rates up to 1 THz at 1030 nm
ORAL M3.13: Giinter Steinmeyer
15:15 - 15:30 Gauging Vacuum Fluctuations: Rogue Wave Emergence in Optical
Parametric Generation
15:30 - 15:45 ORAL M3.14: Li Zheng
R Efficient SHG from a Low-noise GHz Yb:CYA femtosecond oscillator
15:45 - 16:15 COFFEE BREAK

11
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M4: Ultrafast Mid-infrared and Terahertz sources

S Chair: Clara Saraceno
16:15 - 16:45 INVITED M4.15: Maria Chernysheva
e Advances and challenges of mid-infrared ultrafast all-fibre lasers
16:45 - 17-00 ORAL M4.17: Nadia Berndt
’ ’ Integrated terahertz generation with high spectral brightness
ORAL M4.18: Caroline Juliano
17:00 - 17:15 High-power, few-cycle, short-wave infrared source for high-flux, soft
X-ray generation at 200 kHz repetition rate
17-15 - 17:30 ORAL M4.19: Ugaitz Elu
B High-energy self-CEP-stable seeder for a 2.2 pm OPCPA
TUESDAY OCTOBER 7TH
PLENARY TALK 1: Matthias Kling
08:45 - 09:45 Breaking Boundaries: Next-Generation Ultrafast Lasers for
Transformative Research

Tul: Ultrafast spectroscopy and quantum photonics

S Chair: Glinter Steinmeyer
INVITED Tul.1: Lucia Caspani

09:45 - 10:15 Enhanced Entangled Second Harmonic Generation Beyond the

Photon Pairs Regime

INVITED Tul.2: Jinping Yao
10:15 - 10:45 Air Lasing: from strong-field molecular physics to ultrafast
spectroscopy

10:45 - 11:15 COFFEE BREAK

12
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Session

Tu2: Spectral broadening and pulse compression 11

Chair: Benjamin Alonso

11:15 - 11:45

INVITED Tu2.3: Tamas Nagy
Full characterization of tunable few-fs vacuum ultraviolet pulses

11:45 - 12:00

ORAL Tu2.4: Uwe Griebner
Bulk self-compression of millijoule 5 pm pulses to 37 fs in the
spatio-temporal soliton regime

12:00 - 12:15

ORAL Tu2.5: Boldizsar Kassai
525-MW peak power, 100-kHz, sub-100 femtosecond Holmium laser at
2.1 pm

12:15 - 12:30

ORAL Tu2.6: Rajaram Shrestha
Generation of 1.5-cycle optical pulses with 60 pJ energy at 3.2 pm.

12:30 - 12:45

ORAL Tu2.7: Christian Brahms
Ytterbium-laser-driven resonant dispersive emission generating
wavelength-tuneable few-femtosecond far-ultraviolet pulses

12:45 - 14:00

Session

LUNCH + POSTER DISPLAY 1

Tu3: High repetition rate sources and dual comb techniques

Chair: Derryck T. Reid

14:00 - 14:30

INVITED Tu3.8: Birgitta Bernhardt
UV/VIS Frequency Combs for Novel Applications in Dual Comb
Spectroscopy

14:30 - 14:45

ORAL Tu3.9: Carolin P. Bauer
Ultrafast 1-GHz dual-comb optical parametric oscillator from a single
cavity

14:45 - 15:00

ORAL Tu3.10: Jiayang Chen
Dual-comb Fiber Laser with Dual-phase-biased Nonlinear Amplifying
Loop Mirror

15:00 - 15:15

ORAL Tu3.11: Benjamin Willenberg
Dual-comb modelocked Er:Yb:glass oscillator at 500 MHz

15:15 - 15:30

ORAL Tu3.12: Mykyta Redkin
Single-Cavity Free-Running Kerr-Lens Mode-Locked Dual-Comb Laser
at 2.1 pm

13
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ORAL Tu3.13: Andrea Monzani
15:30 - 15:45 Generation of burst of pulses at 3 pm with widely tunable multi GHz
repetition rate
15:45 - 16:15 COFFEE BREAK

Session

Tu4: Ultrafast applications: novel methods and technology I

Chair: Sterling Backus

INVITED Tu4.14: J. Biegert

HEERD = Haes Attosecond technology deciphering a chemical reaction
ORAL Tu4.15: Samuel Sahel-Schackis
16:45 - 17:00 Multi-Modal X-ray Probing of Catalytic Activity in Photo-driven
Nanosystems
ORAL Tu4.16: Daniel Santiago Penagos Molina
17:00 - 17:15 Angstrom-scale surface metrology enabled by a compact
milliwatt-class HHG source
17-15 - 17-30 ORAL Tu4.17: Peter Dombi
B Ultrafast Field Sampling Reveals Sub-Cycle Absorption
ORAL Tu4.18: Martin Kozak
S Ultrafast valleytronics in bulk crystals
17-45 - 18:00 ORAL Tu4.19: M:?ltteo Clgr1c1 .
Quantum-enhanced THz time-domain sensing
18:00 - 18:30 DRINKS AND APERITIF
18:30 - 20:30 INDUSTRY SESSION

14
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WEDNESDAY OCTOBER 8TH

W1: Spatio-temporal manipulation and ultrashort pulse

Session characterization
Chair: Inigo Sola

INVITED W1.1: Charles G. Durfee
09:00 - 09:30 Spatio-temporal control and characterization for ultrafast nonlinear
interactions

ORAL W1.2: Daniel Diaz Rivas
09:30 - 09:45 Spatially-dependent group delay dispersion from a grating and its
application for single-shot d-scan

ORAL W1.3: Joleik Nordmann

Uikes = LU0 Generation and characterisation of TW-scale sub-fs optical pulses

ORAL W1.4: Stefan Bock
10:00 - 10:15 Advanced Laser Pulse Metrology through 2D Self-Referenced Spectral
Interferometry

ORAL W1.5: Benjamin Alonso

10:15 - 10:30 Visible and NIR optical vortices measured in space-time with BLASHI

ORAL W1.6: Klaus Steiniger
10:30 - 10:45 Analytically describing and analyzing spatio-temporal couplings in
focusing laser pulses

10:45 - 11:15 COFFEE BREAK + PICTURE

W2: Machine learning and artificial intelligence for ultrafast

Session optics
Chair: Geory Genty

INVITED W2.7: Darko Zibar
11:15 - 11:45 Advancing the next generation of photonic measurement systems
using machine learning

INVITED W2.8: Benjamin Wetzel
11:45 - 12:15 Machine learning for the control of ultrafast nonlinear spectral
broadening processes

15
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12:15 - 12:30 ORAL W2.9: Utsa Chattopadhyay
T Al-Driven Design of Ultra-Broadband Dispersive Mirrors
ORAL W2.10: Francesco Corazza
12:30 - 12:45 High Harmonic Generation driven Extreme Ultraviolet 0-th order
Scatterometry for Nanostructure Characterization
12:45 - 14:00 LUNCH + POSTER SESSION 2

Session

W3: Methods for shaping and measuring ultrashort pulses

Chair: Tamas Nagy

14:00 - 14:30

INVITED W3.11: Pieter H Neethling
i2PIE for broadband pulse measurement and compression

14:30 - 14:45

ORAL W3.12: Eric Cormier
PI-FROSt to reveal driving mechanisms in harmonic generation from
solid-state media

14:45 - 15:00

ORAL W3.13: Arno Klenke
Detection of pulse-duration fluctuations and drifts with attosecond
precision

15:00 - 15:15

ORAL W3.14: Haim Suchowski
Shaping Exciton Polarization Dynamics in 2D Semiconductors by
Tailored Ultrafast Pulses

15:15 - 15:30

ORAL W3.15: Chen Guo
Single-Shot Carrier-Envelope Phase Measurement at 586 kHz Using
Optical Fourier-Transform Interferometry

15:30 - 15:45

ORAL W3.16: Miguel Miranda
d-scan ultrashort pulse characterization implemented with a 4-f pulse
stretcher /compressor

15:45 - 16:15

COFFEE BREAK

16
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Session

W4: Ultrahigh peak-power laser systems and related

technologies
Chair: Charles Durfee

INVITED W4.17: Cristina Hernandez-Gomez

16:15 - 16:45 Progress on the commissioning of 10 Hz Petawatt beamline at the
Extreme Photonics Applications Centre
ORAL W4.18: Samy Ferhat
16:45 - 17:00 Picosecond contrast improvement for PW class lasers based on
modified stretcher design
1700 - 17-15 ORAL W4.19: Jan Heye Buss
’ ’ Advancing Short-Pulse Laser Drivers for Fusion Applications
INVITED W4.20: Carmen S. Menoni
17:15 - 17:45 Multilayer dielectric coatings for ultrahigh intensity lasers and their
challenges to achieve long term operation without damage
17-45 - 18:00 ORAL W4.21: Adeline Kabacinski
B Toward 100Hz Joule class ultra-short pulses TiSa laser
ORAL W4.22: Roland S. Nagymihaly
18:00 - 18:15 Towards a sub-10 fs hybrid frontend with >10'* temporal contrast for
high intensity lasers
THURSDAY OCTOBER 9TH
08:45 - 09:45 PLENARY TALK 2: Anne L "Huillier

Session

The world of atoms at the attosecond time scale

Thl: Attosecond science and pulse generation I

Chair: Emma Springate

INVITED Thl.1: Caterina Vozzi

(B B Innovative Microfluidic Sources for XUV and Soft-X Ray Generation
ORAL Thl1.2: Robert Klas
10:15 - 10:30 Intrinsic Limits to Achieving Application-Relevant Soft X-ray Flux in

High Harmonic Generation

17
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ORAL Th1.3: Antoine Cavagna
10:30 - 10:45 Continuous Relativistic High-Harmonic Generation from a Liquid-Leaf
Plasma Mirror at kHz Repetition Rate

10:45 - 11:15 COFFEE BREAK

Th2: Attosecond science and pulse generation II

Session : . ,
Chair: Rodrigo Lopez-Martens

INVITED Th2.4: Ming-Chang Chen
11:15 - 11:45 Bright Isolated Attosecond Pulses from Post-Compressed Yb Laser
Filaments

ORAL Th2.5: Melvin Redon
11:45 - 12:00 Low-Divergence Harmonic Generation with Hollow Gaussian Beams
for Compact, High-Intensity Attosecond Sources

ORAL Th2.6: Rodrigo Martin-Hernandez
12:00 - 12:15 Synthesis of isolated attosecond extreme-ultraviolet spatiotemporal
optical vortices via high-order harmonic generation

ORAL Th2.7: Rafael De Queiroz Garcia
12:15 - 12:30 On-demand isolated attosecond pulses: the optimal in-situ and in
silico tailored waveforms

ORAL Th2.8: Lauren Drescher

Ll - LR All-attosecond transient reflection spectroscopy
ORAL Th2.9: Marta Arias Velasco
12:45 - 13:00 Sub-20-fs UV Pump — XUV Probe Beamline for Ultrafast Molecular
Spectroscopy
13:00 - 14:00 LUNCH + POSTER DISPLAY 2
14:00 - 18:30 1B

Whale and Dolphin Watching Tour — Vila Franca do Campo, Azores

18



UltrafastOptics

UFO XIVe Schedule

19:30 - 22:30

CONFERENCE BANQUET

FRIDAY

Session

OCTOBER 10TH

F1: High average power ultrafast lasers, Coherent beam

combining
Chair: Thomas Metzger

09:00 - 09:30

INVITED F1.1: Regina Gumenyuk
Compact yet mighty: tapered double-clad amplifiers for picosecond
pulses

09:30 - 09:45

ORAL F1.2: Tobias Witting
44 W, 100 kHz, 2.5-cycle pulses from a flat-top pumped OPCPA

09:45 - 10:00

ORAL F1.3: Maksym Ivanov
Pulse compression of 300W, 12mJ with 83% transmission in
hollow-core fiber

10:00 - 10:15

ORAL F1.4: Lauren Cooper
Tailored Ultrashort Pulse Bursts in a Gain-Managed Nonlinear Fiber
Amplifier for Coherent 50fs Pulse Stacking at mJ Energies

10:15 - 10:30

ORAL F1.5: Sergei Tomilov
Energy Scaling of Kerr-Lens Modelocked Ho:YAG Thin-Disk
Oscillators to the Microjoule Level

10:30 - 10:45

ORAL F1.6: Zhiyi Wei
High Power Kilohertz Thin Disk Amplifier with 600mJ Pulse Energy
Developed for OPCPA

10:45 - 11:15

COFFEE BREAK

19
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F2: Ultrafast applications: novel methods and technology II

Sesion Chair: Jan Rothhardt
11:15 - 11:45 INVITED F2.7: Clara Saraceno
e High average power Terahertz time-domain systems
ORAL F2.8: Malte Schroeder
11:45 - 12:00 Extended Length Femtosecond Laser Filamentation via High
Repetition Rate Effects
12:00 - 12:15 ORAL F2.9: Hollie Wright
YT Two-Photon Dual-Comb LiDAR Imaging
12:15 - 12:30 ORAL F2.10: Yuk Shan Cheng
T Offset tunable 650-1050 nm astrocomb
12:30 - 14:00 LUNCH + STEERING COMMITTEE MEETING
o F3: Ultrafast applications: novel methods and technology III
Session . . .
Chair: Caterina Vozzi
ORAL F3.11: Jeffrey Moses
14:00 - 14:15 A Simple, Multi-Channel Architecture for 10-fs Spectroscopy Covering
Visible to Mid-IR
14:15 - 14:30 ORAL F3.12: Margarita Khokhlova
B Chiral optical tweezers — efficient enantioseparation of molecules
ORAL F3.13: Leona Licht
14:30 - 14:45 HHG-Based Lensless Imaging: Unique Insights into Material and Life
Sciences
ORAL F3.14: Kevin Murzyn
14:45 - 15:00 Ultrafast Imaging Below the Diffraction Limit with High Harmonic
Deactivation Microscopy
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Abstract
We will provide a perspective on the latest advances in soliton-driven light sources, their characterisation,
their applications, and their future direction. Highlights include high-energy few-cycle pulses across the
far ultraviolet, field-resolved measurements of optical attosecond pulses at the terawatt scale, miniaturised
sources with compact pump lasers, and a plethora of application demonstrations.

Harnessing optical soliton dynamics in gas-filled hollow-core fibres has enabled a new class of ultrafast light source [1].
The two foundational techniques are the generation of optical attosecond pulses through soliton-effect self-compression,
and the generation of few-cycle pulses tuneable across the vacuum, deep ultraviolet, and visible, through resonant
dispersive-wave emission from solitons. Over the last decade, both of these techniques have been significantly advanced,
with major milestones including the demonstration of soliton dynamics at high energy in hollow capillaries [2, 3], the
characterisation of sub-3 fs pulses across the ultraviolet and visible [4, 5, 6, 7, 8, 9], field-resolved measurements of self-
compressed optical attosecond pulses [7, 8, 10], and a range of applications in ultrafast spectroscopy and photoelectron
imaging [11, 12, 13, 14, 15]. It is noticeable that many of these advances occurred in just the last few years.

While soliton-driven light-sources can already address several of the most pressing technology gaps in ultrafast
science—chief among them extreme (few-cycle or better) temporal resolution across the vacuum ultraviolet, visible
and near-infrared spectral region—there remain multiple important challenges. First, characterising and modelling
such extreme pulse durations is difficult, and we will present a new approach to frequency-resolved optical gating pulse
retrieval that helps with this, along with tests of the accuracy of our modelling tools. Second, the majority of work so
far has been with simple polarisation states (linear, circular), while more exotic states are interesting for wide-ranging
applications [16]. Third, the use of soliton-driven light sources to drive secondary sources of radiation is a developing
area, enabled by a new regime of high peak power RDW emission in the ultraviolet [8] and visible [17]. Fourth, raising
the repetition-rate, and moving to more industrialised ytterbium-laser architectures, are key to maximising usability
and applications [18, 19]. Fifth, routes to even shorter ultraviolet pulses are being explored [20]. Finally, shrinking
soliton-driven light sources to a much more compact form-factor, will enable applications outside of ultrafast laser
laboratories [21]. We will provide a perspective on all of these directions.

References

(1] J. C. Travers, Opt. Commun. 555, 130191 (2024).

[2] J. C. Travers et al., Nat. Photonics 13, 547-554 (2019).

[3] C. Brahms et al., Phys. Rev. Res. 2, 043037 (2020).

[4] C. Brahms et al., Opt. Lett. 44, 731-734 (2019).

[5] M. Reduzzi et al., Opt. Express 31, 26854-26864 (2023).

6] J. R. C. Andrade et al., ArXiv:2411.11769 (2024).

[7] A. M. Heinzerling et al., Nat. Photonics 19, 772-777 (2025).
[

7
8] N. Kotsina et al., “Terawatt-scale optical attosecond pulses and 30 GW-scale far-ultraviolet pulses through extreme soliton
dynamics,” Ultrafast Opt. XIV (2025).

9] K. A. Larsen et al., Opt. Lett. 50 4962-4965 (2025).
[10] J. Nordmann, et al., “Generation and characterisation of TW-scale sub-fs optical pulses,” Ultrafast Opt. XIV (2025).
[11] H. Bromberger et al., Appl. Phys. Lett. 107, 091101 (2015).
[12] N. Kotsina et al., The J. Phys. Chem. Lett. 10, 715-720 (2019).
[13] N. Kotsina et al., Chem. Sci. 13, 9586-9594 (2022).
[14] J. P. Lee et al., Optica 11, 1320-1323 (2024).
[15] C. Brahms et al., Nat. Commun. 16, 3714 (2025).
[16] M. Heynck et al. “Generation of multi-octave millijoule-level radial vector beams,” Ultrafast Opt. XIV (2025).
[17] M. Gebhardt et al. “Generation of multi-GW, sub-10 fs tuneable visible pulses,” Ultrafast Opt. XIV (2025).

[18] C. Brahms et al. “Ytterbium-laser-driven resonant dispersive emission generating wavelength-tuneable few-femtosecond
far-ultraviolet pulses,” Ultrafast Opt. XIV (2025).

[19] L. Silletti et al., APL Photonics 10, 070801 (2025).
[20] M. F. Galdn et al. “Tunable sub-2 fs ultraviolet pulse generation,” Ultrafast Opt. XIV (2025).
[21] M. Sabbah et al., Optica 12, 728-731 (2025).

23

INVITED M1.1



UFO XIV Azores 2025

High-repetition-rate 1-um pumped mid-IR
OPA:s for interface-specific spectroscopy

Zsuzsanna Heiner,“2* Valentin Petrov® and Mark Mero®

1Department of Chemistry, Humboldt-Universitit zu Berlin, Brook-Taylor-Str. 2, 12489 Berlin, Germany

2School of Analytical Sciences Adlershof (SALSA), Humboldt-Universitit zu Berlin, Albert-Einstein-Str. 5-9, 12489
Berlin, Germany

3Max-Born-Institut, Max-Born-Strale 2 A, 12489 Berlin, Germany

“zsuzsanna.heiner@hu-berlin.de

Abstract

We demonstrate efficient broadband mid-infrared generation using wide-bandgap sulfur-based crystals in
supercontinuum-seeded few-cycle OPAs, achieving pJ-level output up to 13 pm. Building on this, we
present the first MHz-repetition-rate broadband VSFG spectrometer, enabling ultrafast, interface-sensitive
microscopy of 2D and hybrid materials with unprecedented sensitivity, resolution, and spectral coverage.

Results and Discussion

Many fundamental processes in chemistry and biology are governed by interactions at surfaces and interfaces.
Vibrational sum-frequency generation (VSFG) spectroscopy is a powerful, non-invasive, and intrinsically surface-
specific technique that provides direct insight into interfacial molecular structure and dynamics. Conventional
broadband VSFG systems, however, are limited by spectral resolution, acquisition speed, and inefficient mid-
infrared pulse generation, restricting their use in real-time or in situ studies of complex interfaces and
macromolecular assemblies. Recent advances in nonlinear optical materials now allow highly efficient generation
of broadband, few-cycle mid-infrared pulses in the molecular fingerprint region. Wide-bandgap sulfur-based
crystals such as LiGaS,, BaGasSy, and CdxHg1-xGa,S4 combine superior transparency and damage thresholds with
scalability, enabling stable, high-energy sources beyond 6 um. Using supercontinuum-seeded few-cycle OPAs
pumped by a 100-kHz Yb laser, we directly compared these crystals, demonstrating pJ-level MIR output, few-
cycle pulse durations, and overall efficiencies far surpassing cascaded OPA/DFG schemes (Fig. 1a). The generated
MIR output covers the important molecular fingerprint region up to 13 um (Fig. 1b), with high quantum efficiency
in a compact configuration [1,2]. Building on these advances, we now report the construction of the first MHz-
repetition-rate broadband VSFG spectrometer, delivering ultrabroadband mid-infrared spectra across the
fingerprint region (Fig. 1c). Designed for interface-sensitive microscopy, this system addresses the demands of
ultrafast studies in 2D and hybrid materials, including electron transfer at surfaces and interfaces. Its compact
design, broad spectral coverage, and high repetition rate provide powerful new opportunities for probing interfacial
chemistry and structure with unprecedented temporal and molecular resolution.
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Figure 1: Comparison of photon conversion efficiencies (a) and spectral tunability (b) of sulfur crystal-based 100-
kHz OPAs. (c) Mid-infrared spectrum from the 1.33 MHz OPA driving the VSFG spectrometer.
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Abstract

We present a high-average-power (52 W), few-cycle, CEP stable, short-wave infrared (2.1 um central
wavelength) optical parametric chirped pulse amplifier. This system is applied to generate soft x-rays in
helium, resulting in a low-divergence broadband soft x-ray emission extending beyond 600 eV.

The latest generation of kW-class, picosecond pulse duration lasers are ideal pump sources for optical parametric
chirped pulse amplifiers (OPCPA). In combination, these technologies offer a route to ultrashort (i.e. few-optical-
cycle), carrier-envelope-phase (CEP) stable pulses at high average power levels in the short-wave infrared (SWIR,
~1.4 -3.0 um) spectral region. Although highly desirable as drivers for soft x-ray (SXR, ~0.1 — 1 keV) generation,
there are only a handful of reports of such high-average power SWIR-OPCPAs. [1,2]

We have developed a high-average-power (52 W in the amplified signal), CEP stable, SWIR-OPCPA generating
pulses of 20 fs duration [3]. In the first tests, the pulses were focused to an intensity of ~7 x 10** W/cm? in a high-
pressure helium gas cell, yielding a low-divergence (< 2 mrad half-angle) broadband SXR emission extending
beyond 600 eV. The on-target SWIR power of 45 W represents the highest average-power SXR driver to date.
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Figure 1: Spatial, spectral and temporal characterization of the OPCPA output: (a) beam profile before
focusing. b) M? measurement (c) spectrum and spectral phase (d) temporal profile.

The OPCPA pump source is 465 W from a Yb:YAG thin-disk amplifier that outputs 1.03 um, 850 fs pulses at
52.6 kHz repetition rate. The OPCPA is split into two parts; a commercial ‘front-end” OPCPA, that incorporates
an acousto-optic programmable dispersive filter, and a high-power ‘booster’ OPCPA. In the high-power booster,
100 pJ, passively CEP stable (160 mrad rms, single-shot) SWIR pulses are amplified to ~ 1 mJ in two OPCPA
stages based on lithium niobate (LN), which was chosen for its high parametric figure of merit, broadband phase-
matching and transparency at 2.1 pm. This architecture supports high quantum efficiencies of 30% and 25% in the
first and second stage respectively. Mitigating potentially deleterious processes induced by the high peak
intensities and average powers of the pump and signal beams was crucial in achieving optimal on-target beam
characteristics (see Fig. 1). An M? < 1.3 in both axes was determined with a scanning slit profiler (Fig. 1b). After
compression in bulk IR-fused silica, the temporal profile and spectral phase was measured with self-referenced
spectral interferometry (Fig. 1¢ & d)). The pulse-to-pulse energy fluctuations were measured to be ~ 1%.

Current work focuses on the amplified-pulse CEP stability (presently ~ 600 mrad rms, single-shot) and
optimization of the SXR yield. Given its state-of-the-art performance, this system will empower further growth of
laser-based sources as key tools for element-specific interrogations of ultrafast electronic-structure dynamics.
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Abstract

We describe the XSOL (Extreme Soliton) beamline designed to up-scale soliton dynamics, delivering new
drivers for strong-field physics. We have generated and characterised terawatt-scale sub-femtosecond self-
compressed pulses and sub-3 fs deep ultraviolet pulses with greater than 170 pJ energy through resonant
dispersive-wave emission. Tunability to 140 nm has been achieved.

Optical soliton dynamics in gas-filled hollow capillaries enable extreme pulse self-compression in the visible-infrared
region and efficient, tuneable, few-femtosecond pulse generation in the deep and vacuum ultraviolet (DUV/VUV)
through resonant dispersive-wave emission (RDW) [1]. This technique is scalable in peak power and energy by
adjusting the fibre core size and length. The first demonstration achieved 40 GW peak power, 1.2 fs self-compressed
pulses, and tuneable DUV /VUV generation with tens of pJ energy. Similar experiments have shown that few-pJ DUV
RDW pulses can have a sub-3 fs pulse duration [2]. Here we describe our new XSOL (Extreme Soliton) beamline that
has been designed to up-scale soliton dynamics, delivering a more than ten-fold peak power and energy upgrade.

We utilise three stretched capillary fibres (4.7 m long, 530 pm core diameter) as illustrated in Fig. 1(a). The first two
stages pre-compress 40 fs input pulses through spectral broadening and phase compensation with chirped mirrors to
obtain 5.5fs, ~ 3mJ pulses with the option for pre-pulse contrast enhancement. The third stage is for the soliton
dynamics. The input and output of all three fibre stages are maintained in large vacuum chambers to avoid free-space
nonlinearity and ionisation, and to manage the low-divergence high-fluence beams emerging from larger core fibres.
The helium gas used in all three stages is injected by side ports along the fibre length.

We have achieved self-compression to 0.77 fs (envelope full-width at half-maximum), multi-mJ pulses, corresponding
to terrawatt-class peak power (Fig. 1(b)), characterised using an in-vacuum TIPTOE setup. Driving RDW emission
yields tuneable deep-ultraviolet pulses with energy exceeding 170 nJ. We measured a DUV pulse duration shorter
than 3 fs with an in-vacuum TG-FROG—Fig. 1(c). These DUV pulses exceed the 30 GW peak power level. Extended
tuneability down to 140nm (Fig. 1(d)) has also been obtained, with full vacuum-ultraviolet energy and temporal
characterisation in progress. Our next goal is to utilise these extreme pulses for strong-field physics experiments.
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Figure 1: (a) Experimental setup used for extreme soliton dynamics. (b) Measured sub-femtosecond TW-
scale pulse. (c) Measured sub-3 fs RDW at 240 nm. (d) Pressure-tuned VUV generation.
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Abstract

In a first part, we describe how higher-order Laguerre-Gaussian modes and multimode beams propagate in
nonlinear multipass cells, and how this could be used to scale the energy of post-compression setups. In a
second part, an experimental effort aiming at observing soliton self-frequency shift inside a multipass cell
is reported.

Multipass cells (MPCs) have become an important platform to implement subsystems based on nonlinear optics
in recent years, particularly for temporal compression of femtosecond pulses. In this contribution, we will describe
some recent development on the physics of nonlinear MPCs.

In a first part [1], we describe the propagation of higher-order Laguerre-Gaussian modes in MPCs, and how the
presence of nonlinearity induces or not energy coupling between the modes. Our findings indicate that single
higher-order modes are stable upon nonlinear propagation, which could provide an interesting avenue to scale the
energy of compression setups while keeping the size of these setups reasonable.

In a second part [2], we report on an experiment that combines negative dispersion mirrors and propagation in a
molecular gas to observe soliton self-frequency shift for the first time in a MPC. Using 130 pJ 24 fs pulses at a
central wavelength of 1030 nm at the input of a nitrogen-filled MPC, we demonstrate the generation of Fourier
transform-limited pulses with a central wavelength around 1100 nm and peak power up to 0.5 GW.

i - Source
: Tangor . ' Compress
oo UM [T Ar-filled MPC

HWP

&

Sphere
Photon
D-scan

Figure 1: Experimental setup for the soliton self-frequency shift experiment.
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Abstract

We present spectral broadening experiments for 10 mJ, 50 W pulses of a Yb-doped thin-disk amplifier
using a gas- and bulk-based multipass cell setup. Compressability to sub-40 fs and sub-50 fs pulse duration
is shown for the gaseous and solid approach, respectively.

Experimental description

To overcome the bandwidth limitation of Yb-doped amplifiers [1], gas-filled multipass cells (MPC) have prevailed
in the last years for high energy and average power nonlinear pulse compression systems [2]. However, their
energy scaling is constrained by the need for longer cell lengths to prevent gas ionization and mirror damage.
Replacing the nonlinear medium to bulk material positioned away from the focus allows for a shorter cell length,
since ionization can be neglected. Here we demonstrate the efficient generation of sub-50 fs pulses inside a gas-
filled MPC and a bulk-based MPC. Reaching up to 10 mJ, this is the highest pulse energy achieved in a bulk-based
MPC confirming the potential of the latter approach for increasing peak power in a compact setup.

We use a commercial DIRA 1000-5 from TRUMPF Scientific Lasers as a seed. This 200-mJ thin-disk amplifier
system delivers 1 kW of average power with sub-500 fs pulse duration and M2 value < 1.2 [1]. In these experiments
we limit the output to 10 mJ and 50 W. First, we implement a state-of-the-art gas-filled MPC with a mirror
separation distance of ~2 m. The pulses are spectrally broadened using argon along the 25 passes inside the MPC.
The output pulses are attenuated to ~8% of the pulse energy and temporally compressed to ~34 fs after 11 bounces
on chirped mirrors with -250 fs2 group delay dispersion (GDD) each. The post compression reaches an overall
optical efficiency of 97% while preserving the beam quality M2 < 1.3. The setup (Fig. 1a) is then slightly modified
by placing thin fused silica plates as nonlinear media in front of the MPC mirrors and operating the chamber in
vacuum. Given that the nonlinear interaction per pass is limited in bulk media when compared to gas, a double
pass configuration is implemented to achieve comparable broadening [3,4]. The beam is reflected from an end
mirror back through the MPC under a small angle. On its return, the beam is picked off by a scraper mirror and
coupled out. In this configuration, a total of 106 passes through 0.8 mm thick fused silica plates are achieved. The
output pulses are attenuated and temporally compressed to 49.5 fs (Fig. 1b), using 24 reflections on chirped mirrors
introducing a total GDD of -6000 fs2. The nonlinear pulse compression scheme exhibits an optical efficiency of
83.5% with a minimally deteriorated beam quality of M2 < 1.5. In a next step we aim to reduce the footprint of our
200 mJ MPC (Herz 200) and demonstrate pulse energy scaling in a bulk-based MPC to 200 mJ.
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Fig. 1: (a) Schematic of the bulk-based nonlinear pulse compression setup. (b) Temporal and spectral analysis of the
compressed output pulses using a second-harmonic frequency resolved optical gating (SH-FROG).
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Abstract

We show the implementation of a 4 m-long multi-pass cell (MPC) that increases the peak power of a
kHz Ytterbium (Yb) laser up to 0.6 TW (21 fs, 15.9 mJ). We experimentally show that the main factor
limiting post-compression down to shorter pulses is quasi-phase-matched four-wave mixing.

Main Text

There is currently a strong push towards Yb-based lasers, as they are more compact, deliver higher average power
and exhibit much higher wall-plug efficiency than the conventional Ti:Sa systems, making experimental value chains
more efficient and sustainable. To compensate for the long pulse duration from such lasers, we designed a MPC [I]
post-compression setup tailored to a 18.1 mJ, 350 fs commercial Yb-based laser system (MAGMA 25, Amplitude),
operating at 1 kHz repetition rate, in order to achieve compression around 20 fs with more than 15 mJ output energy.
The 4 m-long MPC is implemented using a classical Herriott pattern with a total of 30 passes through 310 mbar of
argon (Fig. 1 a)), leading to a transmission above 97 %. The pulses are compressed at full energy under vacuum using
a dispersive mirror compressor, which allows a compression down to 21 fs (measured using TIPTOE) (Fig. 1 b)) and
a spectral bandwidth of 150 nm (Fig. 1 ¢)). The total transmission of the setup is 88%, leading to a usable energy
of 15.9 mJ and a peak power of 0.6 TW. The push towards larger spectral broadening factors is limited by quasi-
phase-matched four-wave mixing (FWM), as shown theoretically in [2]. We measured the spectra of FWM-induced
idler and signal through leaks of the MPC end mirrors (Fig. 1 d)), showing that FWM appears alongside a decrease
in MPC transmission (Fig. 1 e)).
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Figure 1: a) Experimental setup (CM = Chirped mirrors). b) Reconstructed pulse and FTL. ¢) Measured
and retrieved spectra (solid lines), reconstructed spectral phase (dashed line). d) Spectral content leaked
through the MPC mirror at P = 330 mbar. e) Transmission of the MPC as a function of the argon pressure.
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Abstract

We demonstrate post-compression of 0.5ns pulses to 24ps in a bulk-rod multi-pass cell. This novel
approach overcomes limitations of previous post-compression approaches in the nanosecond region,
representing a very promising method for reaching the parameter regime of mode-locked lasers using
compact Q-switched laser sources.

The generation of high peak power laser pulses is essential to drive non-linear processes in numerous applications
e.g. high-harmonic generation (HHG) [1]. The application of Q-switched laser technology, which provides a
compact, robust and cost-effective setup, is appealing. However achievable peak powers are limited by their typical
pulse durations in the pico- to nanosecond-region. SPM-based compression in multi-pass cells (MPCs) has
emerged as a standard method in the pico- to femtosecond regime in recent years [2]. In this work, we demonstrate
the adaptation of MPC technology to Q-switched lasers, showing the potential to obtain the required peak powers.
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Figure 1: Schematic of the experimental setup (a). Autocorrelation measurements of the MPC input and
the compressed output pulses, compared to simulation results (b).

For our experiments, we employ a Q-switched laser source and a Herriot-type MPC using a 10cm fused silica (FS)
rod as non-linear medium. The pulses are spectrally broadened via 62 passes in the FS-rod, compressed in a
transmission grating compressor and then characterized in an autocorrelator, resulting in a temporal compression
factor of 20 (Fig. 1(b)). Based on the experimental results, we investigate the scalability of the concept using
simulations and show the potential to achieve temporal compression factors up to two orders of magnitude. With
this, we believe that the method shows great potential to achieve high peak power radiation using Q-switched
lasers. In particular, we envision our technology to enable Q-switched lasers to be used as direct drivers for HHG
sources.
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Abstract

We demonstrate the generation of high-energy, blue shifted broadband spectra with 800-1100 nm via
strong space-time focusing in a dispersion-managed hybrid multi-pass cell (MPC) pumped by 450 fs pulses
at 1030 nm. This source and spectra show promise as seed for petawatt laser systems.

Ultra-high-power petawatt lasers are unique tools for exploring extreme states of matter, advancing particle
acceleration, and probing fundamental physics at unprecedented energy densities [1]. Systems targeting 20 PW
peak power with sub-30 fs pulse durations are currently under development, relying on broadband amplification
of low-energy seed pulses with spectra carefully matched to the amplifying medium. Such seed pulses are typically
generated either by broadband laser oscillators at nanojoule energies, or via supercontinuum generation of
relatively narrowband laser amplifier pulses with microjoule energies. Both approaches require further broadband
amplification— typically via multiple laser-pumped optical parametric amplification (OPA) stages — to reach the
millijoule-level. An interesting alternative is the direct spectral broadening of millijoule-level pulses from
femtosecond laser amplifiers, where the multi-pass cell (MPC) technique stands out for its versatility and
performance [2]. Very recently, high-energy 35 fs pulses from a Ti:Sapphire laser amplifier at 800 nm were
compressed down to 3.8 fs in a 3-meter-long gas-filled MPC [3]. Recently, a hybrid MPC employing a fused silica
plate has enabled compressing mJ-level Yb laser pulses from 220 fs down to 27 fs from a compact system
operating in ambient air [4]. Here, we demonstrate the direct generation of mJ-level broadband spectra extending
from 800 to 1100 nm — a region of particular interest for high-energy OPA in DKDP crystals — starting from 3-
nm-wide, 450-fs pulses from an YD laser (s-pulse, Amplitude), by using a novel dispersion-managed hybrid MPC,
based on the design in [4], and where custom broadband chirped mirrors (Ultrafast Innovations GmbH) enable
overcompensating the material dispersion to experimentally achieve strong space-time focusing [5] within an MPC
for the first time. This regime is characterized by a pronounced blue shift, which is due to self-steepening and not
plasma formation, enabling efficient energy transfer from the pump laser to the bandwidth of interest.

MPC Output Spectrum

——Input 0.35m1 Smm 70 p 0.5ml 5mm 46

Figure 1: Spectra from the dispersion-managed hybrid MPC.
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Abstract

A time programmable frequency comb provides enables user-defined control of the pulse output time and
phase of an optical frequency comb. Here, I will present how this control enables precision time transfer to
support future quantum sensor networks.

The optical frequency comb has enabled a wide range of frequency, time and distance metrology applications due
to its precise, rigid, and referenced optical output. In addition, frequency combs’ inherent connection of the optical
and microwave domains removed the need for cumbersome frequency chains. However, the very rigidity which
makes the frequency comb an excellent time-frequency ruler places limits on its applicability for comb-based
sensing applications with many operating far from quantum-limited sensitivity. Both comb-based ranging or time
transfer rely on the detection of an incoming optical comb pulse train from a distant location. These incoming comb
pulse trains may be weak and amplification is costly — operation close to the quantum limit would dramatically
increase the scope of what is possible in terms of range, SWaP (size, weight and power), and link loss.

Here, I will present our development of a quantum-limited approach to optical time transfer that relies upon a time
programmable frequency comb to break the inherent trade-offs which result from the rigid operation of a traditional
comb. These programmable combs have a pulse time and phase which can be digitally controlled with +2-
attosecond accuracy allowing for their use as an optical tracking oscillator [1,2]. Using frequency combs as optical
tracking oscillators to reach the quantum limit for optical time transfer, we have been able to demonstrate sub-
femtosecond time transfer across a 300-km terrestrial free-space link with greater than 100 dB of loss, a factor of
10,000 times lower received power threshold than previous frequency-comb-based approaches [2]. T will show
results from this 300-km demonstration as well as more recent work connecting optical atomic clocks across open
air paths including an all-optical three-node iodine clock network spanning 14-km of air.
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Abstract
We have performed high harmonic generation of a frequency comb without enhancement resonators. This
is achieved by reducing the repetition rate to 40 kHz using an AOM-based pulse-picking scheme and a
low noise solid-state amplifier. This method simplifies the laser system and enables easier accessibility
for extreme ultraviolet frequency metrology.

The frequency comb is an indispensable tool for performing precision spectroscopy due to its ability to directly measure
the frequency (not wavelength) of a specific laser tuned to a particular atomic transition. Though frequency combs are
common in the visible and NIR regimes, extending this to the extreme ultraviolet regime is expected to be an exciting
extension of this tool. An extreme ultraviolet (XUV) frequency comb allows precision spectroscopy for fundamental
physics, optical clocks, and laser cooling to be extended into the XUV regime. This includes the spectroscopy of highly
charged ions, the recently measured nuclear excitation of 22°™Th, and our planned experiment on the spectroscopy of
the He™ 1S-2S transition for testing quantum electrodynamics [1, 2].

Historically, the generation of XUV lasers has been a daunting task, requiring either particle accelerators or high
harmonic generation (HHG) techniques with peak intensities on the order of 10'® — 10'® W/cm?. In particular,
generating XUV frequency combs at a repetition rate exceeding 10 MHz involves cavity-enhanced high harmonic
generation (CE-HHG). Our current implementation consists of amplifying the average power to 400 W before feeding
the laser to an enhancement resonator, where an average circulating power approaching 10 kW is used to generate
gas-based HHG [2]. Considering this is a frequency comb, the comb structure must be maintained at high average
powers, ensuring low phase noise to prevent carrier collapse during HHG [2]. The use of enhancement resonators (and
high-power lasers in general) requires additional complexity and special measures to protect the optical components
from the rigors of high-power lasers.

We have generated high harmonics with solid-state HHG using an average power of less than 10 W without an
enhancement resonator, significantly simplifying the laser system. This is achieved by reducing the repetition rate by
three orders of magnitude to 40 kHz while maintaining sufficient peak power for HHG [3]. The technique relies on
pulse picking using an acousto-optic modulator (AOM) that selects pulses at specific intervals, effectively reducing
the repetition rate. The dense comb structure resulting from the low repetition rate is not an issue when addressing
ultra-narrow spectroscopic transitions; otherwise, it can be resolved via dual-comb spectroscopy.

The laser system uses a Kerr-lens mode-locked Yb:KYW oscillator (1030 nm, 40 MHz). After pulse picking with an
AOM, which reduces the repetition rate to 40 kHz, the pulses are amplified by diode-pumped Yb:LuAG amplifiers
to 10 pJ. The pulses are further compressed to 35 fs using two stages of Multi-Pass Cell Spectral Broadening [4].
The frequency comb structure is maintained by stabilizing one comb mode to an ultra-stable CW laser at 1033
nm. Solid-state HHG is achieved using MgO, generating odd harmonics from the amplified infrared frequency comb.
Further XUV comb characterization, such as beam profiling and beat note measurements in the extreme ultraviolet,
is currently underway.

This work offers a tantalizing prospect: XUV frequency combs with significantly reduced complexity and average
power, making it more accessible and fostering exciting opportunities for exploration across disciplines.
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Abstract

We report on the generation of bursts of sub 100 fs pulses at tunable repetition rates ranging from 300 GHz
up to 1 THz at a wavelength of 1030 nm. The repetition rates i.e. the comb free spectral range is stabilized
with a feedback loop.

Ultrafast pulses are commonly generated with mode-locked oscillators. Depending on the cavity optical length,
the repetition rates typically range from a few tens of MHz to 250 MHz and exceptionally up to 1 or even 10 GHz.
However, recent applications such as astronomical spectrograph calibration or novel laser processing request
repetition rates above 10 GHz. Such a set of parameters is routinely achieved by means of electro-optical
modulation of a CW laser. Although theoretically extendable to very high frequencies, actual components set a
practical limit of this approach to 30 GHz. Here, we propose an alternative road to reach the generation of ultrashort
pulses at tunable repetition rates ranging from several hundreds of GHz up to 1 THz. It is based on nonlinear
compression of an initial optical beat signal through multiple four-wave mixing processes in the anomalous
chromatic dispersion region of an optical fiber. Recent studies have linked this compression process to Akhmediev
Breathers, a periodic analytical solution to the nonlinear Schrodinger equation [1], which is of significant interest
due to its connection with modulation instability, supercontinuum generation and rogue waves [2,3]. To date, the
experimental studies have been limited to pulses with a duration of few hundred of femtosecond at wavelengths
above 1300 nm where standard optical fibers exhibit anomalous chromatic dispersion.
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Fig. 1: Typical spectra at 500 and 800 GHz (a,b). Corresponding autocorrelation traces (c,d). Pulse duration as a function of the
repetition rate (e).

In this work, we demonstrate the ability to achieve pulse durations shorter than 100 fs (> 60 fs) around 1030
nm using an all Polarization Maintaining (PM) fibered system and only a few meters of commercially available
PM photonic crystal fiber (PM-PCF) with zero dispersion wavelength around 930 nm. The system emits pulse
trains (bursts) of 1 ns (1000 pulses at 1 THz repetition rate) at a burst repetition rate of 1 MHz. The repetition rate
can be continuously adjusted and actively stabilized between 300 GHz and 1 THz. Such a compact seed laser can
directly be amplified in high-power Yb-doped fibers up to 10s to 100s W for scientific or industrial applications.

[1]N. Akhmediev and V. 1. Korneev, "Modulation instability and periodic solutions of the nonlinear Schrodinger equation," Theor. Math.
Phys. 69, 1089 (1986).

[2] B. Kibler, J. Fatome, C. Finot, G. Millot, F. Dias et al., "The Peregrine soliton in nonlinear fibre optics," Nature Physics 6, 790-795
(2010).

[3]7J. Dudley, , F. Dias, M., Erkintalo, et al., "Instabilities, breathers and rogue waves in optics," Nature Photonics 8, 755 (2014).
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Abstract

Using real-time measurement techniques for recording spectra and spectral interferograms, we measure the
statistical distributions of timing jitter, carrier-envelope phase, spectral shifts, and pulse energies of an
optical parametric generator. The latter exhibit the emergence of rogue events as has been predicted for
short-crested ocean waves.

Optical rogue waves have been first reported for Raman-shifted solitons in supercontinuum generation [1]. In this
scenario, the extreme red tails clearly exhibit extreme-value statistics, i.e., with much larger events than anticipated
from Gaussian statistics. However, at the same time, the energy of these rogue waves is much smaller than the
total pulse energy in the supercontinuum. Here we present the emergence of rogue waves from an optical
parametric generator (OPG), i.e., vacuum seeded parametric amplification in a PPLN crystal, pumped by a 1030
nm fiber laser at 53 MHz repetition rate. The output of the OPG is characterized by dispersive Fourier transform
(DFT) and dispersive temporal interferometry (DTI), which provides the complete statistics of pulse energy
fluctuations, timing jitter, Schawlow-Townes noise and carrier-envelope phase fluctuations at 53 MHz sampling
rate. Analyzing the measured 26,500 individual DFT spectra, one can extract the significant wave height (SWH)
from the average of the largest third of the waves. According to the established definition in oceanography, rogue
waves exceeds the SWH by a factor >2. Our measured data set contains exactly one such rogue event, which is
shown in Fig. la.
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Pulse energy fluctuations follow Poisson statistics with effective photon number 7 close to zero, see Fig. 1b. The
measured distribution exhibits a heavy tail, with extreme energies exceeding the average pulse energies by a factor
~5. Quite remarkably, the histogram of OPG pulse energies in Fig. 1b appears identical to the predicted
distributions of the surface slope in the short-crest limit of ocean waves [2]. CEP noise [Fig. 1c] is univariate in
[0,2=[, which further confirms the quantum noise nature of the seed mechanism. Wavelength variations follow
skewed statistics with a heavy wing on the anti-Stokes side [Fig. 1d]. Timing jitter distributions [Fig. 1e], in
contrast, bear large resemblance with the heavily leptokurtic probability distributions of the direction of surface
gradients in oceanography. Considering that the calculations in [2] for short-crested waves are classically
throughout, this close agreement with vacuum-seeded parametric amplifiers appears truly remarkable. Coherent
seeding at the few-photon level then allows studying the transition to long-crested waves, which exhibit perfect
Gaussian statistics.

[1] D.R. Solli, C. Ropers, P. Koonath, and B. Jalali, “Optical Rogue Waves,” Nature 450, 1054-1057 (2007).
[2] M.S. Longuet-Higgins, “The statistical analysis of a Random, Moving Surface,” Phil. Trans. Roy. Soc. London A
249, 321-387 (1957).
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Abstract

We present a low-noise Kerr-lens modelocking Yb:CY A oscillator providing 8.2 W average power with a
pulse duration of 108 fs at a repetition rate of 1.08 GHz. The second harmonic generation with average
power of 4.5 W from the GHz oscillator is demonstrated, corresponding a frequency doubling efficiency
of 56%.

GHz-repetition-rate femtosecond lasers play an important role in precision spectroscopy, biomedical microscopy
and ablation-cooled materials processing. Throught the development of GHz femtosecond laser, the near-infrared
(NIR) laser has played a dominate role. However, green lasers with GHz repetition rate are usually difficult to
generate from oscillators directly. Second harmonic generation (SHG) via cascading a 1-um GHz femtosecond
oscillator is a simple method, the key is that the fundamental frequency femtosecond laser has a high peak power.

Here, we report on a high-power and low-noise Kerr-lens modelocking (KLM) Yb:CYA oscillator providing
8.2 W average power with a pulse duration of 108 fs at a repetition rate of 1.08 GHz (Fig. 1(a)(b)(c)). The oscillator
exhibits low noise characteristics and excellent stability, the free-running integrated timing jitter is 155 fs in the
span from 1 kHz and 1 MHz and the measured root mean square (RMS) of power fluctuation is 0.15% over
eighteen hours in the laboratory environment, as shown in Fig. 1(d) and Fig. 1(e). By cascading a 5-mm-long LBO
crystal, second harmonic is generated with over 4.5 W of average power at 519 nm when the incident fundamental
frequency laser is 8.08 W, which corresponds a high conversion efficiency of 56% even if the pump intensity is
only 4.3 GW/cm? [1]. The measured optical spectra and power conversion curves of the green laser are shown in
Fig. 1(f)(g). It also shows good power stability, as shown in Fig. 1(h).
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Figure 1: Modelocking diagnostics of the GHz oscillator and the second harmonic generation.

In conclusion, we have demonstrated an efficient SHG from a homemade GHz KLM Yb:CYA oscillator. The
high-power GHz-class green laser could serve as an ideal pump for optical parametric oscillators (OPOs), capable
of generating wavelength-tunable femtosecond pulses around 650-1350 nm for biomedical microscopy [2].
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Abstract

While only a few mid-IR laser technologies have matured beyond 2.5 um, fibre lasers are rapidly emerging as a
compelling platform for high-brightness sources, opening new possibilities for a wide application range. This talk
focuses on the properties and design potential of ultrafast fluoride-based fibre lasers and outlines future
development directions.

Main Text

Harnessing a mid-IR wavelength range has become an urgent challenge as it can enable the accurate detection of
molecular vibrational modes in biological tissues, lying, for example, at around 3 pm (C-H, N-H, O-H stretches).
Thus, since the 2000s, Mid-IR light sources and sensors have become an object for extensive research and
industrial interest, also triggered by high demand for greenhouse gases and pollutants monitoring, optical
frequency standards for global positioning systems and optical clocks, free space and fibre optic communications,
LIDAR systems, medical diagnostics and surgery. A few mid-IR laser technologies have reached maturity, such
as optical parametric oscillators, bulk Cr/Fe-doped solid-state lasers, sources employing nonlinear effects, such as
supercontinuum generation or soliton-self-frequency shift, and quantum cascade lasers (QCLs). Fibre-based laser
systems present a more promising platform compared to QCLs due to their high stability, cost-effectiveness, and
flexibility in output parameters. Unfortunately, the silica fibre technology is not a remedy for all photonics
applications and demonstrates strong attenuation beyond 2.5 pm.

Unique soft-glass materials have to replace silica fibres to expand beneficial fibre optics platforms towards the
Mid-IR wavelength range[1,2]. Recent works of the research community have demonstrated great success in the
first fluoride and chalcogenide fibre-based ultrafast laser systems operating beyond 2.8 um[3]. Still, currently
deployed systems rely on free-space coupling from bulk laser components into an active fibre[4,5]. This approach
drastically limits the possibilities of manipulating the dynamics of ultrashort pulses. The translation to transparency
in Mid-IR soft glass materials does not call for a straightforward engineering solution, yet brings forth immersing
fundamental and methodological gaps due to drastically different material, thermal and chemical properties.

The talk will discuss the choice of gain media with an operational wavelength range across 2.8 — 5 um of rare earth
elements, chemical, optical and mechanical properties of soft glass fibres, followed by the development of efficient
novel fibre arrangements and laser components. Overall, the talk will provide a promising outlook for the
exploration of laser generation regimes and flexible fibre laser designs, significantly surpassing the performance
of QCLs.
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Abstract

We present a novel approach for generating multicycle terahertz (THz) pulses using a nonlinear slab
waveguide, optimized for on-chip THz spectroscopy and signal processing. Our method produces
spectrally bright THz pulses with more than 20 cycles, each with a peak amplitude surpassing 10 kV/cm.

While most existing terahertz (THz) sources are configured to yield free-space propagating THz fields, the “THz
polaritonics” platform enables THz generation, interaction, and detection entirely within a compact, solid-state
waveguide.[1] Within this platform, THz pulses are typically broadband and single-cycle. However, achieving
spectrally bright THz fields is crucial for selectively targeting specific excitations or signal processing frequencies,
enhancing both the precision and sensitivity of the technique. It has been theoretically proposed [2] and
experimentally demonstrated [3] that velocity-matching a femtosecond optical pulse at 800 nm to a THz
waveguide mode via the lateral excitation method shown in Fig. 1a, leads to the buildup of multicycle THz fields
within the waveguide. In the previous works the optical pump pulse was short in duration compared to a single
lobe of the THz field. Therefore, during the co-propagation of the optical pulse and the multicycle THz pulse that
it generates, each THz field lobe only gets pumped for a short propagation length, severely limiting the THz
generation efficiency and the resulting THz spectral amplitude. We build on the previous methods through the use
of an intensity modulated optical pulse (Fig. 1b), which is produced by a sequence of pairs of partial and high
reflectors. Due to the modulated optical pulse, each THz lobe can be continuously pumped as it propagates
resulting in higher THz generation efficiency. Using a modulated optical pulse with 0.8 mJ energy, THz fields
with >20 cycles and up to 30 kV/cm peak fields are generated, as shown in Fig. 1c. Spectral full-width-half-
maxima of 36 GHz (12% of peak central frequency) are achieved (Fig. 1d). This method also allows for frequency
tuning by adjusting the waveguide dispersion through changing the waveguide thickness or by introducing metallic
or dielectric boundaries. Already at this modest pump power, THz fields generated in the waveguides have similar
spectral brightness to our free-space propagating THz fields generated by tilted pulse front in LiNbO3 using 6 mJ
laser pulses. Therefore, this method offers significant potential for on-chip THz spectroscopy and signal
processing.
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Figure 1: (a) Multicycle THz field generation by velocity-matching an 800 nm pump pulse with co-propagating THz
field in a nonlinear slab waveguide. (b) Intensity modulated optical pulse used for THz generation. (¢) Measured THz
electric field inside the waveguide and (d) corresponding frequency spectrum.
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Abstract
We present a 200 kHz, high average power, ytterbium-based optical parametric chirped pulse amplification
system delivering CEP-stable, few-cycle pulses around 2 pm with an anticipated average power of 50 W.
The source is designed to drive a pump-probe beamline with high-flux, soft X-ray attosecond pulses.

Advances in laser technology have enabled the development of tabletop soft X-ray (SXR) radiation via high-order
harmonic generation (HHG), driven by mid- and short-wave infrared (SWIR) sources [l, 2, 3]. However, the HHG
conversion efficiency scales unfavorably with longer driving wavelengths, limiting the SXR flux [4]. To address this, we
present the development of a high-power SWIR, driver designed to generate high-flux SXR reaching the water window
via HHG in gases. The system, presented in Fig.1(a), is based on optical parametric chirped pulse amplification
(OPCPA), centered at 2pm and operating at 200 kHz repetition rate. The front-end relies on an Ytterbium (Yb)
CPA laser, including an Yb:YAG thin-disk multipass amplifier, delivering 1 ps-long pulses at 1030 nm and 500 W
of average power, while preserving a high beam quality (M? <1.2). A part of the 1030 nm is used for both white-
light generation in a YAG crystal and second harmonic generation (SHG), the latter pumping the white-light in
a noncollinear optical parametric amplification (NOPA) stage. Difference frequency generation (DFG) between the
resulting amplified visible spectrum and another fraction of the 1030 nm yields passively CEP-stable idler pulses with a
broadband SWIR spectrum (1.6-2.6 um) supporting a Fourier transform limit of ~15fs. The CEP can be manipulated
by a piezo-driven delay stage in the 1030 nm arm. The SWIR pulses are then amplified in three consecutive NOPA
stages, targeting 250 nJ of pulse energy. In the current development phase, the first stage is realized and delivers
15nJ of pulse energy using 40 W of pump. Compression to the few-cycle regime is achieved using a combination of
bulk materials with positive and negative dispersion (zinc sulfide and Al>Os, respectively), along with chirped mirrors
for third-order dispersion management. Pulse characterization via third-harmonic generation (THG) dispersion scan
(d-scan) in a thin Al,Ogz plate shows a retrieved pulse duration of 21 fs after the first stage, as shown in Fig.1(b).
The shot-to-shot CEP stability is evaluated using nonlinear interferometry techniques, similar as in [5]. A high-flux
SXR beamline is currently being designed for attosecond pump-probe photoelectron spectroscopy in the gas phase.
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Figure 1: (a) SWIR OPCPA layout (b) THG d-scan trace and retrieved pulse intensity profile
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Abstract

We present a novel front-end for self-CEP-stable 2.2 um OPCPA driven by Yb lasers. Gas-filled ARPCFs
broaden the narrowband pulses, which are then compressed with chirped mirrors followed by intra-pulse-
DFG. This design provides robustness and high energy seeding for contrast-improved OPCPA, crucial for
plasma physics, wakefield acceleration, and attosecond physics.

Main Text

Over the past decade, significant advancements in attosecond science [1,2] have enabled in-house, time-resolved
Soft-X-ray spectroscopy for condensed matter physics [3]. To advance bright tabletop Soft-X-ray beamlines, the
ultrafast optics community has explored various pulse broadening and compression techniques to generate carrier-
envelope phase (CEP)-stable infrared pulses directly from narrowband high-energy lasers [4,5].

Here, we present a groundbreaking compact scheme for generating self-CEP-stable 2.2 um pulses using a Dira
200 Thin Disc laser from TRUMPF Laser GmbH. The front-end system, with a footprint of 1.2 m x 0.5 m,
incorporates pulse compression from 650 fs to 9 fs at 1 um utilizing a gas-filled antiresonant reflection photonic
crystal fiber (ARR-PCF), followed by self-CEP-stable, 100 nJ, 2.2 um pulse generation in BiBO via intra-pulse-
DFG, and amplification to microjoule energy levels in an OPA stage. While BiBO produces self-CEP-stable 2.2
pm pulses, BBO combines intra-pulse-DFG and DFG between the fundamental and its second harmonic (Fig. 1c).
We anticipate that this methodology will be instrumental in developing robust self-CEP-stable front-end systems
for high-energy tabletop infrared OPCPA setups, ultimately enabling next-generation attosecond experiments and
advancing the field of ultrafast X-ray science.
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Figure 1: Intra-pulse-DFG diagram. (a) Measured spectrum of the passively CEP-stable 2.2 um pulses. (b) Intra-
pulse-DFG sketch. (c) Polar plot of the intra-pulse-DFG signal in BiBO (green dots) and mixture between DFG and
intra-pulse-DFG signals in BBO (blue dots), as a function of input polarization, measured rotating the achromatic
half-wave plate. (d) Measured broadband 1030 nm spectrum.
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Abstract

We report quantum-enhanced second harmonic generation driven by parametric down-conversion, with
efficiencies surpassing those of classical light beyond the photon-pair regime. Experiments confirm a
persistent quantum advantage up to ~10 photons per mode, extending nonlinear quantum enhancement
toward practical applications.

Entangled photons from parametric down-conversion (PDC) can enhance nonlinear processes such as second
harmonic generation (SHG) and two-photon absorption (TPA) compared to classical light [1]. Previous
demonstrations, for both SHG [2] and TPA [3], focused on the photon-pair regime, with less than one photon per
mode, where signals remain weak, casting doubts on the usefulness of this enhancement [4]. In our work, we
investigate SHG stimulated by broadband, strongly multimode PDC light, with more than ten thousand
spatiotemporal modes. We benchmark the results against SHG driven by a classical source matched in energy and
spatiotemporal properties. The comparison reveals a robust quantum advantage persisting up to excitation levels
of about ten photons per mode (see Fig. 1)—nearly an order of magnitude beyond the quantum-classical boundary
commonly assumed so far [5].

Our findings extend the regime where quantum enhancement can be observed, showing that efficient two-photon
interactions can be realized even at intensities far above the photon-pair limit. This not only addresses ongoing
questions about the origin and robustness of quantum-driven nonlinearities, but also establishes their potential for
practical applications in areas such as imaging, sensing, and quantum photonic technologies.
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Figure 1: SHG photons per pulse generated by the quantum source (PDC, blue dots) compared to the classical case
(standard laser, red squares). The prediction from the theoretical model (solid curves) [6] match well the experiment.
The quantum-driven SHG signal outperforms the classical case up to 9.5 PDC photon per mode (purple line).
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Abstract

Air lasing, as a novel ultrafast phenomenon, has attracted considerable interests in recent years. Here, we
report on enhancement of N.* lasing induced by the synergistic interplay between tunnel ionization and
multiphoton resonances, and show basic principle and applications of air-lasing-based coherent Raman
spectroscopy.

Air lasing has unveiled new frontiers in strong-field physics by challenging conventional understanding of
molecular ionization and excited-state dynamics. Besides, the unique characteristics of air lasing (e.g., high
brightness, narrow bandwidth, good directionality) enable it to serve as a probe source for coherent Raman
spectroscopy (CRS), opening exciting perspectives in remote sensing. In this talk, we will report our recent
progresses in air lasing, including manipulation and enhancement of air lasing, as well as the applications of air-
lasing-based coherent Raman spectroscopy in gas sensing, isotopic analysis and temperature measurement.

Firstly, we demonstrate a significant enhancement in multiphoton excitation efficiency when tunneling
ionization of neutral molecules and resonant excitation of ions coexist in strong laser fields [1]. It facilitates the
population inversion in Ng*, resulting in strong N»* lasing radiation around 1000 nm pump wavelength. Our study
reveals that the high-efficient photoexcitation is the result of synergistic interplay between tunneling ionization
and photoexcitation. The ionization injection at the peaks of the oscillating electric field induces ionic dipoles
periodically and endows them with an optimal phase for photoexcitation. At the 1000 nm pump wavelength, the
resonance of the pump laser with strong-field-dressed ionic states enables the optimal buildup of ionic coherence
due to phase locking and constructive interference of dipoles born at different moments. Therefore, compared with
the individual contribution of ionization or multiphoton resonance, the ionic excited-state population is increased
by nearly one order of magnitude when two effects coexist. This work provides new insights into the
photoexcitation mechanism of ions in strong laser fields and opens up a route for optimizing air lasing radiation.

We also developed coherent Raman spectroscopic technique using air lasing [2,3]. Air-lasing-based Raman
spectroscopy shows the advantages of easy implementation and high sensitivity as well as capability for
multicomponent detection. Taking advantage of this spectroscopy, we have realized high-sensitivity detection of
greenhouse gases [2] and quantitative detection of 2CO, and **CO; [4]. In addition, a single-beam, single-shot
coherent Raman thermometry has also been demonstrated by using air lasing [5], which provides an advanced tool
for combustion diagnostics in harsh scenarios. Recently, we proposed a cascaded amplification strategy of NI
lasing, yielding the highest output energy of air lasing reported to date [6]. The cascaded scheme allows us to
develop a high-sensitivity, single-beam coherent Raman spectroscopy, which enables simultaneous detection of
multiple species and exhibits high sensitivity at the parts-per-million level.

These studies not only deepen our understanding of strong-field molecular physics in non-equilibrium quantum
systems, but also promote the development of ultrafast spectroscopy.
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Abstract

We fully characterize above-pJ, sub-3-fs pulses tuned across the vacuum ultraviolet generated by resonant
dispersive-wave emission in a stretched capillary. We use the electron-FROG technique for the pulse
measurement and for exploring electron dynamics in small molecules, such as ethylene.

The study of ultrafast valence electron dynamics in many atoms and molecules with an adequate time resolution
requires few-cycle light pulses tunable across the ultraviolet spectral range. However, in the deep- and vacuum-
ultraviolet (DUV and VUV) the generation and handling of such pulses is very challenging and remained
impossible for a long time. Recently, tunable few-cycle UV pulses have become available by resonant dispersive-
wave (RDW) emission during soliton self-compression in gas-filled hollow waveguides [1]. The first full
measurement of the RDW pulses was performed in the DUV by self-diffraction frequency-resolved optical gating
(SD-FROG) [2]. However, such an all-optical arrangement can hardly be applied at even shorter wavelengths, i.e.
in the VUV due to the excessive material dispersion.

Here we present the first in-situ full characterization of VUV pulses tunable between 160 and 190 nm. Instead of
using an all-optical arrangement, we use photoionization-based electron FROG [3]. First, we create two pulse
replicas by splitting the wavefront by a segmented mirror and then focus the replicas into a noble gas target. We
create photoelectrons by two-photon ionization of the gas, and record the kinetic energy spectrum of the electrons
as a function of the delay between the two pulse replicas. Unlike optical FROG, the measured traces not only
depend on the pulse shape, but also exhibit a fingerprint of the atomic structure of the target. In order to address
this complication we developed a retrieval code based on a differential evolution algorithm. We performed a series
of checks to validate our method and measured the RDW pulses at four VUV wavelengths revealing sub-3 fs pulse
duration. Fig. 1 represents the measurement of an RDW pulse tuned to a central wavelength of 160 nm.
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Figure 1: electron FROG measurement of a 2.8 fs pulse centered at 160 nm.
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As a first application, we will present a pump-probe measurement of ethylene revealing new details in early-time
dynamics of valence electrons.
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Abstract

Temporal soliton self-compression with simultaneous formation of a radial Townes profile is reported in
ZnS, leading to the generation of two-cycle pulses at 4.9 um with 2.0 mJ energy at 1-kHz repetition rate.

Above 4 um wavelength, with a large range of materials exhibiting negative GVD, nonlinear bulk compression
of ultrashort pulses offers a convenient simplification of dispersion compensation schemes. However,
exploitation of self-compression requires the suppression of adverse filamentation effects. Additionally, free-
space nonlinear bulk compression schemes typically lead to spatial inhomogeneity of pulse durations across the
beam profile. Here we present solitonic self-compression of 2.5 mJ pulses at 5 um wavelength in bulk ZnS,
yielding compressed pulses with 37 fs duration and 2.0 mJ energy in a 1 kHz pulse train. Excellent spectral
homogeneity across the beam profile is demonstrated, which sets our scheme apart from other bulk compression
schemes. The high spatio-temporal homogeneity stems from the transformation of a Gaussian input profile into a
spatial Townes soliton, leading to a peak power of 45 GW, which constitutes a record value for kHz pulse trains
beyond 4 um wavelength.
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Figure 1: Characterization of self-compressed 5-um pulses in ZnS. (a) Optical spectrum, (b) temporal shape, (c)
spatial-spectral homogeneity, beam profile, (d) transition of Gaussian input beam into Townes profile behind ZnS.

We use idler pulses of a ZGP-based OPCPA at 4.9 um with 80 fs duration and 2.5 mJ energy as input to the self-
compressor [1]. The scheme is composed of a two-lens telescope and an AR-coated 4-mm thick polycrystalline
ZnS plate. The ZnS band gap is at 3.54 eV, and the ZDW is at 3.6 um. The GVD for the input pulse is -185
fs?/mm. This rather large value is beneficial to enable self-compression. The beam diameter at the sample is 6.5
mm, which translates into an intensity of ~170 GW/cm? The spectrum of the 4.9 um input pulses are broadened
by SPM in ZnS, extending from 3.5 to 6.0 pum (Fig. 1a), which supports FTL pulses of 28 fs. The process is
accompanied by a 20% loss, which we chiefly attribute to nonlinear conversion into high harmonics; resulting
output pulse energies amount to 2.0 mJ. The input beam profile is dimensioned lest small-scale filamentation
appear, resulting in an almost undisturbed beam profile (Inset, Fig. 1c). SH-FROG characterization indicates
37 fs duration (two optical cycles) close to the FTL limit (Fig. 1a,b). The homogeneity of spectral broadening is
further analyzed, indicating an energy content of 87% within a 40 fs time window and an averaged pulse
duration of 37 fs in the entire beam cross-section (Fig. 1c). The V-parameter is only slightly reduced towards the
beam edges, but appears larger than 85% within the 1/e” beam intensity range. Finally, the spatial evolution of
the beam profile beyond the ZnS sample is analyzed. This analysis indicates an additional prominent focusing
effect due to nonlinear Kerr lensing, leading to the formation of a Townes profile with extended spatial wings
after another meter of propagation (Fig. 1d). To substantiate this claim, we numerically solved the eigenvalue
problem of the nonlinear paraxial wave equation. Combined action of self-focusing and subsequent diffraction
leads to homogenization of spectral content across the beam during formation of the Townes soliton. This self-
homogenizing compression scheme highly simplifies the generation of few-cycle pulses in the mid-infrared.

[1] M. Bock, L. von Grafenstein, U. Griebner, and T. Elsaesser, J. Opt. Soc. Am. B35, C18 (2018).
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Holmium laser at 2.1 um
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Abstract

We present a high-peak-power 2.1-um laser system consisting of a Ho:CALGO regenerative amplifier
and a Herriott-type bulk multi-pass cell (MPC) for external pulse compression. The amplifier generates
9.2-W, 92-pJ, 750-fs pulses at 100-kHz repetition rate, and the MPC provides sub-100-fs pulses with
92% optical transmission, resulting in >500-MW peak power.

High-power ultrafast 2-um lasers are attractive for various applications including secondary sources and laser
processing among others. While conventional 2-pum sources typically rely on optical parametric amplifiers
(OPAs) pumped by high-power near infrared lasers, direct laser amplification using Tm, Ho lasers is an
attractive alternative for efficiency, power and energy scalability. The operation wavelength of Ho-doped solid-
state lasers at around 2.1 pm is in a high atmospheric transparency window, facilitating power and energy
scaling and free-space propagation without beam degradation. In this regard, Ho:CALGO is an attractive gain
material for amplification due to its combination of broad gain bandwidth and relatively large cross section,
enabling femtosecond pulse amplification. This contrasts with most typically used Ho-doped materials, which
achieve very high pulse energies well beyond the mJ level but restricted pulse durations to several ps due to
strong gain narrowing effects [1]. In this study, we present a 2.1-um chirped pulse regenerative amplifier using
Ho:CALGO. We achieve 9.2-W average output power with a pulse duration of 750 fs at a 100-kHz repetition
rate. Subsequently, a nonlinear pulse compression stage further enhances the peak power to 525 MW with sub-
100 fs pulses. This is the highest reported peak power at this repetition rate for 2.1-um Ho-doped systems and
the first demonstration of a bulk MPC at 2 um.
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Figure 1: (a) Experimental setup of the Ho:CALGO CPA and nonlinear compression stage. (b) Optical spectra of
amplifier output and MPC output at 100 kHz. (c) Temporal pulse profile retrieved from SHG-FROG trace.

Our setup is shown in Fig. 1(a). The Ho:CALGO regenerative amplifier is based on a basic CPA arrangement
and the Herriott-type MPC uses YAG as the nonlinear medium followed by three YAG plates which provided
the material dispersion for temporal compression. At the CPA stage, we obtain an average power of 9.2 W at
100 kHz. The blue plots in Fig. 1(b, c) show spectra and temporal profile of output pulses from the amplifier.
The pulse duration and peak power from the amplifier are 750 fs and 107 MW, respectively. At the nonlinear
compression stage, the spectrum of the pulses is broadened by self-phase modulation as shown in the green plot
in Fig 1(b), and subsequently compressed to 97 fs, close to the Fourier transform limit of 91 fs. The calculated
peak power reached 525 MW, demonstrating an unprecedented combination of high peak power and high
repetition rate at this wavelength region. Further pulse energy and peak power scaling is expected in the future.
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Abstract

We experimentally demonstrated the post-compression of 45 fs, 3.2 um laser pulses in mm-thick BaF- and
Si optical windows followed by recompression in CaF./BaF: bulk and third-order compensation mirrors
resulting in 1.5 optical cycle with 60 pJ of clean compressed pulses with excellent long-term stability,
enabling advanced high-intensity applications.

The ELI-ALPS mid-IR OPCPA system provides up to 100 uJ, 45 fs phase-stable pulses at 100 kHz repetition rate
with a central wavelength of 3.2 um [1]. Although such short (four-cycle) pulses allow successful investigations
of laser-matter interaction, such as harmonic generation in semiconductor crystals, CEP-sensitive phenomena
become more pronounced with shorter pulses [2]. A post-compression system providing 2.3-cycle pulses was
implemented before [3], which has been further developed to output 1.5-cycle CEP-stable pulses.

Spectral broadening (covering 1.9-4.2 um range) is performed in 3-6 mm-thick dielectric (BaF:) and 1mm semi-
conductor (Si) windows in a confocal geometry, followed by recompression in bulk BaF. windows combined with
dispersive mirrors for third order dispersion (TOD) compensation. We optimized the input intensity for each
windows by careful positioning of them along the beam waist in order to balance between broadening factor,
stability, laser induced damage and nonlinear absorption. The combination of 5 mm BaF. and 1 mm Si window
found to be optimal in terms of spectral stability and calculated FTL durations (13 fs) with 6W output (8.2W input)
average power. Optimal recompression was achieved in 5 mm CaFz, 6 mm BaF: and 3 reflections on TOD mirrors
yielding 14.5 fs pulses with 60 pJ energy, characterized by TIPTOE technique (Figure 1). The long-term stability
of power, spectrum, CEP and —most importantly, the generated high harmonics in ZnO bulk crystal- will be
discussed.
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Figure 1: (a) Measured spectral broadening and (b) Reconstructed temporal intensity of post compressed laser pulses
with FWHM pulse duration around 15 fs. Inset: Reconstructed electric field versus delay by TIPTOE
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Abstract

We present a setup to compress laser pulses from an Yb-based laser to 10fs and to generate few-

femtosecond resonant dispersive wave pulses in the far-ultraviolet (100-350 nm) at up to 100 kHz repeti-

tion rate. We characterise the far-ultraviolet pulses using in-vacuum transient-grating frequency-resolved

optical gating.
Virtually all materials and molecular systems have strong absorption resonances in the far ultraviolet (UV) wavelength
region (100-300 nm). Few-femtosecond laser pulses in this region are therefore an important tool for next-generation
ultrafast science. Resonant dispersive wave (RDW) emission from higher-order solitons propagating in gas-filled hollow
capillary fibres (HCFs) can efficiently generate bright, wavelength-tuneable and extremely short far-UV pulses [1]. For
high-sensitivity measurements, it is vital for these sources to operate at much higher repetition rate than in the initial
experiments using titanium-doped sapphire amplifiers. We have previously demonstrated far-UV generation above
200 nm at repetition rates up to 50 kHz and average power up to 360 mW with a compact, ytterbium-based drive
laser [2]. However, RDW emission below 200 nm, further scaling to Watt-level average power, and the few-femtosecond
duration of the pulses [3] have yet to be demonstrated with such a source.
Here we present a three-stage setup (Fig. la) to generate few-femtosecond RDW pulses at up to 100 kHz repetition
rate. The first two stages of gas-filled, stretched HCF, in combination with two sets of chirped mirrors, compress the
pulses from the drive laser (Light Conversion Carbide) from 330 fs to 10 fs. Far UV pulses are generated in the third
HCF, which is coupled to a vacuum chamber. So far, we have obtained far UV emission above 200 nm at up to 33 kHz.
We have also obtained VUV emission down to 140 nm at lower repetition rate (Fig. 1b). The compressor operates
at up to 100 kHz (80 W input power) with an overall efficiency of 66% (Fig. 1c, d). All-in-vacuum transient-grating
FROG measurements demonstrate that the source is capable of generating extremely short pulses (Fig. le-g).
We are currently working on scaling the system to combine the capabilities demonstrated so far to achieve few-
femtosecond vacuum ultraviolet (VUV) generation at 100 kHz.
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Figure 1: (a) Layout of the light source. (b) Spectral power density (SPD) of VUV RDWs down to 140 nm
at 4kHz. (c, d) Normalised SPD of the two compressor stages. (e-g) TG-FROG measurement of a deep UV
RDW at 33kHz.
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Abstract

This contribution demonstrates different UV/VIS laser frequency combs and dual comb spectroscopy's
ability to rapidly and precisely study molecular gasses and their dynamics, e.g. providing insights into
formaldehyde's optical properties and urban nitrogen dioxide concentration changes, both pollution gasses
of high environmental impact.

Although the development of ultraviolet (UV) frequency combs has been accomplished 20 years ago [1, 2], it was
only very recently that the ultraviolet spectral region has been conquered by dual comb spectroscopy (DCS) [3-7].
DCS combines broad spectral coverage with frequency comb precision, fast measurement speeds and high spectral
resolution. However, as frequency combs mainly emit in the infrared region, frequency up-conversion into the UV
is still required for UV DCS. This makes UV DCS challenging: the conversion efficiency scales with pulse energy
and hence increases with shrinking pulse repetition rates. On the other hand, DCS favors high repetition rates for
stable conditions during the pulse interferometry.

In this conference contribution, the most recent projects of the Coherent Sensing Group at TU Graz aiming at
UV/VIS frequency comb generation and DCS will be presented. The efforts advancing dual comb spectroscopy
include different comb systems with different repetition rates and the extension into the vacuum ultraviolet via
nonlinear methods such as high harmonic generation. Intermediate steps recently enabled dual comb spectroscopy
in real time and in the field for atmospheric sensing of nitrogen dioxide with an unprecedented temporal resolution
of one second [8, 9].
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Nitrogen dioxide absorption spectroscopy with two DCS different systems [10]. The experimental data (green and blue
curves, respectively) are compared to Nizkorodov et al. [47] (red curves). (a) Comparison of the 1 GHz system measured
with a detuning of 19.8 kHz and a total acquisition time of 500 ms. (b) Measurement with the phase-locked 80 MHz system
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References

[1] C. Gohle et al., “A frequency comb in the extreme ultraviolet”, Nature 436, 234 (2005).

[2] R. Jason Jones et al., Phys. Rev. Lett. 94, 193201 (2005).

[3] B. Xu et al., “Near-ultraviolet photon-counting dual-comb spectroscopy”. Nature 627, 289 (2024).

[4] K. F. Chang et al. ,,Multi-harmonic near-infrared—ultraviolet dual-comb spectrometer”, Opt Lett 49, 1684 (2024).
[5] J. J. McCauley et al., “Dual-comb spectroscopy in the deep ultraviolet. Optica 11, 460 (2024).

[6] A., Muraviev et al., Optica 11, 1486 (2024).

[7] L., Furst et al. “Broadband near-ultraviolet dual comb spectroscopy”. Optica 11, 471 (2024).

[8] A. Eber et al., “Streaming self-corrected dual-comb spectrometer”, Optics Letters, 33, 35314 (2025)

[9] A. Eber et al., Coherent field sensing of nitrogen dioxide. Opt Express 32, 6575 (2024).

[10] A. Eber et al., NIR/VIS DCS comparing high and low repetition rate regimes, arXiv:2509.02159 (2025)

49

INVITED Tu3.8



UFO X1V Azores 2025

Ultrafast 1-GHz dual-comb optical parametric
oscillator from a single cavity

Carolin P. Bauer,"” Benjamin Willenberg,' Justinas Pupeikis,' and Ursula Keller?

Unstitute for Quantum Electronics, ETH Zurich, Auguste-Piccard Hof 1, 8093 Zurich, Switzerland
2Dept. of Information Technology and Electrical Engineering, ETH Zurich, Gloriastrasse 35, 8092 Zurich, Switzerland
‘cabauer@phys.ethz.ch

Abstract

We present a femtosecond dual-comb optical parametric oscillator (OPO) at 1 GHz. The singly-resonant
single-cavity dual-comb OPO is synchronously pumped by a Yb:CaF, solid-state single-cavity dual-comb
laser. The OPO exhibits high power-per-comb line and an ultra-low timing jitter of 7.1 fs [100 Hz, 10 kHz];
ideal for sensitive open-path spectroscopy.

Results

Dual-comb spectroscopy (DCS) enables rapid high-resolution gas measurements across wide spectral ranges [1].
However, achieving optimal measurement sensitivity remains a challenge. Dual-comb systems at 1-GHz repetition
rate provide optimal spectral resolution at ambient pressure and high power-per-comb line, offering a significant
sensitivity improvement over conventional ~100-MHz systems. Synchronously pumped optical parametric
oscillators (OPOs) are an ideal source to access the longer wavelength regime given their wide tunability, high
conversion efficiencies, and the preservation of the low noise performance of the pump.

Here, we demonstrate a powerful, wavelength-tunable, and low-noise synchronously pumped OPO in a single-
cavity dual-comb configuration at 1 GHz (Fig. la-b). Both the laser and the OPO are based on a spatially
multiplexed 15-cm-long linear cavity. An intra-cavity biprism defines two cavity modes in each oscillator,
respectively [2]. Due to the ultra-low timing noise of this specific laser implementation and the single-cavity
operation, a sub-optical-cycle relative timing jitter (5.6 fs (pump), 7.1 fs (signal) [100 Hz, 10 kHz]) is obtained.
Neither frep, the OPO cavity, nor the carrier-envelope offset frequencies are stabilized. Instead, the system relies
on mutual coherence for DCS only. Simultaneous synchronous pumping of both combs is obtained by adjusting
the end mirror and biprism position. By adjusting the vertical position of the fan-out 5 mol.% MgO doped
periodically-poled LiNbOs (PPLN) crystal (HC Photonics) in the OPO cavity, the center wavelength is tunable
(Fig. 1c-d) (Avrwnm ~ 2 THz). In the present configuration, the pump power is reduced to operate the OPO 2.5x
above threshold with a 1.5% output coupler. This is the first ultrafast dual-comb OPO at 1 GHz repetition rate. To

demonstrate the su1tab111ty of the source for DCS, we will apply it to high-sensitivity open-path DCS.
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Abstract

We demonstrate a polarization-multiplexed dual-comb fiber laser with a dual-phase-biased nonlinear
amplifying loop mirror. The laser generates two orthogonal pulse trains with a tunable repetition rate
difference. A proof-of-principle dual-comb ranging experiment using the time-of-flight method achieved
micro-level precision in all free-running operation.

A compact and coherent dual optical frequency comb laser source is a powerful tool in optical metrology [1].
Generating two pulse trains within a single laser cavity naturally ensures mutual coherence between the combs
while simplifying the laser configurations [2]. We present a configuration that multiplexes polarizations in an all
polarization-maintaining (PM) fiber laser [3] using nonlinear amplifying loop mirror (NALM) mode-locking [4].
Figure 1(a) shows the schematic of the fiber laser and the dual-comb ranging experiment. The laser features a dual-
phase-bias module that enables mode-locking in both axes of the PM fiber. The output from each axis (Fig. 1(b))
has a broad and nearly identical spectra. The laser has a nominal repetition rate of ~51.52MHz and a difference in
repetition rate of ~1.5kHz. By adjusting one of the mirrors in the dual-phase-bias module, the repetition rate
difference can be tuned over a flexible range up to 80 kHz. We conducted a dual-comb ranging experiment in a
free-running operation, achieving a precision of 1.88 um in 500 ms acquisition time (Fig. 1(c)). The dual-phase-bias
module could be integrated into a monolithic component, paving the way for a more compact dual-comb laser design.

Dual
Phasa-Bias

M I
[|| Faraday ch—
I.—H Rotator |]
14 P
o =

Faraday |
Rotator
S5
"
AL
O
‘ o
o
L3
'3

0
X
=
=
(=}
s

b) ¢

G

-60

Amplitude [dBm)
Distance - 185532.10 [um]

1010 1020 1030 1040 1050 10860
Wavelength [nm] Time [ms]

Figure 1: (a) Schematic of the dual-phase-biased NALM fiber laser. M: mirror; 1/8: one-eighth waveplate; COL:
collimator; PBS: polarization beam splitter; PMYDF: PM Yb-doped fiber; PMC: PM coupler; CFBG: chirped fiber
Bragg grating; PMWDM: PM wavelength-division-multiplexer; BS: beam splitter; P: polarizer; G: grating; PD:
photodiode; LPF: low pass filter; AQC: acquisition card; SA: spectrum analyzer. (b) Optical spectra of the two
combs. (¢) Calculated distance results over a 500 ms acquisition time.
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Abstract

We demonstrate a spatially multiplexed dual-comb mode-locked Er:Yb:glass solid-state oscillator at
500 MHz. The laser outputs two coherent pulse trains (~40 mW, 230 fs), enabling high-resolution dual-
comb spectroscopy without any stabilization.

Results

Dual-comb lasers have emerged as powerful light sources for high-resolution gas spectroscopy and various
metrology applications [1]. Among methods to generate dual-comb light, single-cavity dual-comb modelocking is
attractive due to its minimal number of required components. Spatial multiplexing using a biprism [2] avoids the
crosstalk common in related approaches, provides direct control over the repetition rate difference, and is
compatible with high-performance high-repetition-rate lasers, which are advantageous for fast measurements.

A 1550 nm dual-comb light source is appealing for practical applications because of its relative eye safety,
proximity to industrially relevant gas absorption lines, availability of mature telecommunication components, and
favorable dispersion properties of various waveguide materials. Here, we demonstrate the first single-cavity, dual-
comb light source based on an Er:Yb:glass laser using spatial multiplexing. We show sufficient mutual coherence
of the source for coherent dual-comb spectroscopy with 487 MHz spectral resolution.

The confocal laser cavity (Fig. 1a) is spatially multiplexed with a biprism in transmission and generates two
pulse trains with slightly different repetition rates, tunable within £80 kHz around 487 MHz (Fig. 1b). Soliton
modelocking is achieved using an InGaAs-based semiconductor saturable absorber mirror (SESAM). Each comb
delivers 40 mW of optical power with a spectral bandwidth of ~11 nm centered at 1552 nm (Fig. 1b) and 230 fs
pulses. Heterodyning of the two pulse trains reveals the radio-frequency comb lines without postprocessing.
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Fig. 1: (a) Experimental setup. Two distinct spots (~400 um separated) on a 2-mm long Er:Yb co-doped phosphate glass
are pumped by two separate 980-nm pumps. A 1-mm thick 177° biprism is used to spatially multiplex the cavity.
(b) Optical and microwave spectrum (zoom). (c) Coherently averaged dual-comb measurement of an acetylene gas cell.

To demonstrate the laser's suitability for dual-comb spectroscopy, the interferometrically combined pulse trains
(Afrep around 19 kHz) were passed through an acetylene gas cell (1 bar, 20 cm) and detected on a photodiode. The
interferograms were computationally processed [3] and coherently averaged over 1 second of acquisition. The
measured absorption features (Fig. 1c) closely match the HITRAN prediction. In this demonstration, the envelope
extraction was influenced by the strong acetylene absorption, limiting the accurate estimate of the absorbance.

This work represents a step forward in dual-comb light source development, demonstrating that spatial
multiplexing can be successfully applied to Er:Yh:glass solid-state lasers despite the material's challenging thermal
properties and significant thermally-induced birefringence. We will discuss how spatial multiplexing counter-
intuitively overcomes these obstacles, paving the way for a practical dual-comb system at 1550 nm.
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Abstract
We demonstrate a free-running, soft-aperture Kerr-lens mode-locked dual-comb laser system operating
at 2.1 pm. Utilizing a Ho:CALGO gain medium, it generates sub-100-fs pulses with >(2x)1W output
power. The system enables high-speed interferometry, highlighting its potential for precision
measurements in the mid-infrared region.

Dual-comb laser systems have gained significant attention for applications in pump-probe sampling, optical
ranging, and spectroscopy [1]. Single-cavity designs with spatially multiplexed pulse trains simplify these systems
by eliminating complex phase-locking electronics and reducing correlated noise [2]. However, few of such systems
have been demonstrated in the 2-um range, which is crucial for spectroscopic sensing and mid-IR frequency
conversion. A Cr:ZnSe-based system at 2.36 um achieved 200-mW average power, 30-nm spectral bandwidth,
and 200-fs pulse durations [3]. Here, we report on a free-running, soft-aperture Kerr-lens mode-locked dual-comb
laser at 2.13 pum using a Ho:CALGO gain medium. The system delivers >2 W total output power (1 W per comb)
with sub-100-fs pulses at a 96.5 MHz repetition rate. This represents a five-fold average power increase, and a
two-fold bandwidth increase over previous systems in this wavelength region, demonstrating its potential for
spectroscopic applications in the near future.

The dual-comb laser system, shown in Fig. 1(a), is pumped by a 30-W single-mode 1940-nm Tm-fiber laser. A
50/50 beam splitter divides the pump beam, enabling parallel pumping of two volumes in the 3-at.%-doped
Ho:CALGO crystal, separated by ~2 mm to avoid mode competition. The cavity consists of two resonators sharing
a pair of 200-mm radius of curvature mirrors and a dispersive mirror introducing —1500 fs? GDD per round trip.
Each cavity includes an output coupler (OC) and a high reflective mirror (HR), with one OC on a translation stage
for tuning Afiep = £400 kHz. Soft-aperture KLM is achieved at 17-W pump power. The laser produces ~90-fs
pulses with 50-nm bandwidth at 2133 nm and 2135 nm. With 3% OCs, the system could deliver a maximum
average power of 1.17 W and 1.02 W at 96.5 MHz. Figure 1(c) shows a measured interferogram trace at a Afyep Of
~96 Hz. Future works will include improvements in the mechanical stability of the laser, enhancement of the

signal-to-noise ratio through averaging, and ultimately the development of spectroscopic applications.
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Figure 1: (a) Schematic of the experiment setup, (b) Optical spectra with sech? fit, showing a soliton pulsed
with FWHM ~ 50 nm at the center wavelength 2135 nm and 2133 nm, (c) Interferogram example of two
collinearly overlapped pulse traces, combined onto one photodiode (PD)
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Abstract

We report on the generation and control of high-power trains of pulses with adjustable pulse repetition
rates ranging from 1 to 15 GHz at a wavelength around 3 um.

The recent years have seen growing a sharp interest in sources providing sequences of ultrashort pulses with
extreme repetition rates at the GHz level. Beyond obvious telecommunication concerns, micro-machining with
NIR bursts of GHz pulses became a hot topic [1]. Converted to UV or DUV, such sources are unavoidable tools
in the context of X-band photo-injectors [2]. There is however very little work reporting on GHz sources in the
midIR where many applications are also requesting such systems such as for instance pollutant detection or
astronomical spectrograph calibration [3]. Here, we report on the generation of Watt-level bursts of pulses whose
pulse repetition rate can be freely adjusted from 1 to 18 GHz at a tunable wavelength around 3 pm.

The system consists in an optical parametric amplifier (OPA). The NIR pump is a high-power burst-mode electro-
optical comb delivering several W of average power at 1030 nm with 1 ps pulses. The pulse repetition rate, the
number of pulses in the burst and the burst repetition rate can be freely adjusted. The signal seeding the OPA is a
CW Er-doped fiber laser whose wavelength is tunable around 1550 nm. A 1 cm long periodically poled Lithium
Niobate crystal is used to generate an idler wave around 3 pm by DFG. Thanks to the second-order non-linear
process properties, the temporal and spectral structure of the pump are transferred to the idler wave. It results in a
midIR train of pulses with the same temporal properties as the pump and in the frequency domain to a transient
frequency comb as displayed in figure 1.

The source is tunable in repetition
rate between 1 and 15 GHz, as
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Fig. 1: Sequence of ps pump pulses at 15 GHz (left) and transient frequency
comb at the idler wavelength around 3 um (right).
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Abstract

We use attosecond soft X-ray pulses—the shortest yet achieved—to track many-body interactions among
electrons, holes, and nuclei in real time. Core-level spectroscopy disentangles coherent and incoherent
processes, revealing ultrafast energy dissipation pathways in furan. This approach opens new opportunities for
chemical, material, and non-equilibrium physics.

The performance of materials, devices, and chemical reactions is governed by the microscopic interplay of their
fundamental building blocks—electrons, holes, and nuclei. Decoding these many-body interactions is central to
advancing basic science and enabling applications. This talk presents how attosecond soft X-ray technology
opens an unprecedented window into these dynamics [1]. We report on developing the shortest attosecond soft
X-ray pulses to date [2], and their application to directly track many-body interactions in real time via core-level
absorption spectroscopy. This approach disentangles contributions from distinct subsystems, captures coherent
and incoherent processes, and reveals how coherence evolves and decays. The ultrafast relaxation mechanism of
furan (C4H40O) is known to be prototypical of the Ring-Opening (RO) and Ring-Puckering (RP) dynamics of
cyclic molecules [3]. Despite encouraging results obtained so far [4], experimentally identifying the main
relaxation pathways with their electronic and vibrational coherences has been out of reach due to the ultrafast
timescales and the involvement of dark states. In this combined experimental and theoretical work [5], we
investigate the ultrafast nonadiabatic dynamics of furan and show that core-level x-ray absorption fine structure
(XAFS) spectroscopy with attosecond soft x-ray pulses can meet these challenges. We excite furan via multi-
photon absorption and follow the subsequent relaxation dynamics, measuring the time-dependent carbon K-edge
absorption spectra with an isolated attosecond probe pulse. The data show rich and ultrafast dynamics that follow
the photoinduced excitation.
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Figure 1: Left: Reaction coordinates for furan, Right: Attosecond SXR pulse.
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We present a multi-modal method combining single-shot 3D momentum-resolved ion emission spectra, X-
ray photoelectron spectroscopy, and coherent diffraction imaging (CDI) to investigate catalytic activity in
photo-driven nanosystems. This approach enables simultaneous characterization of charge dynamics,
chemical reactions, and nanoparticle morphology, advancing insights into nanoscale photocatalysis.

Nanoparticles are increasingly recognized for their extraordinary catalytic properties, driven by their high
surface area, tunable morphology, and unique electronic characteristics. [1] These materials are central to clean
energy science, where photoexcitation initiates surface catalytic reactions by generating charge carriers and driving
energy migration. [2] To understand the intricate interplay between charge dynamics and chemical reactivity at
the nanoscale, we developed a multi-modal experimental approach that integrates ion velocity map imaging (VMI),
X-ray photoelectron spectroscopy, and coherent diffraction imaging (CDI).

This method was implemented at the SQS instrument at European XFEL and the Maloja instrument at
SwissFEL. The experimental setup (Fig. 1a) involves a nanoparticle injector delivering isolated particles into the
interaction region where they intersect with an X-ray beam. VMI enables three-dimensional momentum-resolved
ion emission spectroscopy to track ionic fragment distributions, while X-ray photoelectron spectroscopy provides
detailed insights into ionization dynamics. Simultaneously, CDI captures far-field diffraction patterns to
reconstruct nanoparticle morphology and correlate structural features with catalytic activity.
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Figure 1: a) Experimental setup. b) lon time-of flight spectra versus hit intensity demonstrating H*, H?* and H*
formation dynamics. ¢) CDI image of a cubic gold nanoparticle along with the VMI image gated on H* ions

Results from this multi-modal approach reveal distinct regimes of X-ray-induced surface chemistry
versus plasma formation at varying fluences. For instance, enhanced formation of Hs* ions on water-decorated
nanoparticles was observed under low fluence conditions (Fig. 1b), highlighting the catalytic role of secondary
electrons and radicals generated during ionization processes. CDI patterns enabled reconstruction of nanoparticle
shapes, such as spherical and cubic gold nanoparticles, revealing orientation-dependent ion momentum
distributions (Fig. 1c). High-index facets were found to enhance near-field effects, significantly modulating
catalytic activity. Additionally, X-ray photoelectron data provided crucial insights into surface reactions induced
by X-ray irradiation, including the active participation of photoelectrons in driving nanoscale catalytic processes.

This multi-modal technique bridges the gap between structural imaging and chemical analysis by
simultaneously capturing single-shot data across multiple modalities. It offers unprecedented insights into
spatiotemporal reaction dynamics on nanoparticles, advancing our understanding of nanoscale photocatalysis and
informing future optimization strategies for clean energy applications.
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Abstract

Our work demonstrates nearly diffraction-limited lateral resolution, record ~1 Angstrém axial resolution
and record 10 Mpix/h throughput. This performance is enabled by a milliwatt-class HHG source paired
with a high-speed sSCMOS detector and a structured illumination, promising the investigation of millimeter-
scale samples with sub-100 nm lateral- and sub-Angstrém-scale axial resolution.

Recent advancements in laser development have enabled table-top sources with milliwatt-average-power coherent
radiation in the extreme ultraviolet (XUV) at ~30 eV through high-order harmonic generation (HHG), achieving
synchrotron-like brightness [1]. The generated short-wavelength coherent radiation can be efficiently used by
lensless computational imaging techniques, such as ptychography [2], to image samples with diffraction-limited
resolution. Such high-flux coherent sources allow conducting experiments on a lab scale with high imaging
throughput—a prerequisite for pivoting their use for industrial applications and broadening the accessibility and
applicability of high-resolution imaging to large objects, such as precision optics or EUV lithography masks [3].
Combining such sources with ptychography experiments in reflection geometry offers a viable solution to
quantitative imaging of large samples, providing sensitive information on the surface profile with Angstrom
precision. Moreover, the choice of XUV radiation over X-rays or electrons is notably advantageous since almost
all elements exhibit electronic resonances in this spectral regime that are detectable upon reflection, enhancing the
technique's sensitivity and specificity [4].

In our contribution, we present an XUV ptychography setup operating in reflection geometry (see Fig. 1) that
leverages a high-speed detector and a cutting-edge mW-class HHG source [5], doubling the throughput of previous
demonstrations [6], and achieving record ~1A axial resolution. Comparing the reconstructed phase profile from
two successive experiments shows an excellent repeatability (standard deviation error <2A). At the current energy
and a detection NA of 0.25, our lateral resolution is limited to 90 nm. The throughput however, is only limited by
the stage overhead time. By advancing our mW-class HHG technology toward 90 eV photon energies, we expect
to push the spatial resolution close to 10 nm, while also achieving synchrotron-like imaging throughput of
>100 Mpx/h, which would not only advance the capabilities of table-top sources within academic research but also
extend their utility into industrial applications, such as optics, wafer or EUV-lithography mask inspection [7].
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and sample

Figure 1: Reflection setup for ptychography.
Multilayer mirrors (M1, M2) are used to spectrally
filter and focus the HHG beam onto a mask placed
~300 um upstream of the sample. A sCMOS detector
records the diffracted intensity at 45° with respect to
the sample surface normal. The reconstructed beam
profile, and a section of the reconstructed sample
(USAF Test target) is included.
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Abstract

By simultaneous driving of PHz currents and measuring the light field evolution using TIPTOE field-
sampling technique, we extract the temporal evolution of nonlinear polarization and energy absorption of
CEP-dependent current-driving process in GaN

To push the operational frequency of computational devices into the petahertz (10 Hz) regime, light-wave field
control of charge oscillations in condensed matter is a promising way to increase the processing speeds. Carrier-
envelope phase (CEP) stabilization and control is a widely used technique for shaping light fields, enabling steering
of currents in matter on sub-cycle timescales. Numerous examples of CEP-based current switching were
demonstrated, paving the way towards light-field-driven PHz switches [1,2]. To realize a practical PHz switch, it
is essential to understand the energy dynamics of the switching process and minimize energy consumption. While
current switching has been achieved with laser energies below the nanojoule (nJ) level [3], its efficiency at sub-nJ
energy levels remains unexplored. One potential method for investigating sub-cycle absorption in matter involves
reconstructing the nonlinear polarization of the medium from the electric field of the driving light. This method,
based on attosecond light-field sampling [4], provides insight into the timing and magnitude of light absorption
process in transparent materials.

Here, we generate CEP-dependent PHz currents in GaN using few-cycle laser pulses, while
simultaneously measuring the electric field of these pulses using the field-sampling technique known as TIPTOE
[5]. By analyzing the waveforms, we extract the temporal evolution of nonlinear polarization and energy
absorption. The field sampling setup in Fig. 1(a) operates in two settings: First, an attenuation is behind the target
(E.=0); second, an attenuation is before the GaN target (Erer), see Fig. 1(b). The difference of these traces allows to
extract the nonlinear polarization P.[4] and energy transferred to the medium w() = [*_E(t") ‘%PNL(t’) dt'.
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Figure 1: (a) The beam of controlled CEP is split in an interferometer to p-arm and f-arm. The p-arm generates CEP
dependent current J in GaN as shown in the inset plot. The two arms overlap in a photodiode, which results in signal
AU. (b) AU as a function of the delay between the two arms, i.e., TIPTOE trace that represents the optical electric
field E of the p-arm. (Top) compares the field from linear interaction with GaN (green), E, with the field that
generates nonzero current (red), Ey. (Bottom) Nonlinear polarization Py, can be derived from measured Ej.-Erer.
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Abstract

We introduce an ultrafast optical technique allowing to generate and detect valley polarized electron
distributions in bulk semiconductor crystals. The principle is based on anisotropic intervalley scattering
induced by a strong nonresonant optical fields. We demonstrate its feasibility by generating valley
polarization of electrons in silicon and diamond.

Main Text

Apart from charge and spin as the two fundamental degrees of freedom of electrons in solids, electrons in
semiconductors with multiple minima (valleys) of the conduction band carry information about which group of
equivalent valleys they occupy. Valley quantum number, which corresponds to the electron’s wave vector, is a
promising candidate for new generation information processing and storage devices and quantum computing.
Valleytronics has been widely studied in 2D materials with broken time-reversal symmetry, in which the
individual valleys can be addressed directly by coupling to specific helicity of circularly polarized light due to
the existence of optical selection rules [1]. However, such selection rules do not exist in technologically
important bulk semiconductors, including silicon and diamond.

In this contribution we report on the development of an ultrafast optical technique allowing to generate and read
valley polarized populations of electrons in bulk semiconductors on sub-picosecond time scales. The principle of
the method is based on unidirectional intervalley scattering of electrons accelerated by oscillating electric field of
linearly polarized infrared femtosecond pulses. The induced degree of valley polarization of electrons is
measured via polarization anisotropy of transient absorption of a delayed infrared probe pulse allowing us to
directly characterize intervalley scattering times in silicon and diamond at different temperatures [2]. These
results pave the way towards valleytronic devices working at terahertz frequencies at room temperature that will
be compatible with contemporary silicon-based technology.
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Figure 1: a) Layout of the experimental method for generation and detection of valley polarized electron
populations in silicon and diamond. First Brillouin zone of silicon (diamond) crystal is shown together with
the six degenerated conduction band minima. Oscillating pump field accelerates the electrons
anisotropically in the real space and anisotropic intervalley scattering leads to an increase of population in
the blue valleys while depleting the red valleys. b), ¢) Measured polarization anisotropy of transient
absorption induced in silicon (b) and diamond (c) crystals at room temperature by a pump pulse with
polarization along [100] (black curves) and [010] (red curves) crystallographic directions.
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Quantum-enhanced THz time-domain sensing
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Abstract

We explore time-domain THz spectroscopy using entangled photon probe pulses. Our experiment shows
that quantum correlations in the probe allow a marked improvement in the detection sensitivity. We report
on the enhancement of detected electric field signal-to-noise ratio and the impact it has on spectroscopy.

Main Text

Time-resolved electric field detection is one of the most insightful techniques for material analysis, spectroscopy,
and sensing across a broad range of applications. It has recently demonstrated unparalleled sensitivity in the
analysis of human blood [1]. This approach uses electro-optical sampling aided by ultrashort pulses to measure,
in the time domain, the electric field of radiation (typically in the far-infrared spectral region) transmitted or
reflected by the sample under analysis. Time-domain spectroscopy, one of the most widespread applications of
time-resolved electric field detection, is shot-noise-limited in many embodiments. Quantum metrology tools could,
therefore, be employed to further enhance its sensitivity [2]. We report here the first experimental demonstration
of sensitivity enhancement of this technique enabled by the use of pulsed twin beams [3], i.e., quantum-correlated
fields generated by seeded parametric down-conversion. In Fig.1(a) we show the electric field of a THz single-
cycle pulse recorded either using classical (blue) or twin-beam (red) probe pulses in the electro-optical sampling.
From the electric field standard deviation shown in Fig. 1(b), is clear that the latter provides an enhancement in
the field sensitivity. In Fig. 1(c) we show the expected enhancement in spectroscopy enabled by the use of
entangled probes. While this is a proof of principle performed in a geometry that does not deliver the highest
sensitivity, it paves the way for the development of a novel approach that may transform time-domain metrology
and sensing.
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Figure 1: (a) Electric field acquired via electro-optical sampling using classical (blue) and quantum (red) probes.
(b) Standard deviation for the data in (a). (¢) Calculated sensitivity in the spectral domain.
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CEP controlled, few-cycle UV pulses
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Abstract

We demonstrate that the CEP stability of the driving field is maintained upon soliton driven frequency up-
conversion. We prove both numerically and experimentally a one-to-one correspondence between the CEP of
the IR driving field and the UV output. Unlike in 3 wave parametric processes like SHG or THG, in the case of
four wave mixing based frequency up-conversion, the CEP noise does not get multiplied with the factor of
wavelength conversion. As a consequence of this phase connection, we achieve very low UV CEP noise: 370
mard (single shot).

Compact hybrid Ho:YLF picosecond amplifier

system exceeding 100 mJ pulse energy
Robert Riedel’

ICLASS 5 Photonics GmbH, Notkestr. 85 22607 Hamburg, Germany

Abstract

High peak power (tens of GW) lasers in the short-wavelength infrared (SWIR, 1.4 — 3 pm) region show
promising application as secondary sources; generating mid-infrared using OPCPA, terahertz radiation, as well
as generating HHG down to the ‘water window’. In this talk, we present a compact hybrid Ho:YLF amplifier
system, combining a microjoule-level Yb:fiber-driven OPA front-end with a Ho: YLF regenerative amplifier.
This hybrid system reduces complexity and optimizes bifurcation dynamics. In the subsequent booster stages,
the amplifier geometry and thermal effects are optimized to scale the pulse energy above 100 mJ for MIR
OPCPA pumping between 3 — 11 pm.

Ultrafast tunable solutions from Ekspla

Justas Varpugéianskis'

'EKSPLA, Savanoriu Ave 237, LT-02300 Vilnius, Lithuania

Abstract

Ekspla’s high-intensity laser portfolio spans femtosecond, picosecond, and nanosecond systems for high-field
physics. FemtoTune is a compact source delivering sub-50 fs pulses at repetition rates up to 100 kHz with
continuous tunability from 650—950 nm. Time-synchronized motor positioning enables full-range scans within
seconds or rapid access to specific wavelengths. Gapless mid-IR output (2.5-10 um) with single polarization
improves stability and beam pointing. For narrowband applications (SFG, CARS), channels at 1030 or 515 nm
provide <8 cm™ bandwidth, reducible to <3 cm™ via optical synchronization. Pumped by FemtoLux industrial
lasers, FemtoTune ensures long-term stability, reproducibility, and minimal maintenance for ultrafast
spectroscopy and imaging.
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High-energy, high-average-power amplifiers at
kHz repetition rate and their nonlinear pulse
compression
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Abstract

We report on recent progress in Yb-doped thin-disk amplifiers and nonlinear pulse compression. The Dira 300-1
employs a dual-disk design, providing >300mJ pulse energy at 1kHz with 850fs duration, M? < 1.3, and slope
efficiency up to 50%, limited by gain saturation. Using thin-disk systems, such as Dira 1000-5 (200mJ, 5kHz,

<500fs) and TruMicro 9000 (10mJ, 100kHz, <1ps), gas-filled and bulk-based multipass cells enable
compression below 50fs at kilowatt average power and pulse energies up to 200mJ. These results highlight the
potential of the thin-disk technology in combination with multipass cells for realizing next-generation high-
peak-power systems at high repetition rates.

Characterizing Pulse Duration at Video-Rate:
A Tool for Laser Source Development and
Optimization

Vitor Amorim!

!Sphere Ultrafast Photonics, Rua do Campo Alegre, 1021, Edificio FC6, 4169-007 Porto
Abstract

We present the developments made in temporal diagnostics at Sphere Ultrafast Photonics, starting from our
scanning technique and the optimization path that led to the latest solution, up to its progression into a single-
shot technique capable of characterizing the duration of laser pulses in real-time at video-rate.

Towards the future of Ultrafast Ti:sapphire
Laser

Ming Yang!'

'VIULASE GmbH, Liesinger Flur Gasse 3, 1230 Wien, Austria
Abstract

Since the first ultrafast Ti:sapphire laser was realized in 80s, it has become the most powerful laser tool for
physicists, chemists and other scientists. However, the bulky volume and the high cost make it not friendly for
more variable applications. VIULASE therefore have developed the latest Ti:sapphire ultrafast oscillators with

direct diode pumping. This has revolutionarily reduced the cost and volume of the ultrafast oscillators, hence
improved the user-friendliness of the used-to-be complex system. VIULASE is glad to take this chance to
introduce the latest developments of the direct diode pumping Ti:sapphire ultrafast lasers,.
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Towards higher peak powers: Energy scaling of
two different multipass cell compressors at sub-
10 fs pulse duration and 4 mJ

Kilian Fritsch!
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Abstract

We present two recent developments of our multipass cell pulse compression units: 1) A 400 pJ Pharos laser
compressed to 10 fs in a single-stage compressor at 50 kHz repetition rate. The pulses reach a peak power of
over 2 GW and a bandwidth of 450 nm, with an excellent transmission efficiency of 83%. 2) The energy scaling
of our multipass compressor from 2 mJ to 4 mJ pulse energy. At 5 kHz repetition rate, the output pulses exceed
100 GW peak power with excellent pulse and beam shape.

High-dynamic range pulse-contrast
measurements for wide use in scientific
applications and laser development

Matthias Baudisch!

'APE, Plauener Strasse 163-165, Haus N, 13053 Berlin, Germany

Abstract

Ultrashort pulses from femtosecond laser sources can feature considerable energy at the picosecond time scale
beneath the main femtosecond peak, which only partially contributes to peak power driven applications. We
propose Type-II SHG-autocorrelation as a simple and robust tool for high-dynamic range pulse-contrast
measurements of sub-pJ energy, high-repetition rate pulses. We demonstrate dynamic ranges of the
autocorrelation of over 107 with input energies of 55 nJ at 1 MHz repetition rate. The technique provides the
perfect tool for wide use pulse-contrast measurement and laser optimization, possibly enabling a more effective
use of pulse energy in peak power driven scientific applications.

UFI developments and updates 2025

Alexander Guggenmos'

'UltraFast Innovations GmbH, Dieselstr. 5, 85748 Garching (Munich), Germany

Abstract

This year, UltraFast Innovations introduced several key advances in nonlinear optical technology, enabling new
frontiers for scientific and industrial applications. The commercial table-top XUV beamline was upgraded with
compatibility to SWIR drivers, repetition rates beyond 50 kHz, and an extended spectrum reaching into the soft
X-ray region. A compact cascaded post-compression system (40 x 300 cm) achieved a compression factor of
~35, delivering few-cycle pulses directly from industrial-grade Yb-lasers. In addition, novel use of multipass
cells enabled controlled spectral red-shift and efficient contrast cleaning. Together, these innovations mark
significant progress in commercialization of cutting-edge technologies.
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High-Energy and -Peak-Power Yb Lasers

Valdas Maslinskas!

Light Conversion, Keramiku St. 2B, LT-10233 Vilnius, Lithuania
Abstract

Ytterbium (Yb) 1030 nm femtosecond lasers have secured their ground in both scientific and industrial areas
thanks to their high average power, high repetition rate and industrial-grade stability. In this talk we will present
our capabilities to scale the Yb laser pulse energy up to 5 mJ, while keeping a pulse duration of 250 fs or less.
Furthermore, we will showcase the results of coupling the laser to an optical parametric amplifier (OPA).
Finally, we will discuss coupling Yb lasers to optical parametric chirped-pulse amplification (OPCPA) systems
or different pulse compression techniques to obtain few-cycle pulses.

High-Performance 2 pm Lasers Venturing into
Novel Scientific and Industrial Fields

Christian Gaida'

!Active Fiber Systems GmbH, Ernst-Ruska-Ring 17, 07745 Jena Germany
Abstract

Laser systems at 2um wavelength are able to revolutionize several industrial, scientific and medical applications
due to their unique absorption properties. We present recent progress in thulium-doped fiber-laser technology
allowing for record laser parameters. We discuss promising applications such as ultrashort-pulse silicon
processing, high-harmonic generation into the water-window or the use of 2pm-lasers as secondary-source drive
laser.

Optical parametric amplifier and integrated
broadband pulses characterization

Antoine Dubrouil’

"Femto Easy — SAS, 23 avenue Léonard de Vinci, 33600 Pessac, France
Abstract

Femto Easy developed an OPA with output wavelength flexibility from 640 nm to 2.6 pum, as well as Fourier
transform limited pulse duration tuning (via spectral bandwidth adjustment), from an input pump laser at 1 pm
up to 50 W. It is a compact and easy to use design, offering hands-free operation. In particular, this OPA system
integrates advanced online monitoring capabilities, such as beam profile, spectrum and pulse duration
measurements. Also a new technique that uses the signal and idler as a pump-probe set up to characterize the
output of the OPA is presented.
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Spatio-temporal control and characterization
for ultrafast nonlinear interactions

Charles G. Durfee,"” Nathaniel Westlake,' Patrick Hunt', Cameron Clarke' and Dan Adams'
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“cdurfee@mines.edu

Abstract

Full spatio-temporal characterization is increasingly important both for minimizing and exploiting
nonlinear effects. In this talk, we will describe our strategies for spatio-spectral and spatio-temporal
characterization. We will show examples of linear and nonlinear spatio-temporal control in the areas of
direct laser ponderomotive acceleration and high-order harmonic generation.

The importance of understanding, controlling and characterizing the coupling of the spatial and temporal properties
of ultrafast pulses is gaining increasing attention. Whether the spatio-temporal coupling is intended or not, the
time-dependence of the beam properties can dramatically affect experimental results in nonlinear interactions.
When the field of the pulse-beam is not-separable in the spatial and temporal domains, i.e. E(r,t) # f(r)g(t), it
is not sufficient to make separate measurements of the beam (profile and wavefront) and the pulse (amplitude and
phase). Moreover, the structure of any beam with spatio-temporal coupling will evolve with propagation, so it is
critical to collect information sufficient to numerically calculate the downstream field. Rather than make a set of
spatially-resolved temporal measurements, our approach is to combine full spatio-spectral measurements with a
single measurement of the time-domain amplitude and phase at one well-defined point in the beam. This approach
takes advantage of the fact that linear free-space propagation is separable in the spatio-spectral domain: each
frequency component can be thought of as a beamlet that propagates independently from the rest [1] .

Spatially-chirped beams are an important category of spatio-temporal shaped pulses. Pulse front tilt can
be obtained by introducing angular spatial chirp on the beam. For pure angular chirp, where the spectral
components are fully overlapped at the focus the pulse front tilt angle is proportional to the angular chirp rate. We
have implemented this on the 3J beamline for the Aleph laser at Colorado State University, using the tilted pulse
to ponderomotively accelerate electrons [2] . A very useful tool to characterize the alignment of such a system is
a spectrally-resolved knife-edge scan that tracks the beamlet centerline and divergence as a function of wavelength
through the focus. For imprinting spatial chirp on the fully-compressed output of systems (e.g. after harmonic
conversion or an optical parametric amplifier), we have developed a zero-dispersion spatial stretcher that separates
the spectral components of a pulse in the transverse direction without greatly affecting the pulse spectral phase.

For more general full-field spatio-temporal characterization we have implemented two approaches. In
FISH-FROG (Fourier Interferometric Shack-Hartmann — Frequency-Resolved Optical Gating), the Shack-
Hartmann shifted dot pattern is spectrally-resolved with Fourier-transform spectroscopy. In the other approach,
we use broadband ptychography to characterize the spatio-spectral beam in a single shot [3] . For each of these,
full pulse characterization is applied at a known position in the same plane as the spatio-spectral measurement.

Finally, we illustrate methods for nonlinear spatio-temporal beam shaping through high-order harmonic
generation. In one experiment, we use crossed-beam mixing of matched tilted pulse fronts with opposite circular
polarization and orbital angular momentum to produce attosecond pulse trains [4] . In another, we create a high-
order Hermite-Gauss beam to drive the harmonics, creating a phase-locked array of harmonic beamlets that could
be used for single-shot EUV ptychographic imaging [5] .
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Spatially-dependent group delay dispersion from a grating and its
application for single-shot d-scan
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Abstract
We demonstrate that angular dispersion from a diffraction grating can lead to a spatially-dependent group
delay dispersion. We use this effect to implement a novel single-shot d-scan, more suitable for longer pulse
durations compared to approaches based on material dispersion.

When a laser beam is diffracted by a grating [1], it acquires a non-trivial spatially-dependent spectral phase. Expressing
the diffracted beam as a sum of plane waves of different frequencies, we obtain an expression for the second order
derivative of the spectral phase against angular frequency (w), also known as the group delay dispersion (GDD):

GDD (a2, 22, wo) = 22 (= “2(0' (w0))? ) + 2 (“2 tan(80) (6 (w0))?) (1)

(See Fig. 1a for illustration of the relevant axes). The variation of GDD results in a non-uniform pulse duration in
any direction not parallel to the grating. Using a combination of two lenses in 4f-configuration (Fig.1b), we can
access a plane crossing the grating, in which there is minimum spatial chirp and zero dispersion offset, but with a
spatially varying GDD. We used this arrangement to realize a new implementation of the single-shot dispersion-scan
technique [2] and demonstrate a measurement of 170 fs pulses at 1030 nm (Fig. 1c). Our results (Figs. 1d, le) serve as
a first demonstration of this new d-scan, which we referred to as g-shot. Although there are discrepancies between
the single-shot and scanning measurements, probably due to the limited resolution of our imaging spectrometer and
aberrations of the imaging system, this does not result in significant differences in the temporal profile of the pulse.
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Figure 1: (a) Angular dispersion from a grating; (b) 4-f setup; (c-e) New single-shot d-scan.

This previously overlooked effect of angular dispersion allows us to introduce a large spatially-dependent GDD on the
pulse. We believe that applications using gratings for pulse shaping will benefit from its understanding.
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Generation and characterisation of TW-scale sub-fs optical pulses
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Abstract
Optical attosecond pulses can be directly generated through soliton self-compression. Here we describe
the generation and characterisation of TW-scale sub-femtosecond pulses using our high-energy XSOL
(Extreme Soliton) beamline and an in-vacuum dispersion-free TIPTOE apparatus. We obtain multi-mJ
pulses with an envelope full-width at half-maximum duration of 0.77 fs.

Optical attosecond pulses—pulses with sub-femtosecond duration but with a spectrum in the near-ultraviolet to
infrared spectral range—have only been generated through two techniques: light-field synthesis [1] and soliton self-
compression [2]. Such pulses are both hard to create and hard to measure. So far, they have also only been achieved
with relatively low peak power: sufficient for ultra-high time resolution measurements in the perturbative regime but
insufficient for driving relativistic intensity strong-field physics.

In this work, we describe the generation and characterisation of sub-femtosecond pulses with terawatt-class peak
power using our high-energy XSOL (Extreme Soltion) beamline and an in-vacuum dispersion-free TIPTOE (tunneling
ionization with a perturbation for the time-domain observation of an electric field) apparatus [3, 4]. The full XSOL
beamline is described in a separate submission and represents a ten-fold energy up-scaling compared to our previous
soliton source [2]. The soliton-compression stage consists of a 4 m long, 530 pm core diameter hollow capillary fibre,
pumped with 5.5 fs, ~ 3 mJ pulses. The input and output of the fibre are in vacuum, while helium gas is fed
into the centre of the fibre with the pressure tuned to obtain soliton self-compression at the output. For temporal
characterisation, we constructed a custom in-vacuum TIPTOE apparatus, similar to refs. [3, 4]. The output of the
fibre and the entire TIPTOE apparatus are contained within a single large vacuum system. The characterisation
chambers are filled with a few mbar of helium to act as the gas medium for the TIPTOE measurement. Figure 1(a)
shows the measured pulse envelope and the square of the electric field. We obtained a full-width at half maximum
envelope duration of 0.77 fs for multi-mJ self-compressed pulse energy. The squared electric field transient has a
duration of just 313 attoseconds, which represents, to our knowledge, the shortest ever generated and characterised
optical pulse. Figure 1(b) compares the spectrum of these pulses obtained from TIPTOE to that measured with an
independent spectrometer, confirming the fidelity of our measurement.

Our next goal is to tightly focus these pulses and use them to drive relativistic nonlinear optics in the sub-cycle regime
for the first time.
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Figure 1: (a) Retrieved pulse envelope (blue) and absolute square of the electric field transient (orange). (b)
Corresponding spectra.
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Advanced Laser Pulse Metrology through 2D Self-Referenced
Spectral Interferometry
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Abstract
High intensity lasers with high temporal intensity contrast require the ability to measure this property
comprehensively. The 2D self-referenced spectral interferometry method represents one solution to this
need, with the capability of spatial, spectral and temporal high-dynamic field measurements in single-shot.

The latest generation of high intensity short-pulse laser systems are generating peak powers in the range of 10 PW.
Their application for relativistic laser plasma experiments with intensities of up to 10%* W /cm? in focus require contrast
ratios of 107'2 or better and corresponding on-shot metrology. Typical temporal intensity contrast metrology relies
on third-order correlators. Such devices are scanning and require a huge number of shots, and are limited in their
capability to completely measure the laser pulse characteristics [1]. As an alternative the single-shot 2D SRSI technique
has been introduced [2] and successfully applied, e.g. for plasma mirror contrast enhancement characterization [3].
We will report on the latest generation of the technique allowing for measurements of intensity contrast with up to
90dB in single shot, together with spatial-temporal and spatial-spectral measurement capabilities [1], allowing for an
enhanced understanding of the laser pulse performance enabling the improvement of high-intensity laser systems. The
capabilities of 2D SRSI make this method an essential tool in particular to continue the quest for more powerful and
temporally cleaner pulses of modern high intensity ultra-short pulse laser systems.
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Figure 1: (a) contrast trace as measured by 2D SRSI. (b) corresponding spectrogram. A and A’ represent a
post-pulse and the corresponding generated and blue shifted pre-pulse [5]. B represents a strongly chirped
pre-pulse pedestal.
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Visible and NIR optical vortices measured in
space-time with BLASHI

Benjamin Alonso?, Miguel Lopez-Ripa?, and Ifiigo Sola‘?

1Grupo de Investigacion en Aplicaciones del Laser y Foténica (ALF), Universidad de Salamanca, Spain
2Unidad de Excelencia en Luz y Materia Estructuradas (LUMES), Universidad de Salamanca, Spain
* b.alonso@usal.es

Abstract

We generate NIR and visible ultrashort optical vortices from vector beams combined with second harmonic
and characterize their spatiotemporal properties using Bulk LAteral SHearing Interferometry (BLASHI).

Ultrashort laser pulses are some of the shortest controllable events in nature, with time evolution in the
femtosecond scale. Often, space-time couplings require devoted characterization [1]. In previous works [2,3], the
STARFISH technique [4] has been used to measure the beam. In the case of optical vortices, the use of BLASHI
[5] allows retrieving the wavefront with precision, thanks to using a compact and ultra-stable bulk interferometer.

Here, we first generate the vortices in the near infrared from Ti:sapphire laser pulses by means of structured wave-
plates and beam manipulation [3]. Then, we produce the visible vortices through second-harmonic generation in a
nonlinear crystal. The reference pulse is temporally characterized with a-swing [6]. The spatiotemporal phase
profiles showed that the orbital angular momentum (OAM) has doubled for the visible vortices (Fig. 1) [7].
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Figure 1: Intensity (a) and phase (b) from the spatio-spectral characterization for visible vortices for the central
wavelength (A = 396.7 nm) with OAM: £ = -2 (1st column), £ = +2 (2nd column) and € = +4 (3rd column).

We have demonstrated that bulk lateral shearing interferometry can be used for pulsed beams across widely
different spectral regions with the same setup (as is the case for the in-line interferometer in a-swing [8]), which
is significant for future applications of the technique with various sources.
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Abstract

Analytic expressions for duration, tilt, and other pulse properties are presented, being valid along the entire
distance between the focusing mirror and focus. In contrast to previous work, these account for the impact
of spatial dispersion during propagation and explain observed pulse-front tilts of several ten degrees near
the focus.

In ultra-short laser pulses, small changes in dispersion properties before the final focusing mirror can lead to
severe pulse distortions near the focus and therefore to very different pulse properties at the point of laser-matter
interaction yielding unexpected interaction results. The mapping between far and near-field pulse properties
intricately depends on the pulse's spatial and angular dispersion properties as well as the focal geometry.

For a focusing Gaussian laser pulse under the influence of angular, spatial, and group delay dispersion, we
present analytical expressions for its pulse-front tilt, duration, width, group-delay dispersion, and third-order
dispersion. In contrast to earlier work [1], these new expressions are valid along the entire propagation distance
between the focusing mirror and focus. Consequently, they display previously unknown terms which have a
significant impact on the pulse’s properties in the vicinity of the focus. These are derived from a fully analytic
expression for the laser pulse’s electric field in time-space domain, which we obtained utilizing scalar diffraction
theory and presented for the first time in ref. [2]. Additionally, expressions relating angular, spatial, group-delay
dispersion, and third-order dispersion before focusing at an off-axis parabola, where they are well measurable, to
their in-focus values are obtained by a ray-tracing approach and presented, too. Together with the analytic
expressions for their evolution during propagation, these enable the evaluation of a pulse's properties between
the focusing mirror and focus.

Exemplary real-world setups show that pulses with small initial dispersion can develop pulse-front tilts of several
ten degrees in the vicinity of the focus while having negligible pulse-front tilt directly in the focus.

While this has been observed in numerical experiments previously, the appearance of these large pulse-front tilts
can be linked to a combined effect of spatial dispersion and phase-front curvature only now. The presented
formulas are further verified by comparison to a numerical propagation simulation of a Gaussian pulse over

distances of several Rayleigh lengths from the focus.
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Figure 1: Envelope of a focusing laser pulse with angular dispersion (AD) at different points in
time along its path. It develops spatial dispersion and a large pulse-front tilt while propagating.
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Abstract

The 2024 Nobel Prize in Physics underscores the growing influence of machine learning in diverse areas of
physical science. In the field of photonics, machine learning is proving invaluable for tasks such as optimizing
and designing fiber-optical communication systems, optical amplifiers, noise characterization of frequency
combs, inverse design of photonic components, and quantum-noise-limited signal detection. In this talk, I will
review notable applications of machine learning in photonics and explore future directions in this emerging field.
Specifically, I will highlight its role in phase noise characterization of optical frequency combs, end-to-end
learning for fiber-optic communication, and realization of programmable ultra-wideband Raman amplifiers.
Lastly, I will introduce an exciting new application of machine learning: controlling nonlinear interactions in
highly nonlinear waveguides
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Abstract

We review recent experiments using machine learning to control ultrafast nonlinear dynamics. After
covering multidimensional control and optimization of nonlinear broadening, we focus on modulation
instability, highlighting how advanced characterization and machine learning strategies enable gaining
insight and tailoring optical wavepackets, even in noise-driven regimes.

Machine learning (ML) has recently driven major advances in ultrafast and nonlinear photonics by combining
efficient characterization techniques with advanced pulse-shaping capabilities, thus enabling precise control of
nonlinear fibre dynamics. Within this context, we review recent experimental progresses where ML proves
relevant: We briefly highlight the spectro-temporal optimization of coherent supercontinuum and frequency combs
using reconfigurable optical pulse patterns [1,2]. Such approaches demonstrate control over nonlinear propagation
with potential for advanced microscopy and imaging through tailored focusing and temporal shaping [3,4].

We then address the control of incoherent signals generated by noise-driven modulation instability (MI). Weak
coherent seeding can alter spontaneous M1, while dispersive Fourier transform (DFT) techniques provide real-time
access to spectral fluctuations [5,6]. ML approaches—including evolutionary algorithms [7] and ANNs [8]—can
optimize seed parameters to tailor incoherent broadening, predict statistical correlations, and even retrieve hidden
input information from noisy outputs. These examples highlight how combining advanced diagnostics, optical
shaping, and ML inference paves the way for scalable and smart ultrafast nonlinear photonics [9].
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Abstract
We present a machine-learning framework for optical thin-film coating design that accelerates the design
process while achieving excellent performance characteristics without expert intervention. To demonstrate
its capabilities, we design a broadband high-reflectivity mirror with state-of-the-art performance, including
a —200 fs? GDD covering a spectral range from 940 nm to 1120 nm.

Ultrafast laser systems rely on optical thin-film coatings to control dispersion and precisely manipulate ultrashort
pulses. Designing these coatings is a complex inverse problem, traditionally solved using computationally intensive
methods like the Needle Algorithm [1], often requiring expert intervention [2]. Here, we propose a physics-informed
machine learning framework based on an autoencoder to efficiently design optical thin film coatings.

Our approach takes desired optical properties (e.g., reflectivity, group delay dispersion) as input and directly predicts
an optimized layer structure. By integrating a physics-based transfer matrix model [3] and a physics-informed loss
function into the neural network, we ensure physically consistent coating designs.

We validate our framework by designing an ultra-broadband dispersive mirror without expert input or prior knowl-
edge of existing designs. The resulting mirror design achieves state-of-the-art performance, with reflectivity exceeding
99.99% and a flat group delay dispersion of —200 fs? across a broad spectral range (940-1120nm). To assess perfor-
mance, we compare our numerical results with standard industry-grade coating designs for similar target specifications,
as shown in Figure 1. Our results show that Al-driven approaches have the potential to rival or even surpass classical
optimization techniques for optical coating design. By enabling greater automation and exploration of unexplored
design spaces, they have the potential to accelerate the development of high-performance coatings and advance appli-
cations e.g. in ultrafast optics and nonlinear light-matter interactions.
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Figure 1: Comparison of Al-designed coating (solid lines) with state-of-the-art industrial designs (dashed
lines) for reflectivity (a) and group delay dispersion (GDD) (b). The target reflectivity (>99.99 %) and GDD
(—200 + 5fs?) used as input for our AT model are indicated by the shaded regions in (a) and (b) respectively.
The simulation includes material absorption by incorporating extinction coefficients into the refractive index
during the forward model calculations.
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Abstract
We introduce a tabletop high harmonic generation (HHG) scatterometry technique to extract structural
and material characteristics of periodic nanostructures. Grazing incidence reflection scatterometry enables
fast and robust measurements of linewidth and groove height with 20 nm and 2 nm precision respectively,
paving the way for ultrafast spectroscopy on layered heterostructures.

We present a novel approach based on a table-top HHG setup for the evaluation and extraction of the structural and
material-related characteristics of nanostructures. Our focus is on grazing incidence scatterometry, a non-imaging
metrology method for periodic nanostructures, operating in the extreme ultraviolet (XUV) spectral region (10—30 nm)
in reflection geometry. By collecting and spectrally resolving only the 0** diffraction order, we can precisely reconstruct
structural parameters of nanostructures with far below the illumination wavelength accuracy. Although this method
inherently provides limited information compared to the full diffraction pattern, it leverages the brightest diffraction
order and reduces the impact of local defects. We prove our measurements to be rapid due to an enhanced signal-to-
noise ratio and resilient against distortions from non-uniform sample contamination. Experiments were performed on
pairs of orthogonal gratings with the goal of retrieving morphological parameters such as linewidth and groove height.
Morphological parameters are extracted solving the scatterometry in-
verse problem, framed as an optimization task. This task involves
comparing the measured diffraction efficiencies to specialized libraries
of simulated datasets computed via the Rigorous Coupled-Wave Anal-
ysis (RCWA) method [1]. More in the detail, reconstruction is realized
using Maximum Likelihood Estimation regression (MLEr) algorithms,
to correctly account for the different uncertainty sources. We have
contextually developed a Simulation Based Inference approach that
exploits machine learning to further improve the reconstructed param-
eters accuracy. Our initial experimental campaign has demonstrated
groove height reconstruction accuracy below 2 nm and linewidth re-
construction accuracy of about 20 nm. A primary aim of this work
is to exploit material-specific near-edge absorption dynamics for ob-
serving ultrafast carrier processes in complex heterostructures and
simultaneously monitoring diffraction changes upon photoexcitation.
To achieve this, we integrated an ultrafast time-resolved spectroscopy
scheme within our scatterometer to inspect charge injection phenom-
ena within these layered structures, as described in [2]. In conclu-
sion, we present a scatterometry approach based on HHG, capable
of rapidly and reliably inspecting nanostructures with a reconstruc-
tion precision of approximately 2 nm. With the aim of combining
material-specific and morphological characterization, we devote our
efforts to merging the capabilities of XUV scatterometry with ultra-
fast spectroscopy, pushing the boundaries of functional metrology.
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Figure 1: Morphology reconstruction re-
sult using a Maximum Likelihood regres-
sion compared to an independent AFM
characterization (white lines).

References

[1] P. Lalanne, “Improved formulation of the coupled-wave method for two-dimensional gratings”, JOSA A, vol. 14,
no. 7, pp. 1592-1598, 1997.

[2] S. K. Cushing, et al., “Layer-resolved ultrafast extreme ultraviolet measurement of hole transport in a ni-tio2-si
photoanode”, Science advances, vol. 6, no. 14, p. eaay6650, 2020.

[3] Y.S. Ku, et al. "EUV scatterometer with a high-harmonic-generation EUV source”, Optics express 24.24 (2016):
28014-28025.

(0]

ORAL W2.10



UFO XIV Azores 2025

i2PIE for broadband pulse measurement and compression

Pieter H Neethling!?*, Eugene E Fouché!, and Gurthwin W Bosman'?

! Stellenbosch Photonics Institute (SPI), Stellenbosch University, Private Bag X1, Stellenbosch 7599, South Africa

2 National Institute for Theoretical and Computational Sciences (NITheCS), Private Bag X1, Stellenbosch 7599,
South Africa

* .
pietern@sun.ac.za

Abstract
i2PIE is an implementation of time-domain ptychography which allows for the accurate measurement of
the spectral phase of a broadband laser pulse, including higher order phase terms. This paper shows the
implementation of this pulse compression scheme and highlights some applications and extensions.

Recently time-domain ptychography[!] was generalised to utilize phase-only transfer functions, simplifying its im-
plementation and making it more applicable in most ultrafast laboratories. This generalisation was termed i2PIE,
referring to the fact that the square of the signal is measured and that a set of known transfer functions (intrinsic
knowledge) is used[2]. This co-linear scheme simplifies pulse characterization as no probe pulse is required. Further-
more, it can be applied to any temporal signal, not only laser pulses. Since then we have demonstrated a number of
different implementations, highlighting its broad applicability and the advantage offered in pulse compression. These
studies include applications in non-linear microscopy|3], single-beam CARS[/] and non-linear light sheet microscopy|[].
Fig.1a shows the reconstruction (amplitude and phase), of a broadband pulse generated in an all-normal-dispersion
photonic crystal fibre (ANDi-PCF), while Fig.1b shows the same pulse, after compression using i*PIE. Fig.lc com-
pares the temporal profile of the compressed pulse to that of the Fourier limit, highlighting the quality of compression,
and the ability of i?’PIE to not only compensate for quadratic phase but also higher order chirp.
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Figure 1: (a) Reconstructed amplitude and phase using i?PIE. (b) Reconstructed amplitude and phase after
pulse compression. (¢) Temporal comparison of compressed pulse to that of the Fourier limit.
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Abstract

The novel PI-FROSt method has been applied to synchronously characterize all harmonics generated in a
semiconductor crystal by midIR ultrashort pulses enabling to retrieve processes at play during the
interaction.

We report on the detailed characterization of ultrashort harmonic pulses produced in a solid-state target by a few-
cycle driving pulse (3.2 um, 100 kHz). In this experiment, conducted at ELI-ALPS in the frame of the "3rd Joint
ELI Call for Users", harmonic fields, generated in a ZnO crystal, are fully characterized by the newly developed
Plasma-Induced Frequency Resolved Optical Switching (PI-FROSt) method [1,2]. This approach is

straightforward to implement, free from
phase-matching constraints, capable of
operating at ultra-high repetition rates,
with no damage threshold. We demonstrate
the ability of PI-FROSt to characterize,
without any reconfiguration of the setup,
the MIR driving field with all (odd and
even) harmonics up to the fifth order. The
resulting spectrum spans a remakable
bandwidth of 2.6 octaves across the visible
— mid-infrared spectral region (0.59-3.6
pm) and all assessments confirm PI-FROSt
as a highly effective metrology tool for
unconventional secondary sources.
Beyond demonstrating the metrology
capabilities, the comprehensive field
characterization provides valuable insights
into the mechanisms driving
harmonicgeneration. Notably, our | PI-FROSt full characterization of several harmonics from ZnO
measurements highlight the consistent | driven by a3 pum few cycle pulses.
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production of bi-pulses across all
harmonics corroborated by numerical simulations. This effect stems from the combined contributions of large
phase and group velocity mismatches, emphasizing the limitation of “point-model responses” to capture the key
features of harmonics and the critical importance of propagation and cascading effects in the harmonic build-up.
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[2] P. B¢jot, R. Kumar Bhalavi, A. Leblanc, A. Dubrouil, F. Billard, O. Faucher, E. Hertz, Temporal characterization of
laser pulses using an air-based knife-edge technique, Adv. Photonics Res., 6, (2024).
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Abstract

We present the detection of dispersion-related pulse-duration fluctuations in an ultrafast laser with
attosecond precision. By pre-chirping the pulses in combination with spectral-broadening, a per-pulse
measurement signal can be generated that allows to detect these changes with precision down to 20 as and
use it as a feedback for stabilization.

Today, femtosecond lasers based on chirped-pulse-amplification (CPA) drive a wide variety of applications.
Many of the involved processes are of highly non-linear nature, such as non-linear pulse compression or the
generation of higher harmonics. Thus, they are very sensitive to the peak-power of the laser pulses. In large-
scale CPA systems, beam-pointing or temperature changes can result in pulse duration changes that affect
the peak-power stability. Here we present a concept to measure these fluctuations that is based on pre-
chirping a fraction of the laser output pulses, followed by spectral broadening in a single-mode fiber and
detection of the output bandwidth [1], which then acts as the measurement signal (see Fig. 1 a)). Applying
this pre-chirp allows for a significantly increased precision for the measurement of the pulse duration
fluctuations (which result in spectral bandwidth changes), reaching attosecond precision.
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Figure 1: a): Schematic setup. b): Per-pulse signals of the output power and the pulse duration measurement signal if
the pulse duration is modulated. ¢): Second harmonic power if the stabilization is turned off and on during startup.
In Fig. 1 b), the per-pulse measurement signal over a timescale of 1 second is shown if the pulse duration of a
100 kHz repetition rate fiber laser system emitting pulses with 280 fs duration is intentionally modulated with an
amplitude of 2 fs. A strong modulation of the measurement signal is visible, while the output power of the system
stays constant. Without this modulation, we determined pulse-to-pulse fluctuations of the pulse duration of around
80 as (RMS), with a measurement sensitivity of 20 as. The frequency dependency of the signal follows residual
energy fluctuations of the pulses, as predicted in the literature [2]. We also used this signal to stabilize the pulse
duration of a high-power CPA system by driving a thermally tunable pulse stretcher. In Fig. 1 c), the power of out-
of-loop second-harmonic generation (SHG) is shown during start-up (thermalization of the laser) with the feedback
system enabled and disabled. As can be seen, a drastic improvement of the stability of the generated SHG power
due to the stabilization of the pulse duration is observed, with the residual fluctuations being similar to the case of

a completely thermalized system.
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Abstract

We demonstrate precise temporal control of coherent exciton polarization dynamics in monolayer WSe2
using a single sub-10 fs shaped pulse. By tuning multiphoton pathway interference, we selectively tune
and enhance four-wave mixing (FWM) generated by distinct excitonic states, identifying exciton-exciton
interactions as the predominant FWM mechanism.

Strongly bound excitons in two-dimensional transition metal dichalcogenides offer an exceptional platform for
studying fundamental light-matter interactions and developing novel optoelectronic applications. While excitonic
many-body interactions and their nonlinear properties have been extensively studied, the potential to study these
phenomena by directly controlling the underlying coherent polarization dynamics has not been fully realized. In
this work, we employ an ultrabroadband pulse shaper to precisely control coherent exciton polarization in
monolayer WSe; under ambient conditions. As shown in Figure 1, by applying arctangent spectral phase functions
with varying linewidths to our sub-10 fs pulses, we systematically tune the temporal profile of excitation pulses
interacting with the sample. Our approach enables manipulation of multiphoton pathway interference from
destructive to constructive, resulting in a 2.6-fold enhancement of FWM yield compared to transform-limited
pulses. This demonstrates how tailored ultrafast pulses can counteract temporal dispersion during resonant light-
matter interactions to compress the transient exciton polarization and maximize nonlinear responses. Significantly,
our method allows selective excitation of both 1s and 2s excitonic states, providing state-specific control over
nonlinear processes. By comparing experimental results with theoretical models incorporating different nonlinear
contributions, we conclusively identify exciton-exciton (X-X) interactions as the predominant mechanism driving
the observed FWM, rather than Pauli blocking (PB). This capability opens new possibilities for precise optical
control in future quantum optoelectronic devices. [1]
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Figure 1: FWM intensity induced by temporally shaped pulses with varying arctangent phase functions. (a) left: an ultra-
broadband sub-10fs pulse (690 — 1030nm) propagates through a spatial light modulator (SLM). Schematic illustration
describing how a negative arctangent spectral phase applied by the SLM, affects the group delay of the pulse. Right:
The shaped pulse then interacts with the sample, generating a FWM signal. Illustration of an intra-pulse FWM process
in which spectral counterparts interact nonlinearly with the Als exciton. (b) Illustration of an arctangent phase function
with a varying linewidth I" applied to the SLM. (c) Experimental results plotted against the theoretical model: TMD
Bloch equations of motion including two theoretical nonlinear contributions, PB and X-X interactions, plotted
separately.

References

[1] O. Meron, et al. “Shaping exciton polarization dynamics in 2D semiconductors by tailored ultrafast pulses” Light Sci
Appl 14, 80 (2025).

79

ORAL W3.14



UFO XIV Azores 2025

Single-Shot Carrier-Envelope Phase Measurement at 586 kHz
Using Optical Fourier-Transform Interferometry

C Guo,"™ M Miranda,?? A-K Raab,! A-L Viotti,! P Tiago Guerreiro,?® V Amorim,?-3 P Matyba,*

R Romero,?% H Crespo,3® A L’Huillier,! C L Arnold?!

'"Department of Physics, Lund University, P. O. Box 118, SE-22100 Lund, Sweden

2IFIMUP-IN and Departamento de Fisica e Astronomia, Universidade do Porto, Rua do Campo Alegre 687, 4169-007
Porto, Portugal

3Sphere Ultrafast Photonics, Rua do Campo Alegre, 1021, Edificio FC6, 4169-007 Porto, Portugal

4Department of Physics, Umea University, Umea, 90187, Sweden

SCentral Laser Facility, STFC, Rutherford Appleton Laboratory, Didcot OX11 0QX, United Kingdom
“Chen.Guo@fysik.lth.se

Abstract
In this work, we demonstrate single-shot and every-shot measurements of the carrier-envelope phase
(CEP) of ultrashort pulses at a repetition rate of 586 kHz. Synchronous measurements using a commercial
CEP detector, operating at a lower sampling rate (117kHz), show excellent agreement, validating the
accuracy and reliability of our approach.

In the few-cycle regime, the absolute phase of ultrashort light pulses, known as the carrier-envelope phase (CEP),
plays a crucial role in controlling light-matter interactions, such as the generation of isolated attosecond pulses[1].
Precise, single-shot CEP detection is therefore essential, but particularly difficult at high repetition rate. We have
recently demonstrated a novel, all-optical, single-shot (and every shot) method to measure the CEP of ultrashort laser
pulses at a repetition rate of 200 kHz [2]. In the present work, we extend the measurement speed to a repetition rate
of 586 kHz, which to our knowledge is the fastest reported CEP measurement in single-shot.

CEP is commonly encoded in the form of spectral fringes in f:2f spectra (Fig. la, left panel). Our technique
employs optical Fourier transform, implemented via filtering the f:2f spectrum with optical elements that have a
spectrally periodic transmission function (Fig. 1a, middle panel). The CEP is then simply determined as the arctan
of two photodiode signals (Fig. la, right panel), a measurement that can in principle be performed at many MHz
repetition rate up to the speed of common ultrafast oscillators. Our approach effectively circumvents bottlenecks
limiting conventional CEP detectors, such as the need for high-speed spectrometers and the time required for numerical
Fourier transform operations [2].
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Figure 1: (a) Principle of obtaining the phase of f:2f spectral fringes via optical Fourier transform.
(b) Comparison with the commercial CEP detector.

We also have performed synchronized measurements with a commercial, high-speed CEP detector (Sphere Ultra-
fast Photonics), based on a fast CMOS linear sensor for measuring the f:2f spectra and numerical FFT to calculate the
phase of the fringes. A CEP-stable Pharos laser (Light Conversion), was measured at the full repetition rate of 586 kHz
with the high speed detector (indicated as "analog” in Fig. 1b), while every fifth pulse (117 kHz) was sampled with
the commercial detector (indicated as ”digital” in Fig. 1b). Unlike previous correlation measurements [2], here two
completely independent CEP detectors, each with its own white-light generation and f:2f stages, were used. Fig. 1b
shows a time interval of 500 ps of the two synchronized detectors with an arbitrary CEP offset between them (f:2f is
not sensitive to absolute phase). The agreement is excellent, indicating at least similar performance as compared to
conventional CEP detectors.
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Abstract

We present an implementation of the d-scan technique using a variable grating-based 4f stretcher/compressor
arrangement. This allows us to continuously scan from negative to positive dispersion over a large range.
We demonstrate this implementation by measuring sub 8 fs to 100 fs pulses with the same setup.

The d-scan technique [1] is often implemented as a part of the compression system itself. Typically, chirped mirrors
introduce a fixed amount of negative dispersion, and glass wedges introduce variable positive dispersion. By measuring
the nonlinear spectrum as a function of glass insertion, a d-scan trace is built, and an iterative algorithm is used to
retrieve the pulse’s spectrum.
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Figure 1: (a) Illustration of the concept and (b) simplified schematic of the implementation of a folded 4f
pulse stretcher /compressor. (c¢) d-scan trace and (d) retrieved spectrum and phase of a ~100 fs pulse at 1 pm
wavelength.

In this work, we use a grating-based pulse stretcher/compressor to implement d-scan as a standalone device, without
the need for dispsersion pre-compensation (Fig.1la and 1b). Using (for example) a 4f geometry, one can create a zero-
dispersion system by having the image of the first grating on the second grating [2]. By moving one of the gratings,
we can introduce negative or positive dispersion at will, with much higher dispersion ranges than typically achievable
with glasses. As a demonstration, we measured pulses with about 100 fs FWHM (Fig 1 ¢ and 1 d). The same system
is capable of measuring pulses below 8 fs.
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Abstract

In this paper we present the current status of the Extreme Photonics Applications Centre (EPAC). This new
facility will deliver 1 PW laser operating 10 Hz into two versatile experimental areas. EPAC has been
designed to further the development and application of laser-driven accelerators in academic, industrial,
and medical spheres.

The EPAC facility at the Central Laser Facility (UK) is currently being commissioned and operations are expected
in the summer of 2026. The 1PW laser system is diode pumped, it has been built with an all-OPCPA joule-class
front end, the output of which is amplified in a high energy gas cooled multi- slab titanium-sapphire (Ti:Sa)
amplifier. The Ti:Sa amplifier will be pumped by the frequency-doubled output of a DiPOLE 150J diode pumped
cryogenic gas cooled Yb:YAG slab laser[1]. The output from the Ti:Sa amplifier will be compressed to 30 fs
pulses, delivering a peak power of one petawatt to the experimental areas. The facility has been designed to
incorporate additional laser beams at a later stage. A second 150J DiPOLE is also being constructed for either
“long pulse” ns interactions or as a pump for a second PW beamline. We report on progress with commissioning
the petawatt laser. EPAC will initially operate a single PW beam into two versatile experimental areas and will
support a multi-disciplinary community of users. The first experimental area (EA1) will be specifically designed
for laser wakefield acceleration (LWFA), where multi-GeV electron beams, x-ray and g-Ray beams can be
generated in 2 dedicated synchrotron style beamlines. The second flexible experimental area (EA2) will deliver
fundamental science and applications, enabling the generation of electron, proton, neutron, muon beams, x-rays
and g-ray beams simply by swapping out the target and altering the laser focusing geometry.

Figure 1: EPAC Building

References

[1] [ P. D. Mason et al, “Development of a 100 J, 10 Hz laser for compression experiments at the High Energy Density
instrument at the European XFEL,” High Power Laser Science and Engineering, 6, 65 (2018).

82

INVITED W4.17



B UFo X1V Azores 2025

Picosecond contrast improvement for PW class lasers based on
modified stretcher design

Chalus 0.1*, Papadopoulos D.2, Mathieu F.%, Audebert P.%, Lebas N.%, Charbonneau M.}, Pasternak S.%, C.
Derycke?, Ferhat S.%, Pellegrina A.! Ricaud S.%, LeGarrec B.> 3, Gaul E.*, Cojocaru G.%, Toma A.%, Norbaev S.5,
Dancus I.°

1Thales LAS France, Elancourt, France; ?Laboratoire pour I’Utilisation des Lasers Intenses, CNRS, Ecole Polytechnique, CEA, Sorbonne
Université, France, France; 3LASYEX, Prague, Czech Republic ; *MARVEL Fusion, Munich, Germany; *ELI-NP Magurele, Romania
*corresponding author: olivier.chalus @fr.thalesgroup.com
Abstract: To improve picosecond contrast within mulit-petawatt laser system a stretcher without convex mirror is
proposed, designed and implemented to demonstrate the gain of contrast of several order of magnitude on hundred
picosecond time-scale pedestal.

The picosecond contrast is an outmost parameter for multi-PW laser systems. The presence of tens of
picosecond pedestal prior to the main pulse in multi-PW class laser system could lead to damage of the target as
it can reach intensity on target higher than 10W/cm?. It has been demonstrated that the convex mirror within
the Offner stretcher of those laser systems is the main contributor to this pedestal [1]. To reduce this effect,
ultralow roughness mirrors have been implemented in some laser systems [2].

To reduce even more this pedestal, a stretcher without a convex mirror has been developed. A complete
simulation of this stretcher demonstrates its compatibility with the requirements of PW class lasers..

A version of this stretcher has been recently implemented on the 10 PW beamline of the ELI-NP [3,4] HPLS
further improving the contrast ratio. It is designed to match perfectly the stretching factor of the existing Offner
stretcher as the existing 10PW compressor presents a fixed configuration, and to minimize aberrations and
spatial chirp.

Implementing the ultralow roughness mirrors (with the RMS of 0.2 nm) in the ELI-NP Offner-type stretcher
improved the temporal contrast at 10 ps from the main pulse by about three orders of magnitude in comparison
with the “regular” roughness mirror (with the RMS of 3.5 nm). Implementing the new stretcher led to a further
improvement of about one order of magnitude. After these optimisations, we achieved a contrast of about 10
orders of magnitude at 10 ps from the main pulse, further going to 11 orders of magnitude at 50 ps (Fig. 1) [5]

e

[ S erp————
T pm——
shet = Tokdnd Maevnar straubel

1

LEa
LEm

i

LEae mf{fﬁaﬁéﬂﬂﬁl‘tﬁﬁw, LB ¥ o

e

1raz
F -0 a0 m a0 8 "

Figure 1: Contrast measurement curves for the three cases: grey curve, Offner-type stretcher using a regular convex mirror; blue curve,
Offner stretcher using an ultrahigh-quality convex mirror; orange curve, reflective Martinez-type stretcher. The peak at approximately 9 ps is
generated by a bulk dispersion compensator. The inset provides a clearer representation of the position of the approximately 9 ps pre-pulses,

thereby revealing the sampling rate of the measuring device and the peaks with similar relative positions.

A Martinez type stretcher with all reflective optical components allows an improvement of several orders of
magnitude in the pedestal contrast of multi-PW laser systems. It generates minimum spatial chirp and chromatic
aberrations while inducing a stretching factor of more than 14ps/nm on a bandwidth larger than 120nm in order
to accommodate sub-22fs pulse duration at 10PW.

Experimental results showing performance of better than 10%° contrast on the pedestal at 10ps prior to the
main pulse for a 10PW laser have been demonstrated and will be presented.
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Abstract

We develop a diode-pumped solid-state Petawatt laser (>100 J, <100 fs, 10 Hz, 527nm) with up to 10% wall-plug
efficiency. Optimized for high temporal pre-pulse contrast (>107'°:1), it efficiently couples laser energy to ions via
ponderomotive electron expulsion and Coulomb acceleration, reaching MeV energies in a compact design.

Introduction

Marvel Fusion is advancing laser-based inertial fusion energy (IFE) [1] to provide a carbon-free power source. In
the context Marvel Fusion explores nanostructures for efficient laser energy absorption. High contrast Petawatt
pulses, ideal for this method, achieve near-total absorption, ensuring rapid laser energy deposition in the target.

To enable this ultrafast energy transfer, Marvel Fusion is developing high-efficiency laser systems combining
optical parametric chirped pulse amplification (OPCPA) with broadband amplification in Neodymium-doped glass
[2]. Nd:glass provides sufficient bandwidth for sub-100 fs pulses while maintaining energy levels. Ytterbium-
doped materials offer high power but require cryogenic cooling, which narrows gain bandwidth. To mitigate pulse
degradation, power amplifier gain is limited to 20-30 dB [2]. High-power diode pumping (>10 kW/cm?) enhances
gain while enabling compact designs, reducing nonlinear phase accumulation, and improving system efficiency in
comparison to traditional flashlamp pumped high energy systems.

A key focus is optimizing wall-plug efficiency through enhanced diode laser performance, energy delivery, and
minimal losses in amplification and beam transport. Dielectric gratings with high damage thresholds achieve 90-
95% compression efficiency [3]. Additionally, second harmonic generation (SHG) enhances temporal contrast
(>10°:1), ensuring clean interactions with nanostructured targets. Initial SHG tests demonstrate >60% conversion
efficiency, with further improvements underway [4].

Marvel Fusion’s collaboration [5] with Pulsed Light Technology and Colorado State University is driving
advancements in compact, high-performance laser systems for fusion energy. By optimizing energy deposition
and contrast, these innovations are shaping the future of fusion research.
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Abstract

Amorphous oxide coatings, a ubiquitous laser technology, are being challenged by premature damage at
ultra-high intensities and ultra-high energy. This talk will describe efforts in improving the materials’
morphology, and how it can be exploited to engineer novel multilayer dielectric coatings with high
resilience to laser damage.

The 2023 DOE/NSF Basic Research Needs (BRN) workshop report and subsequent publication [1,2] identified
ultra-high intensity laser platforms that are needed to advance the science frontiers in areas such as the generation
of secondary photon and particle sources, the sensing of fundamental atomic process in matter and the exploration
of the physics of high energy density plasmas [1,2]. Among the priority research directions for basic research in
laser science and technology, the BRN identified laser materials and, in particular, interference coatings as a
critical technology to enable advances in ultrahigh intensity solid state lasers operating from the ultraviolet to the
mid-infrared.

There have been enormous advances in MLD coatings for lasers operating from the near infrared to the ultraviolet
in continuous wave mode or producing pulses of nanosecond pulse duration. However, similar advances in MLD
coatings for ultrashort pulse lasers have been slower, to the point that this critical laser technology is the limiting
factor for scaling solid state lasers in pulse energy and repetition rate.  This talk will summarize the state-of-the-
art in MLD coatings for high intensity lasers operating from the UV to the near infrared, and discuss the challenges
for MLD coatings to achieve long term operation without damage. Results will be presented on the use of novel
amorphous metal-oxide mixtures that when incorporated into MLD coatings show promising results in terms of
laser damage performance. Specific examples of MLD coatings designed for specific applications, such as phase
shifting, will also be presented.

Work supported by: the U.S. Department of Energy (DOE), Office of Science, Fusion Energy Sciences, under
Awards No. DE-SC0024882: IFE-STAR, DE-SC0023237, DE-SC0024882 and DE-SC0019900.

References

[1] Report Of The Basic Research Needs Workshop On Laser Technology, US Department of Energy, Office of
Science,https://science.osti.gov/-/media/ardap/pdf/2024/Laser-Technology-Workshop-

Report 20240105 _final.pdf

[2] Matthias F Kling, et al, J. Optics, vol. 27, Issue 1, Art. No.: 013002, 2024,

85

INVITED W4.20



B UFo X1V Azores 2025

Toward 100Hz Joule class ultra-short pulses TiSa laser

Pellegrina A.'; Kabacinski A.!; Jeandet A.'; Leroux V.!; Lavenu L.!;Chalus O.1;
Casagrande O.!; Ricaud S.!; Simon-Boisson C.!

"' Thales LAS France., 2 avenue Gay-Lussac, 78995 Elancourt Cedex, France

Abstract : Joule class lasers at 100Hz with ultra-short pulse involve a lot of challenges to manage thermal
issues in the amplifiers as well as in the compressors. Recent results achieved in this direction are
presented.

Acceleration experiments have been performed at limited repetition rate ranging from 1 Hz for
PetaWatt class lasers to 10 Hz for 100 TeraWatt class lasers [1]. Higher repetition rate is required to
generate the particle or radiation flux necessary for applications in different fields of industry and
medicine. In this goal, we report on the way to amplify laser light in TiSa at average power levels
exceeding 100 Watts while managing the induced thermal issues. Compression of those pulses under
vacuum presents also a challenge in order to manage the heat load in the gratings and prevent
degradation of the wavefront due to thermal deformation.

We present here an OPCPA frontend amplified in a multi-stage TiSa to reach more than 850mJ at 100Hz

(Fig. 1).

e b e ——
Figure 1: >850mJ at 100Hz beam profile and energy stability
The amplifiers are pumped by a THEIA laser (Thales catalog product) which is a nanosecond diode-
pumped frequency doubled Nd:YAG laser delivering more than 750 mJ of green light pulses at a
repetition rate of 100 Hz. The pump beams can make 4 passes within the TiSa disks whereas the

number of passes of the 800 nm beam to amplify can be adjusted.

First amplifier is pumped by a single THEIA and can deliver up to 300 mJ whereas the second amplifier
is pumped by 2 THEIA pump lasers in order to obtain 850 mJ at amplifier output and will be further
upgraded to 4 THEIA to achieve 1.5J.

For the compression, gold gratings are required to support sub-25fs pulses spectral bandwidth but
suffer from absorption and grating over-heating could lead to wavefront deformation [2]. This
phenomena has been modelled and experimental tests have been performed in order to validate the
results. With a properly designed thermal management of the grating, the surface temperature could
be reduced by more than a factor of 3 from more than 120°C to just 46°C.

We have demonstrated amplification at room temperature within TiSa crystals up to 850 mJ energy
per pulse at a repetition rate of 100 Hz, a record average power value for this material. We expect to
produce soon a 1 J — 25 fs — 100 Hz TiSa CPA laser system paving the way for introduction of laser
technology in many societal applications needing laser-based particle acceleration and secondary
radiation sources.
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Abstract

Performance of an OPCPA seeded Ti:Sa-based 7 mJ 100 Hz frontend is presented with an ultrahigh
temporal contrast of >10'? in combination with sub-15 fs pulse duration. Investigation of further temporal
cleaning in a multipass cell is in progress to obtain sub-10 fs with a contrast reaching the 10'* level.

Introduction

Next generation high intensity lasers based on Ti:Sa gain medium require reliable frontends with ultrabroad
spectral bandwidth and temporal contrast of extreme values in the range of >10'3. Multi-PW lasers currently use
Ti:Sa-based chirped pulse amplification (CPA) combined with cross-polarized wave generation and picosecond
parametric amplifiers before as a frontend before their main stretcher [1]. Seeders based on optical parametric
CPAs (OPCPA) are now emerging as they can produce intrinsically very high contrast and high bandwidth [2,3].

Results

Here we present results on the development of a hybrid OPCPA-Ti:Sa-based frontend architecture. The system
starts with an industrial grade OPCPA (ORPHEUS, Light Conversion) pumped by an ultrastable Pharos laser.
Seed pulses with 100 pJ energy and 8 fs transform limited spectrum are stretched negatively, spectrally shaped,
amplified in a two-stage Ti:Sa amplifier scheme, and finally compressed via positive dispersion. After the second
amplifier, an energy of 13 mJ is reached at 100 Hz repetition rate with a spectrum corresponding to 14.4 fs
transform limited duration (Fig. 1).
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Fig. 1. Measured (a) and retrieved (b) D-shot R traces, measured and retrieved spectra with spectral phase (c), and the
retrieved temporal profile (d).

By compressing | mJ from the amplified 13 mJ in air, we measured the spatio-spectral quality, pulse duration, and
the high dynamic intensity contrast. We confirmed, that the output pulses are free of spatio-spectral couplings,
while a temporal contrast >10'? was measured at -15 ps before the main pulse. Implementation of a multipass cell
is in progress to perform nonlinear temporal cleaning in combination with spectral broadening to further improve
temporal characteristics with mJ-level output and an intensity contrast reaching 104,
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Abstract
We present recent experimental advances in using an efficient microfluidic HHG-based XUV source, developed for
studying ultrafast electron dynamics in materials and complex molecules.

Main Text

Molecular dynamics play a key role in ultrafast spectroscopy, impacting physics, biochemistry, and quantum
technologies. High Harmonic Generation (HHG) with femtosecond lasers and noble gases produces coherent EUV
pulses, enabling attosecond resolution for probing electronic dynamics, though challenges remain regarding
complexity and efficiency at higher photon energies.

Here, we introduce recent developments of microfluidic devices with hollow core channels for efficient HHG
generation and manipulation, achieving high photon flux and phase matching up to 200 eV [1,2] and HHG in the
water window. Our microfluidic approach enables precise control over the properties of the HHG beam, enabling
structured EUV and soft-X light for ultrafast spectroscopy and high-resolution imaging. Furthermore, this
integrated microfluidic approach allows controlling the spatial properties of the HHG beam through the direct
manipulation of the waveguide’s modes, making it possible to generate high-brightness attosecond XUV and soft-
X ray pulses with unique polarization properties.

The XUV source based on microfluidic device is coupled to a versatile beamline for EUV and soft-X-ray
spectroscopy, designed for time-resolved experiments and supporting Transient Absorption (TA) and reflectivity
measurements, featuring a high-resolution spectrometer and polarimeter.

5 20
wavelength (nm}
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T

Figure 1: a microfluidic device used for HHG. b HHG spectrum generated with the microfluidic approach (blue)
compared with the spectrum generated by gas-jet valve (red). ¢ and d provide a concept-frame of TA and HHG
spectroscopy in complex molecules.
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Abstract

This contribution reveals the fundamental limitations of achieving application-relevant flux in high har-
monic generation (HHG) at high photon energies due to CEP walk-off effects. The dephasing caused by
differing phase and group velocities results in a limited effective coherence length, preventing efficient
high harmonic generation beyond 0.5 keV.

High harmonic generation (HHG) is a cornerstone technology for a wide range of applications in physics, chem-
istry, biology, and material sciences. The increasing availability of photon flux in the XUV to soft X-ray spectral
regions enables laboratory experiments that were previously only possible at large-scale facilities. At low photon
energies (<50 eV), the demonstrated photon flux is already comparable to that of 3™ generation synchrotrons [1].
However, the gap in available photon flux widens with increasing photon energy. To maximize yield, it is crucial
to achieve coherent build-up of the generated high harmonics over a sufficiently long medium length, ideally
leading to absorption-limited HHG [2]. To push the phase-matching cutoff to higher photon energies, longer driv-
ing wavelengths and ever shorter pulse durations have been proposed and applied for HHG [3,4].

Here, we uncover a fundamental limitation to this approach. Our simulations and experiments show that the in-
trinsic carrier-envelope walk-off hinders the effective coherent build up particularly when targeting the soft X-ray
region using long driving laser wavelengths and ultrashort driving pulses. This limitation arises from the different
phase and group velocities of the driving laser, resulting in dephasing of the generated HHG radiation due to a
changing intrinsic phase [5]. This dephasing leads to a limited effective coherence length, LASS™ . which can be
much shorter than the absorption length. Figure 1 exemplifies this effect with HHG driven by a wavelength of
1900 nm in neon and helium. The color bar shows the ratio, x, of the effective coherence length to the absorption
length, indicating that absorption-limited HHG (Lo, > 5 L,ps) is only possible up to approximately 300 eV.

This contribution will highlight the fundamental processes responsible for this effect. Finally, it will be shown that
it is fundamentally impossible to design efficient HHG-based soft X-ray sources with application-relevant coherent
flux at photon energies above 0.5 keV in this framework. Alternative approaches will be presented and discussed.
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Figure 1: Ratio of the walk-off and absorption length for 1900 nm driven HHG in Neon and Helium. The dashed blue
line indicates the CEP walk-off limit. The solid blue lines show the phase matching cutoff.
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Abstract

We demonstrate, for the first time, continuous relativistic high-harmonic generation (RHHG) at 1 kHz using an
ethylene glycol liquid-leaf plasma mirror driven by waveform-controlled 1.5-cycle laser pulses.

Main Text

RHHG from plasma mirrors is a promising way of producing intense attosecond pulses by converting
the large number of photons contained within an ultra-intense near-single-cycle laser pulse into an
isolated sub-cycle burst of coherent XUV and soft X-ray light [1, 2]. Until now, this process has mostly
been driven on solid targets with limited lifetime at high repetition rates. Self-replenishing liquid-leaf
targets solve this problem by enabling continuous operation at kHz rates with optical surface quality [3].
Liquid plasma mirrors have recently been used for high-harmonic generation in the sub-relativistic
regime at 1 kHz and for RHHG in single-shot mode [4].

In this work, we demonstrate continuous RHHG at 1 kHz for the first time from a liquid-leaf plasma
mirror driven by waveform-controlled 1.5-cycle pulses [5]. A 2.4-micron thick sheet of ethylene glycol
with out-of-plane motion below 200 nm RMS enables stable and repeatable RHHG. By adjusting the
waveform of a 1.5-cycle laser pulse and controlling the plasma gradient at the liquid surface [6], we can
switch between modulated and quasi-continuum XUV spectra on demand, as shown in Fig. 1., which
should in principle correspond to the generation of stable trains of isolated attosecond pulses at 1 kHz.
Liquid-leaf targets pave the way towards high-power attosecond light sources from plasma mirrors.
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Fig. 1: RHHG spectra recorded at 1 kHz from an ethylene glycol leaf target driven by CEP-controlled 1.5-cycle
pulses with locked CEP (545 frames made up of a 75-shot average recorded every 75 ms). The relative CEP was
offset by & between 18 s and 29 s, showing the repeatable generation of XUV quasi-continua, which should
correspond to a stable train of isolated attosecond pulses in the time domain.
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Abstract
We demonstrate robust isolated attosecond pulse generation using post-compressed Yb laser filaments in a semi-infinite
gas cell. Filamentation induces self-compression and phase-matching, enabling bright 200-as pulses in Ar and sub-70-
as pulses in Ne and He, establishing a universal route toward high-contrast attosecond sources.

Isolated attosecond pulses (IAPs) are essential for resolving ultrafast electronic processes in atoms, molecules, and
solids. While Ti:Sapphire and OPCPA systems have enabled major advances, they remain maintenance-
demanding. Commercial Yb lasers are attractive for their robustness and high power but are typically limited by
long pulse durations (>150 fs), restricting direct use in attosecond applications (see Fig. 1).

We introduce a hybrid strategy combining CASCADE post-compression [1] with filamentation-assisted
shaping in a semi-infinite gas cell (SIGC) [2]. The CASCADE scheme spectrally broadens and compresses 170-
fs Yb:KGW laser pulses to the few-cycle regime (~4.7 fs). When launched into the SIGC near the critical power
(Ppeak/Per = 1), the pulses undergo filamentation, which provides self-guiding, spatial cleaning, and further temporal
self-compression to ~3.5 fs. This nonlinear propagation not only improves pulse quality but also establishes
favorable phase-matching conditions for high-harmonic generation (HHG). Importantly, the SIGC simultaneously
serves as the final compression stage and the IAP generation medium, producing high-contrast attosecond pulses.

In argon, we obtained bright 200-as pulses at 70 eV with excellent temporal contrast and spatial homogeneity.
Extending the approach to neon and helium produced even shorter IAPs: 69 as at 100 eV and 65 as at 135 eV.
Attosecond streaking measurements confirmed the high stability and reproducibility of the pulses. Compared with
conventional short gas cells, the SIGC significantly improved IAP brightness and beam quality, underscoring the
importance of filamentation-induced self-cleaning and self-compression.

In summary, we demonstrate for the first time bright IAPs directly from post-compressed Yb laser filaments.
The combination of commercially available Yb technology, CASCADE post-compression, and filamentation-
assisted self-guiding provides a simple and robust route to stable attosecond sources, opening new opportunities
for widespread use in attosecond science.
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Figure 1: Laser sources and associated post-compression techniques demonstrated so far for generating IAPs.
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We use Hollow Gaussian Beams (HGBs) produced with a spatial light modulator to generate high-order
harmonics in an argon gas jet. As opposed to conventional Gaussian beams, HGB-driven harmonics
exhibit decreasing divergence with increasing harmonic order. This could be a recipe for more compact
attosecond beamlines with higher refocused intensity.

High harmonic generation (HHG) occurs when an intense laser pulse interacts with a gas target, producing coherent
radiation at multiples of the driving laser frequency. This converts visible or near-infrared pulses into extreme-
ultraviolet (XUV) radiation, enabling ultrafast pulses from femtoseconds to attoseconds timescales [1]. Precise control
over harmonic beam divergence and spot size is crucial for maximizing the refocused intensity. Gaussian laser beams
generate harmonics with minimal divergence when the gas target is placed slightly before the beam’s geometric focal
point. However, all harmonic orders have different real or virtual longitudinal source points and cannot be refocused to
the same position [2]. Alternative profiles, such as flat-top beams with uniform central intensity, reduce the divergence
and chromatic aberrations [3].

In this study, we propose and demonstrate the use of Hollow Gaussian Beams (HGBs), a beam featuring a ring-shaped
intensity distribution with a central intensity minimum and a flat phase over the ring [5]. As shown in Figure 1 a),
harmonics generated with HGBs exhibit decreasing divergence with increasing harmonic order, in contrast to the
increasing divergence typically observed for generation at focus with Gaussian beams (Figure 1 b)). Quantum and
macroscopic simulations [1] reveal that the HGB’s intensity profile and flat phase distribution effectively suppress the
harmonic dipole phase contribution. Despite originating from a ring-shaped intensity pattern, the generated harmonics
can be refocused into a restricted longitudinal spread focal spot with minimal chromatic aberrations (Figure 1 c)),
making HGB-driven HHG advantageous for compact, high-intensity attosecond sources.
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Figure 1: Comparison of experimental harmonic spectra for a Gaussian beam (a)) and a HGB (b)). The
insets show the experimentally measured beam profiles. Panel c) illustrates the focusing dynamics for the
251 harmonic order generated with a Gaussian (top) and a HGB driver (bottom).
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Abstract
Spatiotemporal optical vortices (STOVs) are structured light fields strongly coupled in space and time.
We demonstrate, for the first time, that extreme-ultraviolet harmonic STOVs can be synthesized into
an isolated attosecond STOV. This is achieved through advantageous nonlinear up-conversion of infrared
spatiospectral optical vortices via high-order harmonic generation.

The generation of STOVs—with intensity and phase distributions coupled in space and time—has been limited to
the infrared (IR) and visible regimes with pulse durations as short as hundreds of femtoseconds [1]. In this work
we first demonstrate that in high-order harmonic generation (HHG), IR STOVs can be up-converted into extreme-
ultraviolet (EUV) harmonic STOVs, with topological charges that increase with the harmonic order [2]. This scaling
prevents their synthesization into attosecond STOVs. However, we further demonstrate that harmonic STOVs with
the same topological charge can be obtained if driving the HHG process with spatiospectral optical vortices (SSOVs)
[3], the spectral counterparts of STOVs[4]. In addition, combined with spatial chirp—as that used in the attosecond
lighthouse effect [5]—, we demonstrate that an isolated attosecond STOV can be synthesized (Fig. 1).

a) Conceptual HHG driven by elliptical SSOV drivers b) Numerical far-field HHG spectrum c) Isolated attosecond STOV
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Figure 1: High-order harmonic generation results driven by SSOVs. a) Schematic representation of the
IR driving field dynamics in the HHG process. b) Simulated far-field spatially-resolved spectrum (top) and
spatiotemporal intensity and phase distribution of the 13*" and 15" harmonic orders. (c) Isolated attosecond
STOV electric field distribution obtained from overlapping harmonic orders from 13" to 19th.
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Abstract

We experimentally demonstrate an 8-fold efficiency enhancement and extreme tunability of attosecond
pulse generation in the water window by employing a two-channel infrared waveform synthesizer. The
waveforms that optimize emission from 200 to 450 eV are obtained via a field characterization technique
and the gating mechanisms are understood via simulations.

The optimization of the high harmonic generation (HHG) process with the aim of producing isolated attosecond
pulses (IAPs) from the XUV to soft X-rays is essential for its establishment as a widespread tool for time-resolved
spectroscopy. As multi-octave ultrashort pulses are now available at single and sub-cycle durations, tailoring the
electric field shape becomes central for optimizing specific aspects of the HHG.

In this work, we show experimentally how two-color waveform synthesis at sub-cycle durations is a robust tool
for increasing IAP generation efficiency in the water window. In the experiment, we achieve an 8-fold increase in
the efficiency compared to a 1.5-cycle 8 fs IR driver over the 200-450 eV photon energy range under the same
macroscopic conditions (Fig. 1 (a)). This is done with the combination of the IR driver (centered at 1.8 um) and a
7 fs NIR pulse (centered at 800 nm) by changing the carrier envelope phase (CEP) and the relative delay in time.
With these two synthesis parameters, it is possible to optimize the AP generation above 200 eV on the microscopic
level while also maintaining macroscopic phase matching. In particular, we are now able to determine what are
the best waveforms for producing higher flux IAPs and to explain the gating mechanisms (Fig. 1 (b)). This is
accomplished via a combined effort of thorough in-situ experimental characterization [1] of the synthesized pulses
and a simulation code that uses the characterized fields as an input and computes the macroscopic HHG. Figure 1
shows how just a slight modulation of the waveform’s left and central half cycles allows us to switch the optimal
emission from 225 eV to 350 eV. With the benchmarked code, we are also able to predict the case of other two-
and three-color driving fields which would further improve the flux by another order of magnitude.
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Figure 1: Scanning all CEPs and delays, the maximum photon flux within 10% bandwidth at a certain photon energy is

plotted for the synthesized (IR+NIR) and single-color field cases (a). In (b), the waveforms in the focus responsible for
the maximum photon flux at a certain photon energy are plotted together with the ionization rates and the output 1APs.
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The large configuration space and interaction strength of solids presents challenges for time-resolved
spectroscopy and require attosecond temporal resolution. We introduce all-attosecond transient reflection
spectroscopy, enabling core excitation in both the pump and the probe steps. We present results on XUV-
excited ionic crystal insulators, shining light on the quasi-particle dynamics of core-excitons.

Solid state materials are true many-body systems, often reaching electron densities beyond 102 cm™. In the
temporal domain, this large interaction space can present itself as a variety of ultrafast dynamics following
interaction with light that lie beyond the PHz barrier. Previously, transient absorption and reflection spectroscopy
using attosecond XUV pulses have been shown to be an insightful tool in understanding these dynamics, such as
photoinjection [1] and thermalization of carriers [2], charge localization [3] and exciton decoherence [4]. These
experiments combine the high spectral resolution and core-level sensitivity of XUV transient spectroscopy with
excellent temporal resolution. The latter so far has been limited by requiring a strong low-frequency pulse (UV to
THz range) to accompany the relatively weak attosecond XUV pulse to provide the transient signal.

A longstanding ambition in attosecond science has been to perform all-attosecond pump-probe spectroscopy,
eliminating the need for strong laser fields while enabling specific excitation of valence and/or core levels in both
the pump and the probe steps. Recently, we have conducted the first all-attosecond transient absorption
spectroscopy experiments in atoms using a table-top HHG source [5, 6].

Here we present the first demonstration of all-attosecond transient reflection spectroscopy (AATRS), with results
obtained for ionic crystals. An AATRS map recorded in BaF2 is shown in Fig. 1. Preliminary analysis suggests a
shift in energy of core-exciton quasi-particle resonances following one-photon interband transition across the
insulator’s bandgap (~10eV) and reshaping of the exciton resonance during overlap of pump and probe, revealing
the attosecond duration of the pulses.

Our results demonstrate that all-attosecond pump-probe spectroscopy can be transferred to solids without
significant sample degradation. This opens the door to study electron dynamics in a wide range of materials from
a core-level perspective and across large bandwidths on the attosecond domain. For instance, it may be possible
to observe core-hole decay and charge transfer processes in solids directly in the time domain.
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Figure 1: All-attosecond transient reflection spectrum of BaF2 in the Ba™ 5p core-excited region, showing strong shifts

in the core-exciton resonance reflectivity due to carrier excitation by the XUV pump
References

] G Inzani et al., Nature Photonics 17, 1059 (2023)

] BR de Roulet et al., PRB 110, 174301 (2024)

1 Z Schumacher et al., PNAS 120, 2221725120 (2023)
] A Moulet et al., Science 357, 1134-1138 (2017)

] E Sobolev et al., Opt. Express 32, 46251 (2024),

1 M Volkov, E Svirplys et al., in preparation.

96

ORAL Th2.8



UFO X1V Azores 2025

Sub-20-fs UV Pump — XUV Probe Beamline for
Ultrafast Molecular Spectroscopy

Marta Arias-Velasco,' Aurora Crego,">" Stefano Severino,® Fabio Medeghini,® Lorenzo Mai,’
Fabio Frassetto,* Luca Poletto,* Matteo Lucchini,’* Maurizio Reduzzi,* Mauro Nisoli"* and Rocio
Borrego-Varillas'

nstitute for Photonics and Nanotechnologies, IFN-CNR, Piazza Leonardo da Vinci 32, 20133 Milano, Italy
Grupo de Investigacion en Aplicaciones del Laser y Fotonica, Departamento de Fisica Aplicada, Universidad de
Salamanca E-37008 Salamanca, Spain,

*Dipartimento di Fisica, Politecnico di Milano, Piazza Leonardo da Vinci 32, 20133 Milano, Italy

“Institute for Photonics and Nanotechnologies, IFN-CNR, via Trasea 7, 35131 Padova, Italy

“acrego@usal.es
Abstract

We present a UV pump - XUV probe setup with sub-20 fs resolution, enabling the first direct measurement
of the ultrafast So—S: transition in acetylacetone. Using in-situ photoelectron cross-correlation, we track
excited-state dynamics with unprecedented precision, demonstrating the potential of UV-XUV
spectroscopy for ultrafast photochemical process investigations.

Time-resolved photoelectron spectroscopy is essential for studying ultrafast molecular dynamics. Understanding
these processes requires generating and optimizing ultrashort ultraviolet (UV) and extreme-ultraviolet (XUV)
pulses. We present a UV pump - XUV probe setup with sub-20 fs resolution [1], characterized via in-situ
photoelectron cross-correlation, enabling precise tracking of excited-state dynamics in acetylacetone (AcAc).
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Figure 1: (a) Temporal profiles of the UV pump pulse (blue: XFROG, orange: sideband reconstruction).
(b) XUV probe pulse. (c) Experimental photoelectron spectrogram of acetylacetone excited with a UV
pulse and probed with an XUV pulse. (d) Ultrafast decay dynamics of the S: state (open dots: data, red

line: fit). The black dashed lines in (c) show the energy region in (d).

The UV pump pulses (270 nm, ~17 fs, pJ-level energy) are generated by frequency up-conversion [2]. In
contrast, XUV probe pulses (~8.5 fs) are generated through high-harmonic generation and filtered spectrally
using a time-delay compensated monochromator (TDCM) [3]. Temporal characterization of both UV and XUV
pulses was performed by a two-color photoelectron cross-correlation measurement in argon. The resulting
sideband (SB) signal provides information on the spectral phases of both pulses, which can be retrieved by a
proper algorithm [4].

By applying this technique to AcAc, we resolve the ultrafast S2— S transition with unprecedented precision. The
experimental spectrogram effectively maps this process, showing excellent agreement with previous studies and
revealing, for the first time, the S: state lifetime. Our findings highlight the potential of UV-XUYV spectroscopy
for probing ultrafast photochemical processes.
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Abstract

In this presentation, I will focus on our effort in realizing high power/energy laser systems based on active
double-clad tapered fiber amplifiers. Owning to the special longitudinal profile, these fiber amplifiers are
capable of directly amplifying picosecond pulses, delivering excellent beam profile and high polarization
stability in a compact footprint.

In the era of high-power laser systems, there is a constant demand for compact and efficient short-pulsed amplifiers
boosting the power/energy level with excellent output parameters, where the active tapered double-clad fibers (T-
DCF) offer a number of distinguished advantages. Owning to the special longitudinal profile, T-DCF enables
efficient amplification of the short-pulsed signal and leads to the elevation of thresholds for nonlinear effects in a
very compact setup (Figure 1a) [1, 2]. The typical laser system consists of a seed with a single-mode pre-amplifier
elevating the average power up to 100 mW level and a T-DCF amplifier boosting the average power beyond half-
kW level. Recently, we demonstrated the dramatic progress of the T-DCF technology by a number of records in
single-channel laser systems. The 50 ps pulses at 20 MHz were directly amplified from 50 mW up to 625 W with
the excellent beam profile and polarization stability (Figure b-e). By decreasing the repetition rate down to 1 MHz
the same laser system delivered over 2 MW peak power. T-DCF -based amplifier is also capable of achieving over

—
1 mJ energy by amplifying 8 ns pulses at 100 kHz repetition rate from 1 pJ level (Figure 1f). E
a L0& @315 am b 5 m
sEEE 1 —Power ions to the mean value (%] EI
Cooling plate with T-DCF %z E 210 —
comtines / lular FrontEnd 25% os =
— ~4ils"— Seed Laser 3 =567 Z
§ 100 —
a6
. . E 8 Elfiptic
| R
: i am%
TT] 5o
200 400 600 800 1000
[+ e oData Aquisition number, sampeled each 100 ms
o L3 | ]
§- e 12 12 ]
g 135 - 100 200 300 400 500 600 70O 200 { Ouput ;;mu'.w
im0 Injected Pump Power, W r.ﬂ 109) E*Ck-le-:amn. it B .
E 2 - - SE
= 125 08 T E9 =
&= 2 f
£y z = 18
& & roa 34 i
R E {:1 ;z: ; 3
s R T I i 1E
Output Power (W) }n.n 4

W40 S0 B0 100 120 140 160
Pump power, W

000 W20 p4n 1080 1080
Spectrum, nm

Figure 1: a — a typical laser system setup based on a tapered fiber amplifier, b — typical polarization stability
measurements, ¢ — beam quality evolution with output power, d — slope efficiency for 50ps/20MHz/625W laser
system, e — output spectra for 50 ps pulsed signal at the 20W and 625 W power levels, f— slope efficiency for
8ns/100kHz/1mJ pulsed laser system.
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Abstract

We present a two-stage OPCPA delivering sub-7fs pulses around 800 nm with 44 W average power at
100kHz. The pump beam of the second stage is shaped utilizing a holographic high reflectance mirror to
provide a flat-top shape at the OPCPA crystal plane.

Introduction and results

Ultrashort laser pulses with high power and high repetition rate are very attractive for applications in attosecond
science, surface science, or as complementary sources at Free Electron Laser facilities. Here we present a two-stage
OPCPA delivering 55 W at 100 kHz before compressiona and sub-7fs at 800 nm with 44 W after compression.

The architecture of the OPCPA follows our previous work [1]. To achieve higher pulse energy, a booster thin-disk
multi-pass amplifier has been added to the CPA that pumps the OPCPA stages. The amplifier can deliver more than
1kW, 100kHz at 1030 nm with a beam characterized by an M? below 1.3. Currently 0.5 kW are compressed, limited by
the size of the gratings in the compressor. The pump line of the second OPCPA stage incorporates a holographic high
reflector mirror at 1030 nm [2] that introduces a structured spatial phase before second harmonic generation (SHG).
Upon SHG and propagation to the OPCPA crystal, the pump beam at 515 nm is re-shaped from a nearly Gaussian to
a flat-top shape for reduced spatio-temporal couplings during amplification [3]. Seed pulses are amplified to 0.55 mJ
(55 W) in two noncollinear OPCPA stages. The amplified pulses are compressed with 10 pair of bounces in dispersive
mirrors, thin fused-silica wedges and a 4-f pulse shaper (located before the amplification stages) [1]. Characterization
with the SEA-F-SPIDER technique [1] shows a pulse duration of 6.6fs for 10 consecutive measurements (Fig. 1)
corresponding to 2.5 cycles at the carrier frequency. After a waveplate and two thin-film polarizers that control the
power into experiments the compressed output power is 44 W.
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Figure 1: SEA-F-SPIDER measurements after spatial integration. Left: Spectral power density (red) and
retrieved spectral phase (green). Right: Pulse reconstructions (black) and Fourier Transform limit (blue).
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Abstract

We demonstrate power scaling of pulse post-compression using an air-cooled hollow-core fiber, achieving
pulse compression from 1.3 ps to 100 fs at 300 W of average power. Supporting 25-100 kHz (12-3 mJ) at
constant 300 W average power, the system operates with noble or molecular gases, highlighting its
scalability and versatility.

Main Text

Narrowband Ytterbium-doped laser technology has driven advances in pulse post-compression. Building on our
previous 80 W, 2 mJ, 6 fs demonstration [1] using a hollow-core fiber (HCF) setup, we now show scalability of
the HCF compression technique for input average power of up to 300 W with energy of up to 12 mJ using
hardware similar to that in the low power case. An Yb:YAG InnoSlab laser delivers 1.26 ps pulses with 3—12 mJ
at 100-25 kHz, while maintaining 300 W average power. At the HCF output we achieved 250 W and 10 mJ. This
denotes to date the highest energy pulse compression in HCFs filled with atomic gases at the multi-hundred-Watt
level, with comparable results using molecular gases (N2, Oz, N20O) [2].

We used a 3.1 m long, 1 mm core diameter HCF filled with krypton. The relative pressure of krypton varies with
input energy (0.17 bar with 12 mJ and 1.5 bar with 3 mJ). However, input coupling conditions remain the same
with no need in realignment of the setup highlighting its versatility. Compression involved 36 chirped mirror
bounces (—500 fs? at 1010-1060 nm, few-cycle Inc), yielding 103 fs pulses (99 fs at 3 mJ), a 12-fold
compression. Beam quality was confirmed by a symmetric beam refocusing, with a stable 1-hour long power
measurement demonstrating a remarkably low standard deviation of 0.58% at 250 W of average power with
10mJ.
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Figure 1: Left and central image: Autocorrelation showing compressed pulse duration after the HCF, 99 and 103 fs
(magenta), versus input pulse duration of 1.26 ps (gray) at 100 and 25 kHz, respectively.
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Abstract
We propose a method of scaling gain-managed nonlinear amplifiers (GMNA) to mJ energies using tailored
pulse bursts that can be time-combined into a single 50fs output pulse using coherent pulse stacking.

Gain-managed nonlinear amplification (GMNAs) offers a simple approach to generating high-energy femtosecond
pulses, with 2.9uJ, 50fs pulses demonstrated recently using 50pum low-NA LMA fibers [I]. Here we propose a new
method to scale such GMNA pulses to mJ levels, by amplifying specially-tailored pulse bursts suitable for efficient
coherent pulse stacking (CPS) into a single pulse [2] and subsequent compression to ~50fs. Theoretical analysis
indicates that GMNA of an equal-amplitude burst would lead to varying pulse-chirp characteristics along the burst,
preventing efficient stacking and compression to bandwidth-limit. Here we show theoretically that pulse bursts can be
pre-shaped to produce identically-chirped picosecond pulses at GMNA output, stackable and compressible to a single
~50fs, 0.989mJ pulse. Figure 1 illustrates the conceptual CPS-GMNA system layout. Figure 2 (top) shows simulated
pulses and spectra of 729 pulses (each 1.3uJ) in a pre-compensated output burst from a 2.5m 50um core fiber GMNA
amplifier, each compressible to ~50fs bandwidth-limit (bottom). This result shows a pathway to temporally-combined
GMNA systems producing 50fs-scale mJ pulses without using chirped pulse amplification.
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pressed pulses.
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Abstract
We demonstrate high-energy Kerr-lens modelocked (KLM) Ho:YAG thin-disk laser (TDL) emitting at
2.1-um wavelength. We compare different laser configurations to reach a maximum pulse energy of
1.7 wJ at an output power of 29 W with a pulse duration of 434 fs, corresponding to a peak power of
3.7 MW.

The short-wave infrared (SWIR) wavelength region is in growing demand for various applications in science
and technology. More specifically, the 2-um to 3-um wavelength range can be covered by ultrafast lasers
emitting directly in this wavelength region, based, for example, on transition-metal (Cr*") and lanthanide (Tm*",
Ho®* and Er’") dopants, offering enormous potential for extending the performance of modern laser systems to
this wavelength region. Although powerful laser systems operating in this wavelength region have made
significant progress over the last two decades, their state-of-the-art specifications in terms of average output
power, pulse energy, and peak intensity are still behind those of modern 1-pum systems, with numerous research
efforts still to be undertaken. In this context, TDLs are well-known to be very promising for the average power
scaling of high-repetition-rate oscillators, and for future energy scaling of amplifiers. However, the
implementation of the thin-disk geometry for active gain media emitting in the SWIR region is typically not
straightforward, and so far, only a few 2-um ultrafast TDLs have been demonstrated. In [1] a KLM oscillator
based on Ho:YAG was demonstrated featuring an average output power of 25 W and a pulse energy of 0.325 pJ.
More recently, using Semiconductor Saturable Absorber Mirror (SESAM) mode-locking, average power and
energy scaling of a Ho:YAG TDL was demonstrated, reaching an average power of 50 W and a pulse energy of
2.11 pJ [2]. Despite the record performance, this system exhibits a rather long pulse duration of 1.13 ps and a
moderate peak power of 1.6 MW, due to the limited modulation depth of the available SESAMs. In this work,
we demonstrate further scaling of Ho:YAG KLM TDLs reaching an output power of 29 W with a pulse duration
of 434 fs, corresponding to a pulse energy of 1.7 pJ and a peak power of 3.7 MW. This is, to our knowledge, the
highest peak power reported from 2-um oscillators to date.

Fig. 1a) depicts the experimental setup of the KLM TDL oscillator. It features two TDL pump modules used
to split the pump between two Ho:YAG disks with doping concentrations of 2 and 2.5 at.% to mitigate the
thermal damage of the disks under the maximum pump power of 200 W at 1908 nm. Stable modelocking was
achieved in the range of output couplers (OCs) from 1% to 10%. Fig. 1b) and ¢) demonstrate the measured laser
spectrum and autocorrelation (AC) trace at maximum output power of 29 W and 16.7-MHz repetition rate. The
demonstrated laser oscillator operated in a non-hermetic, nitrogen-purged environment with robust and heat-
resistant intracavity components capable of withstanding intracavity powers of nearly 1 kW. Further power
scaling of the laser system output was limited by the available pump power and the rising temperature of the
active media, which can be optimized by changing the disk thickness. The developed system showcases the
technological maturity of 2-um laser components, demonstrating an open path towards 100-W and 10-pJ-class
single-oscillator systems.
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Figure 1: (a) Ho:YAG KLM TDL cavity; (b) Laser spectrum and (c) AC trace at the maximum power.
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Abstract

Addressing OPCPA's demand for high-energy pump sources, we are developing a kHz thin-disk Yb:YAG
amplifier system. The broadband seed laser integrating a solid-state oscillator and a spectrum-shaped
Yb:CALGO pre-amplifier (>5 nm BW) feeds sequential amplification stages: a regenerative amplifier and
three multi-pass amplifiers, achieving pulse energy of >600 mJ. Grating compression (1740 I/mm, 93%
throughput) yields 600-fs pulse length with PW-scale applicability.

Significant progress of optical parametric chirped pulse amplification (OPCPA) [1] technologies has driven an
increasing demand for high-energy, high-repetition-rate pump lasers to achieve ultra-intense and ultra-short pulse
outputs. We developed a high-energy kHz-repetition-rate thin disk laser system, which delivers ultrafast laser pulse
with energy of >600 mJ at the pulse length of <600 fs at 1 kHz repetition rate. The diagram of the thin disk
amplifier is shown in Figure 1. A solid-state oscillator is used as the seed pulse due to its excellent spectrum
without spectrum modulation. The seed pulse is stretched by the CFBG with a chirp rate of 750ps/nm and
amplified by fiber pre-amplifiers. To suppress the gain narrowing in the following thin disk amplifiers, broad
spectrum and high pulse energy of the seed laser is required. A broad-spectrum high-energy dual-Yb:CALGO
regenerative amplifier is designed to amplifier the seed pulse energy up to 2 mJ while keeping the bandwidth >5
nm (FWHM). The pulse energy is amplified by a thin disk regenerative amplifier up to 100 mJ before injecting
to the cascaded multi-pass thin disk amplifiers, which boosts the pulse energy >760 mJ before compression. A
Treacy type compressor with two deflective gratings is used to compress the laser pulse length to <600 fs with an
output energy of >600 mJ.

Figure 1: The diagram of the thin disk amplifier system.
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Abstract

We present recent advancements in broadband terahertz sources utilizing high-power Yb-based ultrafast
lasers as drivers, which are nearing watt-level average power. We discuss various approaches explored thus
far, current challenges, prospects for scaling, and future research areas that will accelerate their
implementation in applications.

Coherent sources producing ultrashort, few-cycle pulses of terahertz (THz) radiation have become well-established
in an immense variety of scientific fields, spanning physics, chemistry, material science, engineering, biology, and
medicine. They allow for steering and probing the dynamics of a variety of low-energy phenomena in condensed
matter, ranging from ultrafast dynamics of charge carriers, phonons and spins, conductivity to intermolecular
dynamics of liquids in biological systems. Furthermore, ultrafast laser-driven THz sources are powerful tools for
material identification and imaging and are starting to be increasingly deployed in industrial inspection scenarios,
for quality control of layered materials.

The most commonly used techniques to generate ultra-broadband THz pulses using ultrafast lasers are down
conversion in materials with x® nonlinearity using intra-pulse difference frequency generation (optical
rectification), photocurrents in biased semiconductors and ionized gaseous media, and more recently, spintronic
THz emitters; all these techniques have seen spectacular progress in terms of pulse strength, bandwidth,
polarization control among others; however their average power has remained low. In the last few years however,
the rapid advancement of high-power ultrafast laser technologies based on ytterbium (Yb)-doped solid-state lasers
has enabled us to make significant progress in reaching higher powers. Ultrafast laser systems with tens to
hundreds of watts of average power are now commercially available with industrial-grade stability, and pulse
compression methods are transforming these lasers into the new workhorse of broadband THz science.

In this new context, we summarize most recent findings in applying these laser systems to generate high-average-
power broadband THz radiation. We discuss various challenges and differences that arise in the generation
mechanisms when increasing the driving average power.
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Abstract

Femtosecond laser filamentation has numerous applications that benefit from an extended filament range,
such as cloud clearing or lightning guiding. We demonstrate a novel approach to extend filamentation
based on cumulative gas hydrodynamics at high laser repetition rates which induce a “leapfrog” effect
without requiring additional optics or beam shaping. © 2025 The Author(s)

There are many practical applications of femtosecond laser filamentation, for example, drilling holes in clouds for
optical telecommunication, generating air or plasma waveguides for optical or microwave radiation, as well as
guiding lightning strikes and electrical discharges [1], among others. In this context, most practical applications of
filamentation benefit from increased filament lengths. Several approaches have been employed in the past to
achieve this, for example, multifocal phase masks or lens arrays for a broken-wire approach [2]. However, these
techniques require additional optics, which are highly specialized and require costly custom manufacturing.
Here, we propose and show experimental proof of a new technique to increase filament length significantly based
on increasing the repetition rate of the driving laser and the use of pre-formed channels of reduced air density [3].
Recent advances in ytterbium (Yb)-based high-power ultrafast laser systems have opened the door to new high-
repetition-rate filamentation regimes at tens to hundreds of kHz, where the resultant inter-pulse time is too small
for complete diffusion of the residual heat left after the plasma recombination. This leads to cumulative effects in
the gas hydrodynamics [4], which can alter many of the previously well-known filament formation mechanisms.
In the case studied here, using a 500 W ultrafast laser system running at 10 to 100 kHz, the short inter-pulse times
and high pulse energies drive cumulative effects in the gas hydrodynamics, which result in spatially varying gas
densities along the filament, thereby varying the nonlinear refractive index resulting in a dynamic change of the
position where filamentation occurs. We propose to coin this effect as “leapfrog” extended filamentation.

We show this effect experimentally, by studying the beam profiles after filamentation, the onset of filamentation
by recording the spatially resolved plasma fluorescence, and the air density evolution along the channel via
interferometry, that with increasing repetition rates filaments do not occur at the same position, but instead
“leapfrog” over the previously heated air channel. In Figure 1, a transversal cross-section of the recovering gas
density along the propagation axis is shown. At 1 kHz within 1 ms the depleted air density recovers fully, while at
100 kHz the following pulse will pass through the changed density profile left from the previous filament. Since
consecutive pulses arrive before the depleted volume recovers, they experience a lowered nonlinear refractive
index along the depleted channels, and thus a delayed onset of filamentation, which leads to this “leapfrog” effect,
effectively extending the filamentation range without the need for additional optics or beam shaping.
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Figure 1: Temporal evolution of the cross-section of the relative change in air density at repetition rates of 1 kHz and 100 kHz. At 1 kHz, the
air achieves complete recovery, while at 100 kHz, the depletion does not recover before the following pulse arrives.
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Abstract

Two-photon dual-comb LiDAR replaces data intensive acquisition with time-tagged cross correlations to
achieve precision metrology without the need for phase-stabilized ultrafast lasers. With amplified
detection, extend the technique to non-cooperative targets, allowing LiDAR point-cloud imaging at
precisions orders of magnitude higher than conventional LiDAR.

Dual-comb ranging employs one laser frequency comb to probe distances to target and reference surfaces, and a
second local-oscillator (LO) comb to time-gate the resulting probe reflections. In the conventional implementation,
coherent gating yields interferograms which are digitized at sampling rates >100 MSa/s [1]. Conversely, two-
photon dual-comb LiDAR acquires intensity cross-correlations which can be time-tagged by a microcontroller to
enable precision metrology with a minimal data burden [2,3]. By using an active detection scheme in which probe
pulses scattered from non-cooperative metal surfaces are amplified in an Erbium-doped fiber amplifier prior to
local-oscillator time-gating, ranging is possible with precisions comparable to those obtained with perfectly
reflecting optical targets [4]. This capability opens a route to obtaining point-cloud images of the kind familiar in
conventional LIiDAR but with the precision of dual-comb ranging. Here, we present the first demonstration of
two-photon dual-comb LiDAR imaging, applying it to an aluminum test object fabricated on a multi-axis milling
machine, showing the ability to resolve even challenging features like thin shoulders and edges woth an average
surface finish between 0.5 pm and 1.5 pm.

Figure 1 compares the original object (Fig. 1(a)) with the measured point-cloud representation (Fig. 1(b)),
which clearly shows the six distinct surface heights present in the design (Fig. 1(c)). The measurement precision
was determined by localizing the point cloud data associated with each surface then fitting a plane to each dataset
to account for any tilt. This process yielded fitting residuals of between 71 um and 86 um, representing the
instantaneous surface measurement precision. Allan deviation measurements made at a single point on the object
show that this precision can be improved to 4 um after 2 seconds of averaging, allowing a precise comparison of
the test-object feature heights with the original mechanical design. In future work we will seek to improve signal
return, minimize the scan time and further improve the precision.
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Figure 1 (a) Original test object, compared with (b) two-photon dual-comb LiDAR point-cloud image. (c) Side projection of
the point-cloud dataset, showing six different surface heights, including (below -346 mm) wide and narrow shoulders around
a through-hole. The height values are absolute distances from a reference reflector situated close to the common transmit /

receive aperture of the imager.

References

[1] I. Coddington, W. C. Swann, L. Nenadovic and N. R. Newbury, Nature Photonics 3, 351 (2009).

[2] H. Wright, J. Sun, D. McKendrick, N. Weston and D. T. Reid, Optics Express 29, 37037 (2021).

[3] H. Wright, A. J. M. Nelmes and D. T. Reid, Optics Express 31, 22497 (2023).

[4] H. Wright, A. J. M. Nelmes, N. J. Weston and D. T. Reid, CLEO: Science and Innovations. Optica (2024).

107

ORAL F2.9



UFO XIV Azores 2025

Offset tunable 650-1050 nm astrocomb

Yuk Shan Cheng,” Kamalesh Dadi,* William Newman,!
Jake M. Charsley,! Richard A. McCracken! and Derryck T. Reid*

! School of Engineering and Physical Sciences, Heriot-Watt University, Edinburgh, EH14 4AS, UK.
“y.cheng@hw.ac.uk

Abstract

By using a feed-forward technique, we integrate a cw laser into a 650-1050 nm supercontinuum from a
1-GHz laser frequency comb. Transmitting the supercontinuum through a Fabry-Pérot filter cavity locked
to the cw laser produces a 16-GHz astrocomb, whose offset frequency is fully tunable in 1-GHz intervals.

Laser frequency combs (LFCs) from modelocked ultrafast oscillators are ideal calibration sources for astronomical
spectrographs due to their atomically-referenced and evenly-spaced spectral lines [1]. However, the typical comb-
mode spacing (frep) of 100-1000 MHz is not resolvable and must be increased by using a Fabry-Pérot (FP) filter
cavity to select a subset of modes with a spacing of mfep, introducing an ambiguity over which of the m primary
LFC subsets has been filtered. Here, we present a broadband (650—-1050 nm) astrocomb integrating a cw laser via
a feed-forward technique [2], which not only allows the cw laser to serve as a fiducial marker of the astrocomb
but also enables control over the astrocomb offset, facilitating comb-mode sweeping across the spectrograph
detector pixels to enable instrument-function mapping that can be used to reveal camera inhomogeneities [3].

To integrate the cw laser, a heterodyne beat with the LFC was obtained using a beat-detection unit (BDU, Fig.
1a) and amplified to drive an acousto-optic frequency shifter (AOFS) applied to the cw laser. We pre-conditioned
the cw laser frequency with a software feedback loop to match the beat to the AOFS operating frequency (15010
MHz), and in this way overlapped the cw laser frequency onto a comb mode. A wavemeter was used to confirm
the cw-laser frequency before and after shifting (Fig. 1b), showing a consistent +150 MHz shift, along with noise
reduction. The 650-1050 nm LFC supercontinuum and cw laser were polarization-multiplexed into the FP cavity,
which could be scanned to confirm the coincidence of the cw and comb-mode transmissions (Fig. 1c, arrows).
After locking the FP cavity to the AOFS-shifted cw laser via Pound-Drever-Hall stabilization, a portion of the
filtered LFC was observed on an echelle spectrograph, showing that by stepping the cw laser frequency in 1 GHz
intervals the astrocomb offset frequency could be tuned over the full FP free-spectral range of 16 GHz (Fig. 1d).
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Figure 1: (a) Overview of the astrocomb and spectrum of the LFC supercontinuum. (b) cw laser frequency
before and after frequency shifting. (c) FP transmission showing the overlap between the supercontinuum LFC
fringes and the cw laser (red arrows) as the offset of the astrocomb was stepped. (d) Astrocomb tuning in
1 GHz steps across the full 16 GHz Fabry-Pérot free-spectral range, observed on an echelle spectrograph.
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Abstract

We present the architecture and experimental progress of the 10-fs Hyperspectral Stroboscope, a device to
generate synchronized sub-10 fs pulses spanning the visible to mid-infrared. Using nonlinear-optical stages
employing adiabatic frequency conversion with intrinsic dispersion management, we can greatly simplify
the architecture for multi-channel, ultrafast spectroscopy covering several octaves.

Mapping electronic energy landscapes near nonadiabatic transitions in photoexcited systems require pump-probe
experiments utilizing ultrafast pulses in the mid-IR, near-IR, and/or visible. The dynamics of interest often occur
in tens of femtoseconds, requiring compressed pulses at a desired spectral range. We present our progress towards
the 10-fs Hyperspectral Stroboscope, a device designed to produce synchronized ~10-fs pulses spanning the visible
to mid-IR. The device utilizes a new and simple architecture based on a NOPA front-end with modular frequency
translation stages employing adiabatic frequency conversion (AFC) with intrinsic dispersion management.
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Figure 1: Hyperspectral Stroboscope architecture under development.

The Hyperspectral Stroboscope is designed to create five synchronized pulses with ~10 fs duration (Fig.
1). These pulses are generated from an Yb-amplifier-pumped NOPA front-end, which produces a 7-fs Vis/Near-
IR pulse. This seeds four nonlinear-optical conversion stages that up- or down-convert the NOPA pulse to a
specified frequency range while imparting zero group delay dispersion. Since frequency conversion and dispersion
management occur in a single device, the multi-channel pump-probe system has a flexible, modular architecture,
and can be constructed in a small space that minimizes uncommon beam paths.

Typically, a sub-10-fs beamline requires its own complex dispersion management scheme. Synthesizing
several beamlines in a single device is a complex, often infeasible task. To solve this issue, we developed a variant
[1] of AFC [2] in which a single aperiodically poled, quasi phase-matched crystal can convert an octave-spanning
bandwidth while intrinsically compensating for its material dispersion. By utilizing the frequency-dependent and
localized conversion of AFC with a tailored nonlinear poling function, we ensure that each frequency has the same
total group delay. This enables a monolithic device that realizes the concept in Fig. 2 (left): it accepts a 10-fs near-
IR pulse and emits a frequency-translated copy as a compressed 10-fs pulse. Fig. 2 (right) illustrates a first
experimental realization: a 2-cm-long LiNbOs crystal transfers compressed 11.1-fs pulses from the near-IR (680—
820 nm) to compressed 11.6-fs pulses covering an octave in the mid-IR (2-4um) [2]. The three other crystals have
been designed (and fabricated, in the case of the adiabatic OPA) and show similar promise through S|mulat|ons
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Figure 2: (left) Concept of AFC with intrinsic dispersion management. (right) Experimental demf)(r’fsjtration: an 11.1-fs
compressed input (680-820 nm) is converted to an 11.6 fs compressed output pulse (2000-4000 nm). (From [1].)
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Abstract
We present an experimentally realisable scheme for all-electric dipole trapping of chiral molecules in an
enantioselective fashion. Our theory shows that light with chirality structured in time induces a chiral
Stark shift resulting in trapping of the chosen enantiomer in the laser beam, while the other enantiomer
is shaken away.

Optical tweezers have proven to be an extremely powerful and versatile tool for trapping and manipulating matter
from atoms to micron-scale objects. One long-lasting dream, which has yet to be realised, is the enantiosensitive
trapping of chiral objects in an optical tweezer: an optical trap which will keep, say, the right-handed version of a
molecule, but will reject (and, indeed, eject) its left-handed mirror version, providing an optical solution to an essential
task of the chemical and pharmaceutical industries over the past 200 years.

A chiral optical trap, however, has remained elusive to
standard methods, as linear chiroptical phenomena rely
on magnetic-dipole and electric-quadrupole interactions,
and these are dominated by the much stronger electric-
dipole contribution.

Here we leverage recent developments in chiral nonlin-
ear optics, direct brainchildren of attosecond and ul-
trafast science, which permit pure electric-dipole inter-
actions in the ultrafast regime, built around synthetic
chiral light (SCL) [1] as the main tool: a multicolour
light field, which couples to a multi-photon chiral molec-
ular pseudoscalar [2], that exhibits its chirality over time.
We construct a tightly-focused tricolour chiral (TRICC)
beam, designed to be globally chiral [3]. We demonstrate
how this leads to the highly efficient enantioseparation
of small molecules using only electric-dipole transitions
that give rise to a nonlinear (three-photon) chiral Stark
shift.

This chiral Stark shift, the product of a molecular and a
light-field pseudoscalar, which is tuned through the rela-
tive phases and frequencies of the TRICC field, permits
the enantiosensitive optical trapping of a specific enan-
tiomer — i.e., a “Chiral Optical Tweezer” — in the same

Figure 1: Cartoon for chiral optical tweezers catch-
way that the the linear achiral Stark shift enables stan- 18 D—methyloxlrane,.whlle L-en%ntlomer 18 Sept off the
dard optical tweezers [1]. laser TRICC beam with the nonlinear correlation func-
We analyse the nonlinear susceptibility of the molecule tion h® responsible for trapping.

of choice to optimise the TRICC-beam frequencies, and

we show that results in a realistic trap in the presence of a cold buffer gas.
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Abstract

We present a table-top, extreme ultraviolet ptychography microscope at 13.5 nm. Structured
illumination improves resolution and image quality, enabling the investigation of nanoscale structure
and composition of microorganisms and battery electrodes. Additionally, we demonstrate a novel
method for quantitative single-shot EUV imaging, paving the way for imaging of ultrafast dynamics.

High power ultrafast lasers can generate coherent and high photon-flux extreme ultraviolet (EUV) radiation
via high harmonic generation (HHG) [1], [2], rendering this spectral region that was once exclusive to large-
scale facilities broadly accessible. Combined with imaging experiments, EUV radiation provides high
resolution, high penetration depth and excellent, label-free element-contrast [3]. By combining a high
photon flux EUV source and ptychography [4], a lenses imaging technique, we obtain quantitative amplitude
and phase images with sub-20 nm resolution. Here we show, that a structured illumination, particularly a
diffuse pattern, is especially suited for EUV ptychography (see Fig 1a) [5]. Utilizing this state-of-the art
EUV-Microscope, Bacillus subtilties Bacteria and the effect of the antibiotic monazomycin were studied.
For the first time defects in the treated bacteria could be visualized, employing a novel self-calibration
technique, suited for soft tissue (see Fig 1d) [6]. Additionally, a thin lamella of a silicon anode from an all-
solid-state battery was investigated, highlighting the enhanced penetration depth and material contrast in the
EUV, compared to electron microscopy (see Fig 1. e/f). Moreover, the structured EUV beam enables
quantitative single-shot imaging through novel reconstruction algorithms [7], which we demonstrated here
for the first time on a table-top EUV setup. Thus, our work opens novel opportunities for ultrafast physics,
as well as material and life sciences.

structured unstructured
illumination illumination

single shot EUV image

2 lm

Fig.1: a, b: Image reconstruction with structured/ unstructured illumination. c: Single shot EUV image using RPI.
d: Antibiotic treated B. subtilis Bacteria. e/f: EUV and electron microscopy (SEM) image of a columnar silicon
anode lamella.
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Abstract

We harness attosecond waveform and coherence control in multicolor laser fields to spatially deactivate
solid-state high-harmonic generation below the diffraction limit. This harmonic deactivation microscopy
(HADES) enables label-free super-resolution microscopy. We demonstrate imaging of nanostructures via
HADES and describe its prospects for (sub-)-femtosecond nanoscopy.

Nonlinear optical microscopy provides elegant means for label-free imaging of biological samples and condensed
matter systems. The widespread areas of application could even be increased if resolution were improved, which
the famous Abbe diffraction limit now restrains. Super-resolution techniques can break the diffraction limit, but
most rely on fluorescent labeling. This makes them incompatible with (sub)femtosecond temporal resolution and
applications that demand the absence of labeling. In a recent study, we introduced harmonic deactivation
microscopy (HADES) for breaking the diffraction limit in nonfluorescent samples [1].

This technique generates high harmonics in a sample (Fig. 1A) by tightly focusing near-infrared light. A donut-
shaped beam with radially varying fluence deactivates the harmonics spatially (Fig. 1B). HADES reduces the
harmonic point-spread function (PSF) noticeably. For third harmonic generation (THG) microscopy, four-fold
reduction of the PSF compared to the Abbe limit has been demonstrated, which thus represents a lower limit for
potential resolution improvement. Experiments showed that deactivation scales with harmonic order (Fig. 1B
inset), leading to increased resolution gains: For fifth harmonic microscopy, we thus expect sub-100 nm resolution.
We deactivate high-harmonic generation (HHG) by overlapping two incommensurate electric fields. The new
waveform synthesized by both fields reduces HHG efficiency during overlap. After pulse overlap increased
scattering due to photoexcited carriers leads to an overall amplitude suppression [2,3]. HADES utilizes these
effects and increases the resolution of an existing third-harmonic generation (THG) microscope (Fig. 1C, D).
Combining HADES with higher harmonic orders enables nanoscale resolutions. The general nature of harmonic
deactivation allows for translating the results to a variety of materials subject to current research, e.g., 2D materials,
or topological insulators [2]. The intrinsic attosecond nature of HHG yields the potential of unveiling sub-
femtosecond processes on a nanoscale [4], such as the resolution of insulator-to-metal phase transitions in strongly
correlated materials, which HADES may resolve at the most extreme attosecond time and nanometer length scales.
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Figure 1: A: Tightly focused NIR beam excites HHG in a sample for imaging. B: A donut-shaped beam reduces the spatial
extent of HHG. The deactivation curve for higher orders (inset, purple) is steeper than for lower harmonics (orange),
further increasing the resolution with harmonic order. C-D: Harmonic deactivation microscopy (HADES) improves the
resolution of a THG microscope visibly in a NbO2 sample.
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Abstract

This study presents a wavelength-tunable, multi-megawatt pulse source using N.O-filled hollow-core
Kagome photonic crystal fibers (PCFs) for nonlinear microscopy. Starting with a Ytterbium laser, we
achieved 50% efficiency at 1300 nm, essential for three-photon fluorescence microscopy, enabled by
spatiotemporal nonlinear enhancement in the Raman-active medium.

Methodology and Results

Three-photon fluorescence microscopy requires ultrashort pulses with an intensity of over | MW and a wavelength
of ~1300 nm for deep-tissue imaging. Gas-filled Kagome PCFs offer tunable dispersion, nonlinearity, and low loss
(~0.1 dB/m) broadband guidance. Raman-active gases enable redshift spectral broadening via stimulated Raman
scattering (SRS). An 82 pm core Raman-active gas-filled Kagome PCF with weak anomalous group velocity
dispersion (GVD) and controlled modal dispersion enables 1300 nm generation via multidimensional solitary
states (MDSS)[1].
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Figure 1: a) Spectra at pressures from 1.1 bar (10 pJ input) to 6 bar (20 pJ input). (b) Spectral broadening and beam
profile at 6 bars with 20 pJ input, the full beam, and the beam after long-pass filters (LPFs) at 1050-1300 nm.

In our experiment, 130-fs, 20-uJ pulses at 1030 nm from a Yb-doped fiber amplifier were coupled into a 1-m N-O-
filled Kagome PCF with an 82-um core. Figure 1a illustrates a cascaded SRS redshift from 1080 to 1360 nm by
adjusting the N2O pressure and input energy, resulting in a conversion efficiency of ~50% (compared to 10% in
previous 1D studies). Mode profiles reveal nonlinear interactions and higher-order mode competition. LPF spatial
profiles at 1050-1300 nm show high beam quality, especially at 1300 nm (Figure 1b). The generated multi-
megawatt pulses redshift to 1.36 um via Raman-enhanced intermodal interactions, offering a promising source for
nonlinear microscopy.
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Abstract

This presentation reviews the motivation, design, performance, and applications of laser-Compton x-ray &
gamma-ray sources based on the collision of high-frequency trains of high-brightness electron bunches and
trains of ultrashort duration laser pulses created via multi-GHz pulse synthesis.

Main Text

For nearly 130 years, x-ray systems used in clinical and industrial settings have been based on the n x-
ray tube. Laser-Compton sources, which produce x-rays via the interaction of energetic laser pulses with
highly relativistic electrons, can produce low-divergence beams of nearly mono-energetic x-rays or
gamma-rays. In this presentation, a unique, distributed charge Compton scattering (DCCS) architecture is
presented that optimizes source performance and in doing so creates both clinically and industrially-
relevant beams of x-rays. Underpinning this architecture is a novel laser pulse synthesis technology which
utilizes the x-band (11.424 GHz) RF clock of a compact, high-gradient accelerator and telecom-quality
amplitude and phase modulators to create a high-repetition laser with a macro/micro pulse structure
consisting of up to 1000 micro-pulses repeated at a macro-pulse rate of up to 400 Hz. This approach
significantly improves electron beam emittance, maximizes the electron beam current, reduces x-ray
bandwidth, inherently creates synchronization between the laser and electron beam subsystems, and
maximizes the average x-ray brilliance. At MeV energies, DCCS systems can exceed the average brilliance
of even the world’s largest synchrotrons by many orders of magnitude. Applications span detection &
treatment of cancer, industrial NDE, and nuclear photonics.

Figure 1: Operational, high-brilliance, distributed charge Compton x-ray source in Irvine, California
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Abstract

We present a high-flux, continuously operated femtosecond hard X-ray source by tightly focusing short
laser pulses on a regenerative liquid metal jet. The photon flux is the highest ever reported at photon energies
above 10keV, moreover it scales linearly with laser power, enabling scalable X-ray generation with great
application potential.

New table-top laser-driven X-ray sources are being developed for their ultrashort pulse capabilities, enabling
femtosecond X-ray pump-probe experiments and atomic-scale structural dynamics studies [1,2] that demand high
photon flux and a small source size. We report a high-photon-flux, scalable X-ray source at energies >10 keV from
a liquid metal jet of bismuth-indium alloy. The measured photon flux is 2 x 108 photons/s/sr at 10.8 keV (Bi La)
and ~1 x 108 photons/s/sr at 24.2 keV (In Ka), representing record flux values for laser driven X-ray sources above
10keV. An X-ray spectrum measured at 5 kHz repetition rate is shown in figure 1.

The laser driver is a 1 kW all-fiber laser system operating at 1.03 um [3] with an adjustable repetition rate of up
to 100 kHz. The pulse duration was compressed to 32 fs using a multipass cell, with 5 mJ pulse energy on target
and a 6.4 pm (1/¢?) focal spot size, yielding a peak intensity of ~4 x 107 W/cm?. A key result of the experiment is
the linear scalability of the total X-ray photon count with laser average power. In this initial run, scaling was only
limited by the liquid jet speed, which will be enhanced in future iterations. These findings highlight the potential
of a continuous regenerative liquid metal jet combined with a high-average-power laser system to generate
tabletop, high-flux hard X-ray pulses at photon energies above 10 keV.
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Figure 1: (left) measured X-ray spectrum with characteristic emission
peaks; (right) measured total X-ray flux for different repetition rates.
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Abstract

We demonstrate optical control of electrons in light-dressed graphene using bi-chromatic electric fields.
Circularly polarized femtosecond laser pulses at 1550 nm generate a Floquet topological insulator (FTI).
A phase-locked second harmonic controls electrons within the FTI. We observe photocurrent circular
dichroism, the all-optical anomalous Hall effect, and attosecond FTI micromotion.

Light interaction with materials can modify their electronic band structure, creating light-dressed Floquet states with
new quantum and topological properties. Trivial materials can be transformed by periodic driving into topologically
nontrivial periodic states, known as Floquet topological insulators (FTIs), and have been previously observed in
photonic waveguides [1] and cold atom systems [2]. While theory suggests that Floquet dressing can synthesize
almost arbitrary material band structures with varying topological phenomena [3], FTI states in real materials have
yet to be directly observed and controlled. Here we demonstrate a new method for generating and probing these
phenomena by harmonically related optical fields. The circularly polarized fundamental frequency laser pulse dresses
bare graphene (w, 1550 nm, Fig. 1), a topologically trivial material, into an FTI. Our FTT is unique in that the circular
dressing breaks only time-reversal symmetry, not inversion symmetry, allowing us to directly probe the topological
properties of the transient state. We probe topological bands of the strongly driven FTI using a second harmonic
pulse (2w, 775nm). For the first time we measure photocurrent circular dichroism, the optical anomalous Hall effect,
and observe the FTT state’s attosecond micromotion [4]. This directly connects the traditionally steady-state Floquet
picture with attosecond phenomena probed by optical fields. By understanding how to optically modify and control
materials, we can dynamically change material properties and engineer quantum and topological phenomena into
trivial materials on the femtosecond timescale.
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Figure 1: Optical control in an FTI. a—b, A Floquet topological insulator (FTI) emerges from driving the
gapless, topologically trivial band structure of graphene (a) by irradiation with a circularly-polarized funda-
mental laser field (red waveform, dress). Broken time-reversal symmetry gives rise to a nonzero gap A and
same signed Berry curvature (colorbar, a), resulting in a non-zero Chern number. This topological insulating
phase exhibits avoided crossings at resonant energies (A, ), which we probe with a second harmonic pulse
(blue waveform). ¢, All-optical anomalous Hall currents (green arrows) emerge from excitation FTT with 2w
polarized perpendicularly to the electrode axis. Shifting ¢, o, by 7 effectively results in a reversal of the
2w deflection and consequently also the Hall current direction.
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Abstract

THz single cycle pulses emitted from a spintronic thin film illuminated by X-ray free electron laser pulses
are detected by spectrally-encoded single-shot electro-optic sampling to parasitically measure and correct
the arrival time variation in pump-probe experiments in condensed matter

The time resolution of pump-probe experiments at X-ray free electron lasers (XFEL) based on self-amplified
spontaneous emission is limited by the arrival time jitter of the of X-ray pulses in combination with drifts arising
from the scale of the such facilities. Many approaches to mitigate these problems have been developed, including
transient optical reflectivity or transmission of an X-ray pumped semiconductor [1], THz streaking [2], as well as
synchronization systems with few femtosecond stability [3]. Nevertheless, condensed matter experiments with
soft X-rays present a particular set of challenges for pulse arrival diagnostics that limit their applicability. The
pulse energy incident on the sample is often low, limiting the fluence available for timing diagnostics. The
transmitted beam often forms part of the measurement, so is not available for downstream use. Bulk samples
typically absorb the whole pulse, again ruling out downstream measurements. Beam splitting techniques can be
used upstream of the sample but may negatively impact beam quality.

We have developed a novel X-ray pulse arrival time diagnostic based on detecting terahertz (THz)
radiation emitted by a ferromagnetic spintronic sample irradiated by the X-ray pulses from the FEL. We
demonstrated this technique first in the extreme UV at the seeded Fermi FEL [4] and have now implemented it at
the soft X-ray Spectroscopy and Coherent Scattering (SCS) Instrument of the European X-ray Free Electron
Laser (European XFEL).

Spintronic THz emitters (STE) are thin-film nanostructures comprising a ferromagnetic material
sandwiched between two non-magnetic heavy metals [5]. For use in soft X-rays, the STE is grown on a thin, X-
ray transparent membrane of silicon, silicon nitride or silicon carbide, and held in an in-plane magnetic field.
The femtosecond X-ray pulse excites a spin current in the ferromagnetic layer that is converted into a charge
current in the two heavy metal layer via the inverse spin Hall effect. The THz pulse is detected using spatially-
encoded single-shot electro-optical sampling with the same infrared laser pulse as used for pump-probe
experiments, providing a measurement of the relative arrival time of the X-ray and optical laser pulses.

The pulse arrival diagnostic tool is located a few meters upstream of the user experimental station to
reduce relative jitter between them arising from their different laser paths. The STE sample absorbs only a small
fraction of the X-ray pulse energy and does not cut the beam spatially and survives large X-ray fluence, so the
pulse arrival diagnostic can be run in parallel to user experiments without disturbing them.
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Abstract

We present a versatile framework enabling spectral and temporal shaping of the photoinjector laser pulses
through programmable infrared modulation and innovative nonlinear upconversion techniques.
Demonstrating temporally-tailored UV pulses, this approach provides an avenue for enhanced control
over electron-emission, targeting order-of-magnitude increase in XFEL brightness and applications of
attosecond pulse production.

SLAC’s LCLS-II is undergoing major upgrades aimed at boosting X-ray brightness, increasing repetition rates,
and enhancing control over X-ray temporal profiles. Achieving the full benefit of these improvements requires
coordinated optimization across every stage of the X-ray generation process—starting with the UV photoinjector
laser, which initiates electron emission via cathode photoemission and ultimately defines the X-ray beam
characteristics [1]. The next-generation laser system introduces programmable IR spectral shaping and advanced
upconversion methods to produce tunable, ultrafast photoemission (Fig. 1la). One such method,
dispersion-controlled nonlinear synthesis (DCNS), employs noncollinear sum-frequency generation driven by
oppositely chirped pulses to generate diverse, static UV pulse shapes on picosecond timescales (Fig. 1¢). When
combined with upstream IR pulse shaping (Fig. 1b), this architecture provides a powerful lever for tailoring UV
pulses. These shaped UV pulses induce controlled electron emission at the cathode, generating electron bunches
that traverse undulators producing coherent X-ray light. Downstream diagnostics measure X-ray pulses and
depleted electron bunches (Fig. 1d), correlating these outcomes to the UV pulse shaping.
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Figure 1. a) Schematic of photoinjector laser set up for adaptable UV pulse shaping linked to electron bunch and ultimately X-ray production
[1]; b) example pre- and post- IR pulse shaper FROG spectra; ¢) example experiment UV temporal profiles collected for emittance reduction
and attosecond pulse production [3]; d) demonstrative x-band transverse cavity (XTCAV) measurement of electron bunch post undulator [4].
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Abstract

High-harmonic generation (HHG) in gases became our trusty source of coherent XUV, however it is
affected by the media photoionisation, causing the blue shift of the driver and disturbing the XUV
growth with propagation. We show that high-order frequency mixing produces much brighter XUV than

HHG, gaining from the blue-shift compensation.

The generation of bright, coherent XUV light via frequency con-
version of intense laser drivers is a problem of both fundamental
and technological importance. Increasing the intensity of the gen-
erated high harmonics by raising the intensity of the driving field
only works up to a point: at high intensities, rapid ionisation of
the medium limits the conversion efficiency.

We identify the dominant limiting mechanism — the combined ef-
fect of phase matching and the blue shift of the driving field during
its propagation through a rapidly ionising medium [1, 2]. We in-
troduce the blue-shift length, which sets the upper bound for the
quadratic intensity growth of the harmonics.

We study analytically and numerically (solving the propagation
equation coupled with the TDSE) the behaviour of the macro-
scopic HHG signal with propagation distance. We show that its
quadratic growth is limited by the shortest of three lengths: ab-
sorption, coherence, or blue-shift length. Thus, we define three
regimes of HHG, corresponding to the dominant limiting mecha-
nisms (see Fig.1(a)).

Moreover, we show that this seemingly fundamental restriction
can be overcome by using an additional generating weak mid-IR
field. For suitable combinations of frequencies of the generating
fields, the corresponding high-order frequency-mixing (HFM) pro-
cess does not suffer from the blue shift of the drivers and phase
mismatch [1], and thus its efficiency grows quadratically with
propagation (see Fig.1(b)).

Our results open a new route for highly efficient generation of
XUV light, the first step of which has been taken already via
an observation of high-order parametric generation [3]. Moreover,
HFM offers new handles for XUV control such as the control of the
carrier envelope phase of the emitted attosecond XUV pulses [4, 5].
This work is done in tight collaboration with Vasily Strelkov.
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Abstract
We experimentally demonstrate a phase-only technique for programmable ultrashort laser pulse replica-
tion based on stochastic interleaved combs in frequency domain. For generating two femtosecond pulse
replicas, we use quasi-random binning of spatial light modulator pixels with different phase modulation
slopes for two pixel subsets.

We demonstrate a new technique for phase-only femtosecond laser pulse shaping using a 4F pulse shaper with a
liquid-crystal spatial light modulator (SLM). The technique is based on Randomized Multiple Indepenent Comb
Shaping (RandoMICS) with irregular binning of adjacent pixels has been developed to suppress undesired satellite
pulses resulting from intrapulse interference [?]. For this purpose, stochastic aperiodic assignment of the spectral
pixels to different subsets is applied. Thus, satellite-free generation of multiple pulse replicas is achieved and the full
delay range of the pulse shaper can be utilized.

The RandoMICS algorithm was experimentally validated with an Yb-doped fiber laser emitting 250-fs pulses with
8 nm FWHM spectrum and a 4F pulse shaper based on an 800-pixel phase-only SLM. T'wo pixel subsets of the SLM
corresponding to the pulse replicas were generated with a binary random number generator in MATLAB, see Fig. 1(a).
One subset had no phase modulation (® = 0) while the other subset had a linear phase delay ®(Af) = 2rAfT, where
optical frequency offset A f is linearly mapped to the SLM pixel number in the 4F pulse shaper. One replica of the pulse
is at t = 0, while the second replica is set at variable delay 7" ranging from —20 to 20 ps. We experimentally compare
RandoMICS and regular MICS pulse replication algorithms with smooth phase modulation. The experimental results
are cross-correlation traces at variable delays of the second pulse replica shown in Fig. 1(b). A series of 10 sequential
measurements for each delay preset is demonstrated. Measured delay of the replicas obtained by the RandoMICS
algorithm is within 0.2% of preset delay T' and the RMS measurement jitter is below 60 fs. The decrease of the replica
intensity at |T'| > 10 ps is explained by wavefront tilt in the pulse shaper and resulting reduced efficiency of laser
beam coupling into the fiber.
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Figure 1: Implementation of the RandoMICS algorithm for the case of two replicas at t = 0 and T (a)
phase modulation pattern with randomized pixel binning; (b) measured cross correlation functions at various
preset delays T'.
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Abstract
Spectral modulation of chirped femtosecond pulses is an effective method for obtaining arbitrary time-
domain waveforms. We analyze chirped pulse modulation in terms of information theory and demonstrate
that modulation contrast and resolution satisfy uncertainty relations. Performance is maximized when
the shaper’s bandwidth equals twofold bandwidth of laser radiation.

Consider a chirped laser pulse with the carrier frequency modulation bandwidth Aw processed with a pulse shaper
having the full transmission bandwidth B,,. Gabor’s uncertainty principle implies that the bandwidth necessary for
transmitting an element with duration 7 is dw = 27/7. To ensure that this condition is satisfied for all spectral
components of the chirped pulse, we restrict the transmission bandwidth as B, > Aw + 27/7. On the other hand,
duration of a linearly chirped laser pulse is T' = 2bsAw, where by is the second order dispersion coefficient. Thus, we
can estimate the number of resolvable spots as

N =T/ = bsAw(B, — Aw) /7. (1)
Equation (1) allows for explicit optimization of the modulation resolution:
max N = 2—233, at B, =2Aw. (2)
™

Figure 1 demonstates up to 5 dB enhancement in spectral contrast for 167-bits meander modulation over 80-nm
bandwidth. In the experiment, 12-fs pulses from a Ti:sapphire master oscillator were processed with a high-resolution
AOPDF designed and fabricated in-house. Control RF waveform was generated by the Dispersive Fourier Synthesis
(DFS) software package in MATLAB [2]. The case in Fig. 1(a) was obtained at B, = Aw resulting in contrast decay
near the pulse spectrum borders. The optimal case B, = 2Aw is shown Fig. 1(b) that demonstrates maximized
contrast of spectral modulation.
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Figure 1: 167-bit periodic binary modulation of 12-fs pulse spectrum: (a) minimum modulation bandwidth
B, = Aw; (b) optimal modulation bandwidth B, = 2Aw. 1 — reference spectrum without modulation,
AOPDF transmission window A\ = 80 nm; 2 — output spectrum with the modulation pitch of 6\ = 0.48 nm;
3 — modulation depth.
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Abstract

Results on the post-compression studies performed on the SEA, SYLOS2 and SYLOS3 lasers of ELI ALPS
are presented at energy levels ranging from 12 to 100 mJ with input pulse durations around 10 fs and
repetition rates of 10 Hz and 1 kHz.

Introduction

Generation of energetic isolated attosecond pulses from surface high harmonics requires well controlled single-
cycle pulses with reasonably high energies in the range of tens of millijoules. Reaching such laser pulses is possible
through post-compression of already sub-15 fs pulses with well controlled spectral phase at the input using a single
thin dielectric plate as the nonlinear medium [1]. Modulations in the spatial intensity distribution are critical to
avoid for controlled utilization of self-phase modulation along the beam cross-section. The SYLOS lasers, all
based on noncollinear optical parametric chirped pulse amplification (OPCPA), are in the forefront of few-cycle
generation technology [2], and are ideal candidates for reaching the single-cycle duration with multi-TW peak
power at the output via post-compression.

Results

Here we present results on the spectral broadening of the SEA and SYLOS2 lasers by using the single thin plate
concept, through which spectra corresponding to sub-4 and sub-5 fs Fourier transform limited (FTL) duration were
achieved. The effect of spatial filtering was also investigated before the nonlinear interaction, which led to high
quality 3.9 fs pulses in the case of the SEA laser after compression in combination with an energy of 15 mJ.
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Fig. 1. Spatially resolved spectrum without (a) and with broadening (c) in a single fused silica plate at 100 mJ energy.
The corresponding spatially integrated spectra are shown in (b) and (d).

Recently, the output pulses of SYLOS3 were also spectrally broadened in different nonlinear media. We tested
the single thin plate concept here, as well, on top of which we also investigated the application of a gas cell with
helium, and also broadening in air. The effects of spatial inhomogeneities were investigated by measuring the
spatially resolved spectrum for the different nonlinear media. Our results are paving the way towards 10 TW
single-cycle pulse generation via post-compression at 1 kHz repetition rate.
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Abstract

We present results on measuring the spatio-spectral structure of the few-cycle pulses generated by Ti:Sa
and OPCPA-based laser systems of ELI ALPS, where spatially resolved Fourier transform spectroscopy
was extensively utilized in spectral ranges from 650 to 4000 nm.

Introduction

Proper control of few-cycle pulses for experiments with any type of target requires the knowledge on the behavior
of the different frequency components within their extensive spectral bandwidth. Furthermore, tracing back
distortions to any part of the laser system is not enough to accomplish in the spectral or temporal domain, but it
must be spatially resolved, as well. Spatially resolved Fourier transform spectroscopy has the advantage, that the
pulses do not have to be compressed for the measurement of the complete spatio-spectral characteristics, thus it
can be applied in practically any part of the laser system. Several different implementations have been introduced
on this technique in the last decade in the near infrared spectral region [1-3]. Here we present a comprehensive
analysis on different laser systems with the ICE [1] and the INSIGHT [3] methods.

Results

Ultrabroadband pulses from the ORPHEUS optical parametric chirped pulse amplification (OPCPA) frontend,
furthermore the SYLOS2 and SYLOS3 OPCPA systems were measured by both ICE and INSIGHT methods,
where the spatio-spectral optimization for seeding a Ti:Sa amplifier chain, and for experiments were achieved
successfully, in the spectral ranges of 680-1050 nm and 740-1100 nm, respectively. By using a mid-infrared CCD
detector, we were also able to utilize the ICE technique to characterize four-cycle pulses of our mid-infrared
OPCPA system around the central wavelength of 3200 nm (Fig. 1).
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Fig. 1. Spatially resolved spectrum of the mid-infrared OPCPA system in the near (a) and far field (b).

X (mm)
0_ (mrad)

-2.5

Implementing a SWIR CCD as a detector in the ICE device is also in progress, by which pulses of the HR laser
systems after multiple stages of post-compression will be investigated in the spectral range of 600 and 1300 nm.

This work paves the way towards the general understanding of spatio-spectral optimization of different few-
cycle laser systems, while the experimental specific effects are also addressed.
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Abstract: High peak power lasers require compression under vacuum. Combined with high average power, a
thermal issue arose from the absorption of gold gratings. In order to limit this absorption and conserve ultrashort
pulses we propose a new dielectric gratings type allowing in the plane compressor design.

High-power lasers operating at high operation rates based on gold-coated grating compressors are limited
by the absorption of the gold coating [1,2] that leads to heating and deformation of gratings under vacuum. An
alternative to decrease absorption is the use of all-dielectric gratings that consists in dielectric ridges on a reflective
dielectric multilayer stack. Such approach enables broadband acceptance for the compression step of the chirp
pulse amplification [3] of high power femtosecond pulses. Dielectric gratings have been reported but can have a
limited spectral bandwidth and requires an out-of-the plane layout for the associated pulse compressor design,
resulting into a more complex and higher volume architecture as compared to in-plane layout. In this paper, we
propose all-dielectric compressors for high power ultrashort laser source, enabling both high broadband efficiency
(> 90% efficiency on spectral bandwidth>100nm centered at 800nm) and high laser induced damage threshold
(LIDT). Two architectures have been proposed with grating periods of 610nm and 560nm, enabling operation at
36° and 55° incidence angle in TE polarization. As an example, the theoretical efficiency of the -1% diffraction
order of the designed 560nm-period grating, given in Fig. 1a, shows a bandwidth larger than 100nm for 90%
efficiency computed by RCWA (Rigorous Coupled Wave Analysis). Several components with different ridge
profiles and reflective stacks are simulated in terms of efficiency and electric field intensity distribution, and
manufactured by nanoimprint lithography and high-density plasma etching on a multilayer dielectric reflective
stack. A picture of the 15mm x 15mm gratings manufactured on a 2 inch wafer is given in Fig. 1b. On Fig. lc, the
Scanning Electron Microscope (SEM) image of a FIB (Focused Ion Beam) cut of the grating shows the multilayer
dielectric stack and the ridges of the gratings.
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Fig. 1 a) Simulated -1st order diffraction efficiency for a large spectral bandwidth of dielectric grating with a 560nm
period, under TE polarisation. b) Picture of one of the manufactured dielectric Grating, c) SEM image of the FIB cut of the grating.

Spectral measurement of -1* order efficiency at various grating angle of incidence and losses caused by
scattering have been experimentally measured using a broadband source (GECCO Oscillator) with a pulse duration
of 15 fs in the nanojoule range at 800nm at a repetition rate of 80 MHz. In plane configuration at 36° for a period
of 610 nm and 55° for a period of 560nm (which allows the closest configuration to standard gold grating
compressor layout) can be used for compressor alignment. Efficiencies in between 88% and 91% have been
measured for the different gratings geometries. The best diffraction efficiency is 91% based on a 97% reflectivity
dielectric stack for a large spectral acceptance bandwidth of 110nm (FWHM). A laser damage threshold of 200
mJ/cm? have been estimated with 15 mJ, 30fs 10Hz compressed pulses. We can expect to reach at least 94% by
improving the reflective stack and fine-tuning the ridges profile.
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Abstract

A compact Ho:YLF amplifier system delivering 60 mJ pulse energy for pumping MID-IR OPCPAs
between 3 — 11 um is presented, implementing a microjoule-level Yb:fiber-driven OPA as a front-end
reducing the footprint, complexity and optimizing bifurcation dynamics.

A high-energy, kHz-repetition rate amplifier with picosecond pulses at 2 um is ideal for efficiently pumping
optical parametric chirped-pulse amplifiers (OPCPASs) with multi-millijoule pulse energies in the 3 11 um
range. Such drivers allow the generation of table-top, high-flux femtosecond X-ray pulses at photon energies
around 8 keV [1]. Recently, a 22 mJ regenerative amplifier has been demonstrated, using an Yb:KGW
regenerative amplifier with 2.05 pJ DFG and OPA as front-end [2]. Despite the relatively compact architecture
of the Ho:YLF amplifiers, all systems realized to date depend on highly complex front-end seed designs,
involving, for example, either Er:fiber and supercontinuum [1] or 3-stage parametric amplifiers driven by
Yb:KGW regenerative amplifiers [2]. We present a compact high-energy picosecond Ho:YLF amplifier system
designed to efficiently pump MID-IR OPCPA stages at 5 um. Our system achieves pulse energies exceeding
60 mJ, and is seeded by a robust OPA driven by an Yb:fiber laser (Fig. 1), allowing the reduction of the overall
system to a footprint of < 2m?2.

Ho:YLF Regenerative Amplifier 2050 nm Ho:YLF Booster

Pump Laser
Yb:Fiber
1030 nm, 20 p,
50 kHz

Pump Laser Pump Laser
Tm:Fiber Tm:Fiber
100 W cw 140 W cw

i
]

i

]

I
MIR OPCPA |
5um, 50fs :
:

1

1

i

]

]

Figure 1: Schematic of the compact Ho:YLF amplifier system.

As a front-end, the system uses a compact medical-grade Yb:fiber laser operating at 1030 nm, 20 pJ and

50 kHz. It pumps a single-stage OPA system delivering 2.7 pJ at 2050 nm. The front-end operates robustly with
a power instability below 0.6%. The seed pulses are stretched to 1 ns in a chirped volume Bragg grating (CVBG)
with 11 nm spectral bandwidth, resulting in 0.5 pJ in-band seed energy. The regenerative amplifier follows the
ring cavity architecture of [1], pumped by a 100 W continuous-wave (cw) Tm:fiber laser. We were able to
achieve a pulse energy of 18.5 mJ with an excellent pulse-to-pulse instability of 0.3%. The spectral bandwidth of
2.8 nm supports a Fourier-limited pulse duration of 1.9 ps, and the beam quality is M? < 1.15 in both axes.
Further power scaling is achieved via additional booster amplifier stages. Adding two booster stages, pumped by
135 W from Tm:fiber pump lasers, we could achieve more than 60 mJ pulse energy at 1 kHz repetition rate. Our
laser system aims for exceeding 20 GW peak power, approaching the self-focusing limit, which would also
allow for air filamentation studies and related atmospheric phenomena.

[1] Kog, A., et al. Compact high-flux hard X-ray source driven by femtosecond mid-infrared pulses at a 1 kHz
repetition rate. Opt. Lett. 46(2), 210-213 (2021).

[2] Bock, M., et al., Ho:YLF regenerative amplifier delivering 22 mJ, 2.0 ps pulses at a 1 kHz repetition rate. Opt.
Express 32, 23499-23509 (2024).
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Abstract
We conducted simulations of a novel approach for the generation of a broadband seed for the upcoming
Vulcan 20 PW (400 J, 20 fs) beamline based on amplification in the mid-infrared region followed by second-
harmonic generation for improved contrast, while retaining a relatively simple and compact setup.

For several decades, the Vulcan laser at the Rutherford Appleton laboratory in the United Kingdom stood as a vital
tool for international users, supporting experimental endeavors in fields such as astrophysics, fast electron generation
and transport, and particle acceleration. In 2023, an ambitious upgrade project was formally announced - Vulcan
20-20 - aiming to reach 20 PW (400 J, 20 fs)[1]. To seed the main 20 PW beamline of Vulcan 20-20, we require a very
high-contrast broadband (within 850-1050 nm) pulse capable of supporting sub-20 fs durations.

‘We propose an approach for the front-end of Vulcan 20-20 starting with a laser delivering 2 mJ, 500 fs pulses at 1030 nm,
where a fraction is used for supercontinuum (SC) generation down to 1700-2100 nm. Due to the intrinsic low energy of
SC generation, the pulses are amplified by optical parametric amplification (OPA) in a mid-infrared nonlinear crystal
(HGS), followed by second-harmonic (SH) generation to obtain the intended bandwidth. We performed simulations
with the Chi23D code[2] to evaluate the performance of the system. Figure 1 depicts the phase matching curves and
the resulting simulated bandwidth from the amplification stages, consisting of a noncollinear OPA (NOPA) followed by
a quasi-collinear OPA. The chained stages (NOPA+OPA+SH) contribute to a higher pulse contrast, as the conversion
efficiency of the pre- and post-pulses will be significantly lower than that of the main pulse due to the x? nature of
these processes. Additionally, it allows pumping with the driver rather than its SH, as is common in many facilities
using BBO-based OPAs, making it more efficient. This approach avoids reliance on the idler, preventing spatial chirp.
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Figure 1: Simulation of chained amplification stages in HGS.
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Abstract
We describe the ongoing development of a high-energy, ultrafast mid-infrared laser, designed for 5 mJ,

85 fs operation at 3 pm. This system is based on multi-stage parametric amplification seeded by a 100
kHz, 1030 nm Yb-based system.

Mid-infrared ultrafast lasers play a crucial role in modern science, as they provide access to molecular vibrational and
rotational modes. The emergence of high-energy ultrafast sources drove the growth of applications such as harmonic
generation and attosecond pulse generation[l]. One of the most well established methods of producing high-energy,
mJ-level mid-infrared sources is Optical Parametric Chirped Pulse Amplification (OPCPA) [2, 3, 4, 5].

We present the current stage of such a source, driven by a high-repetition-rate Yb system. Our Yb driver seeds a
comercial OPCPA enclosure generating CEP stable 65 pJ, 40 fs, 3 um pulses. The output will then be amplified up
to 5 mJ, 85 fs, 10 Hz in a custom OPCPA consisting of three parametric amplifiers pumped by a home-built Chirped
Pulse Amplification (CPA) system, seeded by the Yb driver, see Fig.1. We lower the repetition rate of the driver to
10 Hz due to limitations on our CPA system. Operation > kHz is feasible with thin-disk laser technologies, however,
our approach allows the implementation of a pre-existing CPA system.

We discuss the architecture of this source and its potential for driving next generation mid-infrared applications such
as high harmonic generation, attosecond science and particle acceleration.
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Figure 1: Design of the mJ-level 3 pm amplifier.
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Abstract

The effect of a double plasma mirror system (DPM) on the temporal contrast of the Astra-Gemini laser
is investigated. Variations in DPM coatings affected the temporal profile, revealing distinct regions of
performance. Dependence of the temporal profile on coating configuration in high-intensity regions is
noted, implying PM coating degradation.

Diagnosing the temporal contrast of short pulse laser systems is crucial for conducting well understood and controlled
laser-plasma interactions. While multiple methods exist for temporal cleaning, plasma mirrors (PMs) remain popular
due to their versatility and capacity to suppress amplified spontaneous emission and pre-pulses from the temporal
profile. It is therefore essential to identify how PM coating and substrate type impact the quality of temporal cleaning.
This work explores a DPM configuration on the Astra-Gemini laser, a petawatt-class Ti:S laser at the CLF [1]. A
Sequoia autocorrelator [2] measured the temporal contrast for various DPM configurations, investigating BK7 and
Fused Silica substrates with uncoated and anti-reflective (AR) coatings. No significant difference in performance
was found between substrate types. However, different coating configurations showed distinct behavior, with two
identifiable regions (Fig. 1). At ¢ < —4 ps, the configuration with two AR mirrors (AR/AR) exhibits a contrast that
is an order of magnitude higher than for uncoated/AR. As the laser intensity on the PM increases, a step-like change
in the AR/AR contrast profile is observed, occurring at ¢ &~ —4 ps. After this point, AR/AR and uncoated/AR
have similar profiles, implying a degradation of the first AR coating in the AR/AR set up. This has widespread
implications for facilities fielding PMs for temporal cleaning, but more data is needed to explore additional features
in detail. Further characterisation of the rising edge contrast will be presented, following a scheduled Astra-Gemini
experiment in July, where single shot contrast diagnostics will be exploited to gain deeper insight into these features.
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Figure 1: Temporal contrast of the Astra-Gemini laser [1] using DPMs as diagnosed by a Sequoia autocorrelator [2].
(Green) The native Gemini temporal contrast. (Blue, Orange) The native contrast multiplied by a constant (1073
and 10™* respectively) to aid in presenting PM measurements. (Dark blue) DPM set up where both mirrors have
an AR coating. (Red) DPMs where the first is uncoated and the second is AR coated. (Bottom) Different operating
regimes of the PMs. (Pink) Coating dependent. (Grey) Coating independent. (Yellow) Rising edge.

References

[1] CLF Astra-Gemini, [Online]. Available: https://www.clf.stfc.ac.uk/Pages/The-Astra-Gemini-Facility.aspx

[2] Amplitude Technologies, “Sequoia: Third-order autocorrelator”, Amplitude Technologies, [Online]. Available:
[https://amplitude-laser.com/products/femtosecond-lasers/instrumentation-lasers-femtosecondes/sequoia/]

129

POSTER 1.10



B UFO XIV Azores 2025

Spatiotemporal characterization of ultrafast
pulses using a dispersive interferometer

Yeong Gyu Kim!”, Byungjoo Kim?!, Dohyun Kim?, Jiyeon Choi?, and Sanghoon Ahn!

!Department of Laser & Electron Beam, Korea Institute of Machinery & Materials, 34103, 156 Gajeongbuk-Ro,
Yuseong-Gu, Daejeon, Korea
“ygkim@Kkimm.re.kr

Abstract

This paper presents a method for measuring spatiotemporal profiles of ultrafast pulses. By introducing a
dispersive material in one arm of an interferometer, frequency-resolved wavefront and intensity are
measured. To validate the proposed method, radial group delay, induced by two spherical singlets, was
experimentally measured, showing excellent agreement with theory.

Introduction and Method

Spatiotemporal couplings of ultrafast pulses result in enlarged focal spot sizes, extended pulse durations, and
distorted wavefronts, ultimately reducing the spatiotemporal peak intensities. Accurate characterization of
spatiotemporal couplings is therefore essential for optimizing ultrafast laser applications. Existing measurement
methods often face difficulties when handling pulses with relatively narrow spectrums and long pulse durations
[1-3]. To address this, we propose a high-resolution spatiospectral measurement method utilizing a Michelson
interferometer with dispersive material placed in onearm. The dispersive material temporally elongates the laser
pulses, causing only specific wavelengths, determined by the length difference between the dispersive arm and the
reference arm, to temporally overlap at the camera. Consequently, interference fringes for these matched
wavelengths can be precisely measured, yielding frequency-resolved wavefront and intensity information. By
systematically varying the length difference between two arms, spatiospectral properties of laser pulses is obtained.
Finally, performing an inverse Fourier transform along the frequency axis at each spatial position then successfully
reconstructs the spatiotemporal profile of laser pulses.

Experimental Results and Validation

To experimentally validate the proposed method, radial group delay was induced using two plano-convex singlet
lenses. Since the radial group delay induced by the lenses can be theoretically calculated [4], we compared these
calculations with our experimental measurements to assessaccuracy. We used a BK-7 material as the dispersive
material and determined the appropriate wavelengths by calculating arrival times based onwavelength-
dependent group velocities. By adjusting the path length of the dispersive arm, the wavelengths matching the
reference arm were systematically varied. The measured radial group delay closely matched the theoretical
predictions. Additionally, integrating the frequency-resolved intensity spatially yielded a spectral profile in
excellent agreement with independent measurements obtained using a spectrometer. Furthermore, the spatial
beam profiles obtained by integrating frequency-resolved intensities along the frequency axis agreed well with
beam profiles directly measured by a camera. These results confirm that our proposed measurement method
accurately characterizes ultrafast pulses, even those with narrow spectral bandwidths.
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Abstract

For plane and out-of-plane compressors, analytical expressions for the focal intensity are derived for
arbitrary surface profiles and arbitrary groove patterns of all gratings. Quality requirements for the surface
of the optics used to write the grating are several times higher than quality requirements for the surface of
the grating.

Compressor diffraction gratings introduce two types of space-time coupling: amplitude and phase ones. The
amplitude coupling is related to the spatial dependence of the reflection coefficient, as well as to beam clipping on
the gratings, if any. In this paper, we will limit our study to the phase space-time coupling caused by two reasons.
The first one is an imperfectly flat grating surface. The second, much less studied reason for the phase space-time
coupling is the groove pattern imperfection: non-equidistance and non-parallelism. We will restrict ourselves to
four most interesting cases — plane Treacy compressors with four or two gratings (4TC and 2TC) and out-of-plane
Littrow compressor with four or two gratings (4LC and 2LC). In the Littrow compressor incident angle equals the
Littrow angle.

The focal intensity (Strehl ratio St) is product of two multipliers: St= Ste:Stwr , where Ster depends on the grating
surface profile and Stwr depends on the groove pattern imperfection, which origins from nonperfect optics used for
grating writing. In most cases, the degradation of Ster is much more than Stg, i.e. the requirements for the quality
of the surface of the optics used for the gratings writing are several times higher than the requirements for the
quality of the grating surface, see Fig.1. Note the difference between rms of grating surface H on Fig.1a and rms
of surface of optics used for gratings writing h on Fig.1b. By rotating the gratings by 180 degrees around the
normal and exchanging them it is possible to find an optimal variant maximizing St.

The influence of all imperfections of all compressor gratings on St is described by one function W(x,y) that has the
sense of the effective wavefront. The decrease in St is proportional to the squared rms of this function. The ¥(x,y)
function is determined by the total distortions of gratings G2 and G3 for the four-grating compressor and of G1
for the two-grating compressor, with the St decrease in the latter being much smaller, which is its undoubted
advantage. In all cases the reduction of the pulse spectrum width A® proportionally reduces the requirements for
the rms of both the surface of the gratings and the surface of the optics used for their writing.
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Fig. 1. Strehl ratio St vs groove density N. Sty (N) (red) and St,,,-(N) (green) for 4TC and 4L.C (a) and for 4TC,
2TC and 2LC (b). For clarity, curves for Sty (N) are plotted for larger values of distortion than for St,,,.(N): a
factor of 10 for (a) and a factor of 5 for (b).
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Abstract

We investigated the impact of vacuum conditions on the SYLOS2 laser system’s. Placing the beam
expansion and pre-compression stages in vacuum significantly improved wavefront quality by reducing
air-induced instabilities. These findings support the development of a dedicated vacuum chamber with
enhanced vibration isolation, optimizing beamline performance for ultrafast applications.

Introduction

The Extreme Light Infrastructure — Attosecond Light Pulse Source (ELI ALPS) is one of the three ELI pillars,
located in Szeged, Hungary. A key component of ELI ALPS is the SYLOS system [1, 2], a NOPCPA-based
single-cycle laser system that serves as the primary driver for six secondary sources, all connected via a vacuum
beam transport system. These secondary sources, powered by the SYLOS systems, generate attosecond pulses
and laser-accelerated particles, including electrons, protons, deuterons, and neutrons.

At the end of the laser system, the beam is expanded by a telescope operating under atmospheric conditions to
mitigate nonlinear effects. This section of the system is enclosed to minimize airflow; however, residual heat still
induces air movement under the covers. Despite extensive efforts over the past five years to minimize the impact
of airflow, its effects on wavefront stability and pointing fluctuations remain noticeable.

Results

A recent experiment was conducted to evaluate the effects of placing the back-end section, including the beam
expansion telescope and pre-compressor of SYLOS2, in a vacuum environment. The vacuum chamber was
connected to the beam transport system to maintain vacuum integrity during laser beam propagation. The output
beam was directed into the SYLOS Long Beamline, where its wavefront parameters were analyzed.

Two sets of measurements were performed to assess the influence of air on beam quality. The first dataset was
collected under the original configuration, where beam expansion and pre-compression occurred under
atmospheric conditions. The second dataset was obtained with the back-end section placed in vacuum. The
results, shown in Figure 1, illustrate the comparison of wavefront parameters under air and vacuum conditions,
represented by two key Zernike polynomials.
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Figure 1. Measured defocus and 0° astigmatism under air (red) and vacuum (green) conditions

Our findings indicate that placing the large-beam-size section of the system under vacuum one can achieve more
than one order of improvement in the defocus and astigmatism quality while higher order Zernike polynomials
were improved by a factor of two due to the lack of refractive index changes by the air turbulence under vacuum.
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Abstract

We demonstrate the generation of microjoule-level and widely tunable sub-2 fs ultraviolet pulses through
resonant dispersive wave acceleration in capillary fibres with individually placed pressure control points.

Bright, wavelength-tunable few-cycle ultraviolet pulses promise to break new ground in ultrafast science, but their
generation is still extremely challenging. Resonant dispersive wave (RDW) emission in gas-filled capillary fibres
offers great potential to generate continuously tunable pulses from the deep to the vacuum ultraviolet [1], with
microjoule-level energies, and few-femtosecond durations [2]. However, the resonant nature of the emission
process limits the spectral bandwidth of the RDW, hindering the generation of pulses shorter than 2-3 fs.

In this work, we numerically demonstrate a novel concept for the generation of clean sub-2 fs RDWs which relies
on precise dispersion engineering through an intermediate pressure control point along the capillary. Inspired by
earlier studies in tapered fibres [3,4], the creation of a double decreasing pressure gradient inside the fibre (Fig.
la) produces an acceleration of the RDW and allows a re-collision with its parent self-compressing soliton. The
strong nonlinear interaction between both pulses through cross-phase modulation results in extreme spectral
broadening of the RDW towards higher frequencies (Fig. 1b). The final decreasing pressure enables dispersion-
free delivery of the RDW directly to vacuum as a clean pulse with record ultrashort duration of ~1 fs (Fig. 1c¢).

In addition, the central wavelength of the RDW can be continuously tuned by simply changing the input pulse
energy and gas pressure in a given configuration, resulting in the generation of sub-2 fs pulses across the whole
deep and vacuum ultraviolet (Fig. 1d). Overall, our concept, which is currently under experimental construction,
represents a major step forward to the generation of few- and even sub-cycle ultraviolet pulses, with great prospects
for the investigation of photoinduced electronic processes with unprecedented temporal resolution.
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Fig. 1: (a) Double decreasing pressure gradient design in a HCF with an intermediate gas control point. (b) Modelled
propagation of a self-compressing soliton showing re-collision with its RDW. (¢) Output spectrum and corresponding
RDW as directly delivered to vacuum. (d) Microjoule-level, sub-2 fs pulses generated at different central wavelengths.
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Abstract
We demonstrated a 79-MHz high-power femtosecond laser at 930-nm based on a frequency doubled 1860-nm fiber laser.
The corresponding delivered pulse duration was 138 fs under the output power of 1.8 W. This laser source was further
integrated into a two-photon imaging system.

Introduction
High-power femtosecond fiber lasers contribute significantly in the applications of terahertz-wave generation,
biomedical imaging, and materials science [1-2]. In biomedical imaging, 930-nm femtosecond fiber lasers can be
utilized to effectively excite fluorescent proteins labeled in the mouse cerebral cortex and hippocampus, enabling
Ca?* imaging with single dendritic spine resolution [3]. One sufficient approach in generating 930-nm femtosecond
pulses is the nonlinear frequency conversion [4]. We report on a high-power, 79-MHz, 930-nm femtosecond laser
generated by second harmonic generation (SHG) of an all-fiber mode-locked 1860-nm laser in a Periodically Poled
Lithium Niobate (MgO: PPLN) crystal .
Experimental Results

The schematic design of the high-power 930-nm fiber laser was illustrated in Fig. 1(a), comprising a mode-locked
erbium-doped fiber oscillator, a nonlinear erbium-doped fiber amplifier as the pre-amplifier, a thulium-doped
chirped pulse amplifier (CPA), and the SHG stage.

Fig. 1(c-f) illustrated the optical characteristics of the delivered 930-nm femtosecond laser. A 4-W, 1860-nm
fiber laser with the pulse duration of 198 fs can be realized by the thulium-doped fiber CPA. After carefully
optimizing the nonlinear phase-matching condition, the 1.8-W, 930-nm laser pulses with the pulse duration of 138
fs based on the Sech? assumption can be generated.

This high-power, 930-nm femtosecond laser was further integrated into a two-photon microscopy system, and
the imaging of mouse brain slices was demonstrated. The imaging validation showed a clearly visible neuronal
structure, confirming the perfect effectiveness of this 930-nm laser for the high-resolution two-photon microscopy
applications.
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Fig. 1. (a) Schematic design of the 930-nm fiber laser; (b) two-photon imaging results; (c) optical pulse duration, (d) spectrum, (¢) temporal
performance of the pulse train, and (f) output power stability, inset: 930-nm laser beam profile. LD: laser diode; DCF: dispersion compensation fiber;
WDM: wave length division multiplexer; DM: dichroic mirror; OBJ, objective; PMT, photomultiplier tube; HR: high reflection mirror.
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Abstract

In this work, we present a single-shot implementation of the amplitude swing technique, where the
amplitude modulation is applied using a pair of uniaxial wedges to obtain a spatially resolved trace. This
compact inline setup allows versatile and robust characterization of single ultrashort pulses.

Temporal characterization of single pulses is necessary when dealing with shot-to-shot pulse-shape fluctuations,
as usual in high-power and low repetition rate lasers. Amplitude swing (a-swing) [1,2] involves scanning the
relative amplitude of two delayed replicas of the pulse to be measured, using a bulk inline interferometer that
confers stability and compactness to the system. Here, we replace the rotating waveplate of the scanning
configurations [3] with a pair of uniaxial wedges with their optical axes perpendicular between them (Fig. 1a),
which introduce a relative phase §(y, w) between the horizontal and vertical projections of the input pulse. This
way, by means of a quarter waveplate, the amplitude modulation is imparted along a spatial coordinate (y-axis in
this case), allowing us to measure the a-swing trace in a single acquisition using an imaging spectrometer [4].
From this trace, the pulse is retrieved by using a fast iterative ptychographic algorithm recently introduced [5]. We
show an example of an a-swing single-shot measurement and reconstruction, validated by comparing it with the
corresponding scanning retrieval (Fig. 1b and 1c).
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Figure 1: (a) Single-shot a-swing setup. (b) Measured and retrieved scanning and single-shot a-swing traces, (c)
retrieved pulses in spectral and temporal domains. Gray: measured spectrum; red: single-shot; black: scanning.
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In conclusion, we present a single-shot a-swing setup for ultrafast characterization, retaining the key advantages
of the scanning a-swing versions: simplicity, resilience to noise and clipping, and versatility in spectral
bandwidth (including few-cycle regime), chirp, and central frequency [6].

References

[1] B. Alonso, W. Holgado, and I. J. Sola, “Compact in-line temporal measurement of laser pulses with amplitude
swing”, Opt Express 28, 15625-15640 (2020).

[2] I. J. Sola, and B. Alonso “Robustness and capabilities of ultrashort laser pulses characterization with amplitude
swing”, Sci Rep 10, 18364 (2020).

[3] M. Lopez-Ripa, 1. I. Sola, and B. Alonso, “Generalizing amplitude swing modulation for versatile ultrashort pulse
measurement”, Opt Express 31, 34428-34442 (2023).

[4] C. Barbero, 1. J. Sola, and B. Alonso, “Measuring ultrafast laser pulses using a single-shot amplitude swing
implementation”, arXiv:2503.08824 (2025).

[5] C. Barbero, I. J. Sola, and B. Alonso, “Ptychographic retrieval for complete ultrashort pulse amplitude swing
reconstruction”, Opt Laser Technol 188, 112939 (2025).

[6] M. Lopez-Ripa, [J Sola, and B. Alonso, “Amplitude swing ultrashort pulse characterization across visible to near-
infrared,” Opt Laser Technol 164, 109492 (2023).

135

POSTER 1.16



UFO XIV Azores 2025

Compact Tunable Sub-20 fs Visible Pulses via Fiber Laser-Driven
Resonant Dispersive-Wave Emission

Mohammed Sabbah,! Robbie Mears,? Leah R. Murphy,! Kerrianne Harrington,? James M.
Stone,? Tim A. Birks,? and John C. Travers®"

1School of Engineering and Physical Sciences, Heriot-Watt University, Edinburgh, EH14 4AS, United Kingdom
2Centre for Photonics and Photonic Materials, Department of Physics, University of Bath, Claverton Down, Bath,
BA2 7AY, United Kingdom

“j.travers@hw.ac.uk

Abstract

We demonstrate a compact fiber-laser-based source of tunable sub-20 fs pulses spanning 400-700 nm at
4.8 MHz. Using gain-managed nonlinear amplification and resonant dispersive-wave emission, we achieve
pulse energies up to 39 nJ and durations as short as 13 fs.

Tunable ultrashort laser pulses across the near-ultraviolet to near-infrared with high peak power are crucial for wide-
ranging applications in science and industry. Resonant dispersive-wave (RDW) emission in gas-filled hollow-core
fibers is a well-established technique for generating tunable ultrashort pulses from the vacuum ultraviolet to the
near-infrared [1]. However, previous demonstrations have relied on complex and expensive laser systems to provide
the necessary energetic ultrashort pump pulses. Recent advances in fiber laser technology, particularly gain-managed
nonlinear amplification [2], offer a promising alternative pump source. Here, we combine gain-managed nonlinear
amplification with resonant dispersive-wave emission to demonstrate a compact and tunable source of sub-20 fs pulses
at 4.8 MHz. We achieve a tunable output spanning from 400 nm to beyond 700 nm (Figure 1(a)), with energy up to
39 nJ, pulse duration down to 13 fs (Figure 1(b) and (c)), and peak power exceeding 2 MW. Further experimental
details are available in Ref. [3]. This compact and efficient laser source opens new avenues for deploying resonant
dispersive-wave-based technologies for broader scientific and industrial applications.
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Figure 1: (a) Tunable RDW generation (left axis) in a 36 nm core diameter antiresonant fiber as the argon
filling pressure is varied from 20 to 75 bar. The scattered dots (right axis) represent the energy of the
corresponding RDWs at the fiber output. (b) The measured and retrieved spectrum of the RDW generated
at 550 nm. (c) Retrieved temporal profile of the pulse. The inset in (c) shows the near-field beam profile of
the RDW.
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Abstract
We present a 52.6 kHz repetition-rate soft x-ray source with a broadband emission spectrum covering the
water window. It is driven by an unprecedented average power (52 W), few-cycle, carrier-envelope phase
stable, short-wave infrared (2.1 pm) optical parametric chirped pulse amplifier.

Time-resolved soft x-ray spectroscopy (TR-SXS) is an important technique to probe element-specific electronic struc-
ture dynamics in matter. High-harmonic generation (HHG) provides temporally and spatially coherent, attosecond
to few-femtosecond pulses potentially spanning the vacuum ultraviolet to soft x-ray (SXR) spectral regions [1]. HHG
driven by short-wave infrared (SWIR) lasers enables high-time-resolution SXS in the water window (284-543eV) on a
laboratory scale [1]; however, low photon statistics are the principal limiting factor for associated experiments. SWIR
sources with high average power are a promising route to enable such experiments with high signal-to-noise levels [2].

We present a SXR source driven by an optical parametric chirped pulse amplifier (OPCPA) that delivers 20 fs
(few-cycle) pulses at 2.1 pm central wavelength at a 52.6 kHz repetition rate [3]. The carrier-envelope phase (CEP) is
stabilized and measured to be ~ 600 mrad with single-shot resolution. The output SWIR pulses possess high spatial
beam quality (M? < 1.3) and high average power of 52 W. An average power of 45 W is currently available on target
for SXR generation.
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Figure 1: SXR spectra measured with an exposure time of 60s after filtering with a) two aliminium filters,
b) one aliminium and one titanium filter. The dotted line shows the titanium-filter transmission.

In an initial application of the SWIR source, a SXR beam is generated in helium gas in a 1.65 mm-long gas cell
(backing pressure 9 bar) by focusing few-cycle SWIR pulses to a peak intensity of ~ 7 x 10'* W/cm?. The emitted
broadband beam is spectrally filtered using thin metal filters, and the spatially resolved SXR spectra are measured
with an x-ray CCD detector after being diffracted by a flat-field grating (2400 grooves/mm). In Figure 1, the resulting
SXR spectra are shown for two different filter combinations, demonstrating extended broadband emission above 600 eV
and a low divergence of < 2mrad (half-angle). The latter indicates good phase matching, which can contribute to
higher photon-collection efficiency and energy resolution when respectively refocusing or monochromatizing the SXR,
beam for experiments. Current work focuses on extending the photon flux of SXR source beyond the state of the art
and developing SXR beam lines for TR-SXS experiments.
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Abstract
We obtain multi-GW peak power few-cycle visible pulses through resonant dispersive wave emission in
a gas-filled capillary. Generated in the fundamental fibre mode without the need for post compression,
these pulses are well-suited for driving strong-field experiments such as high-harmonic generation.

Few-cycle strong-field drivers in the visible (VIS) hold great promise to overcome the conversion efficiency bottlenecks
of extreme ultraviolet high-harmonic generation (HHG). Compared to the infrared, the fast field oscillations of VIS
lasers reduce quantum diffusion during the HHG process and allow for high driving intensities, ultimately boosting
efficiency—provided the pulses are sufficiently short [1]. However, true few-cycle nonlinear compression, starting from
attractive Yb-based second harmonic sources, remains challenging due to limited bandwidth and damage thresholds of
VIS pulse compression mirrors [1]. As an alternative to broadband parametric amplification [2] (typically >400nm),
and nonlinear high-order fibre mode mixing [3], we present energy scaling of a new route toward VIS strong-field drivers:
resonant dispersive wave (RDW) emission in gas-filled capillaries [4]. This approach does not require subsequent pulse
compression and features inherently high beam quality due to operation in the fundamental fibre mode.

Our experiments are driven by an optical parametric amplifier and a subsequent nonlinear pulse compression stage
providing sub-15 fs pulses centered at 1800 nm with up to 2mJ energy. A fraction of these pulses is coupled to a ~4m
long Ar-filled capillary (700 pm core diameter). Due to the interplay between nonlinearity and dispersion, the infrared
pulses self-compress within the fibre and generate phase-matched RDWs. Figure la presents a RDW tuning curve,
shifting the phase matching from the ultraviolet across the VIS as the Ar pressures is progressively increased. The
total RDW energy in a 1/e? bandwidth is, depending on the Ar pressure, in the range of 40 —70 uJ (~15 % conversion
efficiency). The spectral modulation at 550 —650 nm arises from f-3f interference (between the RDW and a weak
third harmonic of the infrared) which we use to determine a passive carrier-envelope phase (CEP) noise of <250 mrad
RMS on a ~1s timescale. A typical beam profile in the VIS confirming fundamental mode operation is shown in the
inset. When tuned to 515 nm, we use dispersion-minimised optics to separate the VIS RDW from the driving pulse.
We subsequently demonstrate the potential of our source as a strong-field driver using the tunneling ionisation with a
perturbation for the time-domain observation of an electric field (TIPTOE) method. The relative ionisation yield § N
from an Ar target, time-domain retrieved pulse, the spectrum of the separated RDW, as well as the match between
TIPTOE/spectrometer data are presented in Figure 1b,c. With >4 GW peak power, sub-10 fs duration and prospects
for robust slow-loop CEP stabilisation, we demonstrate isolation of a strong-field few-cycle VIS RDW for the first
time, which opens the door to their use in driving efficient HHG. Additionally, our future work will include pushing
the RDW emission to higher energies and shorter pulse durations as well as implementing active CEP control.
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Figure 1: a) Spectral tuning of RDWs. b) Time domain and c) spectral TIPTOE measurement results.
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Abstract
We present a novel method combining multi-pass cell (MPC) technology with optical parametric ampli-
fication. The resulting simulated optical parametric MPC (OPMPC) amplifier exhibits excellent beam
quality and a pump-to-signal efficiency approaching the Manley-Rowe limit.

Multi-pass cell (MPC)-based post-compression enables high compression ratios, efficient transmission, and excel-
lent beam quality, making it a key technology for high-power few-femtosecond laser pulse generation [1]. However,
the method is limited in spectral tunability and temporal contrast. Optical parametric chirped pulse amplification
(OPCPA) offers superior spectral flexibility and temporal contrast but is typically limited to <20% pump-to-signal
conversion efficiency and suboptimal beam quality [2]. This work introduces the optical parametric MPC (OPMPC)
amplifier, combining the advantages of MPC-based post-compression with OPCPA.

We present (3+1)D numerical simulations using the chi3D software [3] to model parametric amplification in an MPC.
Collinear pump (1.03 pm) and signal (1.6 pm) pulses propagate through the MPC, with the idler filtered on each pass
to suppress back-conversion [4]. As shown in Fig. 1(a), the setup features cell mirrors (ROC: 4 m) with four 0.15 mm
thick KNbOgs crystals symmetrically positioned near the focus, spaced 25 mm apart. The 1ps, 1 mJ pump pulses are
temporally overlapped with a seed pulse spanning 1.3-2.1 pm. Fig. 1(b) presents the seed and the amplified signal
spectra after 20 passes in the MPC. Linear losses considered at crystal interfaces and mirrors reduce the multi-pass cell
transmission to 80%. Simulations predict conversion efficiencies exceeding 50% within a key spectral range, relevant
e.g. for high harmonic generation. The observed signal saturation at ~50% efficiency is attributed to cell transmission
losses, limiting performance below the 64% quantum limit. Optimizing second and third order dispersion yields a 20
fs compressed pulse (FWHM) close to the 18 fs Fourier limit (Fig. 1(d)). The inset of Fig. 1(d) confirms an excellent
signal beam profile attributed to quasi-waveguiding properties of the MPC.
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Fig. 1 (a) Schematic of the OPMPC with collinearly propagating seed and pump pulses (cell length: 2.76 m). CM: Chirped
mirrors (b) Spectra of the simulated input seed and output signal pulses. (c¢) Calculated pump depletion and conversion
efficiency of the OPMPC. (d) Compressed output pulse shape. Inset: Spatial profile of the signal beam at the output.

In conclusion, we introduce an optical parametric multi-pass scheme integrating nonlinear amplification within an
MPC. Simulations confirm excellent spatio-temporal pulse quality at record efficiency, paving the way to a new
ultrashort pulse laser platform.
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Abstract

Here, we propose a ptychographic algorithm to retrieve scalar and vector pulses from amplitude swing
measurements, in all its configurations. This fast and robust algorithm enhances the capabilities of
amplitude swing, benefiting the ultrafast science community.

In ultrafast optics, temporal characterization of laser pulses is crucial both for understanding and optimizing the
experiments, with a continuously increasing demand for simple and versatile setups. Amplitude swing (a-swing)
[1] meets this demand by means of a compact inline setup, easily adaptable to different pulse durations and
bandwidths [2], and central frequencies [3]. Furthermore, a-swing integrates the temporal and polarization
detections, retrieving vector pulses from a single trace [4]. In previous works, Levenberg-Marquardt [1-2,4,5] and
differential evolution algorithms [3] have been employed. Here, we present a specially designed ptychographic
iterative engine (PIE) algorithm, based on a unified a-swing theory [6]. It improves the performance of said
algorithms in terms of speed, robustness against energy fluctuations during the scan, complexity of the phase to
be retrieved, capability of simultaneously retrieving amplitude and phase, and applicability to generalized
configuration [5] for vector pulses. To illustrate this, we show some retrievals in Fig. 1.
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Figure 1: (a) Experimental/Simulated and retrieved traces. Retrieved pulses in spectral (b) and temporal (c) domains.
Row 1: scalar pulse retrieved from full trace (black) and after removing some trace slices (red). Row 2: simulated
(black and cyan) and retrieved (red and blue) projections of a vector pulse. The spectra are not retrieved in these cases.

In conclusion, we present a fast and robust ptychographic algorithm to retrieve scalar and vector pulses from all
a-swing implementations, including single-shot architectures. We expect it will benefit the ultrafast physics field
by enhancing the capabilities of such a simple and versatile pulse characterization method.
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Abstract

This work establishes a-swing technique as a precise and robust approach for characterizing few-cycle laser
pulses, offering a compact and adaptable setup for ultrafast optics applications across broad spectral ranges.

We show the amplitude swing (a-swing) technique [1,2] for characterizing ultrashort few-cycle laser pulses [3].
This method relies on modulating the relative amplitude of two delayed pulse replicas with an in-line and compact
setup. Recent works show that a-swing can also characterize vector pulses [4] and operate in single-shot mode [5].

Using a Ti:sapphire oscillator generating pulses with a Fourier limit of 5.50 fs, the study demonstrated pulse
characterization both near-optimal compression (5.98 fs) and under highly chirped conditions, where group delay
dispersions up to +160 fs? stretched the pulses to approximately 15-20 times their original duration [3]. The results
for the compressed case are presented in Fig. 1. Comparisons with the d-scan technique [6] showed excellent
agreement across all conditions, confirming the accuracy of a-swing in both compressed and chirped regimes.
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Figure 1: (al) Experimental and (a2) retrieved a-swing traces. Comparison of the pulse retrieved
near compression: (b1) measured spectral intensity (black) and retrieved spectral phase (a-swing:
solid orange; d-scan: dashed red) and (b2) retrieved temporal intensity (a-swing: solid blue; d-
scan: dashed purple) and phase (a-swing: solid orange; d-scan: dashed red).

The adaptability of a-swing to ultrabroadband pulses and its capability to operate over a wide spectral range [7]
make it well-suited for advanced ultrafast optics applications, such as attoscience and time-resolved spectroscopy.
The setup remains straightforward, utilizing standard laboratory components like birefringent plates and nonlinear
crystals, and holds potential for characterizing even shorter pulses or extending it to different spectral regions.
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Abstract

The L3 HAPLS laser system at ELI Beamlines has reliably delivered pulses with energy up to 10 J
compressed to a 30 fs duration for several years, supporting a broad range of experiments in both shot-on-
demand and 3.3 Hz repetition modes. Recent upgrades have extended the system’s potential to approach
energy of 15.5 J and 0.5 PW peak power maintaining high output stability and a near diffraction-limited
focal spot. This talk will outline the technical innovations and key modifications that enabled this milestone
and will present the way to ramp-up to 1 PW.

L3 HAPLS

The L3 HAPLS (High-repetition-rate Advanced Petawatt Laser System) at ELI Beamlines has reliably delivered
pulses with energy up to 10 J compressed to a 30 fs duration for several years, supporting a broad range of
experiments for users in both shot-on-demand and 3.3 Hz repetition modes [1]. In both regimes it has shown high
output stability and a near diffraction-limited focal spot. Recent upgrades have extended the system’s potential to
approach energy of 15.5 J and 0.5 PW peak power.

The primary upgrades were focused on the pump laser of the final Ti: Sapphire amplifier. First, the pump energy
was increased to 140 J. Additionally, we rebuilt the SHG conversion and pump beam delivery, introducing a delay
leg as a major enhancement. We reached converted pump energy of 119 J with 85% conversion efficiency at 0.2
Hz repetition rate, which is a remarkable achievement for this type of laser system (see fig. 1). Splitting the pump
pulse and delaying a portion of it increased the efficiency of the Ti: Sapphire amplifier and more importantly
decreased laser load on optics. We are currently extending this result to 3.3 Hz operation at this energy by
implementing a Faraday rotator in the pump laser to mitigate depolarization effects [2]. We are now focusing on
further improvements of energy extraction to reach 1 PW peak power.
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Figure 1: Beam profile of a SHG pump pulse with energy of 119 J
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Abstract

We investigate the suitability of Bulk LAteral SHearing Interferometry (BLASHI) for measuring non-
collimated beams. We theoretically analyze the effect of numerical aperture (NA), finding that it is effective
for moderate NA < 0.1 out of the focal region. We apply BLASHI to measure astigmatically focused beams.

Precise spatiotemporal characterization of laser beams is crucial for optimizing laser applications [1]. However,
some techniques face limitations, e.g. interferometric methods like STARFISH [2] can introduce wavefront noise
due to instabilities [3]. The BLASHI technique [4] overcomes it by combining spectral and lateral interferometry
in a compact, ultra-stable bulk setup using birefringent crystals, which introduce both walk-off and delay.

Until now, BLASHI has been demonstrated with collimated beams [4,5]. Non-collimated beams can experience
distortions after passing through a uniaxial crystal due to angle-dependent birefringence effects. In this work, we
develop a theoretical model for light propagation, incorporating refraction, birefringence, and lateral displacement
effects. It is combined with numerical simulations to analyze how non-plane waves acquire distortions. Our
analysis suggests that BLASHI remains effective for characterizing non-collimated beams when measurements
are taken far from the focal point and the beam is focused with a moderate NA < 0.1.

Experimentally, we use BLASHI to measure the spatiospectral distribution of an ultrashort laser beam (60 fs, 800
nm) after focusing with an astigmatic lens (focal lengths of 100 cm and 197 cm), which introduces a spatial phase
structure with two distinct focal planes along orthogonal axes. Measurements were taken at two propagation
planes: 49 cm after the lens (before the first focus) and 137 cm (between the two foci). The retrieved spatial phase
profiles (wavefronts) exhibited a bi-convergent shape at the first measurement plane and a convergent-divergent
profile at the second (Fig. 1), as expected and validated with the theory.
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Figure 1: Spatial intensity (a) and phase (b) for the central wavelength of the spatiospectral characterization at two
propagation distances after the astigmatic lens, before the first focus (al,bl) and between the two foci (a2,b2).

This experimental validation confirms that BLASHI effectively characterizes both convergent and divergent
beams, even with complex spatiospectral dependencies, supporting the described theoretical finding.
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Abstract
We demonstrate the generation of ultra-broadband radial vector beams. Through the use of soliton self-
compression dynamics in gas-filled hollow-core fibres on the XSOL (Extreme Soliton) beamline, mJ-level
pulses with multi-octave spectra reaching down to 140 nm are generated.

If radial vector beams are tightly focused, the resulting longitudinal field in the propagation direction can be used to
accelerate electrons [1]. In order to maximise the peak intensity at focus, either the pulse energy has to be increased
or the pulse duration has to be decreased. When using segmented waveplates for the conversion of linearly polarised
light to radial vector beams, the limited bandwidth of these optics sets a limit to the minimum pulse duration. While
previous work has overcome this by spectrally broadening radially polarised beams in gas-filled hollow-core fibres [2],
the pulse duration in that case is still at the few-cycle level, due to the limited bandwidth of chirped mirrors. Our
work aims to overcome these limits by self-compressing radially polarised light in gas-filled hollow-core fibres using
soliton dynamics [3].

The beamline used is called XSOL (Extreme Solitons), a three-stage hollow-core fibre setup that is capable of gener-
ating mJ-level pulses that cover a multiple-octave spanning spectrum. In brief, it is built of three helium filled fibre
stages. The first two stages compress 40 fs linear polarised pulses down to 5.5 fs with pulse energy up to 5mJ. These
pulses are sent into the third stage, where soliton dynamics cause spectral broadening and temporal self-compression
at the same time [3], making the generation of sub-femtosecond pulses possible. In the current work, before send-
ing the pulses into the soliton stage, they are converted to radially polarised beams with a segmented achromatic
waveplate. This input state preferentially couples to the TMp1 mode of a 4m long, 530 pm core diameter, helium
filled hollow-core fibre. These pulses experience soliton dynamics, causing their spectral broadening and temporal
self-compression. The wavelength of the generated ultraviolet light is dependent on the gas pressure. For 1.4 bar it
reaches the deep ultraviolet, as shown in Figure 1. By reducing the pressure even further, the spectrum extends into
the vacuum ultraviolet, reaching down to 140nm so far. This spectral bandwidth, together with an output pulse
energy of 1.4mJ, allows the generation of several hundred GW-scale, sub-femtosecond, radially polarised beams.
While the full temporal characterisation for radial polarisation is still pending, this claim is supported by our recent
characterisation of 0.77 fs, multi-mJ self-compressed linearly polarised pulses generated on the same beamline.
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Figure 1: (a) Spectrum of our radially polarised beam for a gas pressure of 1.4 bar, keeping the spectral
extension within the deep ultraviolet. (b) Corresponding beam profile.
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Abstract

We present a simple pump-probe technique combining an air-based knife-edge with time-domain
ptychographic retrieval for ultrashort pulse characterization. Thus far limited to orthogonally polarized
pump and probe pulses, we introduce a novel setup enabling characterization of the temporally varying
polarization, as well as the phase and amplitude of ultrashort pulses.

Ultrashort laser pulse temporal characterization methods typically rely on nonlinear processes, therefore having a
limited spectral range of application, and require the use of transmissive optics which can potentially modify the
pulse’s spatio-temporal structure prior to its characterization. Recently, asimple, phase-matching free pump-probe
technique using a transient plasma lens generated in ambient air and a time-domain ptychographic retrieval
algorithm, was demonstrated [1,2]. However, this technique has thus far been limited to orthogonally polarized
pump and probe pulses. Here, we presenta novel setup that is independent of the probe polarization, thus enabling
characterization of notonlythe phase andamplitude, butalso thetemporally varyingpolarization state of ultrashort
pulses, as shown in Figure 1. We illustrate its capabilities by measuring polarization-shaped pulses, such as those
used for polarization gating of high harmonic generation in order to generate isolated attosecond pulses.
Additionally, we demonstrate the extreme versatility of the technique by performing measurementsatup to 2 MHz
repetition rate and over extended spectral bandwidths through the characterization of a supercontinuum generated
in YAG.
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Abstract
We experimentally demonstrate phase- and group-delay optimized broad-band second-harmonic genera-
tion using a thin BBO-crystal placed inside a multi-pass cell, resulting in 15fs, 5pJ pulses at 515 nm.

Multi-Pass-cells (MPCs) have been widely adopted for post-compression [1]. Benefiting from the unique degrees of
freedom for tailoring nonlinear processes, their range of applications is currently being adapted to other nonlinear
processes including wavelength-tuning [2] and second-harmonic generation (SHG) using nanosecond pulses [3].

Here, we experimentally explore SHG inside an MPCs and demonstrate phase- and group velocity matching across a
broad phase-matching bandwith, defined by a single-pass though the thin SHG crystal. We employ 17 fs, infrared (IR)
1030nm, 15p1J driving pulses, resulting in 15fs, 5uJ pulses at 515nm, (Fig 1(d-e)), corresponding to a conversion
efficiency of 33 %. We use an MPC with R = 1 m radius-of-curvature, N = 4 round-trips (8 passes), k = 1 and a length
of about L = 29cm (Fig.1(a)), placed inside a vacuum chamber. A thin BBO crystal (type I phase-matching, cut
angle of @ = 23.4°, thickness: 78 pm) used for SHG is placed at the cell center. The custom MPC mirrors compensate
for a relative group-delay between the IR and SHG pulses introducing AGD = —15fs per reflection. Figure 1(b)
shows the SHG spectra as a function of Krypton gas pressure inside the vacuum chamber, used for dispersion-tuning.
At an optimum pressure (here: 560 mbar) relative phase and group-delay are both matched, resulting in a maximum
conversion efficiency of 33% (Fig. 1(b)). Simulations reproduce the experimental results very well (Fig. 1(c)).
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Figure 1: (a) Experimental setup. HS: Harmonic separator. DCM: Double-Chirped Mirror. (b,c) Mea-
sured/simulated SHG spectrogram. (d,e) Measured pulses and spectra (at green line in (b)).

In conclusion, we demonstrate SHG in an MPC using BBO as the nonlinear medium. Our experiments demonstrate
the phase-tuning capabilities of MPCs in general, indicating the potential for tailoring other nonlinear optical processes
in MPCs.
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Abstract

Customized temporal shapes of femtosecond pulses are key challenges in ultrafast optics. Programmable
pulse shapers are restricted to the visible and near-infrared because of the limited transmission range. We
demonstrate an anti-symmetric dispersion transfer from near-infrared femtosecond pulses to ultraviolet
through four-wave mixing.

Temporal shaping of ultrafast ultraviolet (UV) lasers is a pivotal technique for the coherent control of quantum

systems', advanced dispersion control, and nonlinear optics, leading to enhanced performance across various

applications. It allows precise control over energy distribution, stretching, and peak intensity?. The duration

control in the UV regime is also crucial for free electron lasers and DC-gun photoemission science because of

emittance reduction’.
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Fig. 1. Chirp transfer of the CFWM process in HCF. Fig. 2. Numerical calculation and experiment results.
(b)(c) are the phase mismatching of the FWM for HCF (a)(b) are the numerical calculations of the FWM
and SFG in BBO crystal, respectively. The 2 axes are the spectrogram under the delay positions of 0 fs (150 fs).
signal and pump wavelength while the color bar (c)~(e) are experimental spectra trace maps at UV idler
represents the mismatching magnitude. pulse for a linear chirped signal pulse.

We demonstrate the second-order dispersion of the near-infrared pulse can transfer anti-symmetrically to the UV
pulse with the opposite sign in the chirped four-wave mixing (CFWM) process>*. This technique broadens the
foundation for ultrafast pulse indirectly temporal shaping. Fig. 2 shows the theoretical and experimental results
under the low energy regime to avoid high self-phase modulation. Negatively chirped-high power UV pulses
(over 10 pJ) are generated from the hollow capillary fiber (HCF) with 13.6% conversion efficiency by the
broadband phase matching in argon gas where the wavevector mismatching is 4 orders lower than traditional
crystals, as shown in Fig. 1(b)(c). It should have broad applicability because pulses usually suffer from positive
dispersion and the pre-compensated UV pulse could solve the questions. A high-power handling spatial light
modulator (SLM) is being applied in the Fourier plane to programmably shape the signal. We are currently doing
more case studies based on the SLM.
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Abstract

Spatiotemporal optical vortices (STOVs) are structured light wavepackets entangled in the spatial and
temporal domains. Their generation has been limited to the infrared and visible regimes, restricting their
potential applications. Here we theoretically and experimentally demonstrate for the first time generation
of extreme-ultraviolet STOVs through nonlinear up-conversion of infrared STOVs.

Spatiotemporal optical vortices (STOVSs) are unique structured light fields with a e intertwined phase distribution in
the spatial and temporal domains. Contrary to standard spatial/longitudinal optical vortices (LOV), STOVs are not
propagation eigenmodes [1]. The non-trivial propagation dynamics make STOVs well-suited candidates for diverse
applications: from information carriers to probing ultrafast dynamics in novel materials. However the generation
of STOVs has been limited to the infrared/visible regimes [2], due to low efficiency of optical elements beyond the
ultraviolet. Here we demonstrate both theoretically and experimentally the generation of extreme-ultraviolet (EUV)-
STOVs for the first time [3]. Thanks to the high nonlinear process of high-order harmonic generation (HHG), EUV
STOVs with high topological charge can be produced. We study the up-conversion process, which, contrary to LOV-
driven HHG [4], is strongly affected by the non-trivial propagation dynamics of STOVs, whose comprehension is
fundamental to understand the duality between spatio-temporal and -spectral optical vortices (SSOV), (see Fig. 1).
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Figure 1: Generation of EUV STOVs through high-order harmonic generation. a) Simulated HHG far-field
spectrum driven by IR, STOVs. b) Far-field and c) refocused spatiotemporal intensity and phase distribution
of the 13th harmonic order. d) Theory vs experiment comparison in the generation of inhomogeneous EUV
STOVs at two gas jet positions along the propagation direction.

References

[1] M. A. Porras, and J. W. Spencer ”Procedure for imparting transverse orbital angular momentum by focusing
spatiotemporally coupled ultrashort pulses.” Physical Review A 109, 033514 (2024).

[2] G. Gui, et al. ”"Second-harmonic generation and the conservation of spatiotemporal orbital angular momentum
of light.” Nature Photonics 15, 608-613 (2021).

[3] R. Martin-Herndndez, et al. ”Extreme-ultraviolet spatiotemporal vortices via high harmonic generation.”
arXiv:2412.01716 [physics.optics]. Nature Photonics, in press (2025).

[4] C. Herndndez-Garcia, et al. ” Attosecond extreme ultraviolet vortices from high-order harmonic generation.”
Physical Review Letters 111, 083602 (2013).

148

POSTER 1.29



UFO XIV Azores 2025

Burst-mode multi-GHz pulse repetition rate ps laser with
kW average power for high throughput laser processing

Hanyu Ye!, Lilia Pontagnier!, Abdelkrim Bendahmane!, Annalisa Guandalini 2, Matthias Kemnitzer?,
Martin Gorjan?, Jiirg Aus der Au?, André Loescher?, Florian Bienert’, Marwan Abdou Ahmed?, Giorgio
Santarelli' and Eric Cormier!”

! Laboratoire Photonique Numérique et Nanosciences (LP2N), UMR 5298, CNRS-IOGS-Université Bordeaux, 33400 Talence, France
2 Spectra-Physics, MKS Instruments, Inc., Feldgut 9, 6830 Rankweil, Austria

3 Universitit Stutigart, Institut fiir Strahlwerkzeuge (IFSW), Pfaffenwaldring 43, 70569 Stuttgart, Germany
*eric.cormier@u-bordeaux.fr

Abstract: Fully configurable picosecond pulses at 1 to 7.5 GHz with tens to thousands pulses
per burst are demonstrated at the kW average power level and several mJ energy per burst.

Recent advancements in high-power lasers that can produce GHz pulse bursts represent a major leap in
industrial laser processing. This technology addresses the growing need for precision and efficiency in tasks
like materials machining, surface texturing, and microfabrication. Achieving optimal results depends on the
material and process, making it essential to have flexibility in parameters such as pulse repetition rate and
energy per burst. Here, we report on a unique high-power laser system capable of generating bursts of pulses
whose repetition rate is continuously adjustable from 1 to 7.5 GHz at a maximum average power of 1 kW
and a maximum energy per burst of 10 mlJ.

The system consists of 3 modules: a GHz all fibered pulse-burst generator, a solid-state pre-amplifier and a
thin-disk booster amplifier all based on Yb-doped materials and operates at the wavelength of 1030 nm. The
main feature of the system concerns the ability to generate arbitrary bursts of picosecond pulses (below 2
ps). In fact, the parameter space includes the pulse repetition rate which can be continuously varied from 1
to 7.5 GHz, the number of pulses per bursts ranging from 1 to several thousands and the burst repetition rate
limited to a minimum of 100 kHz. An example is given in fig. 1 where 5 pulses where selected from a train
at 7.5 GHz and a final burst repetition rate of 100 kHz. Note here that a special configuration allows to
generate pulses with a repetition rate as low as 50 MHz for particular applications simply by reprogramming
the system without any additional hardware. The electro-optical modulation technology at the core of the
system allows to produce and amplify pulses with typical duration between 800 fs and 2 ps as depicted in
Fig.2 (center). Finally, the temporally shaped bursts of GHz can be amplified up to 250 W in the commercial
amplifier (Spectra-Physics) used as a pre-amplifier and up to 1 kW in a multipass thin-disk amplifier with
excellent beam quality as shown in Fig. 2 (right).
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Fig. 2. Left: Typical generated burst with 5 pulses at 7.5 GHz for a burst repetition rate of 100 kHz).
Center: Autocorrelation trace of the amplified pulses with 1.8 ps duration. Power curve of the main
amplifier to the kW level (uncompressed) with bursts of 500 pulses at 1 GHz.

We have demonstrated a complete laser system producing fully configurable bursts of pulses (from 1 to several
thousands) with GHz intra-bursts repetition rate continuously ranging from 1 to 7.5 GHz. Typical compressed
durations are below 2 ps and average power of close to 1 kW and 10 mJ energy per burst. The system with state-
of-the art performances will be used to demonstrate record performances in precision manufacturing and laser
processing.
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Abstract

We have characterized the synchrotron light from tapered undulators using spectral phase interferome-
try for direct electric-field reconstruction. The measured spectral phases of the chirped waveforms are
consistent with the theoretical prediction.

An undulator is a device which is widely used in the modern synchrotron light sources to produce light with high optical
power density. Standard undulators produce quasi-monochromatic light by modulating the electron with sinusoidal
magnetic field. To generate light with broad spectrum from the undulator, tapered undulators are designed. The
gap between the permanent magnets in the undulator linearly changes and the amplitude of the sinusoidal magnetic
field changes along the longitudinal axis. It results that the wavelength of the radiation changes in time, namely, the
radiated light wave is chirped. Such a chirp can be predicted through special theory of relativity but has not been
measured so far. In this contribution, we present the waveform characterization of chirped waveforms from tapered
undulators using spectral phase interferometry for direct electric-field reconstruction (SR-SPIDER) [1].

The experiment was carried out at BLO1 of the NewSUBARU storage ring. Two identical undulators were installed
together with a three-pole electromagnet as a chicane. The undulator was composed of 12 magnet modules, each of
which corresponds to a single undulator period. The taper of the undulator was controlled by changing the magnetic
gap of the modules independently [2].

We performed SR-SPIDER measurements for three cases, namely, down chirp, up chirp, and chirp-free. The taper
for the chirp was created by setting the gap difference to 3.4 mm for the 2 m length of the undulator. The center
wavelength of the radiation was set to 750 nm, which corresponds to the gap of 54.7 mm.

Figure 1 shows the power spectra and the retrieved spectral phases of the synchrotron light. We can clearly see
the down and up chirp corresponding to the up and down parabolic curves of the spectral phase although the step
function that comes from the square shaped envelope remains. The group delay dispersions of the up and down chirped
waveforms were calculated by fitting the central part of the spectral phase and these were 415 fs?, respectively, which
is in agreement with theory.
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Figure 1: Power spectra and retrieved spectral phases of the electric fields generated by the untapered (left),
down chirp tapered (middle), and up chirp tapered (right) undulator, respectively.
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Abstract
We report a femtosecond mode-locked oscillator at ~2.1 pm, based on a thulium-holmium-doped fluoride
fiber. The oscillator generates positively chirped 349 fs pulses with a pulse energy of 2.34 nJ. The pulse
was compressed to 74 fs using six 10 mm BKT7 glass plates.

Holmium (Ho)-doped lasers are attracting attention as high-energy, ultrafast short-wavelength infrared sources for
high-field physics. Their emission around 2 pm benefits from the absence of water vapor absorption and a high
emission cross section. However, it is difficult to generate sub-100-fs pulses in such lasers due to the inherently narrow
spectral bandwidth of Ho.

In this work, we developed a femtosecond oscillator at ~2.1 pm based on a thulium (Tm)- and Ho-doped double-
clad fluoride fiber (Tm:Ho:ZBLAN), pumped by a 0.79 pm laser diode. While femtosecond oscillators using Tm-
Ho-doped silica fibers were demonstrated, their pulse durations were limited to 160 fs without external nonlinear
spectral broadening [1]. We expect that shorter pulses can be generated using fluoride fibers that have less anomalous
dispersion in the wavelength range. In particular, we previously demonstrated the generation of 45 fs pulses from a
Tm-doped fluoride fiber laser, the shortest to date for Tm-doped fiber lasers [2, 3].

Our oscillator employs a ring cavity and nonlinear polarization rotation mode-locking. The gain medium was a
double-clad Tm:Ho:ZBLAN fiber (8.6 pm core, dispersion of —0.013 ps?) with Tm and Ho doping concentrations of
40,000 ppm and 2,000 ppm, respectively. At 1.81 W pump power, the oscillator produced 179 mW output power at
76.5 MHz. The pump power dependence of the output spectrum, shown in Fig. 1, reveals a redshift and spectral
broadening with increasing the pump power. The oscillator’s output pulses, characterized by a home-built SHG-
FROG, exhibited a duration of 349 fs and a dispersion of 7,650 fs*>. By employing six 10 mm thick BK7 plates for
dispersion compensation, we successfully compressed the pulses to 74 fs, achieving the shortest pulse duration reported
for a Ho-doped fiber laser oscillator without external nonlinear spectral broadening.
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Figure 1: (a) Pump power dependence of the output spectrum of the oscillator. The black curve shows the
spectrum of the amplified spontaneous emission from the active fiber. (b) SHG-FROG trace of the oscillator
output compressed with six BK7 glass plates with a thickness of 10 mm.
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Abstract

A new architecture of a MOPA laser system with a 4-channel Yb:YAG single-rod amplifier was proposed
and brought to life. Tiled aperture coherent beam combining with 20W average power, 17mJ pulse energy,
57% power in the central beam lobe, and ~1% RMS of residual intensity fluctuations was demonstrated.

Today Ybh:YAG lasers is a leading laser technology, providing both, high peak and high average power radiation.
With its development, power increasing becomes more and more problematic, approaching its limit [1]. A
promising option for the further power scaling is switching to a multi-channel laser scheme with coherent beam
combination. The key problem here is the creation of identical channels, which is aggravated by the strong
influence of thermal effects. We propose a new architecture of a multichannel laser amplifier that allows us to
significantly simplify the task of channel multiplication. The idea is to amplify several beams in one rod active
element (AE), when the beams are located symmetrically relative to the rod axis and along its cooled side surface.
It provides effective cooling of the AE through the side surface and symmetric gain and thermal conditions for all
beams. Based on the presented geometry, a MOPA laser system with a 4-channel Yb:YAG amplifier and coherent
beam combining is implemented, the scheme of which is shown in Fig. 1.

/ Master laser
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Figure 1: Optical scheme of laser system. DOE — diffraction optical element, DM — dichroic mirror, AMs —
adjustment mirrors, PMs — mirrors on piezo actuator, PD - photodiode.

The signal beam is split into 4 replicas with a diffraction optical element and amplified in a single rectangular
parallelepiped shaped AE, passing along its 4 edges. Coherent combination is realized with a "tiled aperture”
scheme using the digital controller based on the “hill climbing” algorithm. To date, such a system has achieved
full pulse energy >17 mJ at an average power of ~20 W, with 57% power in the central lobe of the beam and ~1%
RMS of residual intensity fluctuations. The next step will be to increase the pulse energy in each channel up to
~50 mJ, which was successfully demonstrated in the single-channel rod “diverging beam amplifier” proposed in
[2], as well as to increase the number of channels up to 16.
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Abstract
We report on 2.09-um-emitting Ho:YAG thin-disk lasers with mJ pulse energy. High-peak-power operation in
single-mode beam was achieved using cavity-dumping technique, producing pulses with 6.2 mJ energy, 3.7 ns
duration, 1.7 MW peak power at 500 Hz repetition rate. We compare diode pumping at 1.91-pm with Tm-fiber-
laser. Sub-picosecond MOPA system will be discussed as well.

Thanks to low water absorption, low scattering in atmosphere and operation in eye-safe spectral region, Ho-based
lasers have found many applications in medicine, spectroscopy, remote sensing and detection of atmospheric
gases, various military and defense applications, and free space communications. Thin-disk geometry is known
for its power and energy scalability can bring improved performance in terms of pulse energy and brightness.

We demonstrate status of fully in-house developed Ho:YAG thin-disc technology, and compare direct diode
pumping at wavelength of 1.91-um with in-house developed Tm-doped fiber lasers emitting at 1908 or 1940 nm.
Tm-fiber lasers up to 0.25 kW are under development at Institute of Photonics and Electronics in Prague now. At
50-W pump power level, our Ho:YAG SiC-bonded thin disc working in cavity-dumped regime was delivering 3.7
ns long pulses with 6.2 mJ pulse energy, 500 Hz pulse repetition rate and 1.7 MW peak power with wavelength of
2090 nm. In this regime, it was possible to increase repetition rate up to 2 kHz, and to reach pulse energy stability
of 0.66% (RMS). At repetition rate of 2 kHz dropped output power level to 9.0 W. Performance of the laser system
in the electro-optically cavity dumped operation (RTP Pockels cell) shows Figure 1.

The nanosecond laser is based on a simple V-shaped cavity. A Ho:YAG thin disk manufactured by Crytur, s.r.o.
(crystal growth, coating, and heatsink bonding) with Ho** doping concentration of 1.5 at.%, diameter of 8 mm,
and SiC heatsink was placed into a 72-pass thin-disk pump module. Pump fiber-coupled diode laser provided up
to 50 W CW output at wavelength around 1910 nm (bandwidth ca. 10 nm FWHM). The pump spot diameter on
the thin disk had a diameter of 2.4 mm. CW cavity dumped and Q-switched regimes as well as sub-picosecond
MOPA system (under development) based on the in-house technology with optimized Ho:YAG diamond-bonded
thin disc and upgraded Tm-fiber laser pumps will be reported at the conference as well.
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Figure 1: Peak output power (left) and average output power (right) at different repetition rates in cavity
dumping operation.
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Abstract

We synthesized and characterized Light Springs at a moderately high-power laser using off-axis holography,
retrieving their orbital group velocity in good agreement with recently developed theory. To address challenges
posed by low repetition rates, we explored IMPALA as a complementary diagnostic, enabling single-shot access
to key spatiotemporal features of the beam.

Main Text

The ability to structure ultrashort laser

pulses in both space and time has opened

new frontiers in beam shaping, enabling

novel light fields such as Light Springs—

beams in which each spectral component

carries a distinct orbital angular

momentum [1]. These beams exhibit

complex spatiotemporal couplings that B =
require advanced diagnostics for complete g
characterization, especially as they are

Scale_d_ to higher powers and lower Figure 1: Isosurfaces of the measured lightsprings using off-axis-
repetition rates. holography. Left: single Light Spring. Right: Intertwined helices.

We report on the synthesis and characterization of a Light Spring generated at the TW-class VOXEL laser system
using a diffractive axicon and a reflective spatial light modulator for spectral phase control. The beam exhibits a
helical structure in space-time, and we first characterized it using off-axis holography to reconstruct its phase and
amplitude in the far field. From this, we extracted the orbital group velocity, which showed excellent agreement
with a recent theoretical model developed at IST.

Recognizing the limitations of interferometric techniques in high-power, low-repetition-rate systems, we then
implemented and adapted the IMPALA diagnostic [2], to our Light Spring configuration. This required a novel
optical relay setup and in-house fabrication of precision IMPALA masks. Preliminary measurements confirm
IMPALA'’s ability to resolve the beam’s modal structure, providing spatiotemporal information of the synthetised
Light Springs.

This work represents a significant step forward in the metrology of complex spatiotemporal beams, demonstrating
the combined use of interferometric and few-shot diagnostics for structured light in high-power laser systems.
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Abstract

ELI ALPS offersbeamtimeforscientists around the world at state-of-the-art ultrafast pulse facilities with
hundredsof watts of average power. This paper describes recentuser-inspired laser developments towards
even shorter pulses and improved spatial focusability while taking care of enormous thermal load on optics.

Ongoing developments of few-cycle, extreme average power lasers

As ELI ERIC recently opened its 7t call for proposals [1], researchers are invited to conduct multi-disciplinary
scientific experiments in our facilities. ELI ALPS offersa broad range of ultrafast pulse sources, which include
XUV, electron, proton and neutron beams and their driving laser sources. In this paper, we focus on this latter
segment of our portfolio and review recent developments in the spatial and temporal improvements of the laser
pulses. Following several dozensof user experiments successfully performed in previous calls, we received first-
hand practical feedback on the most important aspects of beam quality and temporal shape of pulses and their
stability at extreme thermal stress, and insight into the directions we should steer developments.

One common goal for all laser systems at ELI ALPS is to reach the few-cycle regime at the multi-100-W
average power level [1], using fiber technology at 100 kHz repetition rate (HR lasers), OPCPA in the 1-100 kHz
range (MIR and SYLOS lasers) and Ti:Sapphire at 10 Hz (HF PW). Since amplification is spectrally limited in all
cases, we therefore explored numerous post-compression techniques to reduce the pulse duration. But how much
is it worth pushing the spectral limits before post-compression? OPCPA configurationsin SYLOS systemsenabled
us to reach 6.6 fs [2], but we learned that foreveryday operationalreasons, a less spectrally overloaded amplifier
with a simple post-compression stage was found to operate more reliably. Among the available post-compression
methods, particularly at high average powers, we found that multi-pass cells [3] or single pass thin plate
compressors in a vacuum environment with loose focusing [4] constitute the most promising approach. For high
repetition ratesand long pulses, multi-pass cells offerreasonably high compression factorsand longuninterrupted
operation times. For shorter pulses in the 10-100 mJ energy range, limited compression factorscan be best achieved
in a single thin plate compressor with appropriate beam imaging, but beam homogeneity and nz-induced beam
graininess appearasthe main bottleneck. Therefore, forapplications towards the Joule regime, we created a testbed
with beam apodization to study the optimal homogeneity required for thin plate compression.

As these examples showed us, spatial quality plays a critical role and poses serious technicalchallenges when
aiming for pulse reduction. In our SYLOS systems, we successfully implemented vacuum spatialfilters utilizing
glass cones to overcome the beam profile issue. Wavefront correction with deformable mirrors is also a crucial
part of the process. Thermalload related issues are connected to wavefront distortions in many areas. We showed
that vacuum conditions significantly reduce rapid wavefront shimmering in an expanded beam already in the
backend of the laser system. Optics and opto-mechanics also suffer mechanical distortions under heat stress,
causing severe astigmatism in the beam, which —when coupled with nonlinear propagation in multi-pass cells —
turned to be a critical challenge with the HR2 laser at kW-class average power. Consequently, distortion-free
mounts, deformable mirrors and pointing stabilization loops are must-have components for these high average
power systems. We discuss past experiences and countermeasures related to best practices in focusingthese beams.

Characterizing spatiotemporal distribution of these focused pulses is another crucial area of development. We
performed a comparative study of methods at different levels of compressed pulse durations [5]. We also report
on our recent experiences with spatiotemporal characterization of oursystems, especially on the 100kHz MIR [6]
and HF PW systems [7].
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Abstract

Employing two cascaded hollow-core fibers (HCFs) 55W, 1.3mJ, sub 7fs are achieved with ~70%
efficiency and long-term hands-off operation. We exploit these pulses to derive new wavelengths via
various nonlinear conversion techniques ranging from the deep UV (200 nm) up to the far IR (12 um).

Main Text

Starting from an 80W, 2mJ Yb laser (Light-Conversion Carbide), we achieved 1.3mlJ, sub-3 cycle pulse
compression (grey curves in fig. 1) with 70% efficiency with excellent short- and long-term stability [1]. We use
these pulses to derive widely tunable secondary outputs in an “OPA free” fashion. Few ul-level deep UV pulses
(purple curves) are generated in a third HCF via resonant dispersive wave (RDW) generation [2]. Up to several
watts of 50fs VIS pulses can be achieved via SHG and durations as short as 9fs can be achieved in a sandwiched
SHG configuration with 5% efficiency (green curves). The supposedly CEP stable mid (red curves) - and far IR
ranges (black lined) are accessible via intra-pule DFG. NIR wavelength between 1.3 — 1.9um can be obtained as
an idler wave emerging from a second, DFG booster crystal. Noteworthy, since all outputs are derived from the
same 3 cycle driver at 1030nm, they are temporally synchronized.

SHG Yb:YAG
RDW 8.91fs 3.2um Sum
DFG 1 DFG 2
88 fs 90 fs
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Figure 1: HYPUS spectral tuning range (bottom) and corresponding temporal pulse shapes. The tuning range can
be covered by 6, independently tunable channels that can be available at the same time.
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Abstract

We present carrier-envelope phase (CEP) laser pulse measurements of single-shot and every-shot at
293 kHz pulse repetition frequency using a digital line sensor. We also demonstrate the possibility of
doubling the acquisition frequency by synchronizing two line sensors.

As ultrashort few-cycle pulses fromamplified laser systems become available at pulse repetition frequencies (PRF)
of many hundreds of kHz, there is a requirement for faster single-shot every-shot carrier-envelope phase (CEP)
diagnostics. CEP measurements at 200 kHz [1], and recently at 586 kHz, has been demonstrated using optical
Fourier transform interferometry, overcoming constraints of digital line sensor speeds and data transfer. Here we
present measurements at 293 kHz using a digital sensor, and show the possibility of measuring at twice this PRF.

The laser source is a CEP-stable Pharos (Light Conversion) that generates 170 fs pulses at PRF of 586 kHz
and sub-multiples. We direct the beam through a white-light generation f:2f interferometer so each pulse produces
a spectrally modulated pattern that encodes in the pattern phase the CEP of the pulse [2]. The beam is then split
into a double spectrometer with two different fast linear sensors connected to FPGAs. The master spectrometer is
synchronized to the laser pulse output, and provides the second spectrometer with a synchronization signal with
adjustable delay. The master spectrometer can measure every shot up to 100 kHz, while the second spectrometer
can measure every shot up to 300 kHz. We use the FPGA that acquires the data from the sensor to calculate the
Fourier transform and CEP, and only transfer to the computer the time-tagged CEP data, therefore reducing
constrains on data transfer. To correlate the CEP measurement of the two detectors, we set the laser PRF to
293 kHz, and synchronize the two detectors to measure every pulse (at 293 kHz) with the second spectrometer,
and every third pulse (at 97.7 kHz) with the master spectrometer. Figure 1 shows the CEP measured with both
spectrometers over a period of 1 ms (the phase offset between the two measurements is arbitrary). By adjusting
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Figure 1: CEP measurements with two synchronized digital spectrometers; the 97.7 kHz spectrometer only measures
one in every third pulse measured by the 293 kHz spectrometer; dots indicate same pulse measurements

the delay of the synchronization signal to the second spectrometer, we are able to capture spectra from different
pulses on the two spectrometers, demonstrating the possibility to perform CEP measurements at 586 kHz PRF,
when using two synchronized spectrometers measuring alternate pulses at 293 kHz.
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Abstract

High Harmonic Generation (HHG) provides compact source of coherent XUV for ultrafast studies but
faces flux and spectral matching challenges. Using ELI Beamlines' L1 laser, we enhance XUV yield
and introduce tunable HHG designs, online diagnostics, and a 41.8 nm soft X-ray laser, enabling
advanced applications including XUV-XUV pump-probe experiments.

Main Text

High Harmonic Generation (HHG) is a key technique for producing compact, coherent extreme ultraviolet (XUV)
radiation, indispensable for probing ultrafast atomic and molecular processes. Despite its potential, HHG faces
challenges due to limited photon flux and spectral mismatches with the electronic structure of target samples,
particularly in nonlinear XUV applications.

Recent advancements in high-power Optical Parametric Chirped-Pulse Amplification (OPCPA) lasers,
exemplified by the L1 laser at ELI Beamlines (45 mJ, 15 fs, 1 kHz), have significantly improved XUV photon
yields [1]. A synchronized auxiliary beam with electronically adjustable delay is currently under development,
enabling XUV-XUV pump-probe experiments. The independent timing of dual driving beams opens pathways to
experiments with two distinct XUV sources, further expanding the landscape of nonlinear XUV physics.

To tailor XUV output for specific applications, we introduce two HHG process designs that provide spectral
control without the use of XUV optics, thereby reducing energy losses and preserving pulse integrity. The first
approach utilizes modulation of the fundamental and second harmonic components of the driving laser to achieve
tunable single-frequency XUV generation, offering 2 eV tunability within the 20.4-22.4 eV range [2]. The second
approach improves spectral selectivity by modulating the gas medium density in combination with a Bessel-Gauss
driver beam [3].

Demonstrating the flexibility of our HHG Beamline, we present a high-repetition-rate soft X-ray laser (SXRL) at
41.8 nm, operating at 1 kHz, the highest repetition rate reported for plasma-based SXRL sources [4]. Additionally,
we have implemented a routine online XUV energy measurement technique for real-time diagnostics [5].
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Abstract

We demonstrate the generation of 10 fs visible pulses with 3 uJ energy per pulse at a 10 kHz repetition
rate. The system employs a dual-stage hollow-core fiber driven by a commercial Yb-based femtosecond
laser amplifier. After spectral broadening, second-harmonic generation is achieved using two B-barium

borate crystals.

We report the generation of ~10 fs visible pulses via second-harmonic generation (SHG) from a broadband near-
infrared source. The input was provided by a Yb:KGW regenerative amplifier delivering 2 mJ, 340 fs pulses at 80
W average power. After spectral broadening through two sequential hollow-core fibers (HCFs) and subsequent
compression using chirp mirrors, sub-10 fs pulses were obtained [1]. To address the limited phase-matching
bandwidth in SHG, we implemented a dual-crystal 'sandwich' configuration using two 100 pm-thick type-1 BBO
crystals cut at 26°. Each crystal was phase-matched to opposite ends of the broadened spectrum—one to the blue
side, the other to the red—enabling efficient frequency doubling across almost the entire bandwidth. The resulting
visible pulses were characterized using TG-FROG (few-cycle Inc.), showing a pulse duration of ~10 fs and pulse
energy of 3 pJ centred at 530nm, which is shown in Fig.1 (a). Power stability was measured over 4.5 hours of
continuous operation, yielding a relative standard deviation of just 0.96%, confirming the robustness of the system.
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Figure 1: (a) TG-FROG trace, (b) Beam profile after at focus of a 1.5m focusing mirror, (c): Autocorrelation

which represent the pulse duration of ~10fs, (d): Average power stability over 4.5 hours.
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Abstract

We report nonlinear broadening and pulse compression in a single multipass cell based on dielectric
mirrors. The 90 fs and 400 pJ pulses from industrial-grade laser were compressed to 10 fs with 8 W
average power and over 80 % efficiency.

Spectral broadening and compression of ultrashort pulses is a widely employed technique. The applications
range from ultrafast pump-probe spectroscopy to the development of X-ray and XUV sources. A fundamentally
new approach for spectral broadening and pulse compression using a quasi-waveguide system, namely the
Herriott-type multi-pass cell (MPC), was introduced recently [1]. The technique was implemented with MPCs
filled with bulk and gaseous media, thereby covering an impressive input peak power range from 9 MW up to 81
GW. So far, only a few demonstrations reached the sub-10 fs regime, mainly due to two challenges: The limited
bandwidth of optics and the high demands on dispersion management inside the MPC. In this work, we report on
our system breaking the 10 fs limit by employing custom-made dispersive mirrors covering the bandwidth from
850 to 1300 nm and Argon gas as a nonlinear medium.

The industrial-grade driving laser (PHAROS-UP by Light Conversion) delivered 90 fs and 400 pJ pulses at 25
kHz, resulting in 10 W average- and ~4 GW peak power. After coupling inside the multipass cell operating under
absolute 3.6 bars of Argon, the output pulses were broadened to cover the 850 to 1300 nm range. The
compression was performed with dispersive mirrors, providing an overall dispersion of approximately -500 fs2
of GDD and 120 fs* TOD. The compression was verified with a commercial D-scan device from Sphere
Photonics (Fig.1). The output pulse duration was measured to be 10 fs, with the main peak containing 89 % of
energy as compared to the Fourier-transform limit. This corresponds to the peak power boost of 6.7 x and peak
power of ~27 GW. The transmission of the cell and dispersive mirror compressor remained over 80 %. The
long-term operation over 100 h is to be performed. The whole multipass compression unit (MIKS1 L) has a
footprint of 1.5 x 0.24 m2. We plan to perform further energy scaling of this approach ultimately reaching the
compression of 1 mJ, 90 fs pulses.
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Figure 1. Compressed output spectrum and pulse duration measured with D-scan.
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Abstract

Producing and injecting ultrafast, tailored electron bunches is crucial for wakefield accelerators. This
requires precise shaping of ultrafast deep-UV pulses at the photoinjector level. However, the transduction
of ultrafast optical parameters into electronic ones is not straightforward. In this work, we propose a
model to estimate the corresponding transfer function.

The Advanced Wakefield Acceleration Experiment (AWAKE) at CERN explores proton-driven plasma wakefield
acceleration using ultra-relativistic proton drive bunches [1]. After its first experimental run, which demonstrated
2-GeV electron acceleration in a 10m long Rb plasma, Run 2 focuses on sustaining 0.5-1 GV/m accelerating fields
over longer distances, while preserving the electron beam emittance, controlling its energy spread, and demonstrating
scalability in length [2]. Mapping the effects of electron bunch injection parameters on charge capture, underscores
the importance of estimating the transfer function from UV-beamline settings to the resulting bunch characteristics
[3]. To address this, here we present an extension of the Fowler-Dubridge photoemission model to account for the
dynamic modulation of the cathode’s Schottky barrier during the emission of high-brightness electron bunches.
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Figure 1: a) The deep-UV pulse energy (Eyvy), temporal shape, and transverse energy distribution (oyy)
impinging on the photocathode is tailored to produce high brightness electron bunches with optimal charac-
teristics for injection into a plasma. b) Simulated (solid lines) and experimental (markers) quantum yield vs.
fluence for deep-UV pulses with different illumination parameters at the cathode surface.
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Broadband Astrocomb Spectral Shaper
with Single-Comb-Mode Control
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Abstract

We demonstrate independent intensity control of individual comb modes in a 20-GHz Ti:sapphire
astrocomb spanning 550-950 nm. Arbitrary spectral shaping is performed directly on the output of a cross-
dispersion astrophysical spectrograph, enabling dynamic spectral flattening, spectrograph free-spectral-
range demarcation, single-comb-mode isolation and measurement, and comb-mode sparsification yielding
the spectrograph instrument-response function.

Astrocombs—Ilaser frequency combs (LFCs) engineered for use as calibration sources in high resolution
astronomical spectrographs [1]—achieve broadband spectral coverage through supercontinuum generation
processes that typically result in significant spectral structure. To obtain the highest calibration precision, the
dynamic range of these intensity variations must be substantially reduced by employing a spectral flattening
procedure [2]. Previously, spectral flattening has been performed by dispersing light in 1D across a spatial light
modulator (SLM), whose programmable birefringence is used with suitable polarization optics to control the
spectral intensity [2,3]. Here, using a 20 GHz astrocomb spanning 550-950 nm, we demonstrate a spectral shaper
enabling flattening with individual comb-mode control, as well as other shaping / calibration procedures.

The 2D shaper (Figure 1(a)) places a liquid-crystal-on-silicon SLM at the focal plane of a spatially comb-
mode-resolving cross-dispersion spectrograph and directly monitors the output of a separate cross-dispersion
spectrograph (R = 95,000), serving as an astronomical spectrograph [4]. Dynamically addressing the SLM by using
direct feedback from this diagnostic spectrograph enables spectral flattening (Figure 1(b)) as well as arbitrary
shaping (Figure 1(c)), and can reveal the free spectral range/wavelength solution of the detector (Figure 1(c) inset).

In this context, we will present calibration procedures and results of spectral flattening, as well as capabilities
and limitations for arbitrary shaping.
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Figure 1: (a) High resolution cross-dispersion shaping spectrograph, with polarization optics (HWP, PBS, QWP,
Pol), echelle grating (EG), silver concave mirrors (M1, M2), N-SF11 prism (P), silver plane mirror (M3),
achromatic doublet lens (L), SLM, and diagnostic fibre launch (DFL). (b) Pre- and post-flattening images.
(c) Example of arbitrary shaping.
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Abstract

We present a route to a compact optical astrocomb based on a single-diode-pumped 1-GHz Ti:sapphire
laser and a SizN4 waveguide to generate an octave spanning supercontinuum, which is mode filtered by
a Fabry-Perot etalon to achieve a 20-GHz mode spacing and stabilised to a NIST-traceable reference.

Laser frequency combs are promising atomically-referenced wavelength calibrators for astronomy [l], with the ex-
tension to the near-UV possible by using Ti:sapphire-based systems [2]. The essential requirements can be satisfied
by combining a 1-GHz modelocked laser source, a method to generate an octave spanning supercontinuum and a
Fabry-Pérot filtering cavity [3]. Here, we present a route to a complete astrocomb based on a compact, diode-pumped
1 GHz Kerr-lens-modelocked Ti:sapphire laser [1] and a SizN4 waveguide [5], to generate an octave-spanning super-
continuum, which can be stabilised to a NIST-traceable reference to create a turnkey and affordable calibration source
for astronomy.

The Ti:sapphire laser comb-mode spacing, frep, was controlled by a feedback loop shown in Fig. 1(a), and achieved
a 760 mHz (frequency-counter limited) rms stability over 1 hour. The 80-fs output pulses had an average output
power of 200 mW and pumped a SizNs waveguide to generate an octave-spanning 556-1121 nm supercontinuum
(Fig. 1(b)). This is the first example of an octave-spanning spectrum from a GHz diode-pumped Ti:sapphire laser,
and to our knowledge only the second demonstration of an octave-spanning Ti:sapphire-pumped supercontinuum
achieved in SigNy [6]. The comb offset, fcro, was stabilised by deriving a heterodyne beat between the Ti:sapphire
laser and a single-frequency reference laser, achieving a locked linewidth of <100 kHz. We will present further details
of the laser design and stabilization, together with progress towards implementing a Fabry-Pérot etalon to filter the
supercontinuum spectrum to achieve a 20-GHz mode spacing.
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Figure 1: (a) Ti:sapphire laser and SizN4 waveguide (inset). (b) Octave-spanning SigN4 output.
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Abstract

We developed a synchronization system using a balanced optical-microwave phase detector (BOMPD)
along with a timing control system featuring an arrival-timing monitor (ATM) for pump-probe
experiments at SACLA. The timing stabilization has been realized to less than 50 fs (RMS) over ~49 hours.

X-ray free-electron lasers (XFELs) are promising sources of femtosecond X-ray pulses that can explore ultrafast
dynamics of chemical reactions and phase transitions on a femtosecond time scale through a pump-probe technique
utilizing femtosecond optical lasers. When these optical lasers are synchronized with a reference signal from an
XFEL machine via a standard phase-locking system, certain sources of error introduce sub-picosecond timing
jitters, limiting time resolution in pump-probe experiments. To fully utilize the ultrashort-pulse nature of the XFEL,
shot-to-shot diagnostics of the arrival timing between the XFEL and optical laser pulses are essential. By
employing a post-processing sorting method with an arrival-timing monitor (ATM) that detects transient optical
property changes in gallium arsenide during XFEL excitation, a sub-10 fs resolution has been achieved at SPring-
8 Angstrom Compact free-electron LAser (SACLA). However, a more precise timing stabilization system is
necessary to increase the number of events at specific delay timings. In this paper, we developed a synchronization
system using a balanced optical-microwave phase detector (BOMPD) along with a timing control system featuring
an ATM for timing stabilization.

The synchronized optical laser system, based on chirped pulse amplification (CPA) of a Ti:sapphire laser,
provides output pulses of 12 mJ with an approximate pulse duration of 40 fs for user experiments [2]. The timing
between the pulse train from the oscillator and the 5.7-GHz RF signal for the accelerator is detected by the BOMPD
as a phase-error-dependent intensity imbalance from a Sagnac-loop interferometer [3]. The repetition rate of the
oscillator is locked by applying this phase error signal to the linear actuator in the oscillator cavity. While this
system reduced short-term timing jitter to about 50 fs (RMS), a long-term timing drift of 0.5 ps persists over a day.

To improve long-term timing drift, we ' -
.2 ] Stand. dev.: 47.37 fs (RMS)

developed a timing control system 24 Total shots: 5334815 (49 hours)
between the XFEL and optical laser pulses
by applying the ATM data to an optical
delay line, which was installed before the
first regenerative amplifier in the CPA
system. Consequently, we succeeded in
reducing the timing fluctuation, including
both short-term jitter and long-term drift Raw data

between the XFEL and optical laser 241 —— 3000 shots average

Arrival time /ps

pulses, to less than 50 fs over 49 hours, as 06:00  12:00  18:00  00:00  06:00  12:00  18:00  00:00  06:00

1 1 Time
shown in Fig. 1. [2, 4] Fig. 1, Trends of the arrival timing measured by the ATM over 49 hours. The orange

dots are raw data, while the red and brown traces are average and standard deviation
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Abstract

We investigate the stability and energy transfer limits of multidimensional solitary states (MDSS) in
Raman-active gas-filled hollow-core fibers. Combining theory, simulations, and experiments, we reveal
that MDSS can coexist with instabilities while maintaining their structure. Our findings offer insights
into multimode nonlinear dynamics, enabling advancements in ultrafast optics.
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region, marking the formation of an attractor [2]. At the same time, the blue part of the spectrum is also observed.
At first, the beam in blue part exhibits a symmetric shape but is significantly smaller than the fundamental beam,
indicating strong self-focusing in this region. As the gas pressure increases further, the blue-shifted component
begins to diverge, and the beam in this region becomes unstable. Simultaneously, MDSS in the red-shifted region
starts to develop additional spatiotemporal structures around itself, leading to an increase in beam size and marking
the onset of attractor instability. As seen from the spectral evolution, the entire spectrum exhibits increasing
instability with higher gas pressure. Another intriguing observation is that as self-focusing strengthens in the blue
part of the spectrum, a second red-shifted spectral component emerges, which becomes prominent at 2.4 bar. This
effectively divides the red-shifted region into two parts, with the newly formed red-shifted component being
significantly more unstable. This instability further disrupts the primary attractor. These observations provide clear
evidence of the rich and complex physics underlying attractor formation. Using a combination of a theoretical
model and multimode numerical simulations, we investigated these experimental results in greater detail to
uncover the underlying physics behind our observations.

Our results offer new insights into the interplay between stability and multimode nonlinear dynamics in structured
light systems. By demonstrating that MDSS can maintain coherence even in the presence of spectral instabilities,
we open new possibilities for their use in ultrafast optics, high-energy pulse propagation, and nonlinear multimode
fiber systems.
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Abstract

We present ultrafast imaging of light-induced demagnetization in a Pt/CoFeB/MgO ferromagnet using
holographic microscopy. With femtosecond and sub-micrometer resolution, we uncover spatially
dependent magnetization dynamics, revealing variations in lateral demagnetization behavior and decay
times, offering deeper insight into ultrafast magnetic phenomena at the nanoscale.

Main Text

Ultrashort laser pulses are powerful tools for studying out-of-equilibrium magnetism [1]. While pump-probe
techniques track femtosecond magnetization dynamics [2], spatially resolved studies remain limited [3]. Using
self-referencing ultrafast holographic microscopy [4], we image light-induced demagnetization in Pt/CoFeB/MgO
with 100-fs and sub-pm resolution, revealing spatially dependent magnetization dynamics.

Our widefield transient absorption microscope employs holographic multiplexing to measure the polarization
ellipse of the probe beam and a self-referencing technique to reduce noise to near shot-noise levels [4].

When an intense light pulse excites a magnetized metal, hot electrons transfer energy to phonons, rapidly
reducing magnetization. Our technique captures perturbations with sub-pum and fs space/time resolution, which
we use to study the ultrafast spatial dynamics of this demagnetization.

Figure 1a shows a Faraday rotation image 0.2 ps following photoexcitation with diffraction limited pulses with a
diameter of approximately 0.75 um FWHM of a Pt/CoFeB/MgO sample. As seen in Figure 1b, a central positive
signal, corresponding to magnetization reduction, is surrounded by a negative halo that is much larger than the
excitation pulses. We hypothesize that this is due to the closing of magnetic field lines at the excitation
periphery.
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Figure 1: (a) Differential Faraday rotation signal and (b) its radial average Faraday at 0.2 ps. (c) Normalized Faraday
rotation Kkinetics at the center and 3 um away from it (points experimental, line biexponential fit).

The demagnetization dynamics depend on distance from the excitation center. Within 1 um, decay is minimal,
while between 1.5 and 3 pm, it accelerates, consistent with heat dissipation via electrons, phonons, and magnons.
Differences in the signal rise at early times offering insights into spin diffusion and spin wave propagation.
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Abstract

We numerically investigate the effect of material properties on the spectral broadening and compressibility
in thin plate post-compression setups where the evolution of the spatial-spectral profile is also considered.
We show that the achievable compression factor after a quadratic compressor is limited despite the intensity
or the material.

Motivation and results

To increase the peak power of the driver pulses in high field science [1], either one needs to boost the pulse
energy or to reduce the pulse duration by post-compression [2]. The latter one is possible with the thin-plate method
in high energy laser systems. On the other hand, testing different materials or arrangements using a large, high-
energy beam is a difficult and time-consuming task. In addition, it is crucial to preserve the beam profile and the
temporal quality of the recompressed pulse. Here, we present the results derived from 2+1D numerical simulations
about the expected spectral broadening and optimal compression factor in a single thin plate arrangement.

We performed a series of simulations considering different materials (fused silica, sapphire, YAG) and
intensity levels to see the evolution of the spectral broadening and recompressed pulse quality. The model takes
into account self-phase modulation, self-steepening, and material dispersion (by using Sellmeier-equations).
Figure 1. shows the spatio-spectral profile of an originally 25 fs short pulse after propagating through a 2 mm and
a 4 mm thin fused silica plate. The intensity was set to obtain approximately the same B integral. The profile is
more homogeneous than what we got from the thinner plate (Fig. 1. () and (b)), especially around the central
wavelength. Though this could be beneficial, we also found that the maximum obtainable compression factor after
a quadratic compressor is limited and saturates during the propagation despite that spectral broadening still in
progress. From the above results, we can derive an optimal plate thickness to have high quality post-compressed
pulses from a high-energy setup.
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Figure 1. Left: Simulated spatio-spectral profile after a fused silica plate with (a) 2 mm and (b) 4
mm thickness. Right: (c) and (d), corresponding FTL and compressed intensity profiles.
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Abstract

Power scaling of our high harmonic generation based XUV source using the Class 5 Black Dwarf laser
system at 17 W and 50 W of average power, as well as, the next steps within our MEGA-EUV collaboration
project are presented. The ultimate goal is to deliver up to 1 mW of XUV flux at the industrial relevant
wavelength of 13.5 nm.

High harmonic generation (HHG) sources [1] provide fully coherent laser-like radiation in the extreme-ultraviolet
(EUV/XUV) and soft X-ray spectral range with femto- or attosecond pulse duration. These sources are ideal
metrology tools for scientific or industrial applications: The short wavelength allows very high spatial resolution
in scattering or imaging of nanostructures created by state-of-the-art microchip EUV lithography.

In our contribution, we will present the current status of our Moonlander HHG source driven by the Class 5 Black
Dwarf laser. The Black Dwarf utilizes a multipass cell (MPC) nonlinear compression with an integrated Yb driver
laser in a compact package [2]. This particular system delivered 17 W average power at 100 kHz repetition rate
and a pulse duration of 29 fs. We measured an XUV output power of 1.4 uW for an argon target gas and 2.8 pyW
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Figure 1: Measured XUV spectral photon flux using a Class 5 Black Dwarf with 17 W average power at 100 kHz.

for a krypton target gas within the aluminum filter window (22-75 eV). The measured key parameters are shown
in Figure 1.

We will also show first results with a driver at an average power of 50 W at a much high repetition rate of

750 kHz. Class 5 Photonics is developing the Moonlander HHG source to fullfil the requirements of photo-
electron emission, XUV absorption spectroscopy and coherent diffraction imaging, as well as, advanced
semiconductor metrology applications. Our next steps are the demonstration of stable operation of our HHG
source for driver lasers at 200 W and 500 W average power within the joint research project MEGA-EUV with
DESY, University of Hamburg and AMPHOS. We will discuss the technical challenges and prospects in the
power scaling of these XUV sources.
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Abstract

This work presents two deep learning-based strategies that enhance ultrafast second harmonic generation (SHG)
microscopy under challenging imaging conditions. Through denoising and super-resolution methods, laser power
was reduced by up to 70% and acquisition time by over 95%, respectively, enabling low-damage and high-
throughput nonlinear imaging of biological tissue.

Main Text

SHG microscopy enables high-resolution, label-free imaging of non-centrosymmetric structures such as collagen
and myosin [1]. Polarization-resolved SHG (P-SHG) extends this by allowing fiber alignment analysis. However,
low signal-to-noise ratios (SNR), long acquisition times, and photodamage risks pose significant limitations for
large-scale or dynamic imaging [1].

Two deep learning pipelines were employed to address these challenges. The first pipeline used convolutional
neural networks—specifically, content-aware image restoration (supervised) and Noise2Void (self-supervised)—
for denoising SHG images acquired at reduced laser power [2]. This approach allowed up to 70% power reduction
while preserving tissue microstructure, as validated in zebrafish muscle and tumor-edge tissue [2].

Ground Truth Noisy image Denoised

110mW

Tumor

Figure 1: SHG images of tumor boundary in the mammary gland. (Left) Ground truth at 110 mW. (Middle) Low-SNR
acquisition at 30 mW. (Right) The denoised results using deep learning. A 70% power reduction is achieved while
preserving structural features essential for analysis.

The second pipeline applied an Enhanced Super-Resolution Generative Adversarial Network (ESRGAN) to
reconstruct high-resolution P-SHG images from fast, low-resolution acquisitions. This method reduced acquisition
time by over 95% while maintaining structural and polarimetric fidelity [3].

Together, these studies outline a deep learning-enabled roadmap for SHG microscopy that overcomes traditional
speed and power constraints. While denoising and super-resolution were applied independently, they lay the
foundation for a future hybrid pipeline combining low-power acquisition with fast imaging and real-time
enhancement. This vision integrates ultrafast optics with machine learning to advance biomedical SHG imaging
throughput and accessibility.
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Abstract

This contribution presents the pump-probe laser infrastructure in general and more specifically the laser
pulse compression scheme of the SXP instrument at the European XFEL.

At the European X-ray Free Electron Laser (XFEL) facility, a new instrument, the Soft X-ray Port (SXP), has
started its operation [1] complementing the other two soft X-ray baseline instruments: Spectroscopy and Coherent
Scattering (SCS) and Small Quantum Systems (SQS). SXP is primarily designed for time- and spin-resolved X-ray
photoelectron spectroscopy (TR-XPES), but investigations of complex chemical and bioinorganic molecular systems
with fluorescence spectroscopy as well as research on highly charged ions are also envisioned [2]. All three instruments
are located downstream of the SASE 3 soft X-ray undulator system providing ultrafast photon pulses with variable
polarization in the energy range between 260 eV and 3000eV, at MHz repetition rates in a 10 Hz burst mode. Up to
102 photons per pulse can be focused in the interaction region at a micrometer spot size, resulting in an intensity
of more than 10'® W/cm?. These outstanding specifications will enable the complete electronic, chemical and atomic
characterization of solids, surfaces, and interfaces using TR-XPES. For this purpose, two powerful pump-probe lasers
envisioned to operate in a broad spectral range from the mid-infrared to the extreme ultraviolet region will be avail-
able. Herriott-type multi pass cells (MPC) will be used to compress their pulses into the few femtosecond range
paving the way for ultrafast time-resolved investigations at the SXP instrument combining intense and tunable soft
X-rays with versatile optical laser capabilities.

In addition to a standalone YD fiber laser system, the SXP instrument is equipped with a dedicated pump-probe laser
centered at 1030nm as well as 800 nm that is shared among all three instruments at SASE 3 [3]. This powerful laser
delivers 850 fs (15fs) short and 4mJ (0.2mJ) strong laser pulses at a repetition rate of about 1.1 MHz in the XFEL
characteristic 10 Hz burst mode pattern [41]. First steps have been taken in collaboration with SCS and the laser group
of the European XFEL to compress the 1030 nm pulses into a regime where high harmonic generation (HHG) and
other nonlinear wavelength conversion schemes become more efficient to allow for covering a large spectral range of
pump-probe photon energies with ultrafast pulse durations [5]. To this end, the initially 850fs long pulses are first
of all broadened in a MPC comprising two dielectric broadband mirrors with a radius of curvature of 700 mm and
a diameter of 50 mm separated by approximately 1.4 m encapsulated in a custom-designed vacuum vessel filled with
Argon gas to a pressure of about 3.5 bars above atmosphere. The original laser spectrum widens significantly after 26
round trips of the laser beam, and it is eventually compressed by 18 bounces on chirped mirrors, compensating for a
total dispersion of 6300fs%. A compression ratio of about 20 has been achieved, shortening the laser pulse length to
approximately 40 fs with an efficiency of more than 80 % delivering about 3 mJ pulses to the experiment, at a MHz
repetition rate in a 10 Hz burst mode pattern synchronized to the European XFEL. This development will pave the
way for groundbreaking ultrafast TR-XPES studies by enabling an expanded pump-probe wavelength range, thereby
enhancing the capabilities of the SXP instrument and nonlinear optical investigations at the European XFEL.
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Abstract
We present numerical simulations to find the best conditions for bulk material post-compression of high
intensity laser pulses. The validity of the code has been tested by comparison simulated propagation and
measurements obtained during an experimental campaign using the Thin Film Compression technique
with VEGA-2 at CLPU facility.

Laser driven particle acceleration in compact laboratories demands laser pulses with increasing peak power. Due to
the limitations of current technology (amplification crystals size or diffraction grating size due to damage threshold),
it is difficult to continue increasing the peak power. A possible solution is the temporal shortening of the present laser
pulse outputs at the already operational facilities. A shorter pulse could be achieved thanks to a spectral broadening
induced by Self-Phase Modulation (SPM) and the subsequent spectral phase correction with a compressor [1]. The
theoretical modeling of this process is essential to understand and identify the most relevant effects, and to guide the
design of new compression strategies.

The spectral broadening due to SPM introduced in the material is simulated numericaly using Generalized Nonlinear
Schrodinger Equation (GNLSE) to model the nonlinear propagation of a laser pulse through a material. The mea-
surements used were taken during an experimental campaign with VEGA-2 beamline at CLPU (200 terawatt laser)
with the Thin Film Compression technique in a research line in ELI-NP [2].
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Figure 1: Measured spectrum at the output of the compressor (S;, in blue), simulated output after Fused
Silica plate of 3 mm thickness (S, in red). The frequency axis is shifted from the central frequency.

The code has allowed us to explore the influence of the spectral phase of the incident pulse and to have an idea of the
amount of Group Delay Dispersion (GDD) accumulated during the nonlinear propagation that we should compensate
to finally achieve a shorter pulse.
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Abstract

We report ultrafast measurement of optical fields resonating in high-quality microcavities, utilizing second-
order nonlinearity-based optical gating scheme inside the cavity. Instead of waiting for light leakage from
the cavity, we extract its instantaneous state on-demand, basing future characterization of ultrafast
dynamics of intracavity fields in polariton or quantum-optical systems.

Optical micro-cavities have become established platforms for quantum simulations, quantum photonics, and
information, relying on the manipulation of the optical fields resonating in the cavity [1]. Thus, it is imperative to
be able to directly measure these fields. So far, the intra-cavity fields were mapped through their leakage out of
the cavity, over the timescale of cavity decay. This brings about a conundrum: to show more pronounced quantum
effects, cavities are designed to slow-down the light leakage process, reducing its detection efficiency outside the
cavity. Moreover, since this detection scheme is based on an incoherent loss process, any quantum information
carried out of the cavity is scrambled.

In this work, we solve this problem by introducing a wide-band second-order optical nonlinearity into a high-
quality wavelength-selective microcavity, to extract the intra-cavity field information in an ultrafast manner, on-
demand. In our demonstration (see schematics in Figure 1a), we incorporated a slab of LiNbOs into a distributed
Bragg reflector (DBR) microcavity resonating around 750 nm. Following a pulsed (~100 fs) excitation of the
cavity resonant modes, a pulse (~100 fs) at 1040 nm (outside the stopband of the DBRs) at a controlled delay is
launched at the cavity to gate the resonant light. The sum-frequency-generated (SFG) signal at ~436 nm is also
not reflected by the DBRs, thus easily escapes the cavity. Since it is linearly dependent on the intra-cavity resonant
field, the SFG signal extracts its instantaneous quantum-state in a well-defined mode. This allows to characterize
its spectrum, phase and polarization together with its real- and momentum-space distributions and their evolutions
along the ~200 ps long cavity decay process. We demonstrate the dynamics of the intracavity light following the
excitation of different cavity modes and their superpositions, showing how it migrates across the cavity plane.
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Figure 1: a. Intracavity gating illustration: Resonant and gate pulses are launched at the cavity, yielding a fast SFG
pulse which is the product of the intracavity resonant field and the gating pulse. b. Spectral configuration of the
experiment. Only the resonant signal is reflected well by the DBRs of the cavity, thus resonate in it. The other signals
pass once and escape the cavity.

We expect this technique to impact the exciton-polariton and quantum-photonics communities, by offering
ultrafast measurements of the coherent interplay of the cavity with excitonic systems, or for coherent
measurements of quantum-states of light excited in the cavity [2], and their dynamics.
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Abstract
The Frantz—Nodvik equations, foundational in modeling ultrafast optics, arise from the photon transport
conservation law. We incorporate this physical constraint into the latent memory of a neural network
(NN) to enhance the explainability and fidelity of a NN digital twin for chirped pulse amplifiers (CPA).

Photon Transport Neural Networks

Numerical modeling based on the modified Frantz—Nodvik equations has provided insights into the dynamic behavior
of pulse amplification [1]. Although these traditional methods have proven effective, NNs are emerging as powerful
tools to model optical amplifiers, offering improved accuracy, computational efficiency, and capturing the nonlinear
dynamics and memory effects in amplifiers [2]. However, black-box modeling of an NNs latent memory limits their full
utility. Building on recent work [3] using convolution operators (x) to explain NN memory, we incorporate physical
conservation laws by enforcing a latent continuity constraint. This approach may offer new insights into predicting
power excursions or pulse-shape control, thereby enhancing amplifier design and optimization.

The photon density n(z,t) in a CPA is modeled by the continuity equation 1 and driven by the population inversion
A = N; — N3, where N; and N2 denote the density of steady and excited state atoms in the gain medium, c is the
velocity of light and o is the resonance absorption cross section. In a supervised learning framework, we are given
gain medium features & € R", the intensity of an incoming pulse Ii, € RT and outgoing pulse Ioy, € RT. The NN
is parameterized so that the latent state h'™! is the forward solution of a continuity equation 2 from the state h’,
with learnable weight matrices Wy, Wene and Wyec, and a projection matrix Py, for the boundary conditions. This
ensures the network weights model a discrete nonhomogeneous continuity equation, paralleling photon transport. The
model is trained on labeled data to minimize the mean squarred error of the output, i.e., min [l(WdCChT7 Iows).

(?9_7; + g—z = 20An, with be. n(0,t) = g, % = —20An, with condition Ny + No =C (1)

R = softmax(Wyx) « h' + A'h! + Poe WeneIly, h° =0, A = A' —2p'Af, A0 = _semoidWenez) = (9)

||sigmoid(Wenc®) H§
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Pump Power | [5, 500]
Transmission | [80, 100]%

9 0.6
\ 0.4

501
0.2

0

100 200 300 400 500
Time {sequence steps) 0.0

Space (Hidden Units)

(a) Amplifier parameters (b) Latent state evolution (c) Pulse reconstruction

Figure 1: The dataset is constructed from the set of Yterbium amplifier parameters detailed in (a) and split
into 80/20% train/test partitions. The latent state evolution illustrated in (b) shows 5 passes of the laser
through the gain medium. The ground truth versus predicted evolution after the final pass through the gain
medium is illustrated in (c¢). The network reveals pulse broadening/narrowing in each pass through the CPA.
This work was supported by NSF grant DMS-2436343.
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Abstract
We demonstrate digital twin surrogates for ultrafast optics applied to XFEL photoinjector systems.
Integrating start-to-end simulations of the photocathode laser including ¥® and % nonlinear processes,
we couple resultant ultraviolet pulses to photocathode and FEL simulations, showing promising avenues
to synergistically combine simulation and experiment through machine learning.

SLAC’s LCLS-II is undergoing upgrades to push the frontiers of X-ray Free-Electron Lasers (XFELs),
significantly advancing brightness, energy tunability, attosecond pulse generation, and repetition rate [1]. Fully
harnessing these enhancements necessitates real-time optimization of accelerator beamlines to control X-ray
characteristics precisely. Central to this optimization is the photoinjector laser, which initiates electron bunch
formation via photocathode interaction (Fig. 1a) [2]. Leveraging the photoinjector laser's adaptability requires
developing an accurate digital twin to produce customized laser profiles to interface with downstream
accelerator simulations and to facilitate two-way information transfer—from model to experiment and experiment
to model. Here, we introduce the core components of such a digital twin, starting with a comprehensive
start-to-end (S2E) simulation framework of the laser system, including a spatial light modulator-based spectral
pulse shaper, regenerative amplifier, and ¥® or x® nonlinear upconversion [3]. Upconversion, specifically via
dispersion controlled nonlinear synthesis (DCNS)-a method contingent on noncollinear sum frequency
generation (SFG)—or four-wave mixing (FWM), presents computational bottlenecks from solving the generalized
nonlinear Schrodinger equation [4,5]. Thus, we implement a long short-term memory surrogate model for
noncollinear SFG (Fig. 1b), achieving excellent fidelity with simulations and a 250% computational speedup [6].
Similarly, for FWM, we employ a hybrid neural network to reconstruct pump, signal, and idler pulses,
demonstrating close agreement between simulation, machine learning (ML) predictions, and experimental data.
These efficient and accurate ML surrogates accelerate digital twin development, enabling precise real-time

optimization of ultrafast optical systems and enhancing downstream XFEL applications.
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Figure 1. a) S2E software model linking oscillator, pulse shaper, amplifier, and nonlinear upconversion processes of photoinjector laser to
injector and FEL processes; b) ML surrogate results for noncollinear SFG-based upconversion; ¢) ML reconstruction for FWM fiber
dynamics compared to simulation and experiment.
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Abstract

We present a high-power Ti:Sa laser system with stable Carrier-Envelope Phase (CEP) control, seeded by
a Yb-pumped OPCPA injector. The CEP is passively stabilized through difference frequency generation
in the OPCPA seeder, and slow drift in the Ti:Sa amplifier is corrected using a Dazzler device in the
stretcher.

The system, designed for attosecond science, uses a Ti:Sa CPA amplifier [1] (ARCO from Amplitude Laser),
delivering 10 mJ at 1 kHz with pulse durations under 30 fs (see Figure 1 (a)). It is seeded by a custom OPCPA
system with 800 nm pulses, a 150 nm bandwidth, and passive CEP stability achieved through difference frequency
generation [2].

The seeder’s pulse energy of several microjoules enables robust operation and broad bandwidth for the Ti:Sa
amplifier, while the high pulse contrast improves temporal contrast. Over one-hour, passive CEP stability at the
seeder output reaches a low 300 mrad without active correction, with only minor drift due to thermal or air
fluctuations. Local CEP stability for 1000 consecutive shots at 10 kHz is around 200 mrad. To further stabilize
CEP, an active correction loop using the Dazzler compensates for slow fluctuations and noise, resulting in 230
mrad CEP stability averaged over 10 shots for an hour (see Figure 1 (b)).

(b)
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Figure 1: (a) Pulse duration measurement of the 10mJ, 1kHz Ti:Sa laser output. (b) Actively stabilized CEP over one
hour averaged over 10 consecutive shots at 1 kHz.

This unique system architecture combines the best capabilities of both Ti:Sa laser amplification and OPCPA
technologies in a single system leading to a cost-efficient high average and peak power with CEP stability for
attosecond science such as high harmonic generation. While actual performances are already compatible with
attosecond applications, we believe to significantly reduce the CEP noise level in the future.
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Abstract

World-record average power of 250W with 7.3-fs pulses. The driver laser system generates 290-fs pulses with up
to 8mJ pulse energy, a fraction of it is post-compressed to 7.3fs (sub-3-cycle) at 2.5mJ and 100kHz, 250W
respectively. Designed for long-term operation as part of a user-beamline at the Ohio-State-University [1]

Main Text

High-repetition-rate few-cycle laser systems with high average power and CEP-stable operation are essential for
various scientific applications, including the generation of a continuum in the XUV for attosecond pulse generation
and numerous ultrafast pump-probe measurements [2,3]. We present a sub-3-cycle laser system that combines
high average power and pulse energy. This system is based on a fiber-based chirped-pulse amplification setup,
incorporating the coherent combination of 14 main amplifier channels, similar to [4]. It emits 290-fs pulses with
8 mJ energy. A fraction of this energy is nonlinearly post-compressed to a few optical cycles in a two-stage multi-
pass cell (MPC). The first MPC utilizes highly efficient dielectric mirrors, achieving an intermediate output of 5
mJ pulse energy, 500 W average power, and <40 fs pulse duration due to its 94% efficiency [similar to 5]. The
second MPC further compresses the pulses to a duration of 7.3 fs (sub-3-cycle, see Fig. 1 left) at a pulse energy of
2.5 mJ, resulting in the highest compressed average power for few-cycle MPCs, with 250 W at a 100 kHz pulse
repetition rate, nearly doubling previous, already impressive, results [6]. Furthermore, for such a complex device,
the entire system demonstrates a remarkable power stability (see Fig. 1 right).
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Figure 1 [Left] D-scan measurement [7] of the 2.5mJ output pulses at 100kHz. [Right] Long-term stability of the
output at 250W of average power.
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Abstract
We demonstrate fee, detection of a watt-level 100-fs Ho:CALGO oscillator at 2.1 um. The octave-
spanning supercontinuum for self-referencing is generated in an integrated Ta,Os waveguides. This
result represents the first step toward fully stabilized watt-level frequency combs at 2.1 pm.

Optical frequency combs operating beyond 1.5-pum wavelength are attractive for a wide range of applications
in fields such as attosecond science and spectroscopy. A central feature of a referenced frequency comb is a
stabilized carrier-envelope offset frequency, fceo. Measuring and stabilizing fceo typically requires an f-to-2f
interferometer, which necessitates an octave-spanning spectrum. For lasers based on broadband materials such as
Cr:ZnS(e), octave-spanning spectra can be achieved by nonlinear spectral broadening in bulk media [1]. In
contrast, fceo characterization of more power-scalable Tm- and Ho-based ultrafast lasers at this wavelength range
is challenging, due to their relatively narrow emission bandwidths and typically long pulses. In this context, we
recently demonstrated several novel solid-state Ho-lasers capable of watt-level and sub-100-fs pulses [2] with
promising potential in this area.

In this work, we demonstrate fceo detection based on octave-spanning supercontinuum (SC) generation in chip-
based Ta,Os waveguides pumped by a 2.1-um ultrafast laser, which is the first critical step toward full comb
stabilization of this promising new Ho:CALGO laser technology [3]. The oscillator directly emits watt-level
average power with 102-fs pulses at a center wavelength of 2.1 um, a repetition rate of 71 MHz, a pulse energy of
14 nJ, and a peak power of 0.12 MW. Roughly 30% of the laser power is coupled into the waveguide. The
generated SC spans from 0.9 um to 2.6 um at -30 dB, providing sufficient bandwidth for self-referencing of fceo.
fceo detection is performed in a standard f-to-2f interferometer, as shown in Fig. 1(a). Without significant
optimization, we were able to obtain an fceo beat note (~30 dB at 100-kHz resolution bandwidth (RBW)). To the
best of our knowledge, this is the first fceo detection of a Ho-oscillator, which is important for the development of high-
power infrared laser sources for metrological applications. Further passive improvements to the setup should enable
a significantly higher signal-to-noise ratio and a full characterization of fceo. Furthermore, optimizing coupling
efficiency for SC generation and realizing the control loop for fceo stabilization will allow us to obtain the comb with
a much smaller fraction of the available laser power for future use of the system in applications.
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Figure 1: (a) Experimental setup for SC generation and fceo detection, PBS — polarized beam splitter; Autocorrelation
(AC) trace of the pump pulse; (c) SC spectrum; (d) Radio-frequency spectrum featuring two fceo beat notes and
fundamental repetition frequency of the pump laser.
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Abstract

We demonstrate passive coherent combining in multipass cells using free-space delay lines for spectral
broadening and pulse compression. By dividing temporarily the initial pulse into two replicas, the pulses
of 250-uJ energy and 1-ps pulse duration were compressed to 272-fs. The setup offers excellent
passive stability, enabling efficient high-energy pulse compression.

Multi-pass cells (MPCs) provide an effective method for spectral broadening. However, one of the main challenges
is their energy scalability, as the required cell length increases linearly with the input pulse energy [1]. To address
this issue, several energy scaling methods have been proposed. Some of these involve temporally dividing the
pulse using birefringent crystals [2,3]; however, this method is limited by the increasing thickness of the crystals,
making it impractical for generating a large number of pulses. Therefore, we have implemented, to our knowledge,
for the first time, in combination with MPCs, divided pulse spectral broadening with flexible free-space delay
lines. The method is passively stable, largely energy scalable, and supports ultrabroadband pulses.

The experimental setup (Fig. 1a) features a burst-mode Yh:YAG amplifier emitting 950 fs pulses. The input pulse,
with an energy of 250 pJ, is split into two replicas of 125 pJ each using a broadband 50/50 intensity beam splitter.
One replica is sent through a 2-ns delay line. Its polarization is rotated by a half-wave plate (HWP), such that it is
transmitted through a thin-film polarizer (TFP). Both replicas propagate along a common path through a 39 cm
long MPC containing two 1-mm silica plates. After spectral broadening (Fig. 1b), the pulses were temporarily
recombined using the same delay line with a height offset between the input and output beams to ensure proper
separation. The pulses are then sent to a grating compressor and a diagnostics stage. A pulse duration of 272 fs
was measured by FROG (Fig. 1c). Recombination efficiencies above 75 % were reached independent of the
spectral broadening factor (Fig. 1d). As splitting and recombination paths are common, the approach exhibits very
good passive stability (Fig. 1 e).
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Fig. 1 a) Experimental setup. TFP: Thin Film Polarizer, BS: Beam Splitter. b) Spectrum of the Input and MPC output
for a single pulse and two replicas. ¢) Pulse duration. d) System efficiency vs energy and ) Spectral stability.
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Abstract: We present newly developed and produced high damage threshold and broadband
multilayer mirrors for the multipass cell with the peak power toward 100GW. The mirrors cover
the range of 800-1300 nm and exhibit exceptional reflectance exceeding 99.9%. The group delay
dispersion of the mirrors is -100 fs2. The broadest mirrors set enable the generation of sub-7 fs
pulses. In this work, we will discuss the critical points for such mirrors and provide solutions for
sub-7 fs pulse or 100 GW peak power.

© 2025 The Author(s)

The pursuit of generating short laser pulses, limited by a single wave cycle of light, has been a long-standing
goal since the invention of lasers. Laser pulses, comprising only a few wave cycles, enable more efficient
exploitation of nonlinear optical effects, leading to remarkable advancements such as the generation of single sub-
femtosecond light pulses.

Recent years have witnessed significant development efforts focused on multipass cells as a simple and efficient
way to convert Yh:YAG-based systems. These systems, capable of producing high-energy, relatively long pulses of
about 500-1000 fs, can be converted to short pulses down to 7-fs with minimal losses.

A key component of multipass cells is dispersive mirrors, which play a crucial role in managing dispersion and
extracting high intensities and energies. We present newly developed dispersive mirrors with exceptional smooth
group delay dispersion (GDD), oscillating slightly around -100 fs2. Additionally, they exhibit high reflectance and a
high damage threshold.

Magnetron sputtering (MS) deposition methods have gained increasing importance in producing ultrafast and
high-resistive optical coatings. These methods allow for high packing density, enabling the deposition of dielectric
multilayer coatings with optical losses of less than 100 ppm. This significantly reduces scattering losses and thermal
load, which are major factors affecting the performance of high-power laser systems.

The mirrors were produced on a Helios, Biihler Alzenau GmbH magnetron sputtering coating machine. This
machine enables the sputtering of coatings on substrates with a maximum diameter of 200 mm, making it suitable
for the production of large-aperture optics.

Mid-frequency MS is known to produce sputtered layers with a high density of silicon (Si) defects. These defects
have been shown to reduce the laser induced damage threshold (LIDT) of the coating. However, recently developed
Radio Frequency (RF) magnetron sputtering allows for the direct sputtering of dielectric material from an oxide
target. With RF MS, we can produce layers where all defects are transparent in the visible range because SiO2 has
low absorption in this range. Transparent defects have a negligible impact on LIDT. The LIDT is very critical for
reaching 100 GW peak power.

In this work, we demonstrate that the broadest mirrors produced using MS can support sub-7 fs pulses directly
from a multipass cell. Further development of deposition technology and the closed development of multipass cell
technology will enable us to achieve almost single-cycle regime from user-friendly and turn-key laser systems in the
near future. This level of energy and pulse duration was not achievable with Ti:Sapphire-based systems.
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Abstract

We present a compact bulk multi-pass cell employing higher-order Laguerre-Gaussian beams generated
with a spatial light modulator. We achieve compression of 610 pnJ, 180 fs pulses down to 44 fs, boosting
the peak power from 2.5 GW to 9.1 GW.

High repetition rate ytterbium laser systems enable high flux high-order harmonic generation [1] and other strong-field
applications. These systems typically produce pulses with durations of hundreds of femtoseconds, making it difficult
to achieve high peak powers. Thus, they are often used in combination with pulse post-compression [2] based on self
phase modulation in either a gaseous or bulk medium. One recently-demonstrated and efficient technique is nonlinear
multi-pass cell (MPC) [3]. Bulk-based MPCs have the benefit of being more compact, as large vacuum chambers are
not required. However, the input peak power in a bulk MPC is limited by the damage thresholds of the cell mirrors
and the nonlinear material, and by eventual beam degradation due to operation far beyond the critical power for
self-focusing. Several approaches have been investigated for increasing input pulse energy and thus peak power in
post-compression setups, e.g., pulse division, concave-convex or folded geometries and beam shaping [1].

Here, we extend the latter to a compact bulk MPC utilizing higher-order Laguerre-Gaussian beams (LGo,;, | = 0—3),
generated by a spatial light modulator (SLM). The pulse energy is redistributed into a larger spatial footprint,
therefore decreasing the peak intensity. Figure 1 a) shows the laser parameters and a schematic of the compression
setup. Figures 1 b) and c) display the input and output LGos beams, carrying a pulse energy of 610pJ. We
demonstrate compression of 180 fs down to 44 fs (see figure 1 d)), corresponding to a peak power of 9.1 GW. Despite
operating 600 times above the critical power for self-focusing in fused silica, the quality of the LG beam is maintained
and the topological charge is conserved.

=)

{1030 nm, 180 fs , 28cm b) in d) [— ou

50-700 pJ |i| 7 compression @
1 )] .

10 kHz
| 38cm , | |characterization O . 7

r 1 -200 0 200
¢) out Time, fs

Power, GW
W

Figure 1: a) Schematic of the experimental setup. Beam profile of the LGo3 mode b) before and ¢) after the
MPC. d) Retrieved temporal profile of the pulse before (red) and after (blue) the post-compression setup.
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Abstract

We present a simple soliton self-compression system consisting of a neon-filled anti-resonant hollow-core
fiber. We achieved six-fold compression to 45.6fs whilst maintaining a pulse quality factor of 0.82. The
pulse duration demonstrated excellent resilience against power fluctuations. Furthermore, the compression
dynamics could be scaled to ~ 10 pJ level in the same fiber simply by varying the pressure.

High-power ultrafast laser systems delivering few-hundred femtosecond pulse durations facilitate a wide range of
applications [1]. However, further decreasing the pulse duration of these systems whilst maintaining excellent
pulse quality would be extremely beneficial in fields such as attosecond science [2], materials processing [3] and
ophthalmology [4]. We present a simple pulse compression architecture consisting of input pulses coupled to a
gas-filled anti-resonant hollow-core fiber (AR-HCF) to obtain compressed output pulses. In addition to the
exceptional spatial and power handling properties of AR-HCEF, their excellent flexibility in terms of length, gas
species and pressure, can be utilized to achieve the desired compression ratio and compressed pulse quality [5].
To demonstrate this powerful technique we compress 275 fs pulses at 10 MHz from a 1033 nm mode-locked
system with a maximum power of 10 W. To determine the optimal operating conditions for both high quality and
compression factors we performed simulations based on a split-step Fourier method for solving the non-linear
Schrodinger equation. Based on these simulations we opted for a soliton number of N ~ 2.5, experimentally
achieved with 7.5 m of 27 um core diameter AR-HCF filled with neon at 9.8 bar to achieve optimal compression
at the fiber output (Fig. 1(c)). At the maximum available input power of 10 W we obtained an output power of
7.12 W (712 nJ pulse energy), a pulse duration of 45.6 fs (Fig. 1(a) inset), with a pulse quality factor of 0.82. The
output pulse duration was very robust against changes in input energy, with only a slight decrease in pulse duration
from 52.7 fs to 45.6 fs as the input pulse energy is increased from 800 nJ to 1000 nJ (Fig. 1(a)). Furthermore, we
demonstrate scalability in pulse energy by compensating with a reduction in neon pressure, ensuring the nonlinear
contribution remains unchanged. Since waveguide dispersion dominates around the pump wavelength of 1033 nm
in smaller core AR-HCFs, such as the one used in these experiments, the dispersion landscape is also essentially
unchanged. This allows us to achieve the same compression dynamics over a range of pulse energies in the same
fiber simply by keeping the product of pulse energy and fiber pressure constant, as displayed in Fig. 1 (c).
Additionally we will present further results on polarization properties and fiber delivery functionality.
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Figure 1: Compressed output pulse duration as a function of output pulse energy (a) with retrieved FROG pulse profile at maximum
output power (inset), measured and retrieved FROG trace at maximum output power (b), and experimental set-up (c).
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Abstract
Dual Comb Spectroscopy (DCS) will be established in the (vacuum) ultraviolet (V)UV regime. The
implementation of a pump-probe scheme enables the combination of the fast acquisition times and high
spectral resolution of DCS with femtosecond temporal resolution.

Understanding light-matter interactions is of critical importance for molecular, chemical and optical physics, as well as
material science. With ultrafast (femtosecond) pulses, photo-induced dynamics can be studied in real-time. Currently,
research into improved spectroscopic methods suited for the UV regime is advancing rapidly. One powerful candidate
which combines extreme relative spectral resolution (up to 107'!) and fast acquisition times (down to ps) is DCS.
While DCS has been established strongly in the NIR and THz domain, the ultraviolet regime has been explored only
very recently with DCS [1, 2, 3]. As part of the ERC project “Electronic Fingerprint Spectroscopy”-ELFIS [4], Dual
Comb Spectroscopy is expanded into the UV regime via High Harmonic Generation (HHG) enabling DCS to access
the electronic energy structure in matter. Furthermore, a pump-probe scheme will be implemented. A sketch of
the proposed experimental setup is shown in Figure 1. This unique combination of ultrahigh spectral and temporal
resolution in the UV regime paves the way for the observation of subtle effects as for example wave packet dynamics
in gases.

As a first example, high-repetition rate (10 MHz) pump-probe spectroscopy utilizing the fifth harmonic of the funda-
mental laser frequency (Acenter = 206 nm) as a probe beam is currently realized. First results on time resolved UV
dual comb spectroscopy in iodine will be presented.
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Figure 1: Overview of a UV Dual-Comb spectrometer setup including a pump-probe interferometer. This
allows for a measurement combining both high spectral and temporal resolution simultaneously in a single
experiment in the (V)UV regime. The data shown in the spectrogram are taken from [5].
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Abstract
Low order surface harmonics provide insight into the atomic-scale structure and bonding at interfaces
and surfaces of centrosymmetric materials. In this work, we show the experimental apparatus, automated
detection systems, and the first results obtained in semiconductors, including novel reports of high order
contributions and preliminary results in metallic samples.

Nonlinear optical phenomena, particularly second-harmonic generation (SHG), have long been used as a powerful
tool to investigate the structural and electronic properties of materials. Surfaces and interfaces of centrosymmetric
materials can be studied due to bulk contributions being forbidden due to inversion symmetry [1, 2, 3]. Despite these
advancements, previous works have focused primarily on SHG, with limited exploration of higher-order nonlinear
processes, particularly in reflective configurations.
In this work we study the surface second and third order harmonic emission of materials in the sub-ps regime. The
harmonic signal dependence for different incident laser powers, incident laser polarization, outgoing laser polarization,
and sample axis orientation are evaluated and discussed. The effect of pulse duration is also tested.
The laser used is a Yb:YAG delivering 1030 nm, 100 kHz, 1 ps, 1 mJ pulses coupled to a multipass cell that can
compress the pulse duration down to 100 fs [4]. The availability of ultrashort mJ-level laser pulses operating at 100
kHz enables novel physics to be explored with fast acquisitions times.
The experimental setup, shown below, aims to characterize the crystalline symmetries and ultrafast laser light response
of materials using the spectrum of the emitted radiation on a reflective configuration over a wide range of parameters.
We will also present the system developed to automate the measurement of spectral data using a monochromator and
an ADC (analog-to-digital converter), for precise measurement of very low intensity optical signals.
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Figure 1: Experimental setup: AMPHOS- 1030 nm laser; MPC - MultiPass Cell; PMT - PhotoMultiplier
Tube; CMOS - Camera
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Abstract
Post-compression achieving large compression factors typically goes hand in hand with temporal pulse
quality degradation. We numerically demonstrate a mitigation strategy using chirping and polarization
rotation, achieving a very smooth spectrum with 99% of the compressed pulse energy in the main pulse.

Multi-pass cell (MPC) technology has enabled very high compression factors through self-phase modulation (SPM),
while maintaining excellent spatial beam properties and high energy throughput. MPCs have therefore become a key
technology for generating high-power, few- femtosecond laser pulses For many applications, a good temporal contrast
is crucial. However, SPM causes modulations in the spectrum and also higher-order spectral phase components, which
deteriorate the temporal contrast especially at high compression factors [1]. We propose an approach combining two
pulse cleaning techniques: nonlinear polarization ellipse rotation (NER) [2] and enhanced frequency chirping (EFC)
[3]. We refer to the combination as chirped ellipse rotation (CER).
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Figure 1: Fig. 1 (a) Schematic of the proposed CER scheme. POL: polarizer, QWP: Quarter-wave plate. (b)
Comparison of the broadened spectra and corresponding phases, (c¢) temporal pulse shapes and percentage
of output energy contained in the main peak.

CER can be implemented by simple addition of polarization optics to the post-compression setup and positive chirp
within the MPC. Results of our numerical simulations are shown in Fig. 1(b-c). We here consider 5-mJ input pulses
with a duration of 1 ps, centered at 1030 nm, post-compressed using a gas-filled MPC to reach a pulse duration 56 fs,
i.e. a compression factor of 17. The two techniques can be synergistically combined: EFC helps NER to reach higher
efficiencies, while the smoothening of the spectrum through EFC is enhanced even further by NER. The very smooth
spectral intensity and phase shown in Fig. 1(b) enables compression of nearly the full output pulse energy within the
main peak of the pulse, even though only second-order dispersion was removed in this simulation. Despite the losses
intrinsic to NER (here almost 30%), the peak power reached exceeds the standard SPM case. At large compression
factors, spectral broadening inside an MPC is then typically limited by parasitic four-wave mixing (FWM) [4]. In
this contribution, we will also discuss strategies to mitigate this limit, thus paving the way towards even higher
compression factors within a single MPC stage.
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Abstract

We report on bright soft X-ray emission via high harmonic generation in neon, driven by a 100 kHz ultrafast
Thulium-fiber CPA system. We achieve a record photon flux exceeding 1.4 x 10”8 ph/s/1% BW at 300
eV. This table-top, nW-class source renders an ideal platform for photon-hungry applications in the soft
X-ray water window.

We present a table-top high harmonic soft X-ray (SXR) source that utilizes a power-scalable design based on
Thulium-doped fiber chirped-pulse amplification (Tm:fCPA) [1] and subsequent pulse post-compression within a
gas-filled hollow-core fiber [2]. Operating at a repetition rate of 100 kHz, this system delivers 67 W of average
power with pulse durations of less than 11 fs at the generating target, which is a 2 mm neon gas jet at 4.25 bar
backing pressure. The achieved photon flux at 300 eV reaches 1.4 x 10”8 photons/s/1%bandwidth and is
approximately a factor 6 above the current state of the art [3,4], making this setup highly attractive for applications.

This work marks the first demonstration of a 100 kHz-repetition-rate SXR source that achieves these coherent
flux levels around the carbon K-edge. The driving source high repetition rate, average output power, and few-
cycle pulses are crucial, as they directly contribute to the increased photon flux of the SXR and highlight its
capabilities as an ideal driving platform.

The demonstration of bright coherent SXR emission with a high repetition rate Tm:fCPA laser represents a
significant step forward in lab-scale, laser-driven SXR sources and paves the way for future applications in
advanced spectroscopy and table-top nanoscale imaging in the water window, which has so far been exclusive to
synchrotrons [5]
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Fig 1: Optimized HHG spectrum (left), experimental setup including thulium-doped fiber chirped-pulse amplification
(Tm:fCPA), hollow-core-fiber (HCF) compressor, high harmonic generation and soft X-ray (SXR) spectrometer (right).
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Abstract

The ELI ALPS High Repetition Rate laser lab provides mJ, CEP-stable, few-cycle pulses at up to 100 kHz
repetition rate. HR2 laser reached 4 mJ, 6.2 fs pulses with excellent beam profile, and a new, extremely
stable laser, HR-Alignment, was commissioned. These lasers are available through ELI ERIC user calls.

Introduction

Our laser systems, namely HR1, HR2, and HR-Alignment lasers, deliver few-millijoule pulses in the near-infrared
(1030 nm) at repetition rates up to 100 kHz. High repetition rate enables experiments that require a large number
of observations, or studying events with rare occurrence. These laser systems utilize ytterbium-based amplifiers
generating sub-300 fs pulses, followed by multiple post-compression stages in multi-pass cells (MPCs) [1]. This
flexible architecture allows tailoring pulse durations to various experimental needs. For instance, attosecond
spectroscopy experiments [2] can utilize 30-50 fs pulses to generate attosecond pulse trains (APT) [3] via
bypassing the further MPC stages. Alternatively, for experiments demanding high temporal resolution, such as
single attosecond pulse generation, one can access CEP-stabilized 2-cycle pulses by using all of the MPC stages.

Results

Our flagship 100 kHz system, HR1, offers pulses up to 1.2 mJ at 30 fs or 1 mJ at 6 fs. This versatility has enabled
numerous user experiments on the field of atto-science since 2018. [2,3].

The 100 kHz HR-2 laser system provides even higher energy than HR-1, delivering up to 6 mJ pulses tunable
from 50 fs to 35 fs after the first 8 m long MPC stage. A second 8 m long stage further compresses the pulses down
to sub-11 fs with 4.3 mJ energy. To achieve the sub-7 fs pulse regime necessary for CEP detection via the stereo-
ATI method, a third 8 m long helium-filled MPC stage was recently added. This final stage delivers 4 mJ, 6.2 fs
pulses, corresponding to 400 W average power, pushing the boundaries of ultrafast laser technology. Despite
challenges in managing ionization threshold and nonlinear self-focusing within the long MPCs, we achieved
excellent beam quality (Strehl ratio: 0.96, M2 =1.092, 0.04% astigmatism). The final 6.2 fs pulse duration was
measured by D-scan method, where the relative peak power exceeding >90% according to the device.

To address demand for repetition rate flexibility in the HHG beamline during certain experiments, we
commissioned the HR-Alignment laser system that shares the same beamline as HR-1 and offers similar pulse
energy and sub-6 fs pulse duration, but with a wider range of repetition rates (single shot to 10 kHz). Based on a
Light Conversion Pharos frontend and two post-compression stages, similar to HR-1, this system is a low-power
and variable repetition rate alternative of the HR-1 [4]. It also provides several advantages, such as a warm-up
time of less than 10 minutes, excellent beam pointing stability (with fluctuations below 25 prad) and CEP stability
(less than 300 mrad). Its robust nature supports long measurements including continuous 24-hour operation.
During recent applications in photoelectron spectroscopy of gas-phase targets (C-ReMi measurements), we
demonstrated over 100 hours long continuous measurement with extreme stability.

These advanced laser systems are available to researchers worldwide through ELI ERIC user calls.
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Abstract
We report on efforts to shorten the 800 nm sub-8fs pulse with a flat-top spatial profile by nonlinear
spectral broadening in a single 1 mm thick fused silica plate. The results show a 3.8 fs pulse with a 64 %
relative peak power. The achieved spatial-spectral homogeneity was 97 %.

Main Text

In recent history, the post-compression became a very popular and useful tool for breaking the bandwidth limits of
optical amplifiers [1]. Here we report on our recent efforts to overcome such a limit in the case of optical parametric
chirped pulse amplification (OPCPA). Initially, our 200 Hz OPCPA system provided a passively carrier-envelope phase
stabilized 800 nm output of around 5 mJ and 7.7 fs with a hyper-Gaussian beam profile. Spatiospectrally homogeneous
nonlinear spectral broadening was achieved by relay imaging the flat-top beam from the final amplifier to a 1 mm
thick fused silica plate, which was placed inside a vacuum chamber. Fused silica wedge and chirped mirror pairs were
used in the same vacuum chamber for pulse compression and characterization via dispersion scan [2]. Spectrally-
resolved wave-front analysis was performed to evaluate the spatial-temporal couplings. Deformable mirror wave-front
correction and simple propagation model spectral properties prediction capabilities were tested with great success.
The main results are presented in Figure 1. Here one can observe the temporal and spectral shape changes before
and after the nonlinear spectral broadening and pulse re-compression. These properties were measured by averaging
the information collected from the whole beam. The shown spatial-spectral homogeneity profile was measured at the
image plane of the thin plate. It was found that the nonlinear spectral broadening did not change the spatial Strehl
ratio, however, the beam quality parameter degraded by up to 1.5 times. The efficiency was measured to be around
40 %. This was mainly caused by metal (silver or aluminium) mirrors and uncoated glass components.
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Figure 1: The visualization of main results. The illustration shows pulse shape and spectrum differences
before and after post-compression. Measured spectral phase after the post-compression is presented as well.
The horizontal cut of the beam profile with the calculated spatial-spectral homogeneity is shown in the inset.

In conclusion, a twofold pulse shortening (from 7.7 fs to 3.870 3¢ fs) was shown with 40 % efficiency. The achievable
relative peak power dropped from around 100 % to 64f§ %. The flat-top beam provided the weighted average near-field

spatial-spectral homogeneity of 97 % with only a single pass through a single thin plate of glass.
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Abstract

We present composition-controlled recovery times in SWIR GaSb-based SESAMs. Quantum well strain
in quaternary InGaAsSb and the composition of AlGaAsSb barrier materials allows engineering of
absorption recovery times from 1 picosecond to the nanosecond timescale.

The short-wave infrared (SWIR) regime is of growing interest for medical, sensing and spectroscopic applications.
So far GaSb-based SESAMs operating at a center wavelength around 2 pm have used InGaSb quantum well layers
embedded in GaSb barriers with sufficiently fast recovery times (<30 ps) [1], and have successfully modelocked
both diode-pumped semiconductor [2], [3] and ion-doped solid-state lasers [4], [5], [6]. However, two-photon
absorption (TPA) resulted in an early rollover of the nonlinear reflectivity at lower saturation fluences, limiting
shorter pulse generation and high-fluence operation. The surprising result was that replacing the GaSb barrier
material with AlAso.0sSbo.g2 to reduce TPA, resulted in significantly slower recovery time of 605 ps.

We addressed this problem with a systematic investigation of the material-composition-dependent
recovery times in the 2-pm to 2.4 um wavelength range [7]. Each SESAM is a standard antiresonant low-finesse
design with a Distributed Bragg Reflector (DBR) of 20 pair AlAso.0sSbo.02/GaSb layers, 2 QW saturable absorber
layers (11.5 nm thickness) around the antinode, and the semiconductor air interface located at a node of the
standing wave of the design wavelength. The QWs are different ternary (InGaSb, GaAsSb) and quaternary
(InGaAsSb) materials. The barrier materials are AlxGai-xAlySbiy with varying aluminum (Al) content. Figure 1a)
shows the strain dependence (e.g. lattice mismatch (LMM)) on the recovery time using ternary InGaSb (pink
region), GaAsSb (green region) and quaternary InGaAsSb (orange region) QWs embedded in GaSb. The 2-um
SESAMs exhibit a QW LMM, with respect to the GaSb barrier, ranging from compressive strain (—1.71 %) to
tensile strain (+0.92 %).

This investigation shows that the interband recovery time can be controlled via strain, with a maximum
interband recovery time of 340 ps using -0.1 % lattice-matched QWs, whereas a -0.05 % LMM QW at 2.3 um
even reached 2.7 ns. Both compressively and tensile strained QWs result in a shorter interband recovery time,
independent of arsenic concentrations but only dependent on the amount of strain in the QW. Furthermore, Figure
1b) shows the recovery time for a set of InGaSb QWs with constant strain (i.e. -1.71% LMM) using barriers with
different Al content in the AlGaAsSb barrier. Increasing the Al content in the barrier increases the interband
recovery time to a maximum of 605 ps using AlAso.0sSbo.g2. Combining the effects of lattice-matched QWs and
AlAsSb barriers we can extend the recovery time into the nanosecond regime. Such a long recovery time is clearly
a disadvantage for SESAM-based modelocking.
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Figure 1: Recovery times of GaSb-based SESAMs at 2 -2.4 um. a) Quantum well (QW) lattice mismatch
(LMM) vs. recovery time T, of 2-um (blue) and 2.3 um (black) SESAMs, using different InGaSb/GaSb (pink
region), GaAsSb/GaSb (green region) and InGaAsSb/GaSb (orange region) QW designs. b) 2-pm SESAMs
with fixed In,;GaSb QWs embedded in Al(x)Ga(1-x)AsSb (blue triangles connected). The red data points show
two SESAMs embedded in a stacked barrier material of 50 nm resp. 10 nm GaSb followed by AlAs 0sSbo.92.
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Abstract

We demonstrate an optical chip with which one can record a 3D map of the carrier-envelope phase (CEP)
of nJ-level laser pulses in the focal volume with ~500 nm spatial resolution. We also show that CEP
dependent signal levels can be significantly enhanced by metal-dielectric heterostructures.

The carrier-envelope phase (CEP) is a powerful knob to steer interactions of laser light with matter in the strong-
field regime, as evidenced by numerous studies of ultrafast electron dynamics in atomic, molecular and solid-state
media. Precise characterization of CEP or CEP changes in time or space is a key ingredient in applying electric-
field sensitive techniques to study and control ultrafast electron processes in matter. Thus, characterizing and
controlling CEP in space can support strong-field nanooptics experiments [1] or PHz optoelectronics [2].

Here, we present a novel, on-chip scanning CEP probe that is capable of measuring 3D CEP maps in the vicinity
of a few-cycle laser beam focus for laser pulses having only ~nJ pulse energy without having to use vacuum
equipment for this purpose [3]. The measurement principle and some results are depicted in Fig. 1. [4].

(a)

(b) -80-60-30 0 30 60 90

Figure 1. (a) Measurement setup with a false-color cloud showing measured values of the 3D CEP(x,y,z) distribution
in the beam focus. Pink, white and blue color show positive, zero and negative CEP values respectively. (b) Measured
CEP spatial distribution of a focused few-cycle laser beam (top panel). (bottom panel) Respective CEP distribution
calculated with an analytical formula.

We will also feature recent results on how to use dielectric-metal heterostructures to enhance CEP dependent signal
levels significantly. In addition, experiments on revealing the mechanisms of the ultrafast current generation
process will also be presented. We also demonstrate a method to sculpt the CEP of few-cycle pulses in the vicinity
of the focal volume.

In summary, our demonstration of a robust optical-to-electrical readout of CEP change using an engineered
heterostructured material represents an important cornerstone for the development of few-cycle beam diagnostics
and PHz devices.
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Abstract

We present a table-top, multi-octave, coherent mid-infrared light source by few-cycle pulse generation in
an indium fluoride fiber and intra-pulse difference frequency generation in ZGP. Conversion efficiencies
as high as 8.2% and wavelength coverage extending from 3.5 pm to 12 pm are demonstrated.

Summary

We demonstrate efficient IPDFG signals with up to 39 mW output and 8.2% conversion efficiency without using
powerful pumps (uJ or mJ pulses) with complex architectures or employing elaborate pump pulse compression
techniques [1,2]. We use a 50-MHz, all-fiber Tm-doped femtosecond laser at ~ 2 um generating 100 fs pulses with
600 mW average power (12 nJ). The fiber laser is spliced to a ~ 10 cm section of dispersion engineered indium
fluoride (InFs) fiber producing few-cycle pulses with 544 mW of power spanning from 1.3 um to ~ 3.5 um. The
details regarding the non-linear fluoride fiber can be found in [3]. The output of InF; fiber is focused onto a 4 mm
thick ZGP crystal using polarization projection method to facilitate Type-I phase matching. The output spectrum
is recorded after a longpass filter with a 3.6 um cut-off using a Fourier-transform optical spectrum analyzer. Figure
1 (a) shows two pump spectra from two different fluoride fibers that enter ZGP. As these two pumps differ in
spectral content, they result in two different IPDFG signals with distinct output power and spectral coverage as
shown in Figure 1(b). The broadband spectrum extending up to 12 um in Figure 2 can be attributed to the use of
a slightly larger core (hence more anomalously dispersive) fluoride fiber.
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Figure 1: (a) Pump spectra from two different fluoride fibers (b) Output IPDFG signals corresponding to pump
spectra in Figure 1(a)
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Abstract

Dual noncollinear femtosecond pulses induce anomalous spin dynamics in copper, revealing a 2.5x slower
spin relaxation and a unique negative reflectivity signal. Absent under single-pulse excitation, these effects
indicate transient nonthermal modifications of electron-lattice coupling, offering a novel pathway for
ultrafast control of quantum states via optical pulse engineering.

Main Text

Traditional perspectives regard optical excitation as a means of transferring thermal energy to electrons, leading
primarily to electron-lattice thermalization. However, emerging evidence indicates that optical excitation may also
perturb the fundamental electron interactions. In magnetic systems, dual-pump configurations have been shown to
affect spin dynamics by delaying demagnetization and prolonging precession®?2. Motivated by these observations,
our work investigates whether similar nonthermal modifications occur in nonmagnetic copper using circularly
polarized near-infrared NIR pulses. We employ a dual-pump setup in which two noncollinear ultrashort NIR pulses
are used to excite copper samples. Circularly polarized pulses are used to generate spin polarization via the inverse
Faraday effect. The ensuing dynamics is monitored using time-resolved magneto-optical Kerr effect and transient
reflectivity measurements.

Under single-pump excitation, the spin relaxation decay time is approximately 0.6 ps, consistent with conventional
electron-lattice thermalization dynamics. Remarkably, dual-pump excitation extends the spin relaxation decay
time to ~1.5 ps—a 2.5% increase—suggesting that the efficiency of angular momentum transfer is reduced under
these conditions. Concomitantly, transient reflectivity measurements reveal a distinct negative signal at ~1.5 ps
delay, a feature completely absent in single-pump experiments. This negative signal persists well beyond the
typical thermal response timescale and correlates with both a ~3% reduction in amplitude and a 30 fs temporal
shift in the ultrafast magnetic response. These observations rule out simple excitation efficiency artifacts.

Our findings challenge the traditional thermal paradigm of optical excitation by indicating that dual optical pulses
can modify the electron-lattice coupling through nonthermal pathways. We propose that the interference between
the pulses leads to a transient, long-lasting modification of the electron wavefunction. This modification, in turn,
alters the dynamic coupling between the excited electrons and the lattice. This mechanism resonates with prior
observations in magnetic materials, where dual-pump configurations have been shown to delay demagnetization
processes. The fact that a similar effect is observed in nonmagnetic copper highlights the broader universality of
this phenomenon and underscores the potential of dual-pulse engineering as a versatile technique for tailoring
quantum states.

Our study demonstrates that by leveraging the interference of ultrashort NIR pulses, it is possible to “reprogram”
electron dynamics without inducing structural modifications to the material. This approach not only broadens our
understanding of nonthermal electron dynamics but also offers a new avenue for the development of next-
generation spintronics and light-driven quantum materials. The ability to precisely manipulate spin and charge
states on ultrafast timescales opens up exciting possibilities for future research and technological applications.
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Abstract

We demonstrate a highly efficient source of coherent extreme ultraviolet (EUV) light based on high
harmonic generation. The ultrashort green driver laser enables record flux and conversion efficiency with
unprecedented scaling potential allowing for >10 pW-class EUV sources.

The presented source of coherent extreme ultraviolet light is based on high-harmonic generation (HHG) in a helium
gas-jet. The process is driven by < 20 fs pulses with a center frequency of 515 nm. These are generated by
frequency-doubling an Yhb:fiber laser and consecutive nonlinear pulse compression in a multipass cell [1].
Figure 1 a) displays the building blocks of the generation scheme and b) a recorded HHG-spectrum. The advantage
of utilizing the second harmonic rather than the fundamental near infrared (NIR) driving laser becomes apparent
when looking at the very favorable efficiency scaling of the single-atom response with 27 [2], enabling a boost
of more than an order of magnitude.

The presented preliminary results, achieved with only 1.2 W of average power at 5 kHz, already outperform a
state-of-the art few-cycle NIR driver with 30 W [3]. To the best of our knowledge this is the highest flux HHG-
source at 13.5 nm. For harmonic line 37 (~91 eV) a conversion efficiency exceeding 10~7 is achieved.
Furthermore, upscaling of the driver to 100 kHz is currently underway which will allow for unprecedented photon
flux enabling new possibilities for actinic inspection of lithography masks e.g. via ptychographic nanoscale
imaging and scaling of existing photon hungry applications [4, 5].
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Figure 1: a) Block diagram of the generation scheme. b) Spectrum of the high harmonics.
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Abstract

In this work, we extend the current state-of-the-art dispersion scan retrieval algorithm based on neural
networks, for the simultaneous retrieval of spectrum and phase, and compare it with an optimized iterative
algorithm, in terms of quality and speed of retrieval.

Novel laser technologies provide high peak and average power and high repetition rate, with applications ranging
from high-harmonic generation to terahertz generation [1], many of which call for single-shot pulse characterization
capabilities. The dispersion scan (d-scan) is a simple, inline pulse characterization technique [2] with single-shot
acquisition variants [3]. To complement the single-shot acquisition it is highly desirable to have a (near) single-shot
retrieval ability. Towards that end, we implement neural networks based on a DenseNet architecture [1]. DenseNet is
a neural network comprised of blocks of contiguous layers where each layer receives inputs from all preceding layers,
which allows for feature reuse and better training efficiency.

To enable the retrieval of the spectrum, an inverse Fourier transform was introduced before the linear layers of
DenseNet. This makes the training process more predictable to the neural network as its outputs are compared against
a sparser representation of the training data, i.e., the electric fields in time-domain, instead of frequency-domain. This
capability to simultaneously retrieve both the spectrum and spectral phase, generalizes the implementation that relied
on a separately measured spectrum, and puts it on par, in this regard, with iterative methods. The neural networks
performances are then compared against an optimized single-core implementation of the ptychographic retrieval
algorithm [5] written in C++ language and leveraging Single Instruction Multiple Data (SIMD) operations.
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Figure 1: Left) Measured trace. Right) Retrieved trace using neural networks.
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Abstract

We demonstrate a high-flux XUV table-top source (45-65 eV, >1x10' ph/s/harmonic) driven by a
frequency-doubled Yb-fiber laser system, achieving record efficiency. This compact system targets 3p—3d
transitions in Fe/Co/Ni for studying ultrafast spin dynamics and nanoscale magnetic imaging.

Our compact HHG system is driven by a frequency-doubled Yhb-fiber laser at 515 nm, post-compressed using a
hollow-core fiber, delivering 58 uJ, 100 kHz pulses with 18 fs duration and M?=1.1x1.2 similar to the reported
source [1]. The shorter wavelength of the driver improves HHG conversion efficiency by minimizing electron
wave-packet spreading in the continuum, thereby increasing the probability of recombination. While the cut-off
frequency decreases with shorter wavelengths, a shorter pulse duration compensates by increasing the cut-off
energy limit [2,3]. The phase-matching conditions are fulfilled in front of the focus with a backing pressure of 1.4
bar neon and a 210 um diameter gas nozzle, as verified by 1D simulations [4]. This configuration delivers a state-
of-the-art flux of 3.8x10"! ph/s/harmonic at 55.5 eV, as illustrated in Figure 1. Additionally, the system achieves
an overall conversion efficiency of 1.5x107, which is five times higher than that achieved through direct high-
harmonic generation (HHG) using infrared post-compressed Yb-fiber CPA [5].

Many XUV applications can benefit from high-flux, high-efficiency table-top XUV sources with an extended
spectral range of 20 to 70 eV using various gases. For instance, reflection ptychography has already demonstrated
reliable performance for ptychographic imaging at 26 eV with argon [6]. Recent advancements have further
broadened its capabilities to include 3p resonances of the 3d transition metals Fe (55.0 eV), Co (60.3 V), and Ni
(66.6 eV), enabling high-throughput nanoscale magnetic imaging and supporting pump-probe studies of
femtosecond magnetization dynamics [7,8].

10
4 x10 : ‘
3.8e+11ph/s
35¢ 3.3puW)
2.7e+11ph/s

3r 2.61W)

251 2.7e+11ph/s
2.2pW)
[1.7e+11ph/s

(1.2uW)

Intensity (photons/s/eV)
~

5.1e+10ph/s|
0.5W)

45 50 55 60 65
Energy (eV)

Figure 1: The HHG spectrum at the source. Each harmonic peak shows the photon flux (black) and average power
(red), calculated by integrating over the shaded area.
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Abstract
We present a high-speed, synchronized fly-scan ptychography system combining continuous sample move-
ment and a Timepix3 detector to capture single-pulse diffraction patterns at kilohertz rates. Achieving
2.3 Gpix/h throughput, we enable 30 ms-scale dynamic imaging of both object and illumination field with
diffraction-limited resolution.

Main Text

Ptychography is a computational imaging technique that enables simultaneous reconstruction of both the complex
object function (amplitude and phase) and the illumination probe from a series of intensity diffraction patterns
acquired at highly overlapping scan positions [1]. Compared to conventional imaging methods, it provides considerably
more comprehensive information about the object, including quantitative phase, and does so without requiring an
aberration-free optical system, enabling the achievement of the world-record resolution [2]. This is made possible by the
intrinsic redundancy in the recorded data, which makes the method robust, as it allows for correction of experimental
instabilities such as sample-detector distance errors, angular misalignments and other measurement imperfections.
However, this robustness comes at the cost of acquisition speed. The overall measurement time in conventional
ptychography is limited by three main factors: the sequential scanning of the sample [3], the finite exposure times
required due to the limited photon flux of the source, and the detector read-out time, which accumulates across the
large number of diffraction patterns that must be recorded. These limitations significantly constrain the applicability
of ptychography to the study of the dynamics of transient systems, as conventional measurement times typically span
from several minutes to hours. With sufficient pulse energy, single-ultrafast-pulse diffraction patterns can be recorded
at each position, making the sample scanning and camera readout the limiting factors in acquisition speed.

In this study, we address the fundamental bottlenecks limiting the speed of ptychographic imaging by developing
a fully synchronized, high-throughput fly-scan ptychography system. Our setup integrates a high-flux picosecond
modelocked Nd:YVOy4 laser source, a continuously scanning sample stage, and a high-speed event-based detector,
all synchronized via pulse picking to ensure that each pulse is temporally aligned with the detector exposure and
sample motion. The employed detector is a Timepix3 sensor capable of detecting individual events on each pixel
of a two-dimensional array, with nanosecond time resolution for all pixels in parallel. This allows us to capture
single-pulse diffraction patterns from ~ 15ps pulses at kilohertz repetition rates. By synchronizing this acquisition
capability with continuous sample motion, we achieve acquisition times of 166 ms for a 0.95 mm? field of view and
30ms for a 0.13mm? region. These acquisition speeds, together with diffraction-limited reconstructions, result in
the highest space-bandwidth product throughput reported for scanning ptychography to date: 2.3 Gpix/h. At this
temporal resolution of 33 frames per second, we not only resolve object dynamics but also gain time-resolved access
to the complex illumination field. This enables wavefront sensing with sensitivity to beam-pointing instabilities and
spatiotemporal variations in the illuminating pulses.

‘While this demonstration uses the second harmonic of a Nd:vanadate laser pulses, future work aims to employ our
in-house built high-harmonic source driven by spectrally broadened and temporally compressed pulses, with the goal
of achieving dynamic high-resolution imaging at extreme ultraviolet wavelengths.
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Abstract

We report on bulk multipass cell compression of bursts of one hundred 995.2 nm, 11.424 GHz repetition
rate, 50 uJ pulses from 13.6 ps to 1.44 ps in an electro-optic pulse synthesis-based photoinjector laser
architecture, enabling high-brightness and low emittance / energy spread electron beams from an X-band
linac.

The photogun laser (PGL) for the 11.424 GHz X-band linac at Lumitron Technologies is seeded by 8.75 ns, 100
Hz, pre-shaped bursts of 995.2 nm, 11.424 GHz repetition rate pulses. The pulses are generated via electro-optic
pulse synthesis [1] clocked by the linac’s RF oscillator. This approach to photogun laser design, to our knowledge
never before implemented in an X-band linac, distributes electron beam charge over many RF buckets, thereby
enabling high current electron beams while minimizing emittance and energy spread due to space charge effects.

A cyrogenic Yb:YLF multipass amplifier is employed to amplify the PGL signal to 500 mW. [2] Due to gain
narrowing in the cryogenic amplifier, the Fourier transform limit of the amplified spectrum is 11.9 ps FWHM.
Because electron beam emittance and energy spread increase significantly with PGL pulse duration, a 23-pass bulk
multipass cell (MPC) [3] and a 1250 I/mm grating Treacy compressor are employed to compress the PGL pulses
from approximately 13.6 ps to 1.44 ps. The cell is 80 cm long with two 2 inch diameter, 500 mm radius of curvature
end mirrors and two 17.33 mm thick, H-ZF7LA glass, AR coated windows each 8 cm from the center of the cell
at their nearest faces. To exceed the work function of the photogun’s copper photocathode, the compressed pulses
are converted to UV via fourth harmonic generation. The flattest UV burst envelope is generated with a non-flat
IR burst envelope, indicating that pulse durations may be variable across each IR burst. For optimal electron beam
quality, the UV beam is apertured, and the aperture is imaged onto the photocathode.
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(g) Sample UV micropulse measured with the streak camera’s 100 ps sweep speed. The average measured pulse
duration is 2.5 ps, although the measurement is limited by the streak camera’s 1 ps resolution.
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Abstract
Abstract
The BELLS laboratory at UCLA is developing an ultrafast parametric X-ray radiation (PXR) source driven by a
direct-current (DC) accelerator beamline. This work focuses on achieving spectral control, pulse shaping, and
collimation of the emitted X-rays. By combining high-quality electron beams with tailored crystal targets, we aim to
optimize PXR emission for applications in ultrafast optics.

Ultrafast, coherent X-ray pulses are essential tools for probing matter at molecular and atomic scales. Large-scale
facilities like free-electron lasers (FELs) have made such capabilities possible!, but replicating them in compact,
accessible platforms such as university and industrial laboratories remains a scientific and technical challenge. The
BELLS lab aims to bridge this gap by exploring parametric X-ray radiation (PXR), a process in which shaped electron
beams interact with crystal lattices via bremsstrahlung? to generate tunable, coherent X-rays. Utilizing a compact
beamline delivering 10-30 keV electron beams and advanced beam-shaping elements, we are developing PXR
techniques with the potential for fine spectral control, ultrashort pulse durations, and directional emission. Preliminary
estimates from our PXR setup suggest an expected flux of 10%-10' photons per second in the 0.8-30 keV range with
sub-100 fs X-ray pulses. We aim to compress these pulses to the single-digit femtosecond regime—or below—in
future iterations of the system. These advancements would enable state-of-the-art performance in ultrafast optics
applications, such as time-resolved spectroscopy and high-resolution imaging® in compact research environments.
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Fig 1. (a) Schematic of the BELLS beamline. (b) longitudinal compression scheme using an RF bunching cavity to
generate ultrafast pulses. (c) Schematic of a sample phase plate for beam shaping and phase modulation for PXR.
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Abstract
We report the direct observation of ultrafast photoinduced charge redistribution and its role in driving
phonon-mediated energy transfer in Au—Pd nanoparticles, using laser-pump/X-ray-probe velocity map
imaging at SwissFEL. The measurements reveal initial localization of charge and energy in the Pd
satellites, followed by delayed Au ion emission from the antenna in bimetallic Au—Pd antenna—reactor
nanoparticles.

Understanding the interplay between charge localization and thermal transport in heterogeneous
plasmonic nanostructures is critical for advancing pulsed catalytic systems [1]. In this work, we
investigate charge-driven phonon-mediated energy redistribution in Au-Pd antenna-reactor
nanoparticles, where catalytically active Pd satellites are coupled to a central Au core. The system was
probed using laser-pump/X-ray-probe velocity map imaging (VMI) at the Maloja endstation of
SwissFEL, enabling time-resolved tracking of ionic fragment emission as a proxy for charge and thermal
dynamics. Upon femtosecond laser excitation at 400 nm, the Pd satellites exhibited dominant ion
emission at early delays (0-2 ps), while Au ion signals remained initially suppressed, despite the greater
absorption cross-section of gold. This indicates that charge and energy were preferentially deposited in
the Pd domains. Over a timescale of hundreds of picoseconds (measured upto 500 ps), a pronounced
increase in Au+ ion yield was observed alongside a decline in Pd+ emission, marking a delayed transfer
of energy from Pd to Au. We attribute this delayed Au response to phonon-mediated heat flow initiated
by a photoinduced charge imbalance. Following initial charge localization in Pd, vibrational coupling
between Pd and Au drives energy redistribution across the interface. This dynamic is consistent with
sequential charge transfer followed by phonon-assisted thermal equilibration, a mechanism corroborated
by our supporting molecular dynamics simulations [2].
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Figure 1: Variations in the ionic yields of Pd* and Au* at different time delays.

These results offer new insights into the spatiotemporal coupling of charge and vibrational energy in
bimetallic nanostructures. Understanding and controlling such interactions is essential for tailoring
nonequilibrium energy flow in pulsed catalytic applications.
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Abstract

Femtosecond mid-infrared spectroscopy, combined with density functional theory (DFT), reveals ultrafast
carrier dynamics and vibrational interactions at hybrid interfaces. DFT calculations of both ground and
excited states for periodic systems provide insights into lattice behavior. Interfacial charge separation
mechanisms are elucidated in FAPbBrs/IEICO-4F and PM6/CuSCN donor—acceptor systems.

At the heart of next-generation optoelectronic devices lies a complex and ultrafast world of charge transfer and
molecular interactions, invisible to conventional techniques. By harnessing femtosecond mid-infrared (fs-MIR)
spectroscopy, we directly capture the intricate interplay between lattice vibrations, organic cations, and interfacial
carrier dynamics with femtosecond resolution.

We first examine the vibrational dynamics of methylammonium lead bromide (MAPbBr3) and formamidinium
lead bromide (FAPbBrI3), revealing that the larger FA* cation induces weaker lattice coupling, resulting in reduced
structural distortion and enhanced charge transport. In a breakthrough approach, we employ density functional
theory (DFT) calculations of both the ground and excited states for FAPbBrs and MAPDbB3 in a periodic system,
performed for the first time, to extract infrared frequencies corresponding to vibrational changes in the organic
cations. These calculations not only elucidate cation-lattice interactions but also reveal the structural stability and
electronic behavior of perovskites under excitation.

Building on this understanding, we investigate electron transfer at the FAPbBrs/IEICO-4F interface [1]. The fs-
MIR spectroscopy reveals ultrafast electron injection within 150 fs, confirmed by distinct vibrational shifts in the
C=N bond of the acceptor. This highlights the crucial role of interfacial interactions in optimizing charge
separation, as molecular vibrations directly inform electronic coupling at donor-acceptor junctions.

Finally, we extend our study to hole transfer at the PM6/CuSCN interface. Fs-MIR spectra show hole injection
within 168 fs, evidenced by a spectral shift in the C=N stretching mode of CuSCN [2]. The coherent nature of this
transfer, supported by interfacial DFT models, emphasizes the importance of vibrational coherence in charge
separation. Our findings further reinforce the predictive power of vibrational signatures in understanding and
improving carrier transport across interfaces.

By integrating fs-MIR spectroscopy with advanced DFT calculations, we present a unified approach for probing
ultrafast interfacial dynamics in hybrid materials. This work offers crucial insights into the stability, charge
mobility, and vibrational coherence of perovskites, paving the way for the rational design of next-generation
optoelectronic devices with optimized performance and longevity.
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Abstract
Near Schawlow-Townes noise-limited dual-comb spectroscopy can be realized through analog feed-forward
stabilization of carrier envelope phase. We present such a system, for applications in precision atmospheric
sensing.

Main Text

We present a dual-comb spectroscopy system nearing Schawlow-Townes noise limits for precision atmospheric sensing
applications. Dual-comb spectroscopy presents a means of rapidly acquiring high-resolution transmission spectra by
beating two optical frequency combs of slightly offset repetition rates. Each pair of optical comb teeth generates a
unique low-frequency beat note, detectable with avalanche photodiodes. Optical absorptions of samples imprinted
on one or both combs result in a corresponding change in RF beat intensity, meaning optical absorption information
is encoded in an easily processed RF signal.[l] Our dual-comb spectroscopy system, depicted in Fig. 1, consists of
two SESAM mode-locked Er:Yb:glass lasers with 324.998 and 325 Mhz repetition rates, emitting at 1550 nm, and
utilizes a feed-forward carrier-envelope phase stabilization technique applied to each comb. Using this technique, we
have historically demonstrated the ability to follow a frequency reference with integrated phase noise of 3.5 mrad
(1 Hz-3 MHz)[2, 3]. With phase noise levels on this order, nearing Schawlow-Townes noise limits, an advantage of
lower noise floors is theoretically gained in spectroscopic applications. As a result, more sensitive spectroscopy with
shorter averaging times is possible. As a benchmark, greenhouse gases such as carbon dioxide and methane will be
characterized using this ultra-stable comb system, followed by complex bioaerosols.
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Figure 1: Schematic of dual-comb system. RF signals are shown in green, optical signals are shown in blue.
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Abstract

Artemis is the UK’s user facility for ultrafast extreme ultraviolet spectroscopy. We present the recently
completed and ongoing work to upgrade the facility to 100 kHz repetition rate and expand the end-station
capabilities in femtosecond time-resolved materials science, gas-phase atomic and molecular science,
ptychographic imaging, and liquid phase chemical dynamics.

The Artemis laboratory at the UK’s Central Laser Facility (CLF) is a user facility offering access to high average
power femtosecond laser systems and HHG sources for a variety of ultrafast extreme ultraviolet (XUV)
experiments. The XUV beamlines provide the capability for time-and angle- resolved photoemission
spectroscopy (TR-ARPES) on solid samples, and photoelectron spectroscopy (PES) on gas-phase small
molecules, with tunable optical pump pulses and XUV probe pulses. In the gas-phase, recent experiments
include the first alignment frame PES measurement with a monochromated HHG-based light source [1] and
measuring the full excited state dynamics of 1,2-Dicholoroethene [2].

TR-ARPES with high harmonic probe pulses have enabled studies of electron dynamics in charge-ordered 2D
materials [3]. We use a 100 kHz optical parametric chirped pulse amplification system [5] to drive the HHG
source. We have also upgraded our TR-ARPES endstation with a new Fermi surface mapping analyser, enabling
efficient acquisition of high-quality ARPES spectra of optically pumped excitations close to the Fermi surface
level [5].

We have recently secured funding for a £17M major upgrade [6] of all the CLF’s ultrafast facilities. The
upgraded Artemis will offer a 100 kHz Yb-based laser system, with 1.5 mJ, <50 fs pulses at 1 micron for HHG,
and tunable <50 fs pulses from 235 nm to 10 microns. A new gas-phase endstation will offer dual electron and
ion coincidence spectrometers, with gas-jet and laser desorption sources. A new materials science end-station
will offer a momentum microscope and a hemispherical analyser for time- and angle-resolved photoemission.

Finally, we aim to expand the facility’s capabilities with the addition of a new beamline that will generate
broadband XUV pulses for time-resolved XUV and soft-X-ray absorption spectroscopy in liquid- and gas-phase
samples and perform XUV ptychographic imaging of microscopic samples.

The new capabilities will be available to access starting in 2026.
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Abstract

The Advanced Attosecond Laser Infrastructure (AALI), a comprehensive ultrafast electron dynamics
research facility in China, is characterized primarily by attosecond temporal resolution. With the curiosity
of electron motion and electron correlations in mind, it seeks to explore the fastest ever evolution of
electronic states, providing a unique tool for breakthroughs in multiple fundamental research fields.

In 2021, Institute of Physics, Chinese Academy of Sciences initiated the Center for Ultrafast Physics (CUP),
aiming to bridge ultrafast optics and condensed matter physics/material sciences. With the constructiong of the
Advanced Attosecond Laser Infrastructure (AALI) as the primary target, CUP strives to establish a new high
ground of scientific research and technological development in a broad range of frontier fields especially
ultrafast science with global influence. Next to the China Spallation Neutron Source, CUP is located in the city
of Dongguan, a key hub in the Guangdong-Hong Kong-Macao Greater Bay Area. CUP currently has 80+
principal investigators and 50+ post-doctoral fellows and postgraduate students. Research Areas include but not
limited to:

Femtosecond and attosecond laser technologies;

Ultrafast measurements;

Nonlinear optical detection of quantum materials;

Novel laser-induced quantum state;

Ultrafast control of quantum state;

High harmonics generation in condensed matters;

Terahertz spectroscopy, ultrafast spectroscopy and coherent phonons;

Time-dependent density functional theory, GW method and ultrafast dynamics simulation.

0000000

AALLI is being constructed at this moment as a comprehensive ultrafast electron dynamics research facility,
characterized primarily by attosecond temporal resolution and high spatiotemporal coherence of its light sources.
The facility aims to achieve tracking, measurement, and manipulation of electron motion and electron
correlations. From the perspective of electromagnetic interaction theory, starting from and based on electron
motion, it seeks to explore evolutions of material and/or quantum states, providing a unique tool for
breakthroughs in fundamental research in areas including atomic/molecular physics, condensed matter physics,
quantum mechanics, materials science, chemistry, and life sciences.
Figure 1: Rendering of the AALI main building

CUP and AALI are experiencing a rapid expansion of their research abilities together. There are multiple
openings at all levels from junior tenure-track assistant professors, senior full professors to high-level senior
engineers in multiple research and development areas. Talented applicants from worldwide who have the
capacity or have exhibited the potential of running a world-recognized independent R&D program are welcome.
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Abstract

Rare-earth ions under femtosecond excitation exhibit nonlinear responses including multiphoton and
excited-state absorption, along with ultrafast relaxation. We present a theoretical analysis based on rate-
equation models, showing how host matrices and dopant concentration affect emission dynamics. The
study supports applications in upconversion, optical amplifiers, ultrafast photonics, and light sources.

Theoretical Framework and Results

Rare-earth ions are widely used in photonics due to their sharp intra-4f transitions, long-lived excited states, and
efficient emission properties [1]. Their excitation with femtosecond pulses introduces strongly nonlinear processes,
such as multiphoton absorption, excited-state absorption (ESA), and ultrafast nonradiative relaxation [2].
Understanding these mechanisms is crucial for designing next-generation broadband ultrafast amplifiers. We

model the ground (Ng) and excited (N¢) populations using rate equations:
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where Wip(t)xI(t)™ describes multiphoton excitation and 1(t) = Iyexp (— ;7) models a Gaussian femtosecond

pulse. Shorter pulses (o)) enhance multiphoton processes, modifying the early-time population distribution.
Simulations predict: (i) faster, multi-exponential decays for fs pumping compared to ps excitation, (ii) broadening
of the emission spectrum, and (iii) nonlinear power dependence with multiphoton scaling at low fluences. Figure
1 illustrates the predicted spectra; as an example, the simulation considers the Yb** emission band around 1 pm,
widely used in broadband ultrafast amplifiers. These results indicate that femtosecond pumping may alter emission
bandwidth in rare-earth-doped gain media, providing guidelines for the design of ultrafast broadband laser systems.
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Figure 1: Simulated Yb** emission spectra around 1 pm under ps (narrower) and fs (broader) pumping conditions.
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