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Work performed while at:

(since 01 Oct 2022)

(until Nov 2019)

About me
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Where I am now:

My project:
“StructULB”
Structured Ultrafast Light Beams for fundamental science and 
applications in micromachining, particle acceleration, integrated 
photonics, and photo-chemistry

→Many slides taken from Fabien Quéré

This project has received funding from 
the European Union’s Horizon 2020 
research and innovation programme
under the Marie Skłodowska-Curie 
grant agreement No 801505. 
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Disclaimer: This is not new
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Outline

• Why is STC characterization necessary?

• What are STCs?

• Overview of history and of standard techniques

• More recent measurements and techniques

• Very recent progress in exotic STCs
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2- Local time profile g(t)

→ Local duration t

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

integrated) 

Pulse 
front

Wavefront

Standard characterization routine for UHI lasers

5Journées Réseau FEMTO – November 9-10, 2023

Pulse 
front

Wavefront



Where does it go wrong?
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E(x,y,t)
= 

f(x,y).g(t)

P=E/t
Estimated

peak power

Pulse 
front

Wavefront

2- Local time profile g(t)

→ Local duration t

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

averaged) 

Wavefront

tg

t

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/tg
Real

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

Clear effect on duration/intensity

7
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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Steering laser-plasma acceleration

8
A. Popp et al., PRL 105, 215001, (2010).
K. Zeil et al., Nat. Comm. 3, 874 (2012). Journées Réseau FEMTO – November 9-10, 2023



Optimizing laser-plasma acceleration

9

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). Journées Réseau FEMTO – November 9-10, 2023



Applications to attosecond science
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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).

Wimark et al., PNAS 116, 4779 (2019).
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Spatio-temporal couplings (STCs)

• Anything where spatial and temporal properties are unseparable

• Often more easily explained with chromatic aberrations

Journées Réseau FEMTO – November 9-10, 2023 12

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

tg

t



Standard and well-known 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).



Important to understand come concepts
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“Inherent” and “Imposed” STCs
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afocal STC shaping



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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Spatio-temporal metrology: many techniques
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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).
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Take a step back
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• 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?
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“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)
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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
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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 t

FFT with
respect to t

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



CROAK technique

Journées Réseau FEMTO – November 9-10, 2023 32F. Bragheri et al., Opt. Lett. 33, 2952 (2008).
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Insight: a reference-free, phase retrieval approach
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E(x,y,ω)
=

A(x,y,ω) * e i j(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

j(x,y,ω)

Complex electric field
E(x,y,ω)

z z+δz

ω

35
A. Borot and F. Quéré, Opt. Exp. 26, 26444 (2018).

Insight in one glance

Journées Réseau FEMTO – November 9-10, 2023



A(x,y,ω)

Amplitude profile 
for each frequency

ω

Experimental setup of Insight
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@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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• Very recent progress in exotic STCs

38Journées Réseau FEMTO – November 9-10, 2023



39

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

A new version of Insight with birefringent prisms
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→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

Journées Réseau FEMTO – November 9-10, 2023



CASSI + phase retrieval

Journées Réseau FEMTO – November 9-10, 2023 42H. Tang et al., Light: Sci. App. 11, 244 (2022).

“Coded-Aperture Snapshot Spectral Imaging”



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
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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

45

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).

Journées Réseau FEMTO – November 9-10, 2023D. Goldberger et al., Opt. Lett. 48, 3455 (2023).



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

Hyperspectral wavefront + advanced algorithms

46

S. Howard et al., HPLS&E 11, e32 (2023).
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Beamlet cross-correlation
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S. Smartsev et al., J. Opt. 24, 115503 (2022). S. Smartsev et al., arXiv:2307.15799



A. Zdagkas et al., APL Photonics 6, 116103 (2021).

Space-time-polarization measurements

48

B. Alonso et al., Comm. Physics 3, 151 (2020).

D. Goldberger et al., Optica 9, 894 (2022). Journées Réseau FEMTO – November 9-10, 2023



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)

50

• 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

51
A. Jeandet et al., JPhys: Photonics 1, 035001 (2019).

Joule-level amplifier physics
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Couplings in saturated OPCPAs

52A. 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

53L. Chopineau et al., Nat. Physics 17, 968 (2021). Journées Réseau FEMTO – November 9-10, 2023



Outline

• Why is STC characterization necessary?

• What are STCs?

• Overview of history and of standard techniques

• More recent measurements and techniques

• Very recent progress in exotic STCs
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(Small advertisement 1/4)
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(Small advertisement 2/4)
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(Small advertisement 3/4)

57Submitted to JOSA B Journées Réseau FEMTO – November 9-10, 2023



(Small advertisement 4/4)
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Y. Shen et al., Journal of Optics 25, 093001 (2023).
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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) 2) Experimental input of STCs (SourceLab)

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


- Assess the real performance of ultrashort lasers (e.g. PW lasers)
→Manage expectations

- Optimize laser performance
→ fix problems in real time, save $$

The direct benefits of STC metrology

The advanced benefits of STC control

- New inputs for simulations codes (e.g. Particle-in-Cell codes)
→ LASY : LAser manipulations made easy

- EXPLOITING STCs for the control of laser-matter interactions
→ dephasingless laser wakefield acceleration

nanophotonics

micro-machining

nonlinear optics
Attosecond physics

Perspectives
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STC characterization at CEA
(up until 2019 …)

Antoine Jeandet (PhD)
Antonin Borot (Researcher)
Olivier Gobert (Researcher)

Fabien Quéré (Group Leader)

Mastering INSIGHT at SourceLab

Geoffrey Gallé (Research Engineer)
Cedric Sire (Research Engineer)

Francois Sylla

Questions? → spencer.jolly@ulb.be
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