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e Why is STC characterization necessary?

e 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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1- Spatial profile f(x,y) ' '
Wavefront A (temporally/spectrally Wavefront 2- Local time profile g(t)
—_— integrated) — Local duration T

Pulse Pulse
front front
—
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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,07 fixy).att)] ) P=t/z,

Real
peak power

Spatial dependence Temporal (or spectral)
of the temporal (or spectral) OR | dependence of the spatial
properties properties
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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.
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DE BRUXELLES Steering laser-plasma acceleration

Compressor

Counts (arb. u)
a) angular chirp (prad nm™) R S
-1.13 0.06 0.98 1.57
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0- . . ’ .y i
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=20~ '
2
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L y-axis deviation (mrad)
L2 L+ 10 c
§ + b)
M 16
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angular chirp (prad nm™)

Proton energy (MeV)

er' )

-20 -15 -10 -5 0 5 -5 0 5 10 15 20
Deflection angle o (°)

Number of protons (10° MeV~" sr™)

A. Popp et al., PRL 105, 215001, (2010).
K. ZEIl et aI. Nat. Comm. 3. 874 (2012) Journées Réseau FEMTO — November 9-10, 2023
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DE BRUXELLES Optimizing laser-plasma acceleration

TC1515213

a b
A

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).  ’ournces Réseau FEMTO = November 9-10, 2023 ?
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Train of
attosecond pulses

Applications to attosecond science

Spatially separated *
attosecond pulses |
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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).
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Wimark et al., PNAS 116, 4779 (2019).
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* Why is STC characterization necessary?

e 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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* 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).
12

S. Akturk et al., Opt. Exp. 13, 8642 (2005).
S. Akturk et aI., ]. Opt 12’ 093001 (2010) Journées Réseau FEMTO — November 9-10, 2023
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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) Journées Réseau FEMTO — November 9-10, 2023 13
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afocal STC shaping
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We need to determine

-30
2 | E(t,r) = A(t,r)e!*®r)
+— -107¢ '
— — E—
10| |
“| | E(w,r) = A(w,r)elP@r)
3940 -2.0 0 2.0 40

Position X

— ()i

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

BUT globally long! intensity: Phase:
‘Easily’ measured  Challenging!
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* Why is STC characterization necessary?
* What are STCs?

e Qverview of history and of standard techniques

* More recent measurements and techniques

* Very recent progress in exotic STCs
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STRIPED FISH HAMSTER RED-SEA TADPOLE

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

SEA TADPOLE

P
Spectrometer

input pulses

Many  erent. 1 : :
e e il L= (ﬁ‘z? |'2 0"5 L6 3
i » R = IF
A coarse 2 J I
Reference 2d grating w | Hartmann-Shack| | (2) Reference source
;“'se fe 7 FM wavefront sensor X
) i 7
» L2 %y [Spectrometer | | l \
— — Ultrashon pulsc
Zd{ Biboa 7 —_—1|3 Spectrometer I
= AOPDF |- F
::lgm Co]lgnm:1}ng Fig. 1. Experimental setup for a RED-SEA TADPOLE.

BS = beam splitter, CL = cylindrical lens, IF = interference
filter, MO = microscope objective. A typical measured inter-
is displayed in (a), and shows two interference pat-
d by the reference source R (left) and the fs
Panel (b) shows the retrieved spectral ampli-
es) and relative spectral phases Agy ;(w) and
ed gray lines) derived from (a) for both

Fig. 2. Expenmental setup for SEA TADPOLE: The reference and unkrown pulses enter the
device via equal-length, single-mode optical fibers. In the horizontal dimension, the light is
collimated and then spectrally resolved at the camera using the grating and the cylindrical les.
In the vernical dimension, the light emerzing from the two fibers crosses at 2 small angle and
‘makes horizonsal spatial fringes at the CCD camera.

Bowlan et al., 2006

Fig. 1. Conceptual schematic of STRIPED FISH.

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).

SPIDER 2D

S212 Applied Physics B — Lasers and Optics h':l
|
Two Two spectrally- Two spectrally- ' l RMI ’ l ;
. . Two .
replicas sheared replicas sheared replicas X

replicas Crystal

Crystal

—

= -E o szl“?”

|'f|' Unknown beam . |
I¥

Chirped pulse Chirped pulse .

iy Reference beam
a b C w 3
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 r between the two interfering pulses, so that they are perpendicular to the frequency
axis. This measurement was performed around the upconverted frequency

] A. Borot, et al., Opt. Exp. 26, 26444 (2018).
M. Miranda, et al, Opt. Lett. 39, 5142 (2014) https://www.sourcelab-plasma.com/laser-

PhD thesis V. Gallet, (2014) shaping/beam-shaping-catalog/insight/
Dorrer et al., 2001 Gallet, Pariente, Quéré, patent (2014)
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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?

Journées Réseau FEMTO — November 9-10, 2023 19
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| 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)
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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) wll @ ___________
-20 | | % .
y

B0,y w)f (d)

: Sum

X (Hm)

20 : - : il
760 780 800 820 840
S. Kahaly et al., Appl. Phys. A (nm)
Lett. 104. 054103 (2014) Journées Réseau FEMTO — November 9-10, 2023
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M2

N M3
R x

N (a)
i—/Z’ —\
Ry Op
3

e il N6
vSI‘x v'%;x pulse-fron :
o
Case 3 Case 4 CCDh Se [
SE
2o
=
M7 Scanning
TPF-SSAC Trace TPF-SSAC Trace
c c ~
35 =
2 £
s 5
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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SPIDER-2D
SEA-SPIDER
P / SEA-F-SPIDER
copies
L1 TP
11 El
/| fg¥
i
‘ Imaging
| P2 \ § Spectrometer

C. Dorrer et al., Opt. Lett. 27, 462 (2002).
T Witting et aI. Opt Lett. 34 881 (2009) Journées Réseau FEMTO — November 9-10, 2023 23
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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

Journées Réseau FEMTO — November 9-10, 2023
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SEA-TADPOLE and STARFISH
(a) SEA TADPOLE trace of a Chirped Pulse

P
200 L ———
400
[}
%
% 500
800
1000 g :
780 790 800 810 820
Wavelength (nm)
Reference ' .,\E;(.js.w.
pulse

Fibers 2d

2D

3

Grating
Scanning Fixed Fiber Collimating
Unknown Shge fx End ey r
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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800
(nm)

750
A

v 2-d translation

| C om0
CL \m]
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V. Gallet et al., Opt. Lett. 39, 4687 (2014).

26




UNIVERSITE
|6 :J LIBRE
DE BRUXELLES

Weakness in spatial sampling
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BlEBEEUXELLES From SEA-TADPOLE to TERMITES

Measure 2D
interference pattern
S(r.r) = /dt E(t.r) + Ep(t — 7))
Measure as
a function of t ‘

s(r.r) = / Bt T) 5 (F — 7)

FFT with
respect to 7 ‘ Ap{w,r) :'_'.(;_:_H.‘I.'L.r:l:. o

According to Wiener—Khintchine’s theorem:

s(w,r) = Ew,r)Eh(w)

Screen
or camera

.........

Intensity (au)

RS
phase (rad)

M. Miranda et al., Opt. Lett. 39, 5142 (2014). w(PHz)
G. Pariente et aI. Nat. PhOt. 10. 547 (2016) Journées Réseau FEMTO — November 9-10, 2023 28
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BS

TERMITES

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

Screen
(or camera)
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DE BRUXELLES Frequency-resolved wavefront measurements
E. Kueny et al., Opt. Exp. 26, 31299 (2018).
ﬂim L. Ranc et al., OSA Laser Congress (2019).

: 1 C. Dorrer et al., Opt. Exp. 26, 33387 (2018).
input beam# . J
! input beam%@

filter '

—

Step1: [ Frog .- . imagine[ Joptic
E(w) or E(t) HASO Multispectral
@ one (X,y) &
Step 2: ¢(x,0) 2
 input beam SNl
E(0) or E(t) ol ) |
Step 1: @ one (X,Y) ==.=.=!E
[\~ {I‘_\ "1/ \ - FrROG |- -

® w b

AOPDF % WFS U
| flif‘))

i I
I

. o(x,y) .

Step 2: @ each o [
I

I

E. Rubino et al., Opt. Lett. 34, 3854 (2009)
S. Cousin et al., Opt. Lett. 37, 3291 (2012). Journées Réseau FEMTO — November 9-10,2023 ' _ PaVEl_ _ _ . £X <2 _ . 30




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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| ﬂiﬁ E

input beam :##imaging
: : spec.
Step 1: —— ,
p T FROG |--- Step 2
E(o) or E(t) A(x,0) @ NF
@ one (X,Y)
input beam%—— Imaging
; | spec.
I« f |
Step 3:
A(X,0) @ FF

F. Bragheri et aI., Opt Lett. 33’ 2952 (2008) Journées Réseau FEMTO — November 9-10, 2023
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imagine| Joptic

Focal spot optimization

PHRRRO
oRGHNOSISE

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.
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/
E(x,y,w)

Frequency-dependent [ | * o 1,0(XYy,w) “— Frequency-dependent
amplitude profile _ A(X’y’w) € - ) phase profile

— .

K Spatially-resolved Spectrally-resolved \
Fourier spectroscopy phase retrieval algorithm
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7Z+0Z

w

Fourier spectroscopy
Amplitude profiles

G&S algorithm
Phase profiles

o(x,y,w)

™~

Complex electric field

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

E(x,y,w)

Journées Réseau FEMTO — November 9-10, 2023

35




UNIVERSITE
LIBRE
DE BRUXELLES

w

Experimental setup of Insight

Amplitude profile
for each frequency

=
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y (mm) °

@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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* 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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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 WX

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

Solid: standard — XTilt —— Defocus —— Vertical Astig. —— Horizontal Coma | 1.0 0.20
C el 0.2 - Y-Tilt Oblique Astig. drtical Coma —— Vertical Trefoil B standard acquisition
acquisition -~ g 0157 few-shot acquisition
Dash: few-shot g -
= 0.10 - L
- 0.8
acquisition £ II II
0.1 S o0.05- n
: i I
=
£ .. £ ooof il = m
[ E —0.05 1
E 001~ N 2 II
T Lo 5 -0.10 -
i - 0
" : |
= =-0.15 II
R 0.20
—u. T T
\\\\\\\ e - o ) & & 2 2 D »
...... 6\ .é\ o"\) é'\ r;i'\ o‘(\ 06\ é\o éo
"""" + e& ? \?' \"’ \(' \4 \4
& &L &d" & 2 &
-
=0.2 1 Lo.o O‘O\ qeé' ) o{\“? 436' P a8
. . . : ‘ Ry e
760 780 800 820 840 X Al
wavelength [nm] Aberrations

» 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 I'C e components (e.g. compressor gratings).

https://www.sourcelab-plasma.com/laser-shaping/beam-shaping-catalog/insight/
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—>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. Jolly et al., OSA Continuum 4, 2044 (2021). 'ournees Reseau FEMTO = November 910, 2023
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“Coded-Aperture Snapshot Spectral Imaging”
P P P ging CASSI setup

- - ———

A(x,y,m)

’ CASSI algo.
.

‘ Phase retrieval

(p(x,y,(oi)

H. Tang et aI., Light: Sci. App 11’ 244 (2022) Journées Réseau FEMTO — November 9-10, 2023 42
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“multispectral wavefront sensor” @[ 7830 T 808 788 ATl

Spectrometer
v A

i Transmitted spectrum
Input pulse 1%t order| W1

A Efﬁ‘ A A A3 4, '

ﬁ Grating e ee e
/ Wavefront sesgéctuglly t (9172 \
Input spectrum censor pe ill ?1 aegespo f \

Pulse train

J. W. Yoon et al., Optica 8, 630 (2021).
Y. G. Kim et aI., Opt Express 29’ 19506 (2021) Journées Réseau FEMTO — November 9-10, 2023 43
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STRIPED-FISH technique
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Figure 7. Drift over the course of the shot day in the arrival time
(a) and center frequency (b).
E. Grace et al.. J Opt 23 075505 (2021) Journées Réseau FEMTO — November 9-10, 2023 44
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Narrowband

(a) Fourier lens

Diffraction
grating

Broadband

Inside Crystal

—h

()

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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Hyperspectral wavefront + advanced algorithms

ago Group delay dispersion

a(}’o Group delay

Horizontal puise front tit

Spatio-spectral phase

L Oy.0) = Y 4 (@ — o) ZI(x,y)

moni 1001 ~
S [ f
T 151 | } | :
(=] |
@ 50 4 II’f\ ‘ ' || | :lff\‘lli
Spatial phase @(x,y) = Z AL (X, Y) - § | \l | | ,{.v '\.
g ol A | L )
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S. Howard et al., HPLS&E 11, e32 (2023).
N. WeilSe et al., Opt. Express 31, 19733 (2023).
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plane mirror with
a scanning segment

piezo stack

o
S

ultrashort pulse ‘beamlets .-~

with STC -~ selector

focussing X o
mirror far-field interferece time integrated CCD
fringe pattern

in space-time

S. Smartsev et al., J. Opt. 24, 115503 (2022).

Beamlet cross-correlation

ultrashort pulse pinholes ]
; focusing
optic

mask

complex field

structure
FF CCD

camera

objective

camera

S. Smartsev et al., arXiv:2307.15799
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B. Alonso et al., Comm. Physics 3, 151 (2020).
A. Zdagkas et al., APL Photonics 6, 116103 (2021).
D. Goldberger et aI., Optica 9’ 894 (2022) Journées Réseau FEMTO — November 9-10, 2023
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Spatial measurement of CEP

x/w, .
R e B A TR T 1 0 1 9% 0 1 0.6
Nanotip R
r e '

—Tr_"

1.70

< @
800 Q ! /\N

D. Hoff et al., Nat. Phys. 13, 947 (2017).

V. Hanus et al., Nat. Comm. 14, 5068 (2023).
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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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Joule-level amplifier physics
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A. Jeandet et al., JPhys: Photonics 1, 035001 (2019). o
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T. Eichner et al., Opt. Express 30, 3404 (2022).
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Diffraction
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L. Chopineau et al., Nat. Physics 17, 968 (2021). ounees Reseau FEMTO = November 9-10, 2023

I (a.u.)

/(a.u.)

20 Y %
" %

g (rad)

53



m UNIVERSITE
LIBRE .
DE BRUXELLES OUthne

* 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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Research Article Vol. 31, No. 6/13 Mar 2023/ Opiics 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
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Control of vortex orientation of
using spatial chirp

MiGUEL A. PoRRAS!" AND SPENCER W. JoLLY?%?

1 Grupo de Sistemas Complejos, ETSIME, Universidad Politécnica de Madrid, Rios Rosas 21, 28003 Madrid, Spain

2Service OPERA-Photonique, Université libre de Bruxelles (ULB), Brussels, Belgium

3Email: spencer.jolly@ulb.be
“Corresponding author: miguelangel.porras@upim. es

Accepted to Optics Letters
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ultrashort optical pulses
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Analytical fields of an ultrashort radially polarized laser
with spatial chirp

SPENCER W. JoLLYY  AND MIGUEL A. PORRAS??

1 Service OPERA-Photonique, Université libre de Bruxelles (ULB), Brussels, Belgium
2Grupo de Sistemas Complsjos, ETSIME, Universidad Politécnica de Madrid, Rios Rosas 21, 28003 Madrid, Spain
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*Corresponding author: spencer.jolly@ulb.be
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[OPEN ACCESS|
10P Publishing Journal of Optics
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14. Measuring ultrashort spatiotemporal structures
Roadmap

- . . Spencer W Jolly' and Christophe Dorrer”
Roadmap on spatiotemporal light fields

I Service OPERA-Photonique, Université libre de Bruxelles
(ULB), Brussels, Belgium

Yijie Shen'>**@, Qiwen Zhan****, Logan G Wright’‘, Demetrios N Christodoulides’, 2 Laboratory for Laser Energetics, University of Rochester,
Frank W Wise®, Alan E Willner®, Kai-heng Zou®, Zhe Zhao®, Miguel A Porras’ . .

] ] 1 ? ] ") r L _ #
Andy Chong'’, Chenhao Wan’!!, Konstantin Y Bliokh'>!*:!*@  Chen-Ting Liao'* @, 250 East Rl"er Road, Rochester, NY 14623-1299, United
Carlos Hernandez-Garcia'®®, Margaret Murnane'”, Murat Yessenov’, States of America

Ayman F Abouraddy’, Liang Jie Wong'’, Michael Go'’, Suraj Kumar'’, Cheng Guo'®,
Shanhui Fan'?, Nikitas Papasimakis®(, Nikolay | Zheludev', Lu Chen??!, Wengqi Zhu?"2!,
Amit Agrawal’*!, Mickael Mounaix?*, Nicolas K Fontaine”’, Joel Carpenter?,

Spencer W Jolly** @, Christophe Dorrer™, Benjamin Alonso'®®, Ignacio Lopez-Quintas'®,
Miguel Lépez-Ripa'®, [nigo J Sola'®, Junyi Huang?®, Hongliang Zhang?®, Zhichao Ruan®,
Ahmed H Dorrah”, Federico Capasso’’ and Andrew Forbes”®

15. Characterization of complex vector pulses
Benjamin Alonso, Ignacio Lopez-Quintas, Miguel Lopez-Ripa
and Inigo J Sola

Grupo de Investigacion en Aplicaciones del Laser y Fotonica,
Departamento de Fisica Aplicada, Universidad de Salamanca,
37008 Salamanca, Spain
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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)

0

https: ithub.com/LASY-orge/las Journées Réseau FEMTO — November 9-10, 2023 59
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The direct benefits of STC metrology

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

- Optimize laser performance
- fix problems in real time, save SS

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

Attosecond physics
nonlinear optics

micro-machining
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