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Outline

* Assumption on the pulse to characterize
* Non-linearity of the 2"d and 3" order (SHG-THG)

* Time scanning techniques:
* From autocorrelation to FROG
* Tip-Toe
 FROST

* Chirp-Scans - d-scans

e SSIR (Wizzler)
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Assumption on the pulse to characterize (in this lecture)

Need to be linearly polarized Need to be spatially homogeneous

E(x,y,t) = E(x, y,t) &, E(x,y,t) = E(x,y) X E(t) &,

. emporal profile The pulse d
: a a g ' O 0

but the tempora riong a spatial parabola

For such pulses see the spatio-temporal characterization tomorrow afternoon

V. Loriot et al. Photon. Tech. Letts. 24 273-275 (2012)
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Non-linearity of the 2"d and 3" order (SHG-THG)
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““““““““““““““““““““ Non-collinear SHG in the temporal/spatial domain

2
Spatial phase matching Iz(i)kZ) (t) — I(E)RZ)(t) X I(E)kz)(t) — |I(E)k2) (t)|

) H< 4k L) = 157 () x 1§52
2

2
Iz(i)kl)(t) _ I(E)kl)(t) x ](E)kl)(t) _ |I(E)k1)(t)|

A standard detector would
measure the power of the
doubled frequency

S(t) = R(t) x / T It

AN
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SHG and pulse duration with perfect phase matching
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time
SHG shorten the pulse duration

This is the case for ideal SHG crystal:
\\ - Perfect angular phase matching
; - The frequency can be doubled with the same efficiency on the whole spectrum

Works for infinitely thin SHG crystal
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. SHG in the spectral domain

Non-lineal crystal
hv,
h(v,+v,)
hv, 1

Pathways interferences

* When the intensity is high enough (*GW.cm™)

* Non-centrosymmetric crystal

* Non linear crystal sum the frequencies (energy E=hv)

- * |t exists many pathways to generate a given 2"

hv, »i harmonic frequency
: +h _ _
I»: V2 > * Each pathway creates a wave with a given
hv, i \- amplitude and phase
' h(v,+v,) V > * All the pathways interfere together
i i * The electric field at 2m depends on the amplitude
f A\ : and phase of all possible pathways
hv, !
Lo +hV4 _ © S _ 5
hV3 E E E \- - ° ’
L —
X h{vs#va) Fr(©) = By(@) ® Ey(@)

Spectral Auto-convolution
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SHG spectral width in LTF with perfect phase matching

temparal profile

lFundamentalm
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Gaussian width spectral-temporal relation (FWHM)

=
(un}
.

sl

=
fay]
.

AtAw = 4 1n2
w = 21V
Av=c

_ 2TTC
Y=
B 21mcAA

Aw =

Intensity

=
=%
T

=
b
.

0 . : y
-100 -50 a a0 100
/‘{2 tirne

0

2
AtAL = 4 In2 —— @800 nm 20 fs -> AA =47 nm - Av =22 THz

27C
2 2
A5 2In(2)45 @400nm 20 fs//2=14.14 fs
2mcAA mc Al @400 nm 14 fs -> AL =47/2v/2= 16 nm
@400nm Av=22+/2=30 THz

At = 4 In2

SHG broaden Av and shorten AA

AN
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SHG in the temporal v.s. spectral domain
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With chirp and TOD

The SHG of a Gaussian spectrum does not necessary
lead to a spectrum with a Gaussian shape

Phase — Amplitude coupling
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Direct non-collinear THG in the temporal/spatial domain

Spatial phase matching

3
@) = 187(@©) x 150 x 157() = 157 @)

A standard detector would
measure the power of the
doubled frequency

S(t) = R(t) x / T It

[(K1+ka+ks) (t) = I(S)kl)(t) X I(E)kl)(t) X I(E)kl)(t)

3w
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- Direct THG in the spectral domain

Non-lineal crystal +
hv,
* When the intensity is high enough (*GW.cm2) A h(vi+v,+vs)
* All materials allowed hv,
A
* Non linear crystal sum the frequencies (energy E=hv) hv,
v
A : i Pathways interferences
hv, A +hv, ., +hv; > * It exists many pathways to generate a given 3"
hv, I»i harmonic frequency
hv : * Each pathway creates a wave with a given
: > amplitude and phase
h(v,+v,+v
- (Vi+v, _3) *All the pathways interfere together
A P :
TAY ' *The electric field at 3w depends on the amplitude
hv, +hv, +hv, :
> an phase of all possible pathways
hv,

.Y __

i B (@) = By(@) @ By (@) @ E,y (@)

>y sy (@) = By (0) ® Byy(w)

Double Spectral Auto-convolution

¢

h(v,+v,+v,)




THG Temporal & spectral properties in LTF and

perfect phase matching
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SHG-THG in the temporal v.s. spectral domain
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Fondamental

SHG-THG in the temporal v.s. spectral domain
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SHG-THG in the temporal v.s. spectral domain
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Time scanning techniques:
From autocorrelation to FROG & Grenouille
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“““““““““““““““““““““ Pulse measurement : 2nd order Autocorrelation in intensity

’L‘ 2" order autocorrelation
PrlnC|pIe Integral of the product between
< Optical delay line \ A the two pulses at each delay t
I 1 > _»
Mach-Zehnder

- ky ka
K /\ - L,(® =1, X[ (t—1)
\ NL

'22 H< lZl+|22 S(0) = [ L, (©dt = [ 15(0) x 12 (t — 1)dt

S (T) — Im (t) m (t)

Using a small angle
*No optical cycle interferences
\ : N .
L\ *Separate spatially the contributions Correlation product

—_—
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. Pulse shape and 2" order Autocorrelation

Square shape: Triangular shape:
1 - 1
% 0.5 1 % 0.5
0 ]
-30 -20 -10 ] 10 20 30 -30 -Z0 -10 0 10 20 30
time time
A square shape pulse make a triangular A triangular shape makes a smooth
autocorrelation curve

Gaussian shape:

1 | Shape information
ﬂg . | Not easy to distinguish between a Gaussian
Z and a triangular shape with 2" order
autocorrelation
I:I 1 1 1 1 1
-30 -20 -10 ] 10 z0 a0
\ time

AN
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Temporal indetermination

With a pre-pulse With a post -pulse
1 . 1
?% 05r . % 05
I:I 1 1 1 1 1 I:I 1 1 1 1 1
-60 =40 -0 I} 20 40 G0 -60 =40 -0 I} 20 40
titme titme

Limitation on the pulse measurement

e Unable to distinguish between a pre-pulse
and a post pulse The measurement is/need to be always symmetric

* 2 pulses generate 3 peaks Need to suppose a pulse shape
«  Peaks broader (v2)

* Maintain position of the pulses

Need to suppose the sign of the pre/post-pulses

. . . . Give an idea of the pulse duration and shape
e Direct idea of the relative amplitudes

AN




rrrrrrrrrrrrrrrrrrrrrrr

AN
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Frequency Resolved Optical Gating - FROG

Principle:

/\ < /\ Optical delay line

Mach-Zehnder

Trace FROG
E 450
£
[<}]
T
5
5 400
5
(]
-]
2
5 350
-
-100 0
Temps (fs)

100

ﬂ\»

FROG

Spectral measurement of the 2" harmonic in
function of the delay between the two pulses

Spectrometer

Rick Trebino “Frequency Resolved Optical Gating: The measurement of ultrafast laser pulses”, Norwell, MA, Kluwer Academic Publishers, 2000

R. Trebino et al. Rev. Sci. Instrum. 69 3277 (1997)

http://frog.gatech.edu
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FROG for different pulses

Spectrum FROG
-45.10° fg®

Movie

Intensity
O
£,
S
aseyd

Y50 800 850 100 50 O 50 100
wavelength [nm] Time (fs)

2
S(t, w) 'f E(ME(t —1)e dt
* We want to retrieve 2 dimensions (Amplitude & Phase)
+ We have a 2D signal (Delay & Frequency)
+ Fourier Transform is bijective * The sign of the temporal axis is not defined

* Hence it is not possible to reconstruct the sign of the
spectral phase

All the information is in principle contained into the map

———


FROG.mp4

iLM o
Single shot FROG : Grenouille

4 N

Fresnel Biprism

1

T="1(x)

Grenouille Pulse 1 pulse 1 earlier

* Fresnel biprism introduces a delay between the right-left components. than pulse 2

pulse 1 and pulse 2
at the same time

* The delay can be read horizontally

* The tick SHG crystal select the wavelength that can be doubled (phase matching)
o o o = « bulse 1 later

* The SHG wavelength can be read vertically Pulse 2 -
Fresnel biprism :
scan of the delay between the pulses
\_ )

https://frog.gatech.edu/tutorial.html
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Single shot FROG : Grenouille

/Angular acceptance of tick NL crystal A
Very Thin Uil Thick Very thick crystal
SHG crystal crystal SHG crystal
~
Very thin crystal can create broad SH spectrum in all directions. A very thick crystal acts like an angular spectrometer!
§ Standard autocorrelators and FROGs use such crystals. The use of a tick crystal naturally select the wavelength to be doubled

& o https://frog.gatech.edu/tutorial.html
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LRV Grenouille geometry

Lens images position in crystal (i.e., delay)
to horizontal position at camera

i
2

Can place slit here to
filter out other beams

0 f Imaging Lens f Camera
Cylindrical Fresnel Thick
lens  Biprism SHG
Side Crysta] FT Lens

view

Lens maps angle (i.e., wavelength) to
vertical position at camera

L\ Grenouille needs a very uniform spatio-temporal profile

https://frog.gatech.edu/tutorial.html
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Non-symmetric FROG method : THG FROG

Dichroic

Temporal
profile filter

THG FROG
* FROG between a pulse and its second harmonics
* The SHG cleans the temporal profile and shorten the pulse
* The measured signal closer to the main initial pulse

* No phase sign indetermination

Not easy to perform:

- The SHG step has to be very well controlled (spectral acceptance, chirp difference, uniformity)
- The natural non-linearity of the process reduces the working energy range

- The analysis strongly depends on the parameters of the interferometer

- The spectrometer has to be sensitive at around 3w

13w
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General X-FROG method i

N e

Frequency AN
conversion 1

Frequency

o

Y

l Dichroic o Sum of frequency

ow_ LA H_; i

conversion 2

Cross FROG (X-FROG)

Can be applied when the two pulses are temporally stable each other

4 unknown : Amplitude and phase of the two pulses ( Ay (w), Py (w))

X-FROG measure two “independent” dimensions (time, spectrum)

By measuring at the spectrometer ( A, (w)) the phases ( ¢, (w)) can be retrieved
In situ measurements in femtochemistry

Hard to perform in practice because of the non-uniformity of the pulses after frequency conversion
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Time scanning techniques:
Tip-Toe
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Tip-Toe (Tunneling lonization with a Perturbation for the Time-domain

Observation of an Electric field)

lonization is highly non-linear

Principle: A € - >
P '
ical delay li
A Optical delay line \ A lonization chamber
. A

I o
> >

v

Mach-Zehnder

A strong pulse ionizes

0 L
10 =7 |I(t) |7 lonization makes an ultrashort gate
266

77—7256::,\;14 > iOTlS o< |I(t)|7
o 800 rm, VA I(t)

- — — nm,
E 1.8 um
> — — — — 1.8 um, VA /
.5 107 :
N 5
E ;

A weak replica modulates the ionization \"WV
10710 ' '
1074 1073 1072 10" 10°

Intensity (10> W/cm?)
\ \\

. 14
tons X |Estrong (t) + Eweak (t - T)l S. B. Park et al. Optica 5402 (2018)
W. Cho et al. Sci. Rep. 9 16067 (2019)
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AN

Tip-Toe Direct imaging of the electric field

\‘_S%

ar T Raw data |
02 Ar (5 mbar) | _S ll ——Reconstructed
| . . . — Air (1 bar) © .
-80 -60 -40 -20 20 40 60 80 el iR l
. Time delay (fs) = . 1
:::‘_‘n E- T T EU’ -U ?IIO I* I|I '
| - (C} TJ .aq,"l.lll I'.b _.’qf.a'."."r'n"".
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. - e > SR | “« ¥
f—, 4r = = "—'*?MMN_ 110 _'E c “ oI J
F — L R -G i
Ar i 72 v ou
E 2 i S[:E{C"Dn'rl:!ﬂtﬁr ] D E _2 | | | | |
'EL . m”‘ -150 -100 -50 0 50 100 150
< 03 03 04 045 05 055 06 Time delay [fs]
Frequency (PHz)

Direct measurement of the electric field:

Spectral intensity and phase from Fourier Transform
Well suited with mass/photoelectron spectroscopy

Need high laser stability (non-linearity)
Need very stable delay line

S. B. Park et al. Optica 5 402 (2018)
M. Kurucz et al. Opt. Com. 472 126035 (2020)
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-0.25 0 0.25

=30 =20 -10 0 10 20 30
Time delay (fs)

Tip-Toe CEP sensitive

The direct reconstruction of the electric field allows the
visualization of the Carrier Envelope Phase

CEP =0rad CEP =n/2 rad CEP =rxrad

—

Champ Electrique
[e]

Temps (fs) Temps (fs) Temps (fs)

0O 02 04 06 08 1

160
140

V)

As many highly non-linear effect,
high harmonic generation is (HHG)
highly dependent on the CEP

120 F
100

Electron energy (e
(2] (o]
o (=)

A
(@)

N
o

-2 -1 0 il 2 .
Relative CEP (1 rad) S. B. Park et al. Optica 5 402 (2018)

W. Cho et al. Sci. Rep. 9 16067 (2019)
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0.8

< 06
w
0.4

0.2T

-300 -200 -100 0 100 200 300
Time delay (fs)

Tip-Toe measurement is not limited to
few-cycle pulses. Pulses of tens of fs
can also be measured

AN

Tip-Toe long pulses

17 a
m
= 0.8
=0
206}
8
204F
w
c \
802 I/ A
£

0 !

-300 -200 -100 0 100 200 300

Time (fs)

1w — 7 17 8
. br, v\ FER N
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5 i d W
g i 4
[ . 4
go4r jry 2
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Eo02} 0
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0 L L L
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Angular frequency (rad)

W. Cho et al. Sci. Rep. 9 16067 (2019)
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********************** Measurement of complex pulses
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S. l. Hwang et al. Sci. Rep. 9 1613 (2019)
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Time scanning techniques:
FROST
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Principle of FROST (FRequency Resolved Optical SwiTching)
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A. Leblanc et al. Opt. Express. 27 28998 (2019)
A. Leblanc et al. J. Phys. Photon. 3 045002 (2021)
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A. Leblanc et al. Opt. Express. 27 28998 (2019)
A. Leblanc et al. J. Phys. Photon. 3 045002 (2021)



EEEEEEEEEEEEEEEEEEEEEE Single shot FROST

a) Ti:Sa laser pump beam

cL1
790nm [

40 fs
2.5 kHz probe beam
X
( variable 0
l delay line Delay introduced the incident angle
Z (probe beam axis)

Y rm e -—— - - - - Using a pump pulse that has a tilt, the gate would close with
\ a time that linearly depends on the position on the crystal

pump

y
I—fo
' %_ _tanB

dy = ¢

A. Leblanc et al. Opt. Express. 28 35807 (2020)
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Chirp Scans
D-Scans
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Principle:
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c
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—A- Controlled Dispersion I » Spectrometer
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Chirp Scans
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390 Order 3 * No beam splitting

* No recombinaiton
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T 405

c

~ 400

& 395
390

* $(w) = — \max (IZw(w))
* Easy to identify the Taylor phase order

V. Loriot et al. Opt. Express. 21 24879 (2013)

M. Miranda et al. Opt. Express. 20 688 (2012)
M. Hoffmann et al. Opt. Express. 22 5234 (2014)
V. V. Lozovoy et al. Opt Express. 16 592 (2008)
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Chirp Scans — 25 fs strong distortion

SHG(Chirp)

Laser Pure Chirp H » Spectrometer

Raw measurements Compensated phase
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V. Loriot et al. Opt. Express. 21 24879 (2013)
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Chirp Scans — 25 fs Chirp retrieval

Setup: SHG (Chirp)
On-the-fly
Laser Laser compressor H » Spectrometer
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V. Loriot et al. Opt. Express. 21 24879 (2013)
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I IVl Chirp Scans — 1.4 optical cycle

Setup: SHG(Dispersion)
Laser (+ Post compression) Negative chirp - Spectrometer
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Setup:

Laser (+ Post compression)

Insertion (mm)

Intensity (a.u.)

Measured d-scan
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Spectral Domain
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Single shot Chirp Scans
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400 420
Wavelength (nm)

Time Domain

Time (fs)

Transverse SHG Crystal
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SHG spectrometer with spatial resolution

Dual Chirp and SHG crystal

* Transverse SHG produces SHG at 90° from
the propagation axis

* The NL-crystal introduces a chirp by itself
through its propagation

* Spatially resolved spectrometer allows to
capture the SHG as a function of the chirp

F. J. Salgado-Remacha et al. Opt. Letts. 45 3925 (2020)



rrrrrrrrrrrrrrrrrrrrrr

SRSI - Wizzler
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T Self Referenced Spectral Interferometry (SRSI)

Birefringent plate

XPW crystal

Spectrometer
Tick birefringent plate XPW (cross-polarized wave generation) Polarizer and spectrometer
e Create a pulse replica 1@ (—wg; Wy, —wg, Wg) Measure the interference between:
shifted in time on the * Pulse replica from the birefringent plate
perpendicular polarization e BaF,for 800 nm e Pulse cleaned by the XPW
* Broaden the spectra
* Controlled chirp * Clean-up the pulse

* Generate on the perpendicular polarization

- Inline operation (easy alighment)
- Non-iterative reconstruction algorithm
;\ - Need well polarized incoming pulse (add polarizer)

T. Oksenhendler et al. Appl. Phys. B (2010)
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Input pulse

SRSI principle
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Temporal cleaning

Interference between the pulse I(t) and its
XPW cleaned-up version |I(t + t)|3 (almost
Fourier transform)

Twice the dynamic range of the spectrometer
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Spectral broadening and phase flattening
Linear interferometry between the pulses

S. Grabielle et al. Nu. Instru. Meth. Phys. Rch. A 653 121 (2011)
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18 ps temporal range
108 dynamic range
20 fs shortest pulse
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High dynamic range and large temporal windows SRSI
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- The temporal range is given by the delay introduced by the birefringent plate
- A broad temporal range requires high resolving spectrometer Av = 1/(t,,q0x — tmin)
- The dynamic range is limited by the spectrometer dynamic range

T. Oksenhendler et al. Opt. Express 25 12588 (2017)
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Intensity (arb. units)
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Intensity (arb. units)

400 500 600
Wavelength (nm)

700 800 900

Few cycle pulses

Few cycle SRSI
(b)
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Time (fs)

Few cycle pulses have almost an octave bandwidth
Perpendicular polarization prevent the overlap between the initial and final pulse
Calibration of the XPW, calcite, and spectrometer is a key for few-cycle regime

Intensity (arb. units dB)

-500 -300 -100 100 300 500
Time (fs)

A. Trabattoni, et al. Rev. Sci. Instrum. 86, 113106 (2015)
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Conclusions

* Photodiodes based systems are too slow to resolve the temporal profile of a femtosecond pulse

* Thereis noideal technique that measure all parameters at once :
* From few cycle to tens of picosecond pulses
* All the spectral ranges (SHG-THG crystal, spectrometers available,...)
* From nJ to tens of J (detection threshold, optical damage)
* Dynamic range independent of the optical detector
* Resolve the temporal profile over the spatial profile
* Resolves the space-time coupling
* Resolve the polarization between the two axis with the phase relation
* Measure the CEP
* Single short measurement
On line measurement (no beam splitting)

*  Most of the exiting techniques fulfill more than one criteria
* Not all the parameters are always relevant for the desired application
* Important to chose the method that matches at the best the experimental requirement

* Usual tools : Fourier transform, Temporal or Spectral convolution, Delay lines, Spectrometer, Imaging spectrometer,
Spectral fringes, SHG, THG, Optical switch, known phase insertion, single short solution, Fresnel biprism, pulse shaper,
use of spatial coordinate as temporal or spectral coordinate, polarization filtering,.....
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