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My way into this world : characterization
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(don’t forget 2019 review from C. Dorrer)

ωω

Thank you, 
Fabien 



What message do I want to pass on?

• Yes, we are all human !

• There is no typical career !

• My job here is to demystify things for you
– Sometimes things are actually complicated and very hard to describe

– Sometimes things are simple but hidden behind complicated terminology

– Sometimes things are relatively simple, but hidden behind overly simplified explanations

• Trust your scientific instincts and never get rid of skepticism
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Outline

• Laser beams and laser pulses – the basics

• Shaping and measuring laser beams and laser pulses – the basics

• Going to space and time: what are STCs?

• Why STCs? And why is characterization difficult?

• Overview of history and of standard techniques

• More recent measurements, techniques, and exotic concepts
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The Gaussian beam
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everything starts from Maxwell’s equations!

https://www.rp-photonics.com/gaussian_beams.html

https://en.wikipedia.org/wiki/Gaussian_beam

https://www.rp-photonics.com/gaussian_beams.html
https://www.rp-photonics.com/gaussian_beams.html
https://www.rp-photonics.com/gaussian_beams.html
https://en.wikipedia.org/wiki/Gaussian_beam


There are different ways to write the same thing
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Wikipedia: 𝑘 =
2𝜋𝑛

𝜆
= 𝜔/𝑐

q parameter:

𝐸 𝑟, 𝑧 =
𝑒−𝑖𝑘𝑟2/2𝑞(𝑧)

1 − 𝑧/𝑞0
𝑒−𝑖𝑘𝑧 𝑞0 = 𝑖𝑧𝑅

Another way:

𝐸 𝑟, 𝑧 = 𝑓𝑒−𝑓𝜌2
𝑒−𝑖𝑘𝑧 𝑓 =

𝑖

𝑖 + 𝑧/𝑧𝑅

𝑘 = 𝜔/𝑐𝜌 = 𝑟/𝑤0

𝑘 = 𝜔/𝑐𝑞 𝑧 = 𝑞0 + 𝑧

https://en.wikipedia.org/wiki/Gaussian_beam

𝐸 𝑟, 𝑧 =
𝑒𝑖𝑘𝑟2/2𝑞(𝑧)

1 + 𝑧/𝑞0
𝑒𝑖𝑘𝑧 𝑞0 = −𝑖𝑧𝑅 𝑘 = 𝜔/𝑐𝑞 𝑧 = 𝑞0 + 𝑧

https://en.wikipedia.org/wiki/Complex_beam_parameter Just depends on definition of Fourier transform

𝐸 𝑟, 𝑧 = 𝑓𝑒−𝑓𝜌2
𝑒𝑖𝑘𝑧 𝑓 =

𝑖

𝑖 − 𝑧/𝑧𝑅 Authors usually just choose the easiest one for their 
application, or the one they are most used to.

Gaussian beam in space

https://en.wikipedia.org/wiki/Gaussian_beam
https://en.wikipedia.org/wiki/Complex_beam_parameter


Hermite-Gaussian beams
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H. Kogelnik and T. Li, Applied Optics 5, 1550 (1966).



Vortex beams
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Simply the Laguerre-Gaussian solution with 𝑙 nonzero → “spiral phase”

https://en.wikipedia.org/wiki/Optical_vortex

https://en.wikipedia.org/wiki/Gaussian_beam#Laguerre-
Gaussian_modes

H. Kogelnik and T. Li, Applied Optics 5, 1550 (1966).

Phase 
singularity

confusingly 
some Places 
use “m” instead 
of “𝑙”…

https://en.wikipedia.org/wiki/Optical_vortex
https://en.wikipedia.org/wiki/Gaussian_beam#Laguerre-Gaussian_modes
https://en.wikipedia.org/wiki/Gaussian_beam#Laguerre-Gaussian_modes
https://en.wikipedia.org/wiki/Gaussian_beam#Laguerre-Gaussian_modes


Vortex beams as a superposition
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+ =𝑖



Making vortex beams in real life
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A simple way to think about it:

The truth:

+a background from the 
diffraction of the central part

propagation/focusing

V. V. Kotlar et al., JOSAB 22, 849 (2005).



Vortex beams and angular momentum

• A global property of the beam, an 
orbital angular momentum 
proportional to the topological 
charge “𝑙”

• BUT showing this requires invoking 
non-paraxial parts of the field (at 
least indirectly via the vector 
potential)
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L. Allen et al., Phys. Rev. A 45, 8185 (1992).

https://en.wikipedia.org/wiki/Optical_vortex


Vector beams

• Some will also consider circular or 
elliptical polarization as vector 
beams, even though there is no 
spatial variation

• The canonical vector beam is the 
radially-polarized beam

• Of course, there are more 
complicated versions
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polarization that depends on space

Polarization 
singularity



Vector beams as a superposition
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+ =

+ =

l=1, RHCP l=-1, LHCP

𝐻1 𝑥 Ƹ𝑒𝑥 + 𝐻1(𝑦) Ƹ𝑒𝑦 ∝ 𝑟 Ƹ𝑒𝑟

Authors usually just choose the easiest one for their 
application, or the one they are most used to.

There are interesting and sometimes mysterious 
connections between different kinds of beams



Making vector beams in real life
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A simple way to think about it:

The truth:

+a background from the 
diffraction of the central part

propagation/focusing

S. W. Jolly, "Modeling the focusing of a radially polarized laser beam with an 
initially flat-top intensity profile," J. Opt. Soc. Am. A 41, 1390-1396 (2024) 



Radial-polarization and longitudinal field
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R. Dorn et al., PRL 91, 233901 (2003).
C. Varin et al, Appl. Sci. 3, 70-95 (2013).



Focusing and diffraction are vectorial operations!
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For vector beams (rad-pol)

and scalar beams



Gaussian beam beyond the paraxial approximation
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We accepted this as a scalar and 
fundamental solution to the wave equation, 
but it actually violates Maxwell’s equations!

Which one?

Gauss’s law! 𝐸𝑧 =
𝑖

𝑘0

𝜕𝐸𝑥

𝜕𝑥

The longitudinal field is a Hermite-Gauss



What are light pulses?
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10 fs !



Pulses: please do not be afraid of integrals!
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→ Gaussian profile in frequency and time

න

−∞

∞

𝑒−𝑥2
𝑑𝑥 = 𝜋 න

−∞

∞

𝑒−(𝑥−𝑥0)2
𝑑𝑥 = 𝜋

න

−∞

∞

𝑒−𝑖𝜔𝑡𝑒− 𝜔−𝜔0
2/Ω0

2
𝑑𝑥 = 𝑒−𝑖𝜔0𝑡 න

−∞

∞

𝑒−𝑖Ω𝑡𝑒−Ω2/Ω0
2
𝑑Ω = 𝑒−𝑖𝜔0𝑡𝑒−Ω0

2𝑡2/4 න

−∞

∞

𝑒−(Ω/Ω0+itΩ0/2)2
𝑑Ω

= 𝜋Ω0𝑒−𝑖𝜔0𝑡𝑒−Ω0
2𝑡2/4

Fourier transform →



How to make ultrashort pulses
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Making all of the colors Making them “align” with each other

https://www.rp-
photonics.com/titanium_dop
ed_laser_gain_media.html

• Q-switching

• Mode-locking
• Saturable absorber
• Kerr-lens
• Etc, etc.

The field is excited about Yb-based lasers

https://www.rp-photonics.com/titanium_doped_laser_gain_media.html
https://www.rp-photonics.com/titanium_doped_laser_gain_media.html
https://www.rp-photonics.com/titanium_doped_laser_gain_media.html
https://www.rp-photonics.com/titanium_doped_laser_gain_media.html


Spectral phase
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R. Trebino et al., J. Appl. Phys. 128, 171103 
(2020); doi: 10.1063/5.0022552

Walmsley & Dorrer, Adv. in Opt. and Phot. 1, 308–
437 (2009); doi:10.1364/AOP.1.000308



Another view of chirp and spectral phase
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න

−∞

∞

𝑒−𝑖𝜔𝑡𝑒− 𝜔−𝜔0
2/Ω0

2
𝑒−𝑖𝜙2 𝜔−𝜔0

2/2𝑑𝑥 = 𝑒−𝑖𝜔0𝑡 න

−∞

∞

𝑒−𝑖Ω𝑡𝑒−Ω2/Ω1
2
𝑑Ω = 𝑒−𝑖𝜔0𝑡𝑒−Ω1

2𝑡2/4 න

−∞

∞

𝑒−(Ω/Ω1+itΩ1/2)2
𝑑Ω

= 𝜋Ω1𝑒−𝑖𝜔0𝑡𝑒−Ω1
2𝑡2/4 = 𝜋Ω1𝑒−𝑖(𝜔0𝑡−𝐴𝑡2)𝑒−Ω0

2𝑡2/4𝐵

1

Ω1
2 =

1

Ω0
2 + 𝑖

𝜙2

2

Ω1
2

Ω0
2 =

1

1 + 𝑖
Ω0

2𝜙2

2

=
1 − 𝑖

Ω0
2𝜙2
2

1 +
Ω0

4𝜙2
2

4

You don’t need to know calculus!

GDD 𝜙2



Looking back at optics but for pulses
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Now you need to care about the behavior across the bandwidth!

S. Chang et al., Nature Communications 15, 9627 (2024).
G. A. Swartzlander, Optics Letters 31, 2042 (2006).
E. R. Baca-Montero et al., J. Phys. Photonics 8 035028 (2026).

For vortex beams: For meta-lenses:



Outline

• Laser beams and laser pulses – the basics

• Shaping and measuring laser beams and laser pulses – the basics

• Going to space and time: what are STCs?

• Why STCs? And why is characterization difficult?

• Overview of history and of standard techniques

• More recent measurements, techniques, and exotic concepts

26IRTG Lecture Week – October 12th and 13th, 2026



Phase aberrations
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https://en.wikipedia.org/wiki/Optical_aberration

https://en.wikipedia.org/wiki/Spherical_aberration

https://en.wikipedia.org/wiki/Coma_%28optics%29

https://en.wikipedia.org/wiki/Optical_aberration
https://en.wikipedia.org/wiki/Spherical_aberration
https://en.wikipedia.org/wiki/Coma_%28optics%29


The connection between phase and intensity
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http://www.ysbl.york.ac.uk/~cowtan/fourier/magic.html

http://www.ysbl.york.ac.uk/~cowtan/fourier/magic.html


Arbitrary spatial shaping: SLMs, etc.

• Pixelized shaping of amplitude or phase 
(and even polarization)

• In reflection or transmission

• Can be based on a number of materials 
and methods

• Extremely powerful and mature

• Deep connections to metasurfaces

– Low damage threshold?

– Artefacts from pixelization?
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https://en.wikipedia.org/wiki/Spatial_light_modulator

https://en.wikipedia.org/wiki/Digital_micromirror_device

https://en.wikipedia.org/wiki/Electromagnetic_metasurface

… , etc.

https://doi.org/10.1007/978-3-031-92584-9_8

https://en.wikipedia.org/wiki/Spatial_light_modulator
https://en.wikipedia.org/wiki/Digital_micromirror_device
https://en.wikipedia.org/wiki/Electromagnetic_metasurface
https://doi.org/10.1007/978-3-031-92584-9_8
https://doi.org/10.1007/978-3-031-92584-9_8
https://doi.org/10.1007/978-3-031-92584-9_8
https://doi.org/10.1007/978-3-031-92584-9_8
https://doi.org/10.1007/978-3-031-92584-9_8
https://doi.org/10.1007/978-3-031-92584-9_8
https://doi.org/10.1007/978-3-031-92584-9_8
https://doi.org/10.1007/978-3-031-92584-9_8
https://doi.org/10.1007/978-3-031-92584-9_8


Arbitrary spatial shaping: MPLC
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G. Labroille et al., Opt. Express 22, 15599 (2014).
N. Fontaine et al., Nat Comm. 10, 1865 (2019).

Input position couples to output spatial mode



One slide on laser beam characterization
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One wants to measure the spatial profile and the wavefront

𝐹 𝑥, 𝑦, 𝑧0 = 𝐴(𝑥, 𝑦, 𝑧0)𝑒𝑖𝜙(𝑥,𝑦,𝑧0)

amplitude phase



My word on the Zernike polynomials
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S. Howard, N. Weisse, J. Schröder, C. Barbero, B. Alonso, Í. Sola, 
P. Norreys, and A. Döpp, "Sparse reconstruction of wavefronts 
using an over-complete phase dictionary," Opt. Express 33, 
12939-12952 (2025).

Great for common optical aberrations, but not 
necessarily for all types of beams. Simple 
phases like axicon ∝ 𝑟, cubic ∝ 𝑟3, or vortex ∝
𝑙𝜃 require many high-order Zernike coeffs.

https://en.wikipedia.org/wiki/Zernike_polynomials

https://en.wikipedia.org/wiki/Zernike_polynomials


Shaping “long” pulses
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• Slow enough time-scale to be 
done with electronics

• Can be within the laser cavity or 
after the laser is further 
amplified

• Used for a very long time and 
very robust



fs shaping → the 4-f pulse shaper
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https://www.rp-photonics.com/pulse_shapers.html

https://en.wikipedia.org/wiki/Femtosecond_pulse_shaping

A. M. Weiner, Rev. Sci. Instr. 71, 1929 (2000).

https://www.rp-photonics.com/pulse_shapers.html
https://www.rp-photonics.com/pulse_shapers.html
https://www.rp-photonics.com/pulse_shapers.html
https://en.wikipedia.org/wiki/Femtosecond_pulse_shaping


Applications of temporal shaping
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A. Assion et al., Science 282, 919 (1998).
N. Götte et al., Optica 3, 389 (2016).



The “picosecond problem”
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• Nanosecond pulse shaping is with electronics

• Femtosecond pulse shaping is with dispersion and filters, etc.

• Picosecond pulses?

➢Too fast for electronics

➢Too narrowband for dispersive pulse-shaping

This is an ongoing research problem!

Randy Lemons, Jack Hirschman, Hao Zhang, Charles Durfee, Sergio Carbajo. 
Nonlinear Shaping in the Picosecond Gap. Ultrafast Science 5, 0112 (2025).



Sidenote: I’m going fast here …
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A. Monmayrant, et al., J. Phys. B 43, 103001 (2010).



One slide on temporal characterization
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One wants to measure the temporal profile, but also E-field

𝐸 𝑡 = 𝐴(𝑡)𝑒𝑖𝜙(𝑡)

amplitude phase

෨𝐸 𝜔 = ሚ𝐴(𝜔)𝑒𝑖𝜙(𝜔)

→Most techniques in fact measure the spectrum and 
the spectral phase, which together can uniquely 
determine the electric field, but there are limitations!

R. Trebino et al., J. Appl. Phys. 128, 171103 
(2020); doi: 10.1063/5.0022552

Walmsley & Dorrer, Adv. in Opt. and Phot. 1, 308–
437 (2009); doi:10.1364/AOP.1.000308



How to make a pulse more powerful?
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𝑃 =
𝐸

𝜏
Make the pulse more energetic or shorter (or both ☺ )

amplification make the spectrum broader

Spectral phase still important !



Chirped-Pulse Amplification (CPA)
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BELLA @ Berkeley, USA
1 PW-35 fs-40 J
1 Hz -800 nm

https://en.wikipedia.org/wiki/Chirped_pulse_amplification

https://en.wikipedia.org/wiki/Chirped_pulse_amplification


Nonlinear pulse broadening
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https://www.nature.com/articles/s41566-019-0416-4

https://www.rp-photonics.com/pulse_compression.html

https://doi.org/10.1063/1.3359458 

https://www.nature.com/articles/s41566-019-0416-4
https://www.nature.com/articles/s41566-019-0416-4
https://www.nature.com/articles/s41566-019-0416-4
https://www.nature.com/articles/s41566-019-0416-4
https://www.nature.com/articles/s41566-019-0416-4
https://www.nature.com/articles/s41566-019-0416-4
https://www.nature.com/articles/s41566-019-0416-4
https://www.rp-photonics.com/pulse_compression.html
https://www.rp-photonics.com/pulse_compression.html
https://www.rp-photonics.com/pulse_compression.html
https://doi.org/10.1063/1.3359458


Comparing the two processes
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Ω 𝜏

Dispersion only Constant Changes

Nonlinear process Changes ~Constant

CPA = short pulse → add dispersion to make longer → amplify → remove dispersion to compress

SPM broadening = short pulse → nonlinear process to broaden spectrum → remove dispersion to compress



Results → High-field science
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https://en.wikipedia.org/wiki/Plasma_acceleration

(2004)(2002)

https://en.wikipedia.org/wiki/Attosecond_physics

https://en.wikipedia.org/wiki/Plasma_acceleration
https://en.wikipedia.org/wiki/Attosecond_physics


Outline

• Laser beams and laser pulses – the basics

• Shaping and measuring laser beams and laser pulses – the basics

• Going to space and time: what are STCs?

• Why STCs? And why is characterization difficult?

• Overview of history and of standard techniques

• More recent measurements, techniques, and exotic concepts
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Spatio-temporal couplings (STCs)

• Anything where spatial and temporal properties are unseparable

• Often more easily explained with chromatic aberrations
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spatial chirp

Simultaneous 
spatio-temporal 
focusing

wavefront rotation

spatially-varying 
spectral phase

A. G. Kostenbauder, IEEE JQE 26, 1148 (1990). 
Q. Lin, Optical and Quantum Electronics 27, 679 (1995). 
S. Akturk et al., Opt. Exp. 13, 8642 (2005).
S. Akturk et al., J. Opt. 12, 093001 (2010).

Pulse 
front

Wavefront

g





Making a link to imaging
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An STC

https://en.wikipedia.org/wiki/Chromatic_aberration

https://en.wikipedia.org/wiki/Chromatic_aberration


Disclaimer: STCs are not new
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One of the first mentions I have found
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1983



Going even further in the past
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1975

1973



“Inherent” and “Imposed” STCs
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afocal STC shaping



Ultrashort Gaussian-Gaussian Pulse-Beam
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𝐸 =
−𝑖𝑧𝑅

𝑞
𝑒𝑖𝜔𝑟2/2𝑐𝑞𝑒−𝑖𝜔𝑡′

q z = 𝑧 − 𝑖𝑧𝑅

𝑡′ = 𝑡 − 𝑧/𝑐

Monochromatic at ω
𝐸 =

−𝑖𝑧𝑅

𝑞
𝑒𝑖𝜔0𝑟2/2𝑐𝑞𝑒−𝑖𝜔0𝑡′

𝑒− 𝑡′/𝜏0
2

Gaussian pulse at ω0

෠𝐸 =
−𝑖𝑧𝑅

𝑞
𝑒𝑖𝜔𝑟2/2𝑐𝑞𝑒𝑖𝜔𝑧/𝑐𝑒− 𝜔−𝜔0

2/Ω0
2

𝐸 =
−𝑖𝑧𝑅

𝜋𝜏0𝑞
𝑒𝑖𝜔0𝑟2/2𝑐𝑞𝑒−𝑖𝜔0𝑡′

𝑒− 𝑡′−𝑟2/2𝑐𝑞
2

/𝜏0
2 (𝜏0 = 2/Ω0)

(Fourier transform)



Can we reconcile this with a focusing lens/mirror?
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Few-cycle pulses are fully reshaped in S-T
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First shown with THz pulses:
Feng & Winful, Opt. Lett. 23, 385 (1998).

Initial space-time distribution (𝑔0), chromatic lenses (𝛾), and 
chirp (𝐶), lead to CEP reshaping in space-time

M. Porras, Opt. Lett. 34, 1546 (2009).
M. Porras, et al., Phys. Rev. A 98, 063819 (2018).



Standard and well-known “imposed” STCs

Often due to dispersive optics that aren’t flat

→Dispersive prisms, dispersive lenses
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Z. Bor et al., Opt. Eng. 32, 2501 (1993).
Z. Bor, Optics Letters 14, 119 (1989).



Connecting frequency and time
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Angular dispersion (frequencies having different tilt directions) is equivalent to a pulse-front tilt

Chromatic curvature (frequencies having different focusing) is equivalent to a pulse-front curvature

𝐸 = 𝑒− 𝑟/𝑤0
2
𝑒−𝑖𝜔0𝑡𝑒− [𝑡−𝛼𝑥]/𝜏0

2

෨𝐸 = 𝑒− 𝑟/𝑤0
2
𝑒− 𝜔−𝜔0

2/Ω2
𝑒𝑖𝛼𝑥(𝜔−𝜔0)

𝐸 = 𝑒− 𝑟/𝑤0
2
𝑒−𝑖𝜔0𝑡𝑒− [𝑡−𝛼𝑟2]/𝜏0

2

෨𝐸 = 𝑒− 𝑟/𝑤0
2
𝑒− 𝜔−𝜔0

2/Ω2
𝑒𝑖𝛼𝑟2(𝜔−𝜔0)

Fourier-transform

Fourier-transform



Connecting frequency and time
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Connecting near-field and far-field
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Another useful comparison
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A prism imparts angular dispersion, and
also an overall tilt

A singlet lens imparts chromatic curvature, 
and also an overall focusing

• A pair of prisms (one tilted) imparts angular 
dispersion with no overall tilt

• When a beam with angular dispersion is 
focused, there is spatial chirp in the focus

• A pair of lenses (different glasses) imparts chromatic 
curvature with no overall focus

• When a beam with chromatic curvature is focused, 
there is longitudinal chromatism in the focus



Analytically modeling an STC

IRTG Lecture Week – October 12th and 13th, 2026 59

෠𝐸 =
−𝑖𝑧𝑅

𝑞
𝑒𝑖𝜔𝑟2/2𝑐𝑞𝑒𝑖𝜔𝑧/𝑐𝑒− 𝜔−𝜔0

2/Ω0
2

𝐸 =
−𝑖𝑧𝑅

2 𝜋𝛼𝑞
𝑒𝑖𝜔0𝑟2/2𝑐𝑞𝑒−𝑖𝜔0𝑡′

𝑒− 𝑡′−(𝑟2−2𝜔0𝑏𝑥)/2𝑐𝑞
2

/4𝛼2

(spatial chirp)

(Fourier transform)

෠𝐸 =
−𝑖𝑧𝑅

𝑞
𝑒𝑖𝜔 𝑥−𝑏(𝜔−𝜔0) 2+𝑦2 /2𝑐𝑞𝑒𝑖𝜔𝑧/𝑐𝑒− 𝜔−𝜔0

2/Ω0
2

𝛼 =
1

Ω0
2 −

𝑖 𝜔0𝑏2 − 2𝑏𝑥

2𝑐𝑞



Numerically modeling an STC
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෠𝐸 =
−𝑖𝑧𝑅

𝑞
𝑒𝑖𝜔𝑟2/2𝑐𝑞𝑒𝑖𝜔𝑧/𝑐𝑒− 𝜔−𝜔0

2/Ω0
2

(longitudinal chromatism)

(Numerical Fourier transform)

෠𝐸 =
−𝑖𝑧𝑅

𝑞 − 𝛼(𝜔 − 𝜔0)
𝑒𝑖𝜔𝑟2/2𝑐[𝑞−𝛼 𝜔−𝜔0 ]𝑒𝑖𝜔𝑧/𝑐𝑒− 𝜔−𝜔0

2/Ω0
2

No integral solution!



Even here I can’t go through all the details!
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A new rigorous way to define STCs?

• Basically, if the field 
interfering with any other 
part of itself produces 
always the same 
spectrum, then it is NOT 
space-time coupled

• It seems that this is fully 
general and rigorous
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Outline

• Laser beams and laser pulses – the basics

• Shaping and measuring laser beams and laser pulses – the basics

• Going to space and time: what are STCs?

• Why STCs? And why is characterization difficult?

• Overview of history and of standard techniques

• More recent measurements, techniques, and exotic concepts
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Terahertz generation
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Koustuban Ravi, W. Ronny Huang, Sergio Carbajo, Xiaojun Wu, and 
Franz Kärtner, "Limitations to THz generation by optical rectification 
using tilted pulse fronts," Opt. Express 22, 20239-20251 (2014). 



Applications to attosecond science

65

H. Vincenti & F. Quéré, PRL 108, 113904 (2012).
J. H. Wheeler et al., Nat. Phot. 6, 829, (2012).
K. T. Kim et al., Nat. Phot. 7, 651 (2013).

E. Frumker et al., Opt. Express 20, 13870 (2012). 
H. Wikmark et al., PNAS 116, 4779 (2019).
M. Hoflund et al., Ultrafast Sci. 9797453 (2021).
K. Veyrinas et al., New. J. Phys. 25, 023017 (2023).
X. Liu et al., Phys. Rev. Research 5, 043100 (2023).
R. Martín-Hernández, et al., arXiv:2507.04550
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This is not even mentioning higher-level structured light for 
HHG (now going towards space-time as well): T. Ruchon, C. 

Hernandez-Garcia, Kapetyn-Murnane, C. Durfee, etc.



HHG-pumped X-ray lasers
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A. Kabacinski, et al., Nat. Photonics 17, 354 (2023).



Steering laser-plasma acceleration

67
A. Popp et al., PRL 105, 215001, (2010).
K. Zeil et al., Nat. Comm. 3, 874 (2012). IRTG Lecture Week – October 12th and 13th, 2026



Optimizing laser-plasma acceleration

68

A. Debus et al., PRX 9, 031044, (2019).
J. P. Palastro et al., PRL 124, 134802, (2020).
C. Caizergues et al., Nat. Phot. 14, 475 (2020). IRTG Lecture Week – October 12th and 13th, 2026

Recently demonstrated also experimentally!



Space-time light and micromachining
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SSTF = Simultaneous Spatial and Temporal Focusing

G. Zhu, et al., Optics Express 13, 2153 (2005).
R. Kammel, et al., Light: S. & A 3, e169 (2014).
P. Somers, et al., Light: S. & A 10, 199 (2021).



Chromatic confocal microscopy?

IRTG Lecture Week – October 12th and 13th, 2026 70

But the light doesn’t need to be temporally coherent here, only broadband
→ is there a coherent/nonlinear version of chromatic microscopy?



C. Bourassin-Bouchet et al., Opt. Express 19, 17357 (2011).

Clear effect on duration/intensity

71
G. Pariente et al., Nat. Phot. 10, 547 (2016).

→very relevant for the big 
lasers that drive laser-
plasma acceleration

M. A. Porras, Opt. Lett. 34, 1546 (2009).

→Potentially relevant for the 
shortest lasers that drive 
HHG, photoionization etc.
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M. Porras, Z. Horváth, 
B. Major, Phys. Rev. A 
98, 063819 (2018).



STCs also come from high rep-rate
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2- Local time profile g(t)

→ Local duration 

1- Spatial profile f(x,y)
(temporally/spectrally

integrated) 

Pulse 
front

Wavefront

Standard characterization routine for pulse-beams
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Pulse 
front

Wavefront



Where does it go wrong?

74

E(x,y,t)
= 

f(x,y).g(t)

P=E/
Estimated

peak power

Pulse 
front

Wavefront

2- Local time profile g(t)

→ Local duration 

1- Spatial profile f(x,y)
(temporally/spectrally

averaged) 

Wavefront

g



E(x,y,t)≠ f(x,y).g(t)

Spatial dependence 
of the temporal (or spectral) 

properties

Temporal (or spectral) 

dependence of the spatial 
properties

OR

This neglects Spatio-temporal couplings (STC)

P=E/g
Real

peak power

IRTG Lecture Week – October 12th and 13th, 2026



We need to determine

Spatio-spectral
intensity: 

‘Easily’ measured

Spatio-spectral
Phase:

Challenging!

Position x

Ti
m

e 
t

A beam can be locally short 
everywhere, 

BUT globally long!

Spatio-temporal amplitude and phase
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Outline

• Laser beams and laser pulses – the basics

• Shaping and measuring laser beams and laser pulses – the basics

• Going to space and time: what are STCs?

• Why STCs? And why is characterization difficult?

• Overview of history and of standard techniques

• More recent measurements, techniques, and exotic concepts

76IRTG Lecture Week – October 12th and 13th, 2026



Spatio-temporal metrology: many techniques

77

SPIDER 2D

Dorrer et al., 2001

HAMSTER

Cousin et al., 2012

RED-SEA TADPOLE

Gallet et al., 2014

STRIPED FISH

Guang et al., 2006

SEA TADPOLE

Bowlan et al., 2006

M. Miranda, et al, Opt. Lett. 39, 5142 (2014)

PhD thesis V. Gallet, (2014)

Gallet, Pariente, Quéré, patent (2014)

Pariente et al, Nature Phot. 10, 547–553 (2016) 

TERMITES

A. Borot, et al., Opt. Exp. 26, 26444 (2018).

https://www.sourcelab-plasma.com/laser-

shaping/beam-shaping-catalog/insight/  

INSIGHT

See recent overviews:

C. Dorrer, IEEE Journal of Sel. Topics in Quan. Elec. 25, 1 (2019).

S. W. Jolly, O. Gobert, & F. Quére, Journal of Optics 22, 103501 (2020).

B. Alonso, A. Döpp, & S. W. Jolly, APL Photonics 9, 070901 (2024).
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Take a step back

78

• Is it 2-D or 3-D?

• Is it single-shot or scanning?

• Is there some type of hard limit on resolution?

• Is there a required (perfect) reference beam?

• Is it truly a space-time device or “just” space-spectrum?

IRTG Lecture Week – October 12th and 13th, 2026

“different techniques just shift the
hard part of the measurement to
a different subsystem”



Focusing
optics

Attenuated
beam

CCD
Interferometric
bandpass filter

Focal spot image with full spectrum
(≈70 nm FWHM @ 800 nm)

Focal spot image with bandpass filter
(≈10 nm FWHM @ 800 nm)

Simple but partial measurement example (1/2)
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Simple but partial measurement example (2/2)

80

Focal spot image

S. Kahaly et al., Appl. Phys. 
Lett. 104, 054103 (2014).

Microscope
objective

Attenuated
beam

CCD
Interferometric
bandpass filter

Entrance slit

Imaging 
spectro

C
C

D

IRTG Lecture Week – October 12th and 13th, 2026



Modified single-shot autocorrelators
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Z. Sacks et al., Opt. Lett. 26, 462 (2001).

F. Wu et al., Opt. Comm. 367, 259 (2016).



2D versions of SPIDER
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SPIDER-2D
SEA-SPIDER
SEA-F-SPIDER

C. Dorrer et al., Opt. Lett. 27, 462 (2002).
T. Witting et al., Opt. Lett. 34, 881 (2009).



Towards “complete” measurements

#1 – Spatially-resolving a 
spectral measurement

#2 – Spectrally-resolving a 
spatial measurement
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Yes, these are really different



SEA-TADPOLE and STARFISH
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P. Bowlan et al., Opt. Express 14, (2006)
P. Bowlan et al., Opt. Express 15, (2007)
B. Alonso et al., JOSA B 27, 933 (2010).



RED-SEA-TADPOLE
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Weakness in spatial sampling
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Screen
or camera

From SEA-TADPOLE to TERMITES
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Measure 2D
 interference pattern

Measure as 
a function of 

FFT with
respect to 

According to Wiener–Khintchine’s theorem:

M. Miranda et al., Opt. Lett. 39, 5142 (2014).
G. Pariente et al., Nat. Phot.  10, 547 (2016). 



TERMITES
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88

Unknown 
beam

Reference 
beam

Screen
(or camera)Camera

𝝉

Reference 
beam

Unknown 

beam

𝝉

BS

BS



Frequency-resolved wavefront measurements
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E. Rubino et al., Opt. Lett. 34, 3854 (2009)
S. Cousin et al., Opt. Lett. 37, 3291 (2012).

E. Kueny et al., Opt. Exp. 26, 31299 (2018).
L. Ranc et al., OSA Laser Congress (2019).
C. Dorrer et al., Opt. Exp. 26, 33387 (2018).



STRIPED-FISH

IRTG Lecture Week – October 12th and 13th, 2026 90

Gabolde and Trebino, Optics Express 14, 11460 (2006). 



CROAK technique

IRTG Lecture Week – October 12th and 13th, 2026 91F. Bragheri et al., Opt. Lett. 33, 2952 (2008).



92

E(x,y,ω)
=

A(x,y,ω) * e i (x,y,ω) 

Spectrally-resolved 
phase retrieval algorithm

ω

Frequency-dependent
amplitude profile

Frequency-dependent
phase profile

Spatially-resolved 
Fourier spectroscopy

ω

INSIGHT

Insight: a reference-free, phase retrieval approach
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ω

Fourier spectroscopy
Amplitude profiles

A(x,y,ω)

G&S algorithm
Phase profiles

(x,y,ω)

Complex electric field
E(x,y,ω)

z z+δz

ω

93
A. Borot and F. Quéré, Opt. Exp. 26, 26444 (2018).

Insight in one glance
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A(x,y,ω)

Amplitude profile 
for each frequency

ω

Experimental setup of Insight
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95

@1 Hz : 12 min
@10 Hz : 2 min

T 
t (fs)x (mm)

y (mm)

https://www.sourcelab-plasma.com/laser-shaping/beam-shaping-catalog/insight/  

Insight: Spatio-spectral imager at the focus
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Outline

• Laser beams and laser pulses – the basics

• Shaping and measuring laser beams and laser pulses – the basics

• Going to space and time: what are STCs?

• Why STCs? And why is characterization difficult?

• Overview of history and of standard techniques

• More recent measurements, techniques, and exotic concepts
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https://www.sourcelab-plasma.com/laser-shaping/beam-shaping-catalog/insight/  

CCD Interfero Z0
focus spot

CCD Interfero +Z
after focus

CCD Interfero –Z
before focus

CCD Direct
Laser Input Beam

Manual Stage for

dZ injection adjustment

Michelson Interferometer

New: Insight Quadro
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https://www.sourcelab-plasma.com/laser-shaping/beam-shaping-catalog/insight/  

• Can extract quantitatively the spectrally resolved Zernike coefficients, 
about 10 times faster than the standard procedure in INSIGHT.

• Particularly useful for quasi-real time iterative alignment of complex 
components (e.g. compressor gratings).

As INSIGHT is a scanning device, it is well suited for > 10 Hz laser system 
for a fast acquisition. For repetition rate < 10 Hz (in particular few 
shots/min laser system), a powerful Few-Shot plugin is now available.

Solid: standard
acquisition
Dash: few-shot
acquisition

New: Few-shot plugin
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https://www.sourcelab-plasma.com/laser-shaping/beam-shaping-catalog/insight/
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https://www.sourcelab-plasma.com/laser-shaping/beam-shaping-catalog/insight/


S. W. Jolly et al., OSA Continuum 4, 2044 (2021).

A new version of Insight with birefringent prisms

99

→shorter wavelengths (limited only by optics)

→One avenue towards compressed sensing (fewer shots)

Higher precision for delay steps

→removes noise due to fluctuation of the delay
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CASSI + phase retrieval

IRTG Lecture Week – October 12th and 13th, 2026 100H. Tang et al., Light: Sci. App. 11, 244 (2022).

“Coded-Aperture Snapshot Spectral Imaging”



N. Weiße et al., Opt. Express 31, 19733 (2023).

Hyperspectral wavefront + advanced algorithms

101

S. Howard et al., HPLS&E 11, e32 (2023).
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J. W. Yoon et al., Optica 8, 630 (2021).
Y. G. Kim et al., Opt. Express 29, 19506 (2021).

“multispectral wavefront sensor”

Single-shot measurements at CoReLS in Korea

102IRTG Lecture Week – October 12th and 13th, 2026



E. Grace et al., J. Opt. 23, 075505 (2021).

STRIPED-FISH technique

Single-shot measurements at LLNL(+GT) in USA
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Broadband ptychography

104

D. Goldberger et al., Optica 9, 894 (2022).

D. Goldberger et al., Opt. Express 29, 32474 (2021).

D. Goldberger et al., Opt. Express 28, 18887 (2020).

IRTG Lecture Week – October 12th and 13th, 2026D. Goldberger et al., Opt. Lett. 48, 3455 (2023).



Beamlet cross-correlation
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S. Smartsev et al., J. Opt. 24, 115503 (2022).

S. Smartsev et al., Opt. Lett. 49, 1900 (2024).

“IMPALA”



Another example of new work

IRTG Lecture Week – October 12th and 13th, 2026 106B. Blochet et al., Nat. Comm. 17, 137 (2026).



ELI-NP is on the forefront too
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Comparisons are only now becoming possible

IRTG Lecture Week – October 12th and 13th, 2026 108V. Pajer, et al., Optics Express 32, 15710 (2024).



Space-time-polarization measurements

109

B. Alonso et al., Comm. Physics 3, 151 (2020).
A. Zdagkas et al., APL Photonics 6, 116103 (2021).
D. Goldberger et al., Optica 9, 894 (2022).
S. Howard et al., Nat. Photonics 19, 898 (2025).
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single shot



More sophisticated statistical methods

• Decrease the resolution of the 
device to allow for single-shot with 
a simple device

• Decrease your expectations for how 
“complete” you want/need your 
measurement to be

• Make assumptions on how complex 
your laser beam is

• Update your uncertainty based on 
past measurements
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J. Esslinger, et al., A Bayesian perspective on single-shot laser 
characterization, Proc. Natl. Acad. Sci. U.S.A. 122 (43) 
e2510645122, https://doi.org/10.1073/pnas.2510645122 (2025). 

https://doi.org/10.1073/pnas.2510645122


Spatial measurement of CEP
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D. Hoff et al., Nat. Phys. 13, 947 (2017). V. Hanus et al., Nat. Comm. 14, 5068 (2023).



Take a step back (again)

112

• Is it 2-D or 3-D?

• Is it single-shot or scanning?

• Is there some type of hard limit on resolution?

• Is there a required (perfect) reference beam?

• Is it truly a space-time device or “just” space-spectrum?

usually related

this can be a big limitation

this usually doesn’t matter

adding polarization or looking at a 
non-standard wavelength will 
generally affect all of the above
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A. Jeandet et al., Opt. Express 30, 3262 (2022).

Big collaboration:
Salle Jaune & Salle Noire @ LOA
UHI-100 @ CEA
BELLA @ Berkeley Lab
DRACO TW & PW @ HZDR
Industrial system @ Amplitude
LASERIX @ Orsay

Survey of couplings on many systems

113
A. Jeandet et al., JPhys: Photonics 1, 035001 (2019).

Joule-level amplifier physics
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Couplings in saturated OPCPAs

114

A. De Andres et al., Opt. Exp. 31, 12036 (2023).T. Eichner et al., Opt. Express 30, 3404 (2022).
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Space-time measurements of attosecond beams

115L. Chopineau et al., Nat. Physics 17, 968 (2021). IRTG Lecture Week – October 12th and 13th, 2026



The flying focus

“Chromatic” version “Ultrashort” version
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A. Saint-Marie, et al., Optica 4, 1298 (2017).
D. Froula, et al., Nat. Photonics 12, 262 (2018).
S. W. Jolly et al., Opt. Express 28, 4888 (2020).
M. Ambat et al., Opt. Express 31, 31354 (2023).

Intensity peak that travels at a 
velocity wildly different than “𝒄”



Non-diffracting space-time beams
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P. Saari et al., Phys. Rev. Lett. 79, 4135 (1997).
Kondakci et al., Nat. Phot. 11, 733 (2017).
Kondakci et al., Nat. Comm. 10, 929 (2019)
Bhaduri et al., Optica 6, 139 (2019).
Bahduri et al., Nat. Phot. 14, 416 (2020).
Yessenov et al., Nat. Comm. 13, 4573 (2022).

Space-time shaping removes constraints



Spatiotemporal light springs
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Can one make this depend on frequency?
→ azimuthal intensity arrival time

G. Pariente & F. Quéré, Opt. Lett. 40, 2037 (2015).
L. Chen et al., Sci. Advances 8, eabq8314 (2022).
M. Piccardo et al., Nat. Photonics 17, 822 (2023).



Spatiotemporal optical vortex
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N. Jhajj et al., Phys. Rev. X 6, 031037 (2016).
S. Hancock et al., Optica 6, 1547 (2019).
A. Chong et al., Nat. Phot. 14, 350 (2020).
S. Hancock et al, Phys. Rev. Lett. 127, 193901 (2021).
M. Porras, Opt. Lett. 48, 367 (2023).
C. Wan et al., eLight 3, 11 (2023).
A. Bekshaev, APL Photonics 9, 110806 (2024).



But you can almost do what you want these days
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Tutorials :
Qiwen Zhan, "Spatiotemporal sculpturing of light: a tutorial," Adv. 
Opt. Photon. 16, 163-228 (2024).
Murat Yessenov and Ayman F. Abouraddy, "Optical spatiotemporal 
Fourier synthesis: tutorial," J. Opt. Soc. Am. A 42, 1295-1315 (2025). 

Examples :
M. Mounaix et al., Nat. Comm. 11, 5813 (2020).
D. Cruz-Delgado, et al., Nat. Photonics 16, 686 (2022).
X. Liu et al., Nat. Comm. 15, 5435 (2024).
Q. Cao et al., Nat. Comm. 15, 7821 (2024).
S. Huang et al., Sci. Advances 10, eadn6206 (2024).
W. Chen et al., Nat. Comm. 16, 2818 (2025).



I ride the hype train too …
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Higher-order Zernike STC

122S. W. Jolly, Opt. Express 31, 10237 (2023). IRTG Lecture Week – October 12th and 13th, 2026



Vortex with spatial chirp

123

A.-M. Talposi et al., Photonics 9, 389 (2022).

IRTG Lecture Week – October 12th and 13th, 2026

M. A. Porras & S. W. Jolly, Opt. Lett. 48, 6448 (2023).



Analytically modeling a vortex with spatial chirp
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෠𝐸 =
𝑤0

𝑤(𝑧)
𝑒−𝑖(𝑙+1)𝜓 𝑧

2(𝑥 ± 𝑖𝑦)

𝑤(𝑧)

𝑙

𝑒𝑖𝜔𝑟2/2𝑐𝑞𝑒𝑖𝜔𝑧/𝑐𝑒− 𝜔−𝜔0
2/Ω0

2

(spatial chirp)

(Fourier transform)

෠𝐸 =
𝑤0

𝑤(𝑧)
𝑒−𝑖(𝑙+1)𝜓 𝑧

2(𝑥 − 𝑏Ω ± 𝑖𝑦)

𝑤(𝑧)

𝑙

𝑒𝑖𝜔( 𝑥−𝑏Ω 2+𝑦2)/2𝑐𝑞𝑒𝑖𝜔𝑧/𝑐𝑒− 𝜔−𝜔0
2/Ω0

2



Radially-polarized beam with spatial chirp

125IRTG Lecture Week – October 12th and 13th, 2026

S. W. Jolly & M. A. Porras, JOSA B 41, 577 (2024).



Analytically modeling a rad-pol with spatial chirp
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Hermite-Gaussian with spatial chirp
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Matched spatial chirp:
A similar space-time vortex-
like structure, but simpler 
than previous cases

Larger or smaller spatial chirp:
An array of space-time 
vortices along x or t

n=1

n=3

n=3

Porras & Jolly, Phys. Rev. A 111, 053523 (2025).



Analytically modeling H-G with spatial chirp

IRTG Lecture Week – October 12th and 13th, 2026 128

෠𝐸 =
−𝑖𝑧𝑅

𝑞

𝑞∗

4𝑞

𝑛/2

𝑒𝑖𝜔𝑟2/2𝑐𝑞𝑒𝑖𝜔𝑧/𝑐𝑒− 𝜔−𝜔0
2/Ω0

2
𝐻𝑛

2𝑥

𝑤(𝑧)

(spatial chirp)

(Fourier transform)

෠𝐸 =
−𝑖𝑧𝑅

𝑞

𝑞∗

4𝑞

𝑛/2

𝑒𝑖𝜔 𝑥−𝑏Ω 2+𝑦2 /2𝑐𝑞𝑒𝑖𝜔𝑧/𝑐𝑒− 𝜔−𝜔0
2/Ω0

2
𝐻𝑛

2 𝑥 − 𝑏Ω

𝑤(𝑧)

Porras & Jolly, Phys. Rev. A 111, 053523 (2025).



Propagation
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n=2

Porras & Jolly, Phys. Rev. A 111, 053523 (2025).



Notice something in common?
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Vortex (LG) with spatial chirp
Rad-pol with spatial chirp HG with spatial chirp

There is also some sort of mystical connection here, like 
for CW vector and LG/HG beams, but now it is via spatial 
chirp and space-time vortices.



Recent work with general Laguerre-Gaussian beams

IRTG Lecture Week – October 12th and 13th, 2026 131S. W. Jolly, Phys. Rev. A 113, 013511 (2026).



Going Further → highly non-paraxial case
• Previous solutions are not accurate with high NA

• Spherical waves, complex source model, Hertz 
potentials, … , ... , numerical Fourier transform

• The scaling of space-time effects [NF→FF] changes

• Vector components are complicated

• Compare to diffraction-integral methods

(some overlap with Q. Zhan’s work)

→Nanometric SSTF or flying focus

→Important for focusing to high intensity

→Nanophotonics!

→Atomic or molecular control?

IRTG Lecture Week – October 12th and 13th, 2026 132S. W. Jolly, et al., Nanophotonics 14, 815 (2025).



Similar model and approach for non-paraxial STOVs

• Using the same complex-
source model as the previous 
slide

• Constructing non-paraxial 
STOVs from a sum of the 
“basic” solution and 
temporal and spatial 
derivatives of itself

• Then enforcing that the STOV 
is round 
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Taking a step back

• We went right to combing 
“structured light” or 
“higher-order” beams with 
spatial chirp

• But actually, even looking at 
a Gaussian beam is 
interesting

• One last complication, let’s 
consider an elliptically-
polarized Gaussian beam 
with spatial chirp

IRTG Lecture Week – October 12th and 13th, 2026 134(unpublished)



LASY
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LASY : LAser manipulations made eaSY

https://github.com/LASY-org/lasy

A simple coding structure to model complex laser pulses and input them to a range of codes
→ “standardization”

1) Theoretical input of STCs (me and others) 2) Experimental input of STCs (SourceLab SAS)

(Small advertisement …)

https://github.com/LASY-org/lasy
https://github.com/LASY-org/lasy
https://github.com/LASY-org/lasy


Another part of my work →multimode fibers
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Review papers:
K. Krupa et al., APL Photonics 4, 110901 (2019).
L. G. Wright et al., Optica 9, 824 (2022).
L. G. Wright et al., Nat. Phys. 18, 1018 (2022).

Z. Guang & Y. Zhang, Appl. Opt. 57, 9835 (2018).
Q. Cao et al., Adv. Photonics 5, 036002 (2023).
C. Zhang et al., Photonics 11, 328 (2024).
D. Cruz-Delgado et al., Nat. Comm. 16, 6081 (2025).

My “team” :
S. W. Jolly & P. Kockaert, J. Opt. 25, 054002 (2023).
J. Dechanxhe et al., Opt. Continuum 4, 1489 (2025).
S. W. Jolly et al., J. Opt. 27, 075503 (2025).

Like space-time effects, BUT with discrete 
spatial modes (and their propagation 
constants), in a rich nonlinear environment

Pumping MM fibers with space-time light



QUESTIONS?
Feel free to contact me → spencer.jolly@ulb.be
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