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A. Palacios and F. Martin, Adv. Rev. 10 (2020). Y.-C. Cheng et al., PNAS 117 (2020)



Attosecond pulses by high-order harmonic generation in gases (HHG)
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Attosecond pulse generation via HHG
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The three step model — a physical picture for HHG
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K. J. Schafer et al., Phys. Rev. Lett. 70 (1992). P. B. Corkum, Phys. Rev. Lett. 71 (1994).



Properties of HHG light

Time domain E(t) Frequency domain |E(w)]|?
jm . - Attosecond pulses — High odd order harmonics
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// First measured attosecond pulses in 2001:

— 250 as (train of pulses)
— 450 as (isolated)

e_
\\ Shortest isolated pulse: 43 as (2017)

P. M. Paul et al., Science 292 (2001).
M. Hentschel et al. Nature 414 (2001).
A. L’Huillier, chapter 10 in “Attosecond and XUV Physics” (Wiley, 2013). T. Gaumnitz et al., Opt. Express 25 (2017).



A typical Attosecond beamline

HHG/XUV Generation

Laser driver Q

Further end-
station...
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Footprint: Y1 m to > 50 m!

S. Mikaelsson et al., Nanophoton. 10 (2020).



A typical Attosecond beamline

Laser driver

HHG/XUV Generation
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Versatility and challenges of HHG beamlines
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Versatility and challenges of HHG beamlines

Lund 200 kHz laser

=W [ = short focusing,
A small target
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A. Harth et alg { Opt. 2002017) 1 ||
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Manschwetus et al., Phy. B

SYLOS long GHHG beamline:

Gascell50cm -6 m
Up to 55 m beamline!

S. Kiihn et al., J. Phys. B: At. Mol. Opt. Phys. 50 (2017).




Versatility and challenges of HHG beamlines

XUV wavefront

XUV focus

H. Wikmark et al., PNAS 116 (2019).

Chromatic aberrations

Spatio-temporal couplings

Astigmatism...

Generation gas

Filter

Focusing optics XUV far-field

M. Plach et al., arXiv:2308.08018 (2023).



Versatility and challenges of HHG beamlines

XUV optics

Vacuum + gas targets

Driver filtering

Horizontal goniometer

Vertical Translation

goniometer Rotation stage  stages

H. Coudert-Alteirac et al., Appl. Sci. 7 (2017).

separation pinhole (optional)

3.1 bar Ar with a 2 mm gas catch

R. Klas et al., Opt. Express 26 (2018).
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M. H. Mustary et al., Ultrafast Science (2022).



Attosecond pulse characterization
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P. M. Paul et al., Science 292 (2001).

H. G. Muller, Appl. Phys. B 74 (2002).

J. Itatani et al., Phys. Rev. Lett. 88 (2002).
P. Mairesse et al., Science (2003).

C. Liu et al., Phys. Rev. Lett. 111 (2013).

Cross-correlation measurement

Attosecond pulses

Electronic wavepacket:
replica of attosecond pulse

Atom
ionization

Probe field (IR)

Interferometry technique: RABBIT (APT)

T
<>

Strong-field technique: Streaking (1AP)




Tailored drivers for HHG

Laser driver

Isolated attosecond pulse vs.
Attosecond pulse train

High photon energies
High yield XUV

Broadband XUV vs.
narrowband XUV



Laser drivers for HHG Workhorse of HHG field APT
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Laser drivers for HHG — Attosecond Pulse train / Isolated Attosecond pulse

Controlling the carrier-envelope phase is important
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S. Mikaelsson, doctoral thesis (2021). G. Sansone et al., Science 314 (2006). M. Hentshell et al., Nature 414 (2001). F. Calegari et al., J. Phys. B: At. Mol. Opt. Phys. 49 (2016).

H. R. Telle et al., Appl. Phys. B 69 (1999).
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Laser drivers for HHG — OPCPA / Waveform synthetizer
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Laser drivers for HHG — Post-compression

¥ Gas or burlk MPC
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Guiding structure: filament, capillary, fiber...

T. Nagy et al., Advances in Physics X 6 (2021).

Fiber: R. H. Stolen et al., Phys. Rev. A 978 (1978).
Bulk: C. Rolland et al., JOSAB 5 (1988).

HCF: M. Nisoli et al., Appl. Phys. Lett. 68 (1996).
Multi-plate: C.-H- Lu et al., Optica 1 (2014).
Multi-pass cells: J. Schulte et al., Opt. Lett. 41 (2016).




Laser drivers for HHG — Post-compression in multi-pass cells
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Y. Pfaff et al., Opt. Express 31 (2023). A.-L. Viotti et al., Opt. Lett. 48 (2023).



Laser drivers for HHG — Post-compression
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Laser drivers for HHG — Multi-color driver

Classical electron trajectories
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H. Merdiji et al., Opt. Lett. 32 (2007).

Control in experiment over second
harmonic intensity ratio and phase

Examples for harmonics generated in
argon (experiment)
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S. Haessler et al., Phys. Rev. X 4 (2014).
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A.-K. Raab et al., in preparation.



Laser drivers for HHG — Higher photon energies with longer wavelengths
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A.D.Shiner et al., Phys. Rev. Lett 103 (2009).
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Laser drivers for HHG — Higher photon energies with longer wavelengths
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A triple beamline in Lund
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6 fs Ti:Sa oscillator

Yb amplifier(s) 40W @200 kHz
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Pulse post-compression:
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300 fs = 30 fs @1030 nm
150 W, 200 kHz

50 90 130

Ar

-

o

<

Short-Wave IR OPCPA:

<16 fs@ 2pm
13 wJ, 200 kHz
250 mrad RMS CEP

J

(}

HHG

S. Mikaelsson et al., Nanophotonics 10 (2020). I. Sytcevich et al., Opt. Express 30 (2022).
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A.-K. Raab et al., Opt. Lett. 47 (2022).



Next-generation HHG drivers in Lund

Trumpf Laser Scientific

Light Conversion

New TW laser
Near-IR OPCPA @800nm
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Thin disk 10 fs, 250 mJ, 10 Hz
mmm)  Short-Wave IR OPA

500W 200 kHz
\ <16 fs, 200 W, ~2 um, 290 mrad RMS CEP stability

Yb-CPA pump
Post-compressed Yb

10-30fs, 1.5 mJ, 1030 nm



New key player for Attoscience?
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T. Heuermann et al., Opt. Lett. 47 (2022).  Z. Wang et al., Opt. Lett. 48 (2023).
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Summary — Take home message: versatility!

K-shell absorption edge
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J. Duris et al., Nat. Photon. 14 (2020).



Team work
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RABBIT technique: interferometry

Intensity (arb. u.)
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Paul et al., Science, 2001, Véniard et al., Phys. Rev. A 1996
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