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(don’t forget 2019 review from C. Dorrer)

J. Opt. 22 (2020) 103501 (33pp) https://do;
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* 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

IRTG Lecture Week — October 12th and 13th, 2026
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Laser beams and laser pulses — the basics

e 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, technigues, and exotic concepts

IRTG Lecture Week — October 12th and 13th, 2026
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The Gaussian beam

everything starts from Maxwell’s equations!
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https://en.wikipedia.org/wiki/Gaussian beam
https://www.rp-photonics.com/gaussian beams.html
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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

m bE BR There are different ways to write the same thing

DE BRUXELLES

(e

2 2
- wﬂ —r . r 21N
e iq E(r,z) = Eyx e exp|—i| kz+ k — (2 K="=
Wikipedia: (r, 2) 0 w(z) Kp(w(z)g ) P( ( 2R(2) Y ))) = w/c
https://en.wikipedia.org/wiki/Gaussian beam Gaussian beam in space
E(r,z) = e e~ tkz q(z) =qo +z qo = iZg k =w/c
1-2z/q0
g parameter:
E _ elkr/2a(2) ikz (2)=qy+z qo = —izp k =w/c
(T‘,Z)— 1+Z/q0 e q qO

https://en.wikipedia.org/wiki/Complex beam parameter Just depends on definition of Fourier transform

[
= —-fp? ,—ikz —
E(r,z) = fe e f T2/
Another way: p=r/wp k =w/c
. [
E(T,Z) =fe_fpzelkZ f: i_Z/Z
R Authors usually just choose the easiest one for their
application, or the one they are most used to.
IRTG Lecture Week — October 12th and 13th, 2026 8
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https://en.wikipedia.org/wiki/Gaussian_beam
https://en.wikipedia.org/wiki/Complex_beam_parameter
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a) Modes in Cartesian Coordinates: For a systém with

a rectangular (x, y, z) geometry one can try a solution for
(11) of the form

NENCE
exp {-—j‘[P + % Z(x!?t'-I: o] o

where g is a function of x and z, and %'is a function of y
and z. For real g and 4 this postulates mode beams whose
intensity patterns scale according to the width 2w(z) of a
Gaussian beam. After inserting this trial solution into
(11) one arrives at differential equations for g and 4 of the
form

*Hrn 2 Hy + 2mH,, = 0 (31)
- Xr — m m = .
da? dx |

This is the differential equation for the Hermite poly- - : :
nomial H,(x) of order m. Equation (11) is satisfied if TEMsgo TEM7o

L goh = Hm'(\/i i) H, (\/ﬁ }L) (32)

where m and n are the (transverse) mode numbers. Note
that the same pattern scaling parameter w(z) applies to
modes of all orders.

M3

TEMz; TEM2

: ig. 9. e patterns of a laser oscil-
H. Kogelnik and T. Li, Applied Optics 5, 1550 (1966). e lafg??regtaﬁzul:r Symimetry).
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Simply the Laguerre-Gaussian solution with [ nonzero = “spiral phase”

urd2) = G (f) )m (-5 ()) Ly (wii) )

exp (—?:k : ;z) ) exp(~ild) exp(iv(2)),

confusingly
some Places
use “m” instead

of “I”...

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

https://en.wikipedia.org/wiki/Gaussian beam#lLaguerre-
Gaussian modes

https://en.wikipedia.org/wiki/Optical vortex

IRTG Lecture Week — October 12th and 13th, 2026 10



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
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Vortex beams as a superposition

IRTG Lecture Week — October 12th and 13th, 2026
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A simple way to think about it:

Spiral Phase Plate

The truth:

propagation/focusing

= - * —>

m = +1

+a background from the
diffraction of the central part

V. V. KotIar et aI., JOSAB 22’ 849 (2005) IRTG Lecture Week — October 12th and 13th, 2026 12
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DE BRUXELLES Vortex beams and angular momentum

 Aglobal 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)

L. Allen et al., Phys. Rev. A 45, 8185 (1992).
https://en.wikipedia.org/wiki/OpticaI vortex IRTG Lecture Week — October 12th and 13th, 2026 13



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

polarization that depends on space

Polarization
singularity

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

e The canonical vector beam is the
radially-polarized beam

 Of course, there are more
complicated versions

IRTG Lecture Week — October 12th and 13th, 2026
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o
-
01

|=1, RHCP |=-1, LHCP

+.
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Hl(X)éx + Hl(y)éy X Tér

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

l;’/,(p ) [ (e1+fev) o (el—ie\ﬂ .
- | +¢€ - e
V2 V2
=Y, (P ()e"e, = Eye,,
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A simple way to think about it:

The truth:

propagation/focusing

=

" . . . . ) +a background from the
S. W. Jolly, "Modeling the focusing of a radially polarized laser beam with an’ diffraction of the central part

initially flat-top intensity profile," J. Opt. Soc. Am. A 41, 1390-1396 (2024)

IRTG Lecture Week — October 12th and 13th, 2026 16
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m DE BRUXELLES Radial-polarization and longitudinal field

Electric energy density (a.u.)

vy H \ r H H
—0.5 0.0 0.5 1.0 1.5 2.0

j ¢ AL 2 j . "
(]'—02.{) —1.5 —10 —05 0.0 0.5 1.0 1.5 2.0 092.0 —-1.5 —1.0

Transverse coordinate (z/\p)

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

IRTG Lecture Week — October 12th and 13th, 2026 17
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For vector beams (rad-pol)

Focusing and diffraction are vectorial operations!

/
0 —)

and scalar beams \

IRTG Lecture Week — October 12th and 13th, 2026
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[ OE,
Gauss’s law! E, = k_og

o

V- E = —
EN .

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

Which one?
The longitudinal field is a Hermite-Gauss

IRTG Lecture Week — October 12th and 13th, 2026
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m e sruxeries  What are light pulses?
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(00] (0.0]
) ()2
jexdx=\/ﬁ —> je(xxt))dx:\/ﬁ
— 00 — 00
! 2 2 i
0.2
(0] (0 0] co
; 2/02 : ; 2/02 ; 242 : 2
Fourier transform => ] e—w)te—(w—wo) /Qodx — e~ twot J et ,—Q /QOdQ — o lwot o —Qpt /4 j e—(ﬂ/ﬂo+1tﬂo/2) dQ
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Making all of the co

How to make ultrashort pulses
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Making them “align” with each other

* Q-switching

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

The field is excited about Yb-based lasers

22


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
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R. Trebino et al., J. Appl. Phys. 128, 171103 ,
(zozrg)-lr(]j?)i? 13 1063?&? 002;552 Walmsley & Dorrer, Adv. in Opt. and Phot. 1, 308—
T ' 437 (2009); doi:10.1364/A0P.1.000308
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Another view of chirp and spectral phase

e—iwte—(w—wo)zmge—igbz(w—wo)z/zdx — piwot je—ime—nzmidﬂ =e—iw0te—nit2/4 fe—(n/91+itnl/2)2d9

05,
1 1 Q02 1 1—1
_2:_2+i@ _ ;: 2 1 422
Q1 Qf 2 Q5 od, Qo b3
1+ 5 1+ 4

—1 —_0O24+2 3 _ 2 _0O2+2
— \/ﬁﬂle lwot o Qit“/4 =\/E.Q.1€ i(wot—At )e Q5t“/4B
You don’t need to know calculus!
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Now you need to care about the behavior across the bandwidth!

For vortex beams: For meta-lenses:

Fine compensation
A

"y — $
\%@@D@a

h

i

Dispersion-matched
layers

Coarse compensation

343434

G. A. Swartzlander, Optics Letters 31, 2042 (2006). S. Chang et al., Nature Communications 15, 9627 (2024).

E. R. Baca-Montero et al., J. Phys. Photonics 8 035028 (2026).
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* 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, technigues, and exotic concepts

IRTG Lecture Week — October 12th and 13th, 2026
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DE BRUXELLES Phase aberrations

https://en.wikfbedia.ofg/wiki/ObticaI aberratioh
https://en.wikipedia.org/wiki/Spherical aberration
https://en.wikipedia.org/wiki/Coma %280optics%29

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

UNIVERSITE
m DE BRUXELLES The connection between phase and intensity

FT FT

e e

> ‘ &L ~

Amplitudes//'
P i

e

—

el i _-—Phases

—

|
o Fr 1 J |
|

http://www.ysbl.vork.ac.uk/~cowtan/fourier/magic.html
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m DE BRUXELLES Arbitrary spatial shaping: SLMs, etc.

. Ppixelized shaping of amplitude or phase T ——

SLM

(and even polarization)

* In reflection or transmission g

* Can be based on a number of materials NDF
and methods |

* Extremely powerful and mature
* Deep connections to metasurfaces

Camem

— Low damage threshold? https://doi.org/10.1007/978-3-031-92584-9 8

—

https://en.wikipedia.org/wiki/Spatial light modulator H | _Y

— Artefacts from pixelization?

— ..., etc.

https://en.wikipedia.org/wiki/Digital micromirror device ~ _

https://en.wikipedia.org/wiki/Electromagnetic metasurface
IRTG Lecture Week — October 12th and 13th, 2026 29



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

m DE BRUXELLES Arbitrary spatial shaping: MPLC

Input position couples to output spatial mode

X maps to m
XE """"""""""""" 15.344 mm (7 masks x 274 pixels x 8 um pixels) > |m
[+)

3*02 Spatial light modulator E“::\

[&2] Oo iQ‘ﬁ“

! 99 S %

£ 0%2a%0%C0 i A A R K A RO

2 70.0.0.0.0.0 i A O

g SolaRetettes FATATANANAN) | oo |

5 620%%000%%0%) AVATATAVAY spacing = 12.5 mm| G 6389003850000

3 000000000007000007 1 Oe8985950,000

Il 0o000 S 048,

Z %% Mirror S %%

» %200 0, o %%

c 0,0.0.0 = @0

B %0 0" £ o%%

? 02000 A

S 0.0 . & .

& % Spatially O T ::0 Spatially
y e separated N co-located

""""""""""""""""""""""""""""""""" Hamn "
Cartesian array (x,y) < »  Hermite-Gaussian (m,n)
i =
.
®
G. Labroille et al., Opt. Express 22, 15599 (2014). ' :al a S
N. Fontaine et al., Nat Comm. 10, 1865 (2019).
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m DE BRUXELLES One slide on laser beam characterization

One wants to measure the spatial profile and the wavefront

/ /

amplitude phase
/ g

F(x; Y, Zo) = A(x, vy, Zo)eiqb(x:%zo)

Distorted Wavefront Displaced Spot
y ol
Al N
- ! _\
et ! T - IJ\
SS&: iEs g
i R AR I
i
“SHH =
Sensor Missing Spot

imagine| Joptic

L J
Q Phasics
IRTG Lecture Week — October 12th and 13th, 2026 31
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al . St 3
Wavefront Basis Expansion

Funetion: o
L
iV

O
-

Great for common optical aberrations, but not , ) )
necessarily for all types of beams. Simple S. Howard, N. Weisse, J. Schroder, C. Barbero, B. Alonso, I. Sola,

phases like axicon o 7, cubic o 73, or vortex o ‘ P. Norreys, and A. D6pp, "Sparse reconstruction of wavefronts
16 require many high-order Zernike coeffs. using an over-complete phase dictionary," Opt. Express 33,
12939-12952 (2025).

https://en.wikipedia.org/wiki/Zernike polynomials
IRTG Lecture Week — October 12th and 13th, 2026 32
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DE BRUXELLES Shaping “long” pulses

* Slow enough time-scale to be i (a) '
done with electronics - -
<0 %
* Can be within the laser cavityor 3 % _
. A5,
after the laser is further ° _
. 2 1900 1950 2000 2050 =
amplified s
{ E - r
- — /] =
* Used for a very long time and Hreauired [ simaited
very robust ' ' 7
-200 -100 0 100 -100 0 100 200

Time [ns] Time [ns]
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-UNIVERSITE
W :4 LIBRE .
et o' 5 uxeies fs shaping = the 4-f pulse shaper

spatial
light modulator

output input
pulses pulses

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) IRTG Lecture Week — October 12th and 13th, 2026 34
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Laser beam
Evolutionary

algorithm

T

puse /P
Chaper

A\

Mass
spectrometer ~—

Molecular beam

A. Assion et al., Science 282, 919 (1998).

N. Gotte et al., Optica 3, 389 (2016).

G,

Applications of temporal shaping

4.9

Ao

w J’ WM

61 C 2.4
4 I
2 )
Jmncnmgmnan "V’““ P e snane]
0 -
T T & & & [ L& ok & b Lo b 4 & ] d
-500 0 500 1000 1500 2000
Time delay 1 (fs)
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Temporal
Pulse Shaping

Bandwidth-limited

Pulse
Temporal
Arry%lse ‘ 785 nm
30fs
High Aspect Ratio
Channel

250 nm Bl
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DE BRUXELLES The “picosecond problem”

 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).
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IOP PUBLISHING JoOURNAL oF PHYsICS B: AToMIC. MOLECULAR AND OPTICAL PHYSICS
J. Phys. B: At. Mol. Opt. Phys. 43 (2010) 103001 (34pp) doi:10.1088/0953-4075/43/10/103001

A newcomer’s guide to ultrashort pulse
shaping and characterization

Antoine Monmayrant'2, Sébastien Weber> and Béatrice Chatel®

I CNRS-LAAS, 7 avenue du colonel Roche, F-31077 Toulouse, France

2 Université de Toulouse, UPS, INSA, INP, ISAE ; LAAS, F-31077 Toulouse, France

3 CNRS-Université de Toulouse; UPS, Laboratoire Collisions, Agrégats Réactivité, IRSAMC, F-31062
Toulouse, France.

E-mail: beatrice.chatel @irsamc.ups-tlse.fr

A. Monmayrant, et al., J. Phys. B 43, 103001 (2010).
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m DE BRUXELLES One slide on temporal characterization

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

/ /

amplitude phase

/L

E(t) = A(t)e'?®

3

E(w) = A(w)e®@)

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

Walmsley & Dorrer, Adv. in Opt. and Phot. 1, 308—
437 (2009); doi:10.1364/A0P.1.000308

R. Trebino et al., J. Appl. Phys. 128, 171103
(2020)’ dOiI 101063/50022552 IRTG Lecture Week — October 12th and 13th, 2026 38
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‘ Make the pulse more energetic or shorter (or both © )

E
p==-
T

amplification make the spectrum broader

Spectral phase still important !

IRTG Lecture Week — October 12th and 13th, 2026 39



m DE BRUXELLES Chirped-Pulse Amplification (CPA)

Initial short pulse

]

A pair of gratings disperses
the spectrum and stretches

_/\_ / the pulse by a factor
/ of a thousand

Short-pulse oscillator

The pulse is now long l
and low-power, safe
for amplification

“/

High-energy pulse after amplification n

Power amplifiers

~J L

Resulting high-energy,
ultrashort pulse

A second pair of gratings
reverses the dispersion of the
first pair and recompresses the pulse.

5 — y .“{'13
https://en.wikipedia.org/wiki/Chirped pulse amplification BELLA @ Berkeley, USA ||
1 PW-35 fs-40 J
1 Hz -800 nm
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DE BRUXELLES Nonlinear pulse broadening

(a)

100 Hz Ti:Sal—{ OPA -}

hollow core $ 7
Post-compressed pulse
I}S} dispersion free
j\ SHG-FROG
E 1.0—
£ |(b)
a L
. . . ®  |TL=101fs
' Dispersive mirrors g 0.5
&
E
o
£ 0.0F———t— . f—ie—etf
14 16 18 20 22
Wavelength [um]
https://www.nature.com/articles/s41566-019-0416-4 https://doi.org/10.1063/1.3359458
https://www.rp-photonics.com/pulse compression.html
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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

-UNIVERSITE
W :4 LIBRE .
et o cruxeies Comparing the two processes

/o | -

Dispersion only Constant Changes

Nonlinear process Changes ~Constant

CPA = short pulse = add dispersion to make longer = amplify =2 remove dispersion to compress

SPM broadening = short pulse = nonlinear process to broaden spectrum = remove dispersion to compress
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24 October 2002 International weekly journal of science > Ce International weeklyjournal of sdience

Attosecond physics Dream beam

Snapshots of an excited atom The dawn of ¢

mpact partigle accelerators

Ageing
How the worm
declines

Climate
change

Natural-born
storms v v

Offshore Protein folding

NOT now tuna ranches Escapeé from

A threat to the ribosome

US waters?

) Human ancestry

The Earth’s hum On 1alland

Sounds of air all from one
and sea

autumn books seasonal offerings ] technology feature RNA interference

(2002) (2004)
https://en.wikipedia.org/wiki/Attosecond physics https://en.wikipedia.org/wiki/Plasma acceleration
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DE BRUXELLES OUtIine

Laser beams and laser pulses — the basics

e Shaping and measuring laser beams and laser pulses — the basics

e 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, technigues, and exotic concepts
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DE BRUXELLES Spatio-temporal couplings (STCs)

* Anything where spatial and temporal properties are unseparable
 Often more easily explained with chromatic aberrations

Wavefront

\

Pulse
front

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 aI. ]. Opt 12. 093001 (2010) IRTG Lecture Week — October 12th and 13th, 2026 45
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Spectrum of Solar Radiation (Earth)

2.5 -
UV : Visible i Infrared »
—_ 2
1S 3 ) ) . .
E 3 Sunlight without atmospheric absorption
o~
E 1.5]
S~
% 5778K blackbody
()
] 5
% Sunlight at sea level
u
5 H,0
© .
= 0.5 Atmospheric
- absorption bands
H,0
2 Co, H.0
0
750 1000 1250 1500 1750 2000 2250 2500 T T T T T
- 650 700 750 800 850 900 950
Wavelength (nm) Wavelength [nm]

An STC

https://en.wikipedia.org/wiki/Chromatic aberration
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Volume 59, number 3 OPTICS COMMUNICATIONS

Disclaimer: STCs are not new

JOURNAL OF MODERN OPTICs, 1988, voL. 35, No. 12, 1907-1918
1 September 1986

Distortion of femtosecond laser pulses in

PULSE DISTORTIONS IN TILTED PULSE SCHEMES FOR ULTRASHORT PULSES lenses and lens systems

Oscar Eduardo MARTINEZ !
Ceilap, Citefa Conicet, Zufriategui y Varela, 1603 V. Martelli, Buenos Aires, Argentina

Received 5 March 1986

OPTICS LETTERS / Vol. 26, No. 2 / January 15, 2001

Spatially resolved amplitude and phase characterization of
femtosecond optical pulses

L. Gallmann, G. Steinmeyer, D. H. Sutter, and T. Rupp

Ultrafast Laser Physics Laboratory, Institute of Quantum Electronics, Swiss Federal Institute of Technology,
ETH Hénggerberg—HPT, CH-8093 Ziirich, Switzerland

C. Iaconis and I. A. Walmsley
The Institute of Optics, University of Rochester, Rochester, New York 14627
U. Keller

Ultrafast Laser Physics Laboratory, Institute of Quantum Electronics, Swiss Federal Institute of Technology,
ETH Henggerberg-HPT, CH-8093 Ziirich, Switzerland

Received July 6, 2000

Z. BOR}

Max-Planck Institut fiir biophysikalische Chemie,
Abteilung Laserphysik, Postfach 2841,
D-3400 Gottingen, F.R. Germany

High-order pulse front tilt caused by

high-order angular dispersion Spatio-temporal characterization of few-cycle

pulses obtained by filamentation

Yasuo Nabekawa and Katsumi Midorikawa 1 1 L L o .
RIKEN (The Institute of Physical and Chemical Research) A. Zair" , A. Guandalini’, F. Schapper’, M. Holler", J. Biegert™, L. Gallmann’,

. 2 3 P 1
2-1 Hirosawa, Wako-shi, Saitama 351-0198, Japan A. Couairon”, M. Franco®, A. Mysyrowicz’, and U. Keller
tel:+81-48-467-9503, fn‘.\‘.‘ +871-48-462-4682 JEI;H Zurich, Physics Departinent / In stitute of Quantum Electronics, 8093 Zurich, Switzerland
Centre de Physique Théorique, CNRS, Ecole Polvtechnigue, F-91128 Palaiseau, France
Laboratoire d'Optique Appliquée, Ecole Nationale Supérieure des Techmiques Avancées—Ecole Polytechnique, F-

Received October 31. 2003: Revised November 25. 2003 . 91761 Palaiseau Cedex, France
Corresponding author: zair@phys.ethz.ch

15 December 2003 / Vol. 11, No. 25/ OPTICS EXPRESS 3365

Received 13 Mar 2007: revised 9 Apr 2007: accepted 10 Apr 2007: published 18 Apr 2007
30 April 2007 / Vol. 15, No. 9 /OPTICS EXPRESS 5394
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11

SHAPING AND ANALYSIS OF PICOSECOND LIGHT PULSES
BY

C. FROEHLY, B. COLOMBEAU and M. VAMPOUILLE

U.E.R. des Sciences, Laboratoire d’Optique, E.R.A. CNRS 535, 123 Rue Albert Thomas,
87060 Limoges-Cedex, France

1983
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DE BRUXELLES Going even further in the past

Nouv. Rev. Optique, 1973, t. 4, n° 4, p. 183-196

LABORATOIRE DE PHYSIQUE GENERALE ET OPTIQUE
Faculté des Sciences et des Techniques — F-25030 Besangon Cedex

NOTIONS DE REPONSE IMPULSIONNELLE
ET DE FONCTION DE TRANSFERT TEMPORELLES
DES PUPILLES OPTIQUES,
JUSTIFICATIONS EXPERIMENTALES ET APPLICATIONS

REPONSE PERCUSSIONNELLE SPATIOTEMPORELLE
EN DIFFRACTION POLYCHROMATIQUE

par

Georges BONNET

Professeur 4 la IFaculté des Sciences *

par MoTs CLES :
Cl. FROEHLY, A. LACOURT, Tohniques de Fouster
et J. Ch. VIENOT KEY WORDS : 1975
Fourier techniques
Time coherence
1973
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afocal STC shaping
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m DE BRUXELLES Ultrashort Gaussian-Gaussian Pulse-Beam

Gaussian pulse at w,

—iZp . . 2
E = R elw0r2/2cqe—lwot’e—(t’/ro)
Monochromatic at w q
ime
—7 \n t\m
— LZR plor?/2cq p—iwt’
q
q(z) = z — iz Superposition
: E = —LZR eiwr2/2cqeiwz/ce—(w—wo)z/ﬂg
t, =t — Z/C in freq' Space q

(Fourier transform)

—iz . . 2 _
E = R eLa)orz/Zcqe—lwot’e—(t'—r2/2cq) /T3 (tog = 2/Qp)
vV Tl'TOq
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/
H —>
\

| C
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m DE BRUXELLES Few-cycle pulses are fully reshaped in S-T

Real(E)

Initial space-time distribution (g,), chromatic lenses (y), and

z=100m _/\/_ chirp (C), lead to CEP reshaping in space-time
G ] R = 2y = O S Ry
z=1.0m 20877207 A]\ 2C/ATY2—_O-‘4A1\\\”\§\ 2C/AYT_2:_8'.?AA" 2081703
R go_\—— g;lo_\ _go_
z=00m Jﬁ 7] /A
z=-1.0m j/\_’
z=-100m —\/\—
Time M. Porras, Opt. Lett. 34, 1546 (2009).
First shown with THz pulses: M. Porras, et al., Phys. Rev. A 98, 063819 (2018).

Feng & Winful, Opt. Lett. 23, 385 (1998).
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m DE BRUXELLES Standard and well-known “imposed” STCs

Often due to dispersive optics that aren’t flat
- Dispersive prisms, dispersive lenses

I

Z. Bor et al., Opt. Eng. 32, 2501 (1993).
7. Bor Optics Letters 14, 119 (1989) IRTG Lecture Week — October 12th and 13th, 2026 54
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DE BRUXELLES Connecting frequency and time

~

E = e—(T/Wo)Z e—((ﬂ)—(ﬂ)o)z/Qz eiax(a)—wo)

Vrier—transfcrm

E = e~ (/wo)? p=iwot o —([t—ax]/To)*

’
— e ——

E=¢e —(r/wo)? e —(w-w)?/Q? eiarz (w—wo)

Fourier-transform
N g "

E = e—(r/wo)ze—iwote—([t—arz]/‘ro)2

’
’
’

~
- . —

Chromatic curvature (frequencies having different focusing) is equivalent to a pulse-front curvature
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Connecting frequency and time

890((.0(), I')
Ow

p(w,r) = p(wo,r) + dw + P(w,r)

p(w,z) = ¢(w, ) o = ow

-30

-30

-30

plw,z) = (Eow) z pw,z) = (adw) z°

-30

a b c d

20 20 -20 -20

10} 10} Q| — -10
£ of of 0 0 — —
+ R —

1 0 - 1 0 - 1 0 | — 4 ’1 0

20 20 20 20

30 30 30 30

40  -20 20 40 40 -20 0 20 40 40 20 0 20 40 -40 20 0 20 40
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riw

b)

X/w

c)

rw

d)

X/wW

NF amp.
freq.

NF phase

NF phase
time

Connecting near-field and far-field
NF.amp.

FF amp. FF phase FF amp. FF phase

freq. freq. time time

]
alll

HHI

l
I

/1o

4

5 10 15 5 10 15 -4 0 4 -4 0 4
wTo WTp t/To t/To
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N

A prism imparts angular dispersion, and
also an overall tilt

* 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

I

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

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

IRTG Lecture Week — October 12th and 13th, 2026 58




MUNIVERSITE
LIBRE . .
DE BRUXELLES Analytically modeling an STC

F= —LZp eiwrz/ZCqeiwz/ce—(w—wo)z/ﬂ(z)
q
(spatial chirp)
B = ZUR jiw(lx-bw-wo)+y?)/2¢q giwz/c g ~(w-wo)? /93
q
(Fourier transform)
—iZp iwor?/2¢q ,—iwgt’ ,—(t'—(r?—2webx)/2¢c )2/4“2
E = e"o e 0" e 2 1
2\maq

1 i(web? — 2bx)
Q2 2¢cq

a =
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E =

E = —LZR eiwr2/2cqeiwz/ce—(w—wo)z/ﬂg

q

(longitudinal chromatism)

—lZg eiwr2/2c[q—a(w—w0)]eiwz/ce—(w—wo)z/ﬂg

q — a(w — wg)

No integral solution! 2.
2 00

(Numerical Fourier transform)
-2.5
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Even here | can’t go through all the details!

Progress in Optics

Available online 21 February 2026
In Press, Corrected Proof @ What's this?

Analytical models for ultrashort laser pulses
with space-time couplings

Spencer W. Jolly & =i

Show more v

+ Addto Mendeley <& Share 99 Cite

https://doi.org/10.1016/bs.po.2026.01.001 A Get rights and content 7
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2804 Vol. 50, No. 9/1 May 2025/ Optics Letters i BaSica”y, if the field
interfering with any other

OptiCS Le'tters part of itself produces

always the same

Cros_s-spectralI purity: g _Ig_enerallzatlon of spectrum, then it is NOT
spatiotemporal separability space-time coupled
MATIAS KOIVUROVA"* © aND RAJNEESH JOSHI? . .
' Center for Photonics Sciences, Department of Physics and Mathematics, University of Eastern Finland, PO. Box 111, 80101 Joensuu, Finland o It See m S th at t h |S |S fu | |y
i Departmgnt of Physics, .Government Degree College Danya, 263622 Almora, Uttarakhand, India .
matias.koivurova@uef.fi ge nera I an d rl go Frous
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* Laser beams and laser pulses — the basics

e Shaping and measuring laser beams and laser pulses — the basics

* Going to space and time: what are STCs?

e Why STCs? And why is characterization difficult?

* Overview of history and of standard techniques

* More recent measurements, technigues, and exotic concepts
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Terahertz generation

Diffraction
Grating

Tilted Pulse Front

k(Q)=k(c+Q) — k()
THz

n/2-Y

Koustuban Ravi, W. Ronny Huang, Sergio Carbajo, Xiaojun Wu, and
Franz Kartner, "Limitations to THz generation by optical rectification
using tilted pulse fronts," Opt. Express 22, 20239-20251 (2014).

IRTG Lecture Week — October 12th and 13th, 2026 64



- UNIVERSITE
ULE [ Applications to attosecond science

a b -~ - -"“'--\

Train of Spatially separated T /f’ IR focus '\\
attosecond pulses . attosecond pulses ;‘I \ ;, Vlrtual fOC" ; Real fOC" “
A \ r;/ f I /i
/. \\\ i VA,B\~\ Bt — :
Intense laser pulse ,5\:’\ -7 Intense laser pulse 1 | :
\ ) ’9,’, -7 \with wavefront rotation “}’ . . -r\ i
X7 ~0 P i
/, X PN G ~ i
\ \--- - \ ) ]
\ Generation ! \'
:Iacuum \/ :Iacuum \/ \\ medlum ’//
\\\ __’_/
€ Laser intensity profile One-dimensional spatial chirp Wavefrontdr;tation / XUV fOCUS
' W\K}\/\/ IR beam
: : ‘ SAMNAAN T
SR A S XUV focusing optics
Position x Frequency w Time t
H. Vincenti & F. Quéré, PRL 108, 113904 (2012). E. Frumker et al., Opt. Express 20, 13870 (2012).
J. H. Wheeler et al., Nat. Phot. 6, 829, (2012). H. Wikmark et al., PNAS 116, 4779 (2019).
K. T. Kim et al., Nat. Phot. 7, 651 (2013). 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. Martin-Hernandez, et al., arXiv:2507.04550

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.
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Waveguiding beam

!

Spherical
mirror
Lens HHG f =700 mm -
HHG beam _P_.— VPP = f(a, ) SXRL
(50 mJ, 30 fs) e Gl wmsd Diagnostics
Al filter
Chromatic
doublets
acton «

Pump beam
(15).30fs)

A. Kabacinski, et al., Nat. Photonics 17, 354 (2023).
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Steering laser-plasma acceleration

a
Compressor
Counts (arb. u)
a) angular chirp (urad nm™) 0 At
-1.13 0.06 0.98 1.57
10- ‘ :
o Fr
B-10- . o
E
=-20- "
2
2 50 -5 50 -5 50-5 505
2 y-axis deviation (mrad)
2 10 C
$ LT b)
% [ 16
S A
+ :
=10 3 12F
i 1,0 05 00 05 1,0 o g >
angular chirp (purad nm™) 2 108
s i
S 8

A. Popp et al., PRL 105, 215001, (2010).
K. Zeil et al., Nat. Comm. 3, 874 (2012).

sr' "

-20 -15 <10 -5 O 5§ 5 0
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5

Number of protons (10° MeV™" sr™")
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Recently demonstrated also experimentally!

TC15152J13

a

A. Debus et al., PRX 9, 031044, (2019).
J. P. Palastro et al., PRL 124, 134802, (2020).
C. Caizergues et aI. Nat. PhOt. 14 475 (2020) IRTG Lecture Week — October 12th and 13th, 2026 68
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Enhancing precision in fs-laser material processing by s , _
simultaneous spatial and temporal focusing SSTF = Simultaneous Spatial and Temporal Focusing

3,4,5

Robert Kammel', Roland Ackermann', Jens Thomas"?, Jorg Gotte®, Stefan Skupin™™”, Andreas Tiinnermann'®

and Sefan Nolte oo syt Rapid, continuous projection multi-photon 3D
!I shutter y Y printing enabled by spatiotemporal focusing of
> Delay line femtosecond pulses
Beam splitter o Paul Somers', Zihao Liang?, Jason E. Johnson', Bryan W. Boudouris>® Liang Pan®' and Xianfan Xu@®' ™

Cylinder lens
telescope

_> ‘(_ 2WxO
DMD

Water

cell Filter
[ oL
Parabolic g Print plane
mirror —_ A 4 - _
t Glass F , YX — unit cell
Grating Camera Spectrometer DMD patterns for a
unit cell

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).
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DE BRUXELLES Chromatic confocal microscopy?

R

SPECTROMETER

il
f Al

PRECITEC

chromatic
confocal
principle

=
L e ——
—F sennmna R, = =

topography of a watch measurement

But the light doesn’t need to be temporally coherent here, only broadband
= is there a coherent/nonlinear version of chromatic microscopy?
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Transverse position
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- O
H
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- o

04
1 0

frequency 1

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

G. Pariente et al., Nat. Phot. 10, 547 (2016).
M. A. Porras, Opt. Lett. 34, 1546 (2009).

o
Aejap dnoio

il e

o
Aejap dnoio

- QO e e

Intensity ratio
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\ T
| —
0.8 1 — |
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0.0 ———— T T
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- very relevant for the big
lasers that drive laser-
plasma acceleration

- Potentially relevant for the
shortest lasers that drive
HHG, photoionization etc.

M. Porras, Z. Horvath,
B. Major, Phys. Rev. A
98, 063819 (2018).
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Optics EXPRESS N N (b) 10 rr‘lJ/cmz., 50 mJ‘/ch, L/0 mJ/c;nQ,
- . ) - after 10 min after 10 min after 10 min
(=)} vy —
i T S S A
Wavefront degradation of a 200 TW laser from . . ’ 5 “ ]
heat-induced deformation of in-vacuum E :
. g ! 10 mJ/em? a
compressor gratings = :
Z ! |
VINCENT LEROUX,'2:" SPENCER W. JOLLY,"2 MATTHIAS : Somdfens
ScHNEPP,! TIMO EICHNER,! SOREN JALAS,' MANUEL KIRCHEN,' ' 1
PHILIPP MESSNER,' CHRISTIAN WERLE,! PAUL WINKLER,'-3 AND - |
ANDREAS R. MAIER! i "
| : 70mJ/‘cm‘ | | | | | | |
! Center for Free-Electron Laser Science & Department of Physics, Universitiit Hamburg, Hamburg, 00 5 10 15 20 25 30 35 40 45 50 55 60

Germany
2 Institute of Physics of the ASCR, ELI-Beamlines project, Prague, Czech Republic
JDeutsches Elektronen-Synchrotron DESY, Hamburg, Germany

Time [min]

s . , 40

5.00 o

& 30] = 2.50Hz (B

£ Qe
D ioti f tio-t I li £ RS = 1.67 Hz WO =

escription of spatio-temporal couplings from z 0l — 1.00Hz e
heat-induced compressor grating deformation s |
X
VINCENT LEROUX,1:2® Timo EICHNER,%" AND ANDREAS R. = 107
MAIER?
! Deutsches Elektronen-Synchrotron DESY, Hamburg, Germany 0 0 "] é é 4'1 é 6
2 Center for Free-Electron Laser Science & Department of Physics Universitit Hamburg, Hamburg, Laser energy [J]
Germany
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1- Spatial profile f(x,y) — y
Wavefront A (temporally/spectrally Wavefront 2- Local time profile g(t)
—_— integrated) — Local duration T

Pulse Pulse
front front
—
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LIBRE .
DE BRUXELLES Where does it go wrong?

Wavefront : Wav“efrOf‘)t 1- Spatial profile f(X,Y) - E(X t)
(temporally/spectrally 24
Pulse =
front averaged)
f(xy).a(t)
2- Local time profile g(t)
— Local duration T » P =E/ T
- Estimated
peak power

This neqglects Spatio-temporal couplings (STC)

[E60y,0)7 Fixy).att)] ) P=£/7,

Real
peak power
Spatial dependence Temporal (or spectral)
of the temporal (or spectral) OR | dependence of the spatial
properties properties
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UNIVERSITE
m DE BRUXELLES Spatio-temporal amplitude and phase

We need to determine

-30

2 E(t,r) = A(t,r)et¢tr)

-10 ¢

10- | — —— g ‘

20 | ] ~

E(w,r) = A(w,r)e’P@r)

Time ¢
o
tl'

30 ' ; :
-40 -20 0 20 40

Position x

= /I(w,r)e’?@r)

A beam can be locally short
everywhere, Spatio-spectral Spatio-spectral

BUT globally long! intensity: Phase:
‘Easily’ measured  Challenging!
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DE BRUXELLES OUtIine

* Laser beams and laser pulses — the basics

e 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?

 Qverview of history and of standard techniques

* More recent measurements, technigues, and exotic concepts
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SEA TADPOLE

Camera

X
Spectrometer

Reference

pulse 0=
[
U«L Fibers
—
Unknown Collimating
pulse lens, /'
Fig. 2. Experiment setup for SE. .-\T-\DPOL_ ‘The reference and uzknowr puls mm

fibers. In the horizontal dime: is
‘eri nt!ba camzva using the grating and the \mdncal leps.
merging from the two fibers crosses at a small angle and
‘makes horizonzal spatial fringes at the CCD camera.

Bowlan et al., 2006

SPIDER 2D

Spatio-temporal metrology: many techniques

STRIPED FISH

Vol 31, No. 11 / November 2014 / J. Opt. Soc. Am. B 2737

HAMSTER

M

+ input pulses

1 : :
L —— . M.!r |12 L5 L6

RS, I

w|Hartmann-Shack| | )|
FM A wavefront sensor X
=—=l4 i L7
X
L2 yz —_—13 | Spectrometer I =
F

g

RED-SEA TADPOLE

Rcfcrcncc source

Ullrashort pulsc \

S212 Applied Physics B — Lasers and Optics
qu Two speclral!yf Two
replicas sheared replicas .
Crystal replicas  Crystal

—

See recent overviews:

Two spectrally-
sheared replicas X

i

= i

—
Lens K L : !
Chirped pulse Chirped pulse >

c (0]

FIGURE 2 Generation of a spectral shear. In a, the non-linear interaction is performed with two focused replicas of the input field and an unfocused chirped
pulse. In b, the non-linear interaction is performed with two unfocused replicas of the input field and a spatially expanded chirped pulse. In the resulting
experimental interferogram, plotted in ¢, the fringes are due to the delay T between the two interfering pulses, so that they are perpendicular to the frequency

axis. This measurement was performed around the upconverted frequency

Dorrer et al., 2001

IRTG Lecture V\RPakiente @ical] Nature Phot2q0; 547-553 (2016)

| ' II

|"|' Unknown beam
I

iy Reference beam

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. Dopp, & S. W. Jolly, APL Photonics 9, 070901 (2024).

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

PhD thesis V. Gallet, (2014)
Gallet, Pariente, Quéré, patent (2014)

g. 1. Experimental setup for a RED-SEA TADPOLE.

eam splitter, CL = cylindrical lens, IF = interference
O = microscope objective. A typical measured inter-

is displayed in (a), and shows two interference pat-
roduced by the reference source R (left) and the fs
(right). Panel (b) shows the retrieved spectral ampli-
dark lines) and relative spectral phases Ag; ;(w) and
) (dashed gray lines) derived from (a) for both

allet et al., 2014

A. Borot, et al., Opt. Exp. 26, 26444 (2018).
https://www.sourcelab-plasma.com/laser-
shaping/beam-shaping-catalog/insight/
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m IlleB:;EUXELLES Take d Step baCk

e |sit2-D or 3-D? “different techniques just shift the
hard part of the measurement to

. . a different subsystem”
* [sit single-shot or scanning?

* |sthere some type of hard limit on resolution?
* |s there a required (perfect) reference beam?

* [sit truly a space-time device or “just” space-spectrum?
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m DE BRUXELLES Simple but partial measurement example (1/2)

| ccD

Interferometric
Focusing bandpass filter
optics
Focal spot image with full spectrum Focal spot image with bandpass filter
(=70 nm FWHM @ 800 nm) =10 nm FWHM @ 800 nm)




UNIVERSITE
oe sruxertes  Simple but partial measurement example (2/2)

Entrance slit

Attenuated
beam

Microscope Imaging
objective Interfero spectro
-20 51 ‘ ] bandpass

(g)_

Focal spot image

y (Hm)

760 780 800 8é0 840

)\L(nm) - @ ___________
20 | ' 5 '
y

B0,y )|’ (d)

: Sum

x (Hm)

20 E— ' : : -
760 780 800 820 840
S. Kahaly et al., Appl. Phys. A(nm)
Lett. 104. 054103 (2014) IRTG Lecture Week — October 12th and 13th, 2026
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DE BRUXELLES Modified single-shot autocorrelators

A\

M2
E’ N ()
o ’ M3
R x . x74 Curved
vSI‘x v'%;x pulse-front NM6)
1 | o
ase 3 CCD So
near field o=
Aperture 58
5
M7 Scanning
TPF-SSAC Trace TPF-SSAC Trace
7 ; 2 '
% : \
£ £
A XA
F. Wu et al., Opt. Comm. 367, 259 (2016).
T (arb units) T (arb units)

Z. Sacks et al., Opt. Lett. 26, 462 (2001).
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BIEBEEUXELLES 2D versions of SPIDER

SPIDER-2D
SEA-SPIDER
- / SEA-F-SPIDER
copies
L1 TP L2
i T FM 4
/| MgV
==
‘ Imaging
F2 . § Spectrometer
e

C. Dorrer et al., Opt. Lett. 27, 462 (2002).
T Witting et aI. Opt Lett. 34 881 (2009) IRTG Lecture Week — October 12th and 13th, 2026 82
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DE BRUXELLES Towards “complete” measurements
#1 — Spatially-resolving a #2 — Spectrally-resolving a
spectral measurement spatial measurement

Yes, these are really different

IRTG Lecture Week — October 12th and 13th, 2026
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SEA-TADPOLE and STARFISH
(a) SEA TADPOLE trace of a Chirped Pulse

200
400
(3}
%
% 500
800
1000 ——
780 790 800 810 820
Wavelength (nm)
Reference ' 'AE;"',S'W'
pulse

Fibers 2d

N Grating
2D \
Scanning Fixed Fiber Collimating
Uiikiiawis Stage fx End lens, f
pulse ~—

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).
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ves LA RED-SEA-TADPOLE

800

750 &

w1 2-d translation

V. Ga”et ot aI., Opt Lett. 39’ 4687 (2014) IRTG Lecture Week — October 12th and 13th, 2026 85
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Weakness in spatial sampling

2

%
T

wra ppe.:d

! '

® | !

! ® ®

' ! !
'

i gy

-—
-

o
/

!

¢, unwrapped g
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Egr(t) = E(t,ro)

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

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

From SEA-TADPOLE to TERMITES

Measure 2D
interference pattern

S(r,r) = fdt E(t.t)+ Er(t — 1)

Measure as
a function of t ‘
s(t,r) = /th(t, r)En(t— 1)

FFT with

respectto v ‘

According to Wiener—Khintchine’s theorem:

s(w,r) = Elw,r)EL(w)

Screen
or camera

IRTG Lecture Week — October 12th and 13th, 2026
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BS

TERMITES

Er(w,r) = E(w, fr)

Screen
(or camera)

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

X (mm)

Unknown

-10;

10}

beam

Reference
beam

T

200

0 200
T (fs)
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DE BRUXELLES Frequency-resolved wavefront measurements

| flim
input beam#

—

Step 1: | FROG |--- -.
E(w) or E(t)
@ one (X,y) B
Step 2: ¢(x,0)
: input beam
Step 1: E(w) or E(t)

@ one (Xx,Y)
LU -
W ()] m
AOPDF # WFS
| fIi‘F‘J)

Step 2: (x,y)

@ each o

E. Rubino et al., Opt. Lett. 34, 3854 (2009)

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).

input beam%@

filter '

imagine| Jophic
HASO Multispectral

> A
n _31 .
—
==%%@

Bayer 2 X2 89

S. Cousin et al., Opt. Lett. 37, 3291 (2012). IRTG Lecture Week — October 12thand 13th, 2026 ' _ PV’ - o . £X 2.




mIE)IEB;EUXELLES STRIPED_F|SH

patially and emporally esolved ntensity and
hase valuation evice: ull nformation from a

ingle ologram ( ): E(X,y,t) on one
shot _ Variable- :
Slightly wavelength Many different-
rotated band-pass color holograms

2D filter: Camera

coa(se A=A6)
grating

Unknown
pulse
_4 -
Reference Many
pulse beam

Gabolde and Trebino, Optics Express 14, 11460 (2006).
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EB'EBEEUXELLES CROAK technique

| ﬂiﬁ : .
input beam #*magmg
- : spec.

Step 1: —— Step 2:
S FR _———-
E(w) or E(t) 0G A(X,®) @ NF
@ one (X,y)

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



UNIVERSITE
oesruxeries  INsight: a reference-free, phase retrieval approach
( F(x v ()

imagine| Jophic

Frequent ependent

Focal spot optimization

amj

PHARRD
oRGHNOSIS

Phase Retrieval algorithm
PhaRAO is an optional extension
of WaveTune. With the help of a
simple far field camera, PharAQ
enables users to control and

optimize the focal spot directly in
the interaction chamber.

N

\_
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E'EBEEUXELLES Insight in one glance

w

Fourier spectroscopy
Amplitude profiles

7Z+0Z

G&S algorithm
Phase profiles

o(x,y,w)

™~

A(x,y,w)
A. Borot and F. Quéré, Opt. Exp. 26, 26444 (2018).

Complex electric field
E(x,y,w)
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Experimental setup of Insight

Amplitude profile
for each frequency

IRTG Lecture Week — October 12th and 13th, 2026
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m DE BRUXELLES Insight: Spatio-spectral imager at the focus

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

Source [N

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

DE BRUXELLES OUtIine

Laser beams and laser pulses — the basics

e 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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E'EBEEUXELLES New: Insight Quadro

CCD Interfero Z0 _J

focus spot

| CCD Interfero -Z

before focus

CCD Interfero +Z |

after focus

CCD Direct -
M Laser Input Beam

- Manual Stage for

- dZ injection adjustment
Source 1Y)

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

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

97



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

UNIVERSITE
MB'EBEEUXELLES New: Few-shot plugin

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.

SO|IdZ Standard — XTilt —— Defocus —— Mertical Astip. —— Horizontal Coma l1.0 0.20 —
e el 0.2 ¥Tilt Oblique Astig. &rtical Coma —— Vertical Trefoil mm standard acquisition
acquisition w 0151 few-shot acquisition
Dash: few-shot 2 o0l . 1,
acquisition D e - II II
0.1 v 0.05 -
D" B BT
% Fo.4 % —0.10 II
X E -0.15 !!
el N A . -0.20 1 1 ‘ < <
_____________ & & & & & 4.§°‘ ég@‘
¢ & &L 6»“?\ é?\ & 6‘?\
~0.2 | | | | | -o.0 o‘°\\ 406 ¥ ¢°{¢° 466 éoi""o
760 780 wavele:(;l:h (] 820 840 Aberrations
e (Can extract quantitatively the spectrally resolved Zernike coefficients,
about 10 times faster than the standard procedure in INSIGHT.
e Particularly useful for quasi-real time iterative alignment of complex
S o U rC e components (e.g. compressor gratings).
https://www.sourcelab-plasma.com/laser-shaping/beam-shaping-catalog/insight/
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UNIVERSITE
m oesruxeries A new version of Insight with birefringent prisms

a) 1 fs steps
g 0.5 fs steps
5 [N
=
‘%n 0.33 fs steps
1 I 1 I I | |
— / I / I -200 -150 -100 -50 O 50 100 150 200
7
. L Delay [fs]
input \
it PBS b
BS  HWPl calite  FBS )

~ef—- - _
after HWP after first calcite block after caICIte Wedges after PBS , 600 nm cutoff
LNJ Pyt hoidiyth ™ 300 NM

LRLHCR R

Higher precision for delay steps 2 3 4 5 6 7 8 9
Angular Frequency [rad/fs]

Spectrum [arb. u.]

—>shorter wavelengths (limited only by optics)
—>0One avenue towards compressed sensing (fewer shots)

—>removes noise due to fluctuation of the delay // NI RED -

S. W. JoIIy et aI., OSA Continuum 4’ 2044 (2021).IRTG Lecture Week — October 12th and 13th, 2026
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DE BRUXELLES CASSI + phase retrieval

“Coded-Aperture Snapshot Spectral Imaging”
P P P ging CASSI setup

A(x,y,m)

( CASSI algo.
+

‘ Phase retrieval

cp(x,y,(oi)

H. Tang et aI., Light: Sci. App 11’ 244 (2022) IRTG Lecture Week — October 12th and 13th, 2026 100
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Hyperspectral wavefront + advanced algorithms

ago Group delay dispersion
B

a(},o Group delay

_ Spatio-spectral phase
L Oy, @) = ) a) (0 — o) Zrx,y)

m.n.i 100- .

ey | | ( \

= 75 |' .' [ |
S = N\
8 Al | -
) E 5091 [ \] . | [\
Spatial phase @&,y) = Za,,,,,,z,',"(x, y). E | \1 N\
c | | { ‘\

Eaff || )

| B

0 / \" | \

760 780 800 820 840
Wavelength [nm]

S. Howard et al., HPLS&E 11, e32 (2023).
N. WeilSe et al., Opt. Express 31, 19733 (2023).
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m DE BRUXELLES Single-shot measurements at CoRelS in Korea

“multispectral wavefront sensor” @[ 7z 8% T T Tl

Spectrometer
v 2

i Transmitted spectrum

0t order

Etalon

Input pulse 1%t order ‘1 | p
‘\TM = ;.A. ". ' /»u_‘ /11 / /{4
p) Spectrally
Input spectrum Wavefront separated spot
sensor image

J. W. Yoon et al., Optica 8, 630 (2021).
Y. G. Kim et aI. Opt Express 29 19506 (2021) IRTG Lecture Week — October 12th and 13th, 2026 102



DE BRUXELLES Single-shot measurements at LLNL(+GT) in USA

STRIPED-FISH technique

x610
80
60 4 §)
0 g
2 7
20 § é
0 0
3 3
hal - 25
40 & 3
-60 -4%
-80
-6
X/mm
Figure 7. Drift over the course of the shot day in the arrival time
(a) and center frequency (b).
E. Grace et a| J Opt 23 075505 (2021) IRTG Lecture Week — October 12th and 13th, 2026 103
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m DE BRUXELLES Broadband ptychography

Narrowband

€)) Fourier lens
N

Diffraction ¥
grating /1
[

——
—
R —
S——
—

' =
Detector \‘ e

Broadband

Inside Crystal

—

()

RMSE 8.1%

Relative Intensity [a.u.]

~O

60 780 800 820
Wavelength [nm]

D. Goldberger et al., Opt. Express 28, 18887 (2020).
D. Goldberger et al., Opt. Express 29, 32474 (2021).

D. Goldberger et al., Optica 9, 894 (2022).
D. Goldberger et al., Opt. Lett. 48, 3455 (2023).
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ULE IS Beamlet cross-correlation

plane mirror with
a scanning segment

________________________________________

H ultrashort pulse pinholes
with STC ¢

focusing
optic

piezo stack

mask

".*"’

complex field

ultrashort pulse structure

FF CCD
with STC L selector

camera

objective

camera

focussing X

X
time integrated CCD

mirror far-field interferece
in space-time fringe pattern
S. Smartsev et al., Opt. Lett. 49, 1900 (2024).
S. Smartsev et al., J. Opt. 24, 115503 (2022). “IMPALA”
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DE BRUXELLES Another example of new work

nature communications a

Article https://doi.org/10.1038/s41467-025-66847-w

Single-shot hyperspectral wavefront imaging

Received: 21 November 2024 Baptiste Blochet®'' , Nathalie Lebas?, Pascal Berto**
Dimitrios Papadopoulos? & Marc Guillon®"4°

4

Accepted: 177 November 2025

a. Scheme optical setup S Camera sensor €. Angular memory effect
Published online: 04 December 2025 gggnm
1.0 nm
c == 700nm
52 = 300NmM
S ©
2
<5
o
it 0.7
. e M| -20 0 20
b. Problem to inverse (ii) Reference patterns (R;) OUtbut plane Angle (mrad)
. —... d. Spectral correlation width
(" (i) Multiplexed | S s £2-2
image (M) A (iv) Wavefronts (gj) | &£ <
S . =
s o
(iii) Physical model 818
a(pi d a(Pi
M = i-R LY L A ____._-—*
Za 1(x+k0 T A ay) - sooWavelength(nm)soo
\
B BIochet et a| Nat. Comm. 17. 137 (2026) IRTG Lecture Week — October 12th and 13th, 2026 106
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DE BRUXELLES ELI-NP is on the forefront too

Article submitted to: High Power Laser Science and Engineering,2026

~ — No filter
. — 850 nm filter

1.0 (a)

... Stitched
Enhanced dynamic range spatio-spectral metrology of
=]
few-cycle laser pulses & 06
4]
2
Cristian Alexe'>*", Aaron Liberman*", Saga Westerberg®, Andrea Angella®, Anda-Maria Talposi*, Ann- § ol
Kathrin Raab’, Erik Lofquist’, Alice Dumitru!>?, Andrew H. Okukura'??, Flanish D’Souza®, Cornelia =
Gustafsson®, Anders Persson’, Chen Guo’, Cord Armold®, Olle Lundh’, Victor Malka'*, and Daniel
Ursescu!-2-3-1
0.2:
'Extreme Light Infrastructure - Nuclear Physics, National Institute for Physics and Nuclear Engineering
Horia Hulubei, 30 Reactorului str., Mdgurele, 077125, Ilfov, Romania
0.0 @ : : : : el
700 750 800 850 900 950 1000
A (nm)
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DE BRUXELLES Comparisons are only now becoming possible
Vol. 32, No. 92 Ap 2024/ Optics Exs 15710 |

Optics EXPRESS

Systematic comparison of commercial devices
for temporal characterization of few-cycle laser
pulses in the 500-1000 nm spectral range

VIKTOR PAJER," ® JANOS BOHUS, " ® ABDOLLAH MALAKZADEH,
LEVENTE LEHOTAI, MIKHAIL KALASHNIKOV, IMRE SERES,
BARNABAS GILICZE, BALINT Kiss, ADAM BORzSONYI, KATALIN
VARJU, GABOR SZABO, AND ROLAND NAGYMIHALY

ELI ALPS, ELI-HU Non-Profit Ltd., Wolfgang Sandner utca 3., Szeged, H-6728, Hungary
TThese authors contributed equally to this work

Hanos. Bohus @eli-alps. Systematic comparison of spatio-temporal coupling
characterization techniques

Poster

September 2024
Conference: ICUIL 2024

£ Levente Lehotai - @ Roland Sandor Nagymihaly - @ Viktor Pajer - Show all 6 authors -
Adam Boérzsényi

V. Pajer’ et al.’ Opt|cs Express 32’ 15710 (2024)' IRTG Lecture Week — October 12th and 13th, 2026 108
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DE BRUXELLES Space-time-polarization measurements

Ey (a.u.
N X (a; ) By (au.
(a) (b)
5.
4 W ' i
£ ,1!‘” i v
E 31 0
>
| b Rix
2' i m e b !Iiil'
1 i " B «#0b4¢
] X
. i : 2
g 50 0 -50 £—> “0:3

t (fs) 4 ‘
Ey (a.u.)

_ 1 Ey (a.u.)
> (c) g 0.5

w\\\
= m

50 0 -50
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B. Alonso et al., Comm. Physics 3, 151 (2020).

A. Zdagkas et al., APL Photonics 6, 116103 (2021).
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* Decrease the resolution of the X0 B
device to allow for single-shot with A Bayesian perspective on single-shot laser
characterization

a simple device

J. Esslinger %, N. WeiRe, C. Eberle, J. Schroder , S. Howard, P. Norreys %, S, Karsch, and A. D6pp 8 4 Authors
Info & Affiliations

* Decrease your expectations for how
{lcomplete” you Wa nt/need your \Oi::):;rH;;c,d;OZS 122 (43) 2510645122 https://doi.org/10.1073/pnas.2510645122
measurement to be

Edited by Victor Malka, Weizmann Institute of Science, Rehovot, Israel; received April 29, 2025; accepted September 2, 2025 by Editorial Board

e Mak ti h | J. Esslinger, et al., A Bayesian perspective on single-shot laser
ake assumptions on how complex characterization, Proc. Natl. Acad. Sci. U.S.A. 122 (43)

your laser beam is 2510645122, https://doi.org/10.1073/pnas.2510645122 (2025).

 Update your uncertainty based on
past measurements
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- Spatial measurement of CEP
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Nanotip
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V. Hanus et al., Nat. Comm. 14, 5068 (2023).

D. Hoff et al., Nat. Phys. 13, 947 (2017).
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e |sit2-Dor 3-D?

* Is it single-shot or scanning? usually related

_

* |sthere some type of hard limit on resolution?

* |s there a required (perfect) reference beam?
this can be a big limitation

* |sit truly a space-time device or “just” space-spectrum?
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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Survey of couplings on many systems

Joule-level amplifier physics

% % E%ESS% 5 A (nm) A (nm)
L:).ca:ion of | 8 3 oo ; ; § o 840810 780 840 810 780
spatio-tempora 2 2 Sx<-z2 2
measurements l l llIlll l 100 cz,
€ 3
. | L High-gain | | High-energy | | Imaging, e Post E’ %
Oscillator { Stretcher r amplification [ | amplification || Shaping [ ompressor Compression 2 g‘.
£ttt ft it
o =
> > @ O s 5 wcLo Identified sources 8 ;
(:'Ui c:g E § n > E S o § of spatio-temporal —-100 5
o © > 9 2 v > § =3 couplings
S S w x x4 2.252.35 2.45 2.25 2.35 2.45
s s w (rad/fs) w (rad/fs)
w (rad/fs) w (rad/fs)
2.25 2.30 2.35 2.40 2.25 2.30 2,35 2.40
s 1 1 1 1 1 1 1 1
98 24(a) (b) l; B
: : £E 2
Big collaboration: e : § 2
5 e [ - 0 o —
. =
Salle Jaune & Salle Noire @ LOA =
O 71 prad =0
UHI-100 @ CEA . =2 21 =Fije 2 g
BELLA @ Berkeley Lab
DRACO TW & PW @ HZDR ‘ 0 prad 71 prad 124 prad 216 prad ) Cl
[]
Industrlal system @ Amplitude - 3
3 o
LASERIX @ Orsay = -‘g’
@f

A. Jeandet et al., Opt. Express 30, 3262 (2022).

X (um

um)
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pump 3®
I, FF [xo, NF Ixy NF Wavefront NF
T 2 2 - 0.5
o . Yy
GEJ £ - = . amplified m
5 = 07 Q £09 1 T = 9 (3 seed beam R
8 < w¥ = Ry = = — Fl
0 =< 2 = : ol
2 -2 T T -2 T T JT\ T T @ 0 E) .- .‘. ‘.
2 2 = 3 1~ NN
c & 3 .
o = £ =
2 £ E 5 BBO u I(y
S £ o Eo z 1 - - focusing focal
2 -2 T T -2 T T /—fl\\ T T -0.5 S S S
750 800 850 750 800 850 -2 O 2750 800 850
A [nm] A [nm] Y [mm)] A [nm]
A A A
T. Eichner et al., Opt. Express 30, 3404 (2022). A. De Andres et al., Opt. Exp. 31, 12036 (2023).
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“Chromatic” version “Ultrashort” version

i

1 o

-

a) v=c ) & o/ ‘ /

Zf 1 C '
f radial delay and
2y [ i spherical aberration

Intensity peak that travels at a

A. Saint-Marie, et al., Optica 4, 1298 (2017). velocity wildly different than “c”

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). IRTG Lecture Week — October 12th and 13th, 2026 116
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pulse-front tilt and
axicon effect

50 49
=
2 0
X
_50 -
1 1 1
—-2000 —1000 0
z [um]

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).

T
1000

Non-diffracting space-time beams

Space-time shaping removes constraints

g Spatial light Space-time
3 ' modulator (SLM) light sheet
o
=
L r .
/ i
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— ]
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i) =l 2 (23 )m (o) % (55)”

exp -k ;E)) exp(—il) exp(it(2)),

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).
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Spatiotemporal light springs
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Spatiotemporal optical vortex

b

/
o
r (mm) if

N. Jhajj et al., Phys. Rev. X 6, 031037 (2016). F

S. Hancock et al., Optica 6, 1547 (2019). .

A. Chong et al., Nat. Phot. 14, 350 (2020). 0.2 g

S. Hancock et al, Phys. Rev. Lett. 127, 193901 (2021). -200 0 200 -200

t' (fs
M. Porras, Opt. Lett. 48, 367 (2023). =
C. Wan et al., eLight 3, 11 (2023).

A. Bekshaev, APL Photonics 9’ 110806 (2024)' IRTG Lecture Week — October 12th and 13th, 2026
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b
I SL.M ok Grating
Femtosecond PBS 'BS. /?.,,lv’ o '3
pulsed laser - ;’ —— Sk
— Dy M
galeanl |
HWP LS
_ HWP
\ “  PBS SF
BD s CCD
P BS
Examples :
M. Mounaix et al., Nat. Comm. 11, 5813 (2020). ' Tutorials :
D. Cruz-Delgado, et al., Nat. Photonics 16, 686 (2022). Qiwen Zhan, "Spatiotemporal sculpturing of light: a tutorial," Adv.
Q. Caoetal, Nat. Comm. 15, 7821 (2024). Murat Yessenov and Ayman F. Abouraddy, "Optical spatiotemporal
S. Huang et al., Sci. Advances 10, eadn6206 (2024). Fourier synthesis: tutorial," J. Opt. Soc. Am. A 42, 1295-1315 (2025).

W. Chen et al., Nat. Comm. 16, 2818 (2025).
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He et al. Light: Science & Applications (2022)11:205 Official journal of the CIOMP 2047-7538
https//doi.org/10.1038/541377-022-00897-3 www.nature.com/Isa
| OPEN ACCESS|
REVIEW PERSPECTIVE Open Access JERT T Journlof Opics
www.lpr-journal.org J. Opt. 25 (2023) 093001 (59pp) https://doi.org/10.1088/2040-8986/acsddc
. . Towards higher-dimensional structured light
Nonseparable States of Light: From Quantum to Classical - " ,, Roadma
Chao He®'™, Yijie Shen@* and Andrew Forbes@®™ P

Yijie Shen* and Carmelo Rosales-Guzmdn*

Polarization Temporal Momentum
SAM envelope P—
. (SAM) v (wave vector) -

Roadmap on spatiotemporal light fields
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Research Article Vol. 31, No. 6/ 13 Mar 2023/ Optics Express 10237 |

Optics EXPRESS

Ultrashort laser pulses with chromatic
astigmatism

SPENCER W. JOLLY'

Service OPERA-Photonique, Université libre de Bruxelles (ULB), Brussels, Belgium
*spencer.jolly@ulb.be

t/TO =-1.73

0.58

-{b5)
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S. W. Jolly, Opt. Express 31, 10237 (2023).
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6448 Vol. 48, No. 24 /15 December 2023/ Optics Letters Letter

Control of vortex orientation of ultrashort optical
pulses using a spatial chirp s g
MicuEL A. PorrAs"* © anp SPENCER W. JoLLY?® ©
1.00
0.75
Article g 0.50
Influence of Spatio-Temporal Couplings on Focused wzs
Optical Vortices
2
Anda-Maria Talposi (1, Vicentiu Iancu “* and Daniel Ursescu '>* g 0
-2
-2.5 0.0 25-25 0.0 25-25 0.0 2.5
A.-M. Talposi et al., Photonics 9, 389 (2022). e 2 2
M. A. Porras & S. W. Jolly, Opt. Lett. 48, 6448 (2023).
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m DE BRUXELLES Radially-polarized beam with spatial chirp
Vol. 41, No. 3/ March 2024 / Journal of the Optical Society of America B 577
_ Joumnal of the
Optical Society B
of America

Analytical fields of ultrashort radially polarized
laser beams with spatial chirp

SPENCER W. JoLLY"* @ anD MIGUEL A. PORRAS??

OPTICAL PHYSICS

X/So

£ w 7\ 1 i

S. W. Jolly & M. A. Porras, JOSA B 41, 577 (2024).
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Hermite-Gaussian with spatial chirp
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o

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
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Vortex (LG) with spatial chirp HG with spatial chi
with spatial chirp

Rad-pol with spatial chirp

t/to t/to
2 -1 0 1 2 2 -1 0 1 2

C
//////////,:::.\\\\\\\\\ NN //////////:::::::::\\\\\\\\\\

t(fs) t (fs) t (fs)

ylso

for CW vector and LG/HG beams, but now it is via spatial
chirp and space-time vortices.

T T
-2.5 0.0 25-25 0.0 25-25 0.0 2.5
X/So X/So X/Sg

[There is also some sort of mystical connection here, like ]
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3

S.W. JoIIy, Phys Rev. A 113’ 013511 (2026) IRTG Lecture Week — October 12th and 13th, 2026 | 131
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2) N
\\ * Previous solutions are not accurate with high NA
w! /\ * Spherical waves, complex source model, Hertz
Z < M ;-_6__* potentials, ..., ..., numerical Fourier transform
f * The scaling of space-time effects [NF2>FF] changes
* Vector components are complicated
b) /  Compare to diffraction-integral methods

(some overlap with Q. Zhan’s work)

—>Nanometric SSTF or flying focus

= Important for focusing to high intensity
—>Nanophotonics!

I N —> Atomic or molecular control? o INFINITE
& 77~ POTENTIAL

Rs :::f::ur:::;:nhf @ NSERE %» H L LS Digital Research Alliance de recherche

scientifique EHSNG m Advanced Laser Light Source Alliance of Canada numérique du Canada
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J. Opt. 26 (2024) 095607 (12pp) https://doi.org/10.1088/204

Closed forms for spatiotemporal optical
vortices and sagittal skyrmionic pulses

S Vo', R Gutiérrez-Cuevas’® and M A Alonso'***

! The Institute of Optics, University of Rochester, Rochester, NY 14627, United States of America

2 Institut Langevin, ESPCI Paris, Université PSL, CNRS, 75005 Paris, France

3 Aix Marseille Univ, CNRS, Centrale Med, Institut Fresnel, UMR 7249, Marseille Cedex 20, 13397,
France

4 Laboratory for Laser Energetics, University of Rochester, Rochester, NY 14627, United States of
America

wot-:' 120 w0t='60 w0t=0 w0t=60 w0t=120
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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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$5C, B=1

* We went right to combing w /““\\ | D
“structured light” or
oL : _ V24 . = T ¢
hlghelr Erder beams with T T — (r/4,0}
spatial chirp :Q t@ :@
e But actually, even looking at

a Gaussian beam is T ¢ T ¢ T ¢
{r/4,7/6} {r/4,7/3} {r/4,7/2}

interesting :@ g@ t@

* One last complication, let’s

consider an elliptically- g ; r ¢ r ¢

polarized Gaussian beam 5 i Bl

with spatial chirp t@ ?Ke/ °@
T g T £ T £
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LASY

UH (a)]
LASY : LAser manipulations made eaSY ( pesy. ) Ei® o9 = ’\) JULICH
BERKELEY LAB Lad Universitat Hamburg  womsoressees ., FORSCHUNGSZENTRUU

ent
DER FORSCHUNG | DER LEHRE | DER BILDUNG

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)

0

https: ithub.com/LASY-orge/las IRTG Lecture Week — October 12th and 13th, 2026 135
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Like space-time effects, BUT with discrete
spatial modes (and their propagation

- Multimode 5?““"5 : I constants), in a rich nonlinear environment
(" P Linear . C. . . . . .
Pumping MM fibers with space-time light
a) g b)

Multimode fiber

Light Condensation
Multiple filamentation

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).

11

My “team” :
Review papers: S. W. Jolly & P. Kockaert, J. Opt. 25, 054002 (2023).

. J. Dechanxhe et al., Opt. Continuum 4, 1489 (2025).
E' grL\J/Sfigef:tael.t’ aAIPLOP;t?E;)r;C;;Zl :(1'21(;)2920)1 (2019)' S. W. Jolly et al., J. Opt. 27, 075503 (2025).
|_ G Wright et al:’ Nat. Phy’S 18 1018 (2022) IRTG Lecture Week — October 12th and 13th, 2026 136
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Feel free to contact me = spencer.jolly@ulb.be

QUESTIONS?
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