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Introduction: time-frequency travel

Keeping ultrashort pulses ultrashort

Self-phase modulation —the enemy within

Mirror mirror

Producing circularly polarized pulses — a perfect circle

Focus



Time and spectrum

The spectral width of a light source defines its coherence time 7. =1/Av
(coherence = ability to produce interferences)

Measurement: linear (field) autocorrelation = Fourier transform spectroscopy
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Time and spectrum

The spectral width of a light source defines its coherence time 7. =1/Av
(coherence = ability to produce interferences)

Measurement: linear (field) autocorrelation = Fourier transform spectroscopy
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An ultrashort light pulse necessarily has an ultrashort coherence time, and thus a broad spectrum
This is a necessary, but not sufficient, condition
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The temporal profile is obtained by FT the complex spectrum




Fourier transform

— E(t) = |E(1)] 7" |
Definitions : 7 [E(w)] = [ E(w)e™™"dw = E(t)
E(w) = |E(w)] et?®)

Real Gaussian function [(t) = Iyeap (_%) At Full Witdh at Half Maximum

Iw) = |F @) o Ieap (- 1522)  Aw FwhM

AwAt = 41In(2) ~ 2.77



Fourier transform

Definitions: . FE(w)]= [ E(w)e ™dw = E(t)

Real Gaussian function [(t) = Iyeap (_%) At Full Witdh at Half Maximum

Iw) = |F @) o Ieap (- 1522)  Aw FwhM

AwAt = 41In(2) ~ 2.77

Effect of a linear phase
F |E(w)e“iv| = F [Ew)] = F [e“ho] = E(f)bfo = E(t —tp)

— temporal shift

Group delay 7o(w) = Op(w) /0w

Linear spectral phase wt ~ group delay T=T,




Spectrum FWHM = 40.0 nm

Fourier transform

FWHM = 23.4 fs

Spectrum FWHM = 80.0 nm

FWHM = 11.8 fs
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Fourier transform of a Gaussian

© (eV)

t (fs)
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Time-frequency representations

A Fourier-limited Gaussian narrowband pulse and a chirped broadband Gaussian pulse
can have the same intensity profile.

The temporal/spectral phase may not be the most intuitive representation
- Time frequency distributions: spectrogram
Goal: resolve temporally the evolution of the spectrum of a signal

- Principle of the music score
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Time-frequency representations are common in acoustics
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Time-frequency representations

A sonogram using Sonic Visualiser
Track: Ultra Heat Treated, by Slugabed
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Time-frequency representations

A sonogram using Sonic Visualiser
Track: Ultra Heat Treated, by Slugabed

A _
_ Cut a temporal slice of the signal
Signal Fourier transform it to obtain the spectrum
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Time-frequency representations

A sonogram using Sonic Visualiser
Track: Ultra Heat Treated, by Slugabed
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Time-frequency representations

A sonogram using Sonic Visualiser
Track: Ultra Heat Treated, by Slugabed

ﬂ
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- Get a spectrum as a function of time
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Time-frequency representations

A sonogram using Sonic Visualiser
Track: Ultra Heat Treated, by Slugabed

Frequency (Hz) Crucial parameter: duration of the window

P

2:01.432| 5355168 mEf g a

Colour Green

Scale dBvVA2 ~

[ B B B N N
[y [N o0 0 O (=
o [0 W= O
O W [N = U N
O [0 N v | o=

Windc@ 32768 v

Bins All Bins

1:Ei5|.5:I

Colour B Greer

| ||‘ || il 1y .| | | Il ||| HHHHHl Scale Linear
UL I 1 i — i

Channels Mean

| .
10.685)/ 44100Hz 2:01.432 5355168 Time
' [ Lt | | | | | | | | | | | | I Y | | | |

Long temporal window — Good spectral resolution but bad temporal resolutipn




Time-frequency representations

A sonogram using Sonic Visualiser
Track: Ultra Heat Treated, by Slugabed

Frequency (Hz) Crucial parameter: duration of the window
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Time-frequency representations

A sonogram using Sonic Visualiser
Track: Ultra Heat Treated, by Slugabed

Frequency (Hz) Crucial parameter: duration of the window
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Short temporal window — Good temporal resolution but bad spectral resolution
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Time-frequency representations

A sonogram using Sonic Visualiser
Track: Ultra Heat Treated, by Slugabed

Frequency (Hz) Crucial parameter: duration of the window
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- Time-frequency representations of femtosecond pulses -

Gabor Analysis: building a spectrogram

def gabor(t,E t,zp,alpha):

def gaussian(t,alpha):
2 return 1./2*sqrt(pi*alpha)*exp(-t**2/(alpha)**2)

Wt S=zeros((len(t),zp),dtype=complex)
S(w ’T) — /E(t)G(t — T)eud dt for i,tau '1|': eru_m'|erate[t]:{ K

S[i,:]=ifftshift(ifft(E t*gaussian(t-tau,alpha),zp))
return transpose(E w)

Define Gaussian gate function G
Calculate the spectrum of the gated signal
Slide the gate

Example: Spectrogram of two delayed Fourier Limited pulses
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8
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- Time-frequency representations of femtosecond pulses -

Wigner distribution W(w,T) = /E(t +7/2)E*(t — T/Q)eiwtdt

Marginals: I1(t) =/W(w,7)dw

H@—/W@ﬂm

Double pulse

1e8
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2.8 Between

57 pulses
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- Time-frequency representations of femtosecond pulses -
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Time-frequency representations of femtosecond pulses
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Keeping ultrashort pulses ultrashort

Self-phase modulation —the enemy within

Mirror mirror

Producing circularly polarized pulses — a perfect circle
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_ A typical femtosecond experimental setup _

NOPA 1 . o . Aurore: A platform for ultrafast sciences

BS BBO1 BS 5
400 nm « BS Aurore laser
67 ol i 10m]J Cite as: Rev. Sci. Instrum. 91, 105104 (2020); https://doi.org/10.1063/5.0012485
I Cl r 1 kHz Submitted: 01 May 2020 . Accepted: 16 September 2020 . Published Online: 06 October 2020
800 nm
SM SM Cz (} 320 ps N. Fedorov, "' S. Beaulieu, A. Belsky, "' V. Blanchet, R. Bouillaud, M. De Anda Villa, A. Filippov, C. Fourment,
{) pump J. Gaudin, R. E. Grisenti, '"' E. Lamour, "/ A. Lévy, S. Macé, "' Y. Mairesse, P. Martin, '*' P. Martinez, '*' P. Noé,
DL g I. Papagiannouli, M. Patanen, S. Petit, D. Vernhet, K. Veyrinas, and D. Descamps
532 nm
10 1pJ D
A | Qg
g) 0 */\,\ Vo [_9—(3 PD CCD
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BBO3 L BBO2 L SFw F S L 2
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A Ac-a Ao P
gb probe 43

C u -~
Y v CaCo3 gp\'
s ADL \
INTERACTION I sample
CHAMBER '

FIG. 9. FDI setup including the NOPA (BS: beam splitter, BBO: beta-barium borate crystal, S: sapphire plate, F: 800 nm notch-filter, SM: spherical mirror, L: lens, SF+y: heavy-
flint glass, CaCos: calcite crystal, TFP: thin film polarizer, PP: P polarized beam, SP: S polarized beam, C1, C2: double pass grating compressor, C3: prism compressor, PD:
photodiode, ADL: achromatic doublet lens, DL: delay line, and HWP: zero order half-wave plate).

Propagation in various media (air, glass...)
Reflections on mirrors

Polarization manipulation

Focusing by lenses, mirrors

Entrance windows to vacuum chambers

SPECTROMETER

— All of this can bring trouble, in particular stretch your pulses

This is an issue if:
- you need time resolution
- you need high intensity to drive extreme processes
- you need high intensity for multiphoton microscopy
- you simply want ultrashort pulses to remain ultrashort
because it's so satisfying (and you paid for that).
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Dispersion

Cefractuelader 1NF0 e mom Dispersion — group velocity dispersion
Cevractive wdey daftabase . .

The different frequency components travel at different speeds
Effect on fs pulse?

— Get the dispersion formula n(o)

Air ~

and calculate the accumulated spectral phase :

Ciddor 1996: n 0.23-1.690 um v

3D - selected data for 3D artists

Optical constants of Air

Ciddor 1996: n 0.23-1.690 pm

— l >
Wavelength: 05876 o pm (0.23 - 1.69) line select unit converter (p (w ) = TL (w ) w /C

Complex refractive index (n+ik) [il

1.00031

Refractive index [il

n=1.00027717 1.000305

over propagation distance |

Derivative of the spectral phase = group delay

Linear spectral phase: constant group delay

Quadratic spectral phase: group delay dispersion (GDD, fs?)

2
GpD = £¢
dw
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Propagation in air

P E.() — E (0) —E,(0)=E, (o) exp(io®) — E_ (1

25



Propagation in air

. After 100 m
300 fs pulse at 1030 nm from Yb amplifier , dels Gabor le_16
L5 le=12 Propagation of 300.0 fs pulse in air '
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Propagation in air

25 fs pulse at 800 nm from Ti:Sa amplifier

L5 le=12 Propagation of 25.0 fs pulse in air
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Propagation in air

5 fs pulse at 700 nm from postcompressed Ti:Sa amplifier After 1m
L le=12 Propagation of 5.0 fs pulse in air lel5 Gabor le—17
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Propagation in fused silica

AccuSol™; ﬁ;ed Silica

[about]

zﬁgr Lc’*;u &lkéﬁ‘k LQFO ENHANCED BY Google “

E‘_agrmﬂ’ﬁ’lqa ;.'J-_tiﬂ';!_ dat ml"na,st

Shelf
MAIN - simple inorganic materials
ORGANIC - organic materials
GLASS - glasses
OTHER - miscellaneous materials
3D - selected daka For 3D artists

Book
Fused silica (fused quartz) b
Page
Malitson 1965: n 0.21-3.71 pm b
2 _q_ 0.6961663)\° 0.4079426)\> 0.8974794)2

n—1= - -
A2 — 0.06840432 A2 —0.11624142 A2 — 0.8961612 29



Propagation in fused silica

P E.() — E (0) —E,(0)=E, (o) exp(io®) — E_ (1
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Propagation in fused silica

Propagation of 800nm pulse through 20mm of SiO2
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175 4

150 A

125 A

100 4

QOutput pulse (fs)

75 1

50 1

251

0 25 50 75 100 125 150 175 200
Input pulse (fs)
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Propagation in fused silica

g deiz Propagation of 300.0 fs pulse in Si02
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Mostly linear spreading of the frequency components in time
- Linear chirp, quadratic phase
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Can be compensated by introducing an opposite quadratic phase in the laser
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Dispersion compensation

P E(h) — E (0) —E,(0)=E, (o) exp(ip(®)) — E_ (1

(0) =E_ (1) exp(-i a (0-0)*) — E_ (1)

comp out comp

o=quadratic spectral phase coefficient
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ersion compensation

25 fs, 800nm, 1cm of Si02
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Small residual deviation from Fourier Limit: higher order spectral phase, 34
uncompensated in the compressor



Dispersion compensation

-
5fs,700nm, 5mm of Si02
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Clear signature of third order spectral phase

- For very short pulses, we need better compensation
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Chirped mirrors

Chirped Mirrors for Fused Silica Compensation, 91/2" or @1"

F 3
P >89.5% Absolute Reflectance from 650 to 1050 nm
P Group Delay Dispersion (GOD) per Reflection: -1.5 mm of Fused Silica (-54 f=2 at 800 nm)
UMC1045FS | Clear Aperture: »B0% of Diameter
P 107 ACI
Thorlabs' UMC05-15F5 and UMC10-15F5 chirped mirrors feature >99.5% absolute reflectance over the 650 - 1050 nm wavelength range. The coating is engineered such
HMCOS-AAES that each reflection compensates for the dispersion intreduced by 1.5 mm of fused silica over the entire range. The 10® AQI allows these mirmors to perform similarly for
both s- and p-polarized light, and is ideal for a compact setup where multiple reflections are needed.

& Zpom Mounting Options

The @1/2" mirror is 6.3 mm thick, while the @1" mirror is 9.5 mm thick. These mirrors can be mounted by any minmor mount that accepts these optic thicknesses. To
maximize the clear edge, we recommend mounting the UMC105-15FS in a POLARIS-C05G glue-im mirror mounit, which features a 180° clear edge, and the UMC10-15F5 in a POLARIS-C1G glue-in mirror
miount, which features a 252° clear edge.

+1 Quantité Docs  Produit - Universel Total HT Dizponibilité
HE B UMC05-15FS @1/2" Dispersion-Compensating Mirror, 650 nm - 1050 nm, 10° AOI, Qty. 1 €173,58 Today
HH B UuUMC1l0-15Fs @1" Dispersion-Compensating Mirror, 850 nm - 1050 nm, 10% AOI, Qty. 1 €284.49 Today

Multilayer dielectric coatings

Designed to optimize broadband reflectivity and introduce a well controlled Group Delay Dispersion
Chirped mirrors compensating the dispersion of fused silica can be bought
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Chirped mirrors

UMCxx-15FS Reflectance, 10° AOI UMCxx-15FS Group Delay, 10° AOI
100.0 80
—— P-Polarization

- 99.8 — 1 —— S-Polarization N
é . é 60 4 ——-1.5 mm of Fused Silica
@ >
2 996 @©
-S —— P-Polarization QO
o ] —— S-Polarization Q 40 -
QO 99.4- o
5 3
14 i = 20 -

99.2 (0)

99.0 T T T T T T T T T 0 T T T T T T T T T

600 700 800 900 1000 1100 600 700 800 900 1000 1100
Wavelength (nm) Wavelength (nm)

Good average dispersion compensation

Oscillations in the GDD — Will create replicas in the temporal profile of the beam. This is bad.
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Chirped mirrors

UMCxx-15FS Reflectance, 10° AOI
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Good average dispersion compensation

UMCxx-15FS Group Delay, 10° AOI

80
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5

O ,0-
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0 ) 1 ) 1
600 700 800 900 1000 1100

Wavelength (nm)

Oscillations in the GDD — Will create replicas in the temporal profile of the beam. This is bad.
Avoided by matching two mirrors (different designs or different angles of incidence)

Chirped Mirror Set for Multiphoton Microscopy, 53.0 mm x 12.0 mm x 12.0 mm

P >99% Average Reflectance from 700 to 1000 nm

P Group Delay Dispersion (GDD) per Reflection: -173 fs? at 500 nm
P Coated Surface Dimensions: 50 mm x 8 mm

» 8° ACI

P Designed for Pulses with Spectral Bandwidth =50 nm FWHM

B Sold in Packs of 2

HCmeTes The DCMP175 consists of a pair of reckangular optics with =99% average reflectance over the 700 - 1000 nm wavelength
range. These mirrors are designed to integrate with multiphoton micrescopy setups, which typically indude long path lengths
QM through highly dispersive glass. The 82 AOI allows these mirrors to perform similarly for both s- and p-polarized light, and is

ideal for a compact setup where multiple reflections are needed.

Mounting Option
As shown in the figure to the right, these mirrors can be mounted in the Kinematic Grating Mount Adapter, which is compatible with ©1", front-loading,

unthreaded mirror mounts, such as our Polaris Ultrastable Kinematic Mirror Mount.

>

POLARIS-C1G
Mirror Mounts

SR GG T

Click to Enlarge
Wiew Imperial Product List

Wiew Metric Product List
Single DCMP175 Mirror Mounted Using a
Mount Adapter

Multiple Reflections
Between Two
UMC10-15FS Mirrors

+1 Quantité Docs  Produit - Universel

Total HT

Disponibilité

DCMP175 Dispersion-Compensating Mirror Set, 700 nm - 1000 nm, 8° AOI, Qty. 2

BE | | B

€ 2424 68

5-8 Days



Chirped mirrors

UMCxx-15FS Reflectance, 10° AOI UMCxx-15FS Group Delay, 10° AOI
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Oscillations in the GDD — Will create replicas in the temporal profile of the beam. This is bad.
Avoided by matching two mirrors (different designs or different angles of incidence)
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Introduction: time-frequency travel

Keeping ultrashort pulses ultrashort

Self-phase modulation — the enemy within

Mirror mirror

Producing circularly polarized pulses — a perfect circle

Focus



_ Propagating intense femtosecond pulses _

High intensity = Non-linear dispersion

Kerr effect: the refractive index is modulated by the laser intensity:
n(x,y,z,ty=n +n_.I(x,y,z,t)

Already seen in Adeline’s talk: Kerr lens modelocking — spatial effect

Already seen in Clara’s talk: spectral/temporal effect
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Self phase modulation

What is the effect of a Gaussian phase on a Gaussian pulse?

P E () — E_()=E ®)exp(icl (t)) —E_(o)

c = magnitude factor of the SPM
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Self phase modulation

What is the effect of a Gaussian phase on a Gaussian pulse?

Parabolic approximation — quadratic temporal phase — spectral broadening

Wigner for ¢ =9.8e-01
Q 1525000 50000 75000 100000 125000 150000

1.0- 10
= = 9.8e-01
@ a=>.ce —— Pulse with Gaussian phase | ~~
2 0.5 - > o
9 FT limited )
[ o
0-0 -____I______I____ T T — T -___I_____I_ _____ _0 g
—-100 =75 -50 =25 0 25 50 75 100 g
o
—— Modified spectrum by SPM 2
> 0.0010 - Initial spectrum ©
£ 0.0005 - <
0.0000 T T T T T T T
150 Ly5 200 225 250 275 300 325 330 ~1.00 —0.75 —0.50 —0.25 0.00 0.25 0.50 0.75 1.00
Angular frequency (x1el5 rad/s) Time (s) le—13
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Self phase modulation

What is the effect of a Gaussian phase on a Gaussian pulse?

Parabolic approximation — quadratic temporal phase — spectral broadening

Strong SPM: fringes appear in the spectrum Wigner for @ =9.8e+00

Ole15 5000 10000 15000 20000 25000 30000

1
1.0 A
35 The same frequency appears at two delays
- —> Spectral interference
= a =9.8e+00 — Pulse with Gaussian phase | = — \
5
c 0.5 4 \ . |
o T lipit~ “ 30
= \ B
N =
- \\ _______________ | >
00 -----I------I--— T T T T T O g 25
—100 —-75 -50 -25 0 25 50 75 100 % .
Q
—— Modified spectrum by SPM -E
> 0.0010 A Initial spectrum ‘_35 2.0
-a g
S <
7]
= 0.0005 A 15
0.0000 /W\ :

Angular frequency (x1el5 rad/s) Time (s) le-13
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When does SPM become a problem?

B = Z_Tr ﬂjj(zj dz = Accumulated non-linear phase shift

Depends on the laser intensity
Energy per pulse, pulse duration, beam diameter

4{//
I BFEE: om

FR958E BNIE HE

]

Is accumulated along the whole beam path i
Air, glass windows, waveplates, lenses...

‘ ,
=
F

Complément Alimentaire

Can be avoided B cppmm s
- by increasing the beam diameter
- by shortening the optical path and avoiding transmissions
- by stretching the pulses to propagate them, and compress them as late as possible
( for instance in postcompression, do the final compression under vacuum to avoid SPM in windows)

SPM depends x,y,z,t = inhomogeneities in the beam
The spectrum depends on position
The spectral phase depends on position
— The dispersion affects differently the various parts of the beam

— The temporal profile becomes inhomogeneous
+ spatial phase — focusing
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When does SPM become a problem?

http://toolbox.lightcon.com/tools/

Optics Toolbox CONVERTERS BEAM PROPERTIES GEOMETRICAL OPTICS DISPERSION

NONLINEAR OPTICS OTHER

Opti cs ToolboOX converters  BEAM PROPERTIES

GEOMETRICAL OPTICS DISPERSION NONLINEAR OPTICS OTHER

Pulse peak intensity and fluence

B-integral @
Peak fluence @ Pulse energy Pulse length Fwm B, B. fused_silica, Fused quartz/silica (FS)
7639.437 S| Wem: 3000 S| 5 2| fs 0.738 Wavelength [nm Intensity Tyqxcwiem Distance z (mm
Peak intensity Gaussian puise @ Peak intensity sech® puise @ Beam diameter [mm R 1030 S 0.44 = 1000
1435.354 2 GW/ecm? 1346.64 2 GWem? ate?: 10 Super-Gaussian coefficient @ ::_1/ 3:—?&16
at FWHM: | 5.887 2 1 2| deg 1053 2.74e-16

A few examples:

- Yb:fiber laser, waist=2mm, 300 fs, 500]
- Imax=0,44 GW/cm?2 - B=51in 7m of Si02

- Ti:Sa laser, waist=20mm, 25 fs, 10 m]
- Imax=240 GW/cm2 - B=5in 10 mm of SiO2

- Postcompressed pulse, waist = 10 mm, 5fs, 3m]
- =1350 GW/cm? - B=5in 1.7 mm of 5102
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Using SPM to compress fs pulses

1.0 1 10
> P
e —\ Pulse with Gaussian phase [ =
2 0.5 - o P > %
] VT limited 0
- A ©
£ e
3\ o
\‘h. _______________ |
00 --_--I--_-_-I_-— | | | | | 0
—100 —-75 —-50 —-25 0 25 50 75 100
—— Modified spectrum by SPM
> 0.0010 - Initial spectrum
‘m
G
E 0.0005 A
0.0000 _M

1.50 1.75 2.00 2.25 2.50 2.75 3.00 3.25 3.50
Angular frequency (x1el5 rad/s)

SPM induces spectral broadening — reduces the Fourier Limit duration that can be reached

Can we compensate the spectral phase?
Parabolic approximation of the phase — can be compensated by opposite second order phase

How can we introduce a negative chirp?

Mid Infrared: use negative GVD (eg in fused silica) 47
UV-Vis-IR: use chirped mirrors




Chirped mirrors

»

Chirped Mirror Set for Multiphoton Microscopy, 53.0 mm x 12.0 mm x 12.0 mm

P >99% Average Reflectance from 700 to 1000 nm

P Group Delay Dispersion {GDD) per Reflection: -175 fs? at 800 nm
P Coated Surface Dimensions: 50 mm x 8 mm

I 8° ACI

B Designed for Pulses with Spectral Bandwidth =50 nm FWHM

P Sold in Packs of 2

POLARIS-C1G
Mirror Mounts

nCmeTes The DCMP175 consists of a pair of reckangular optics with =99% average reflectance over the 700 - 1000 nm wavelength

range. These mirrors are designed to integrate with multiphoton micrescopy setups, which typically indude long path lengths

QM through highly dispersive glass. The 82 AOI allows these mirrors to perform similarly for both s- and p-polarized light, and is
ideal for a compact setup where multiple reflections are needed.

LR T T PR VARt by e o

Mounting Option
As shown in the figure to the right, these mirrors can be mounted in the Kinematic Grating Mount Adapter, which is compatible with @1", front-loading,

unthreaded mirror mounts, such as our Polaris Ultrastable Kinematic Mirmor Mount.

Click to Enlarge
Wiew Imperial Product List
View Metric Product List
Single DCMP175 Mirror Mounted Using a Multiple Reflections
Mount Adapter Between Two
UMG10-15FS Mirrors

+1 Quantité Docs  Produit - Universel Total HT Disponibilité
e | | B DCMP175 Dispersion-Compensating Mirror Set, 700 nm - 1000 nm, 8° AOI, Qty. 2 €2.42468 5-8 Days
DCMP175 Reflectance, 8° AOI DCMP175 Group Delay, 8° AOI
100.0 60
- P 404 \
é 99.8 - '
g & 20
o 99.6- < |
S (] 0 -
8 99.4 1 g. J
= —— P-Polarization o) -20 4
: 5 ™
99.2 - © L.
99.0 L B & I B S L e B S -60 T T T T - T T T T T
650 700 750 800 850 900 950 1000 1050 650 700 750 800 850 900 950 1000 1050

Wavelength (nm) Wavelength (nm)

-175 fs2 / bounce. How does it compare with the phase introduced by SPM? 48
— Let’s introduce a negative chirp to compensate the quadratic phase of our SPModulated pulse



Using SPM to compress fs pulses

Introduce a quadratic spectral phase to compensate for the positive chirp of the pulses

P E () — E_()=E () exp(ic| (1)) —E (o)
E =E

(0) =E_ (0) exp(i a (0-0))*) — E__ (1)

comp out comp
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Using SPM to compress fs pulses

Increasing quadratic phase compensation

Compression of SPM 100 Compression of SPM 100 Compression of SPM
1.0 0 .01 ' _ 10.0
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Note: Characterization of ultrashort . The Wigner functions of a pulse before and after qua-
eleCTromngehC pu|ses dratic spectral phase modulation ¢ w?/2 are related by
1 S 2 i
lan A. Walmsley and Christophe Dorrer Wourpur(t,®) = Winpur(t — ¢ o, w). (2.39)
chpanmcnt of Physics, University of Oxford, Clarendon Laboratory, Parks Road,
Oxford, OX1 3PU, UK, walmsley@physics.ox.ac.uk This corresponds to a shear of the chronocyclic Wigner function, as shown in
JLﬂhm‘utury for Laser Energetics, University of Rochester, 250 East River Road, Flg' _l ](b?’ which encodes the spectrum of the Input pulse onto the temporal - 50
Rochester. New York 14623. USA. cdorreri@lle.rochester.edu tensity of the output plllSE.

Advances in Optics and Photonics 1, 308-437 (2009) doi:10.1364/A0P.1.000308




Postcompression in a bulk plate

Optics Communications 472 (2020) 126035

2.3-cycle mid-infrared pulses from hybrid thin-plate post-compression at 7 W
average power

Mate Kurucz -, Roland Flender ?, Ludovit Haizer ?, Roland S. Nagymihaly #, Wosik Cho "¢,
Kyung T. Kim >¢, Szabolcs Toth ?, Eric Cormier %<, Balint Kiss

a ELI-ALPS Research Institute, Dugonics tér 13, 6720 Szeged, Hungary

b Center for Relativistic Laser Science, Institute for Basic Science, 61005, Gwangju, Republic of Korea

¢ Department of Physics and Photon Science, Gwangju Institute of Science and Technology, 61005, Gwangju, Republic of Korea

d Laboratoire Photonique, Numerique et Nanoscience, Université Bordeaux-IOGS—-CNRS (UMR 5298), rue F. Mitterrand, 33400, Talence, France
¢ Institut Universitaire de France, 1 rue Descartes, 75231 Paris, France

SPM occurs here

Negative GDD
at 3.2 um CaF, compressor

+ power meter

broadened pulse

ny A i n

YA 2o

‘\\
. 4

) o

r-

Thermal camera

SMm1

Fig. 1. Schematic view of the experimental arrangement. SM1 and SM2 are concave spherical mirrors.

Why using two plates (Si and YAG)?

Efficient spectral broadening from a single bulk plate is limited by
plasma formation due to ionization, which results in nonlinear losses

Semiconductors: positive GVD at 3.2 um, high n2

and degradation of the beam profile at higher input intensities [18]. Semiconductors as silicon and germanium were the
To overcome the limitations of single-plate compression of MIR pulses, prime candidates as they have the highest nonlinear refractive index
different material thin plates of opposite group velocity dispersion of 3.79-10~1% cm?/W and 3.68-107!3 cm?/W respectively [22].
(GVD) could be employed in alternating order, in a hybrid setup.

Having the appropriate parameters for these plates, such as n,, GVD Dielectrics: negative GVD at 3.2 um, but low n2:

and thickness, may allow to compensate the spectral phase (up to the YAG has the highest nonlinearity of 7- 1016 cm2/W.

second order phase) on the subsequent plate, resulting in sufficient
intensity to drive the nonlinear broadening efficiently.
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Postcompression in a bulk plate

Optics Communications 472 (2020) 126035

2.3-cycle mid-infrared pulses from hybrid thin-plate post-compression at 7 W
average power

Mate Kurucz >, Roland Flender ?, Ludovit Haizer ?, Roland S. Nagymihaly ?, Wosik Cho ><,
Kyung T. Kim >¢, Szabolcs Toth ?, Eric Cormier %¢, Balint Kiss *

a ELI-ALPS Research Institute, Dugonics tér 13, 6720 Szeged, Hungary

b Center for Relativistic Laser Science, Institute for Basic Science, 61005, Gwangju, Republic of Korea

¢ Department of Physics and Photon Science, Gwangju Institute of Science and Technology, 61005, Gwangju, Republic of Korea

d Laboratoire Photonique, Numerique et Nanoscience, Université Bordeaux-IOGS—-CNRS (UMR 5298), rue F. Mitterrand, 33400, Talence, France
¢ Institut Universitaire de France, 1 rue Descartes, 75231 Paris, France

Spectral measurements Temporal characterization (see next course)
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Efficient postcompression scheme

Inherent spatial inhomogeneity

due to the intensity distribution in the plate?
Can be mitigated by using mutiple plates
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Postcompression in bulk plates — more references

C. Rolland and P. B. Corkum Vol. 5, No. 3/March 1988/J. Opt. Soc. Am. B 641

Compression of high-power optical pulses

Claude Rolland and P. B. Corkum
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Postcompression in a hollow core fiber

Generation of high power sub-15 fs pulses at 515 nm through nonlinear compression of an

Yb-doped ultrafast fiber amplifier
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Propagation in hollow-core fiber : homogeneous effect of SPM
Handwaving: Propagation mixes the different parts of the beam, leading to homogeneity

Nonlinear medium? Rare gas introduced at controlled pressure, ~ changing medium optical thickness

Recompression:
Set of chirped mirrors. 18 bounces — -1000 fs?
Additional silica plates — fine tune the dispersion, adding positive GDD. 54
Optimal dispersion: -850fs?2
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Postcompression in a hollow core fiber - more references
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Postcompression in a multipass cell

| 2252 Vol. 43, No. 10 / 15 May 2018 / Optics Letters m
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Nonlinear pulse compression based on a
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Propagation in cavity : homogeneous effect of SPM
Handwaving: inhomogeneities washed out by mode propagation in the cavity
34 roundtrips. Total distance 20 m

Nonlinear medium? 7 bars of argonl. This gas presslure results in a nonlinear index
n, = 6.5 x 1072 m? /W and a group velocity dispersion 8, =
Recompression: 110 fs*/m [17].
Gires Tournoi Interferometer mirrors — -250 fs2 per bounce + -100fs2 per bounce
Optimal dispersion: -3100fs?
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What about spatial homogeneity of the beam?




Postcompression in a multipass cell
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Fig. 4. Spatio-spectral couplings at the output of the cavity in
the vertical axis. (a) Experimental spectro-imaging measurement.
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ity factor measured with a spectro-imaging setup: vertical axis (red),
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Postcompression in a multipass cell - more references

Optics Letters
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Recap on postcompression
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High-energy few-cycle pulses: post-compression
techniques
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Figure 10. Pulse energy versus pulse duration in compression experiments in the near-infrared
range. The red-shaded area in represents the high-energy few-cycle regime.



Resolving the attosecond dynamics of the Kerr effect

doi:10.1038/nature17650

Attosecond nonlinear polarization and light-matter
energy transfer in solids
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Figure 2 | Sub-femtosecond-resolved optical Kerr effect in silica.

a, After passage through a 10-pm-thick fused silica sample, the electric
field E(t) of the few-cycle near-infrared pulse with a peak intensity of

1.3 x 10" W cm™?, approximately 10% below the threshold for optical
damage, is modified as a result of the nonlinear light-matter interaction,
as revealed by its comparison to a low-intensity (Jpeqe=7 % 10 Wem %)
reference waveform E¢(t) (for 3=0.27). This comparison yields a
transient positive phase shift induced by the strong field, as anticipated
from the dynamic increase of the refractive index owing to the optical
Kerr effect. The two insets show close-ups of the comparison near the
centre and at the end of the pulse, revealing the full reversibility of the
effect. E(1) and E,.({f) are obtained from averaging a set of three recordings
performed under identical conditions on individual samples. b, The phase
shift Appeqi evaluated at the peak of the field envelope for different peak 61
intensities I, of E(t) is found to exhibit a linear dependence on the field
intensity. Each data point represents the mean value of three individual
recordings under identical conditions; the error bars indicate the standard
deviation.



Introduction: time-frequency travel

Keeping ultrashort pulses ultrashort

Self-phase modulation — the enemy within

Mirror mirror

Producing circularly polarized pulses — a perfect circle

Focus



Why bother about mirrors?

Ubiquitous in experimental setups

We've seen that chirped-mirrors could induce strong dispersion

What about “regular” mirrors?
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Getting the dispersion of metallic mirrors
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ERvEaL N¢ wss The complex refractive index gives the complex reflection coefficients

- through Fresnel equations
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Silver mirror reflectivity and dephasing
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Getting the dispersion of metallic mirrors
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Getting the dispersion of metallic mirrors
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Now you can say:
The phase is not linear - GDD!
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Commercial Ag mirrors

Protected Silver Coating (-P02, 45° AOI) From Ag Fresnel equations
100 1.00 1

D

PFD5-03-P01
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97_' 0.98 -
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a0 T T T T —r T 2% 101 3x 10-14x 10! 6x 101 100 2% 109
04 1 10 20 Wavelength (microns)

Wavelength (um)

PF10-03-P01 0.96 1

Reflectance (%)

0.94 ~

The Protected Silver mirror has a different reflectivity than the bare Ag mirror
(but you can’t really buy bare Ag mirrors)

Note the different reflectivity of S and P polarizations

Dip at 600 nm: scary. Probably means high dispersion.
Dispersion not provided by company.
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Ultrafast-enhanced silver mirrors
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Dielectric multilayer mirrors

(a)

L=45cm

33fs /135 wJ

| I
" GTI mirrors I
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E . . .
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The bandwidth of dielectric mirrors can be a limitation in cavity postcompression




More trouble: polarization state

The mirror reflectivity is defined for S and P polarizations

Reflectance of Ultrafast-Enhanced Silver,
100.0 45° AOI

99.0 -

98.5

98.0 —— P-Polarization S
— S-Polarization

Reflectance (%)

960 4+——+— ¢ ¢+
700 750 800 850 900 950 1000 1050
Wavelength (nm)

In general, you work with S or P polarization

The beam is polarized at the exit of the laser
It remains in the horizontal plane
It doesnt go through birefringent optics

- OK
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More trouble: polarization state

The mirror reflectivity is defined for S and P polarizations

What if : You change beam height

You change beam height between using a periscope?
two distant mirrors?

360° Rotation

You go through a non-linear crystal §
for frequency conversion?

360° Rotation

72

You may end up with a polarization state which is neither S or P




More trouble: polarization state

The mirror reflectivity is defined for S and P polarizations

Reflectance of Ultrafast-Enhanced Silver,
100.0 45° AOI

S

99.04 unpolarized
98.5 beam

98.0 —— P-Polarization
— S-Polarization

Reflectance (%)

960 4+——+— ¢ ¢+
700 750 800 850 900 950 1000 1050
Wavelength (nm)

Let us decompose the input beam along S and P directions

Different reflectivity — Rotation of the polarization angle
Phase shift between the two components — Introduces some ellipticity in the laser field
Different GDD between the two components = Complex temporal evolution of the beam polarization

Can we calculate this?
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More trouble: polarization state

We send a linearly polarized laser pulse to a set of 45° incidence silver mirror, in a horizontal plane
Mirror complex reflectivity calculated from Fresnel equations

We introduce an initial rotation of the polarization direction with respect to the vertical S polarization
We calculate the resulting pulse polarization, as a function of the number of bounces on mirrors.

'I — P> Seepractical 1
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More trouble: polarization state

We send a linearly polarized laser pulse to a set of 45° incidence silver mirror, in a horizontal plane
Mirror complex reflectivity calculated from Fresnel equations

We introduce an initial rotation of the polarization direction with respect to the vertical S polarization
We calculate the resulting pulse polarization, as a function of the number of bounces on mirrors.
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More trouble: polarization state

We send a linearly polarized laser pulse to a set of 45° incidence silver mirror, in a horizontal plane
Mirror complex reflectivity calculated from Fresnel equations

We introduce an initial rotation of the polarization direction with respect to the vertical S polarization
We calculate the resulting pulse polarization, as a function of the number of bounces on mirrors.
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More trouble: polarization state

We send a linearly polarized laser pulse to a set of 45° incidence silver mirror, in a horizontal plane
Mirror complex reflectivity calculated from Fresnel equations

We introduce an initial rotation of the polarization direction with respect to the vertical S polarization
We calculate the resulting pulse polarization, as a function of the number of bounces on mirrors.
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Introduction: time-frequency travel

Keeping ultrashort pulses ultrashort

Self-phase modulation — the enemy within

Mirror mirror

Producing circularly polarized pulses — a perfect circle

Focus



Controlling the polarization state of femto pulses

Many experiments require circularly polarized light, or well defined elliptical light
Circular Dichroisms, attoclock...

In principle, polarization manipulation is easy: use wave plates
Decompose the field in two components in a birefringent crystal

They accumulate different phases
— The resulting polarization is modified

Ex: Half Wave Plate
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- Controlling the polarization state of femto pulses -

The crystal thickness can be set to achieve a phase-shift of A/4 between the two components

— Converts linear light into circular

First constraint : we want zero order waveplates
Multiple order quarter waveplate: introduces a delay of n.T +T /4

n=0 — Zero-order quarter waveplate

20fs pulse, multiple order wp with n=5 20fs pulse, zero order waveplate
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(can be useful for temporal shaping of polarization state,
e.g. for polarization gating of attosecond pulse generation)
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- Controlling the polarization state of femto pulses -

The crystal thickness can be set to achieve a phase-shift of A/4 between the two components
— Converts linear light into circular

First constraint : we want zero order waveplates
Multiple order quarter waveplate: introduces a delay of n.T +T /4

n=0 — Zero-order quarter waveplate

Technology:
- Very thin polymer film (true zero order)

- Quartz: stack two crystals, for instance one introducing 5.T +T /4 and the other one -5.T

Second constraint: we sometimes need broadband waveplates
Impossible with a single dispersive birefringent medium (n__ .
ordinary extraordinary

Use a combination of two media, with opposite dispersions: quartz and MgF
The bandwidth can be increased by increasing the complexity of the stacking

vary with 1)
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Which quarter wave plate?
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- Controlling the polarization state of femto pulses -

Transferring the attoclock technique to velocity
map imaging

Matthias Weger, Jochen Maurer, André Ludwig, Lukas Gallmann,
and Ursula Keller

Department of Physics, ETH Zurich, Wolfgang-Pauli-Str. 16, 8093 Zurich, Switzerland
(C) 2013 OSA 23 September 2013 | Vol. 21, No. 19| DOI:10.1364/0E.21.021981 | OPTICS EXPRESS 21981

Goal: produce an elliptical beam, and rotate the main axis of the ellipse during the acquisition
(tomographic Velocity-Map Imaging)

The pulse characterization with a SPIDER resulted in a measured
pulse length of 6.1 fs at a central wavelength of 735 nm. Before the pulse entered the vacuum
chamber through the entrance window it passed a polarizer, a quarter quarter-wave plate
(QWP) and a half-wave plate (HWP). The polarizer (Newport polarcor 05P109AR.16)
ensured a clean linear polarization state of the beam before the pulse passes through the
QWP. The desired ellipticity of 0.87 was induced by the quarter-wave plate (B.Halle Nachfl.

GmbH RAC 5.4.10L
Polarizer

A

/

Polarizer

A

/”"fﬁ

Check: rotate polarizer = Record Malus’ law g,




- Controlling the polarization state of femto pulses -

Transferring the attoclock technique to velocity
map imaging

Matthias Weger, Jochen Maurer, André Ludwig, Lukas Gallmann,
and Ursula Keller
Department of Physics, ETH Zi{;'ich, Wolfgang-Pauli-Str. 16, 8093 Zurich, Switzerland
(C) 2013 OSA 23 September 2013 | V(.;I. 21, Nul‘j | D(.)’l:1[)‘.1364.1’('JE.21.(]2]981 | OPTICS EXPRESS 21981
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- Controlling the polarization state of femto pulses -

Transferring the attoclock technique to velocity
map imaging

Matthias Weger, Jochen Maurer, André Ludwig, Lukas Gallmann,
and Ursula Keller

Department of Physics, ETH Zurich, Wolfgang-Pauli-Str. 16, 8093 Zurich, Switzerland
(C) 2013 OSA 23 September 2013 | Vol. 21, No. 19| DOI:10.1364/0E.21.021981 | OPTICS EXPRESS 21981
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A superachromatic waveplate is necessary for this experiment




Polarization by reflections

Finding good waveplates can be difficult
In DUV-VUV-XUV - Very challenging

Fig.1 Retardation Spectrum of VUV Achromatic QWP Fig.3 Transmittance Spectrum of VUV Achromatic QWP/HWP

170 with optical contact Type (measured)
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D 100 3
g L
= s}
i= E
= a0 E 4l1]
g E
D g0
r E 40

70 ¢ s .

1 <4 Kogakugiken Corp. <4 Kogakugiken Corp.
60 a
160 170 180 180 200 10 220 230 240 250 160 170 180 190 200 210 220 230 240 250
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Dispersion is not provided...

Phase-shifts introduced by metallic reflections can be an alternative solution
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Polarization by reflections
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Calculation: reflection of a 5fs 400 nm pulse on Al mirrors: in the practical
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Polarization by reflections

Exit Iris

Analyzing

SU5: a calibrated variable-polarization synchrotron Fatranoe s . e
- - - - - €phasing
radiation beam line in the vacuum-ultraviolet range

Element (o)

Laurent Nahon and Christian Alcaraz

1024 APPLIED OPTICS / Vol. 43, No. 5 / 10 February 2004

Fig. 3. Schematic of the SU5 (3 + 3)-reflection polarimeter, show-
ing the dephasing and analyzing elements to be rotated by respec-
. . . tive angles o and B, which involve, respectively, three (140°, 150°,
U Sed as ana lyS] S OW P fo r Syn C h rotron ra d iation and 160°) and two (130° and 140°) prisms. One can also see the
= two irises and the movable UV-XUV detector. The prisms can be
moved out of the way of the photon beam to allow the beam to move
toward the sample.

LETTER

https://doi.org/10.1038/s41586-019-1333-x

Used to convert linear atto pulses to circular
Light-wave dynamic control of magnetism

Florian Sicgrist1’2, Julia A. Gessner!?, Marcus Ossiander!, Christian Denker?, Yi-Ping Changl, Malte C. Schréder!,
Alexander Guggenmos'?, Yang Cui?, Jakob Walowski®, Ulrike Martens?, J. K. Dewhurst?, Ulf Kleineberg'?,
Markus Miinzenberg®, Sangeeta Sharma® & Martin Schultze"®*
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Introduction: time-frequency travel

Keeping ultrashort pulses ultrashort

Self-phase modulation — the enemy within

Mirror mirror

Producing circularly polarized pulses — a perfect circle

Focus



Focusing femtosecond pulses

Most straightforward tool: lenses

But:
Glass introduces GDD and SPM
The refractive index depends on wavelength — The focal length depends on wavelength
chromatic aberration
+ spherical aberrations...
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Focusing femtosecond pulses

Directly measuring the spatio-temporal electric
field of focusing ultrashort pulses

Pamela Bowlan, Pablo Gabolde, and Rick Trebino

30 nm bandwidth pulse
Focused by f=50mm
Aspheric lens

Georgia Institute of Technology, School of Physics
837 State S5t NW, Atlanta, GA 30332 USA

While chromatic aberration plays only a small role in the pulse temporal phase, it does
become evident, however, in the pulse’s temporal intensity and its distortions. For a lens free
of aberrations, the pulse fronts are curved and perfectly symmetrical about the focus, and flat
at the focus. Chromatic aberration shifts the position of the flat pulse front to a value of z
after the focus, resulting in pulse fronts that are not symmetric about the focus [3]. In Fig. 2,
it is clear that the pulse fronts are, in fact, not symmetric about the focus, and the pulse front
is flat at z = 1.5 mm in both the simulation and experimental data.

Aarasrescantss

w (rmim)

810 nim

-
be
e
.
.
*

Simulation

I

Fig. 2. E(x,z.1) in the focal region of an aspheric lens. The experimental results are displayed in
the top plots, and the simulations are in the bottom plots. Each box displays the amplitude of
the electric field versus x and f at a distance z from the geometric focus. The color represents
the instantaneous wavelength as designated by the color bar on the right. Each set of plots
displays the amplitude of the electric field versus —t (so that the leading edge of the pulse
appears on the right) and x at a particular longitudinal distance away from the focus. The white
dots display the pulse front (defined as the maximum temporal intensity at each x). The same
conventions are used for the next several plots as well. In this case, as expected, chromatic
aberration causes a flat pulse front to occur after the focus, at about z = 1.5 mm.

Tl

Chromatic aberration and GDD,
GDD dominates

780 nm

W (i)

£
b
‘
3
bt
H
H
H
H
b
!

“t{fs)



Focusing femtosecond pulses

Directly measuring the spatio-temporal electric
field of focusing ultrashort pulses

Pamela Bowlan, Pablo Gabolde, and Rick Trebino

Georgia Institute of Technology, School of Physics
837 State St NW, Atlanta, GA 30332 USA

In Fig. 3, most of the color variation is again due to the GDD of the lens. Because the
doublet is very thick (9.8 mm) and, made of very dispersive glass, it introduces significant
GDD, and this lengthens the pulse by about three times more than the aspheric lens does
(using rms temporal width of the pulse averaged over x). Also, the pulse fronts are not
symmetric about the focus, revealing the presence of chromatic aberration.

No chromatic aberration
GDD dominates

={mm)

% (mm)

30 nm bandwidth pulse
Focused by f=50mm
Achromatic Doublet lens

Experiment
Z=-305mm z=-156 z=-1058 z=.055 —rm's a=045 z=DO5 =145 =165
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Fig. 3. E(x,zt) in the focal region of an achromatic doublet designed for visible light.
Significant GDD is apparent due to the thickness of the lens. Because this lens was designed
for the visible, and not 800 nm, the pulse fronts are not symmetric about the focus, revealing
that some chromatic aberration 1s also present.



Focusing femtosecond pulses

Directly measuring the spatio-temporal electric
field of focusing ultrashort pulses

Pamela Bowlan, Pablo Gabolde, and Rick Trebino

Georgia Institute of Technology, School of Physics
837 State 5t NW, Atlanta, GA 30332 USA

Spherical aberration and GDD dominates

X mmy

()

30 nm bandwidth pulse
Focused by f=50mm
Plano-convex lens

Experiment
z=.22mm z=17mm Z=-12mm z=-07mm z=-02mm z=03mm z=08mm Z=13mm z=1.8mm

Simulation

Fig. 4. E(x,z,1) in the focal region of a plano-convex lens. The spherical aberrations introduced
by this lens result in ripples in the spatial profile that are particularly visible at z = -0.7mm.
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Focusing femtosecond pulses

Directly measuring the spatio-temporal electric
field of focusing ultrashort pulses

Pamela Bowlan, Pablo Gabolde, and Rick Trebino

Georgia Institute of Technology, School of Physics
837 State 5t NW, Atlanta, GA 30332 USA

Pure effect of chromatic aberration
— Pulse duration x 1.3 w/r Fourier Limit
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Fig. 5. E(x,z.t) in the focal region of a ZnSe lens with chirp compensation. In these plots, all of
the color variation is due to chromatic aberration.



Focusing femtosecond pulses

Bowlan et al.

Vol. 25, No. 6/June 2008/J. Opt. Soc. Am. B 30 nm bandwidth pulse
. . . with angular dispersion
Measuring the spatiotemporal electric field of F d bv f=25 1
ultrashort pulses with high spatial and spectral ocused by I=2omm (ens
resolution
Different colors sent to

Pamela Bowlan,"* Pablo Gabolde,! Matthew A. (qughlan,z Rick Trebino,' and Robert J. Levis® '
1School of Physics, Georgia Institute of Technology, 837 State Street NW, Atlanta, Georgia 30332, USA d ] ffe re nt a ngles
2Department of Chemistrv, Center for Advanced Photonics Research, Temple University, oy 2 o
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Focusing femtosecond pulses

30 nm bandwidth pulse
with angular dispersion
Focused by f=25mm lens

Different colors sent to
different angles
— Spatial chirp at focus

Angular dispersion causes pulse front tilt: the femtosecond pulse arrival time depends on space

J. Phys. B: At. Mol. Opt. Phys. 47 (2014) 124004 Review Article
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Generally detrimental, but can be useful - the attosecond lighthouse



The attosecond lighthouse
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Attosecond lighthouse: ultrafast wavefront rotation,
sending consecutive attosecond bursts to different directions

Gas jet
To XUV spectrometer
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Focusing femtosecond pulses

Most straightforward tool: lenses
But:
Glass introduces GVD and SPM
The refractive index depends on wavelength — The focal length depends on wavelength
chromatic aberration

Spherical mirrors are broadly used
But:
Astigmatism is an issue when the incidence angle is too large

Off-axis parabola solve this issue
But:
They are more difficult to align
(Large incidence angles also destroy circular polarization...)




Introduction: time-frequency travel

Keeping ultrashort pulses ultrashort

Self-phase modulation — the enemy within

Mirror mirror

Producing circularly polarized pulses — a perfect circle

Focus



Focusing femtosecond pulses

Many effects can degrade the pulse quality in an experiment
The most obvious issue is the increase of pulse duration
We'll see how to characterize this next course
Polarization issues and spatial inhomogeneities / space-time couplings can be tricky

In general one tries to avoid measuring stuff as long as things work
This can be risky and lead you to investigate artifacts believing they are interesting physics
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