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Lecture 1 of 2

¥ A (not so short) introduction to the mathematical
%@Qﬂ description of the temporal behaviour of ultrashort
laser pulses (terminology,, basic facts, ...)

Spectral amplitude and phase %@?ﬂ

Dispersion, dispersion compensation

Lecture 2 of 2

Experimental techniques for the temporal
characterization of ultrashort laser pulses

Photodiodes, streak camera

1%t and 2™ order autocorrelators

2 ﬂ Transverse functions characterization and
=, .
8 wavefront correction

Wavefront characterization techniques

Wavefront correction and beam focusing

Advanced techniques for the pulse length

and spectral phase measurements: FROG,
SPIDER

Contrast measurement techniques (in brief)
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Srien 1st order autocorrelation

Let's look at what happens when we have an interferometric auto-
correlator: that is the pulse to be measured is splitted into two arms
and recombined after being relatively time-delayed

signal

Characterization of the temporal behaviour of a laser pulse w/o a reference pulse

“1

Y

_*

S(r) /:’O \E(t— 1)+ B(t) dt

+oo 9 +oo 9 +oo .
= [ TiE¢-nFa+ [ B dt+(/ E(t)E*(t — 7)dt + c.c.

+oo 9 +oo
= 2 [ TP+ (f E(t)E*(t—7) dt+c.c.)
The terms in parenthesis correspond to the 1st order auto-correlation function.

Wiener-Khinchin theorem* 2

FlGi(7)] = | E(w)|

Thus, taking the FT of the signal (with respect to the time delay between the two pulses), one ultimately only gets

)

the power spectrum (Fourier-transform spectroscopy): no infos on the spectral phase

In fact, it can be shown that the full knowledge of E(t) requires the measurement of all the successive G (t)

*see for instance Born, Wolf, Principles of Optics
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real electric field

real electric field
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Recalling that E(?)

field autocorrelation

Characterization of the temporal behaviour of a laser pulse w/o a reference pulse
1st order autocorrelation
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(/+O° E()E*(t — ) dt + c,c,)

df+2/ A()A(t — 1) cos [wor + By (1) — By(t — 7)] dt

The trace is symmetric, even in the presence of a chirp

Using only a Michelson interferometer: the width of S(t)
is related to the coherence length of the pulse.

No way to recover the phase: 1st order autocorrelation
is the IFT of the spectrum

Quite difficult to interpret, w/o any hint
on the pulse chirp, spectrum, ...

With some assumption on both the pulse shape and
phase (basically, no or negligible chirp), one can recover
the pulse duration

Very basic method!

W ino. it



SR Characterization of the temporal behaviour of a laser pulse w/o a reference pulse:
d Gmen " 2nd order autocorrelation
We now insert a 2nd harmonic crystal (and a filter)
before the detector %
Remember that e
w —'—-’m k Wy, 20) 2
— @ O “ﬂéﬁ_-E---;H_99_>)
o lens SHG1 filter
r=T——=-T7T71 CI’)’SLH
Pi(2w) = 3 X\ Ej () Er(w) | I
gk >y Y [
P(2w) o (E(t) + B(t — 7))(E(t) + E(t — 7)) variable delay stage
Eoy x (E(t)+ E(t—7))(E(t)+ E({t—1))
: : .
The observed signal is thus S(r) _/ |(E(t) LB T))2|2 "
+o0 . . : ; 2
= / |(A(t)e"“’°"'c‘q’“(” + A(t — T)o"“"“("‘*'r}e"‘l’““*”)Z dt

- fm dt [AY(t) + AX(t — 7) + 42 (D) A2t — 7)+

—00

E(fj) = A(t)ci@noiwntci@a(t)

+HAA(DA(t — 7) (A2(t) + A%(t — 7)) cos (woT + Ru(t) — Ru(t — 7))
+2A42(t) A%(t — 7) cos (2(woT + Da(t) — Da(t — 7))

ﬁ
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e Characterization of the temporal behaviour of a laser pulse w/o a reference pulse:
ormen 2nd order interferometric autocorrelation

S(1) o Dackground + Ira(T) + Ly (T) + Touy (7) FringclasT at the _carrier frequency
(modified by higher order terms)
appear in the measured trace due

+oc
loackgrouna = f A () dt +/ At —7)dt = Qf I*(t) dt to the interference among the

Rl different SH signals
La(7T) = 4/ Azf'rdfzél/ (O)I(t — ) dt &
J,—D(,
L,(r) = 4[ At — 7)(AX(t) + AX(t — 1)) cos [wor + B, (1) — Dy (t — 7] dt
+o<,
I (1) = 2 / () A2(t — ) cos [2(woT + Do(t) — Dyt — 7))] dt 8
+o0 6
Contrast: 8 to 1 S(t=0) x lﬁf I*(t)dt
(this is independent of -
any experimental arrangement) S(T — 00) x / IQ(t) dt

]

The shape of the fringe envelope is very sensitive to the pulse amplitude but,

which is more important, depends on the instantaneous frequency of the laser
pulse

Intensity (arb. units)
.

(Time slices of the pulse having very different frequencies do not give clear fringes)
Notice, however, that the contrast remains in any case unaffected! This can be
used as a way to check the autocorrelator alignment

C(fi] www.ino.it
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Characterization of the temporal behaviour of a laser pulse w/o a reference pulse:

e 9 2nd order interferometric autocorrelation
S(Sy) S(.So)
81 a) Saac  3]n) S
6
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4 Atgsc
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2 B N Autocorrelation”
A similar condition can be obtained avoiding the
interference terms with a slightly modified setup
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Background-free 2nd order Intensity Autocorrelation

LA,

It is easy to demonstrate that in this case the signal is
':;:.-. just proportional to the second order autocorrelation
} (that is, with respect to the above case, no background
and no interference terms are observed)

#&%—-% 20, 'H" ) h L _ ' i , \ .

lens SHG iris filter PMT
crystal

autocorrelation signal

variable delay stage T TR - TR

-0 =300 Srai i} -11

[
time delay (fs)

The pulses exhibit no overlap for delays much greater than the pulse width, when the (2nd order) correlation function
goes to zero. The width of the correlation peak gives information about the pulse width

The (2nd order) correlation function is an even function of T, independent of the simmetry of the actual pulse. Therefore,
one cannot uniquely recover the pulse intensity profile

If one knew a priori that the intensity profile were symmetric, one could recover I(t). Indeed

o 2 e
If I(t) is symmetric, then its FT is real and can be therefore recovered knowing its module only. Conversely, if /(t)
is not symmetric, the phase of its FT would be needed to retrieve it

C@] WWw.ino. it
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Background-free 2nd order Intensity Autocorrelation: single shot autocorrelator

The background-free (non collinear) autocorrelation can
be actually used to build single-shot autocorrelators

lens SHG iris filter PMT
crystal

variable delay stage

The delay t is now “encoded” into
the spatial position x

cliraction of

propagation of

SHG beam
_..3HG crystal plane -




| -C 0 R
e o Background-free 2nd order Intensity Autocorrelation: single shot autocorrelator
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Let's go back to the Interferometric Autocorrelation
and see some examples of pulses with different chirps

A few examples of signals observed with 2nd order Interferometric Autocorrelation

Simac(t) PSD(ew)

a) Syiac(?)
& [T 4
7 B il
=Tl
5 3
3 3
1) — — '
100 =50 ] 50 100
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t 2nd order spectral phase term
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As it can be easily understood, the original pulse giving rise to a given Interferometric Autocorrelation trace is not

unique

Asymmetric pulse

1 (@) 17 -
2 | —-—— 2
R~ N
s 1 02
£ =
0 : : _y P
40 =20 0 20 40
Time (fs)
1 }(c)
0 .
40 20 0 20 40
Time (fs)
Intensity
Autocorrelation

@

Symmetric pulse

A few examples of signals observed with 2nd order Interferometric Autocorrelation

1}(b) {2 ~
21 N N> F
wa ;J' '\ll ,J’ \.\ —
§ r"\vf 1‘ ; \ !p \_.!"‘1 0 g
E N i E

0 . . : 2™

40 20 0 20 40

Time (fs)
8
(d)
4}t
0 : WMM 1
a ) " I I A (1}
40 20 0 20 40
Delay (fs)
Interferometric
Autocorrelation

and difference
between traces

(Limited) informations about the spectral phase
can be obtained from Interferometric
Autocorrelation using iterative algorithms

Most of the times, Interferometric
Autocorrelation is used as a clear visual
indicator of the pulse chirp

More advanced autocorrelation techniques are
needed in order to retrieve the spectral phase

W ino. it
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NAZIOHALE D Pulse characterization: phase information?

LA,

To summarize on pulse measurement techniques so far:

Autocorrelation

Non-collinear (or Intensity Autocorrelation): no phase information
Collinear (Interferometric Autocorrelation): very limited phase informations

ﬁ

www.ino.it
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More advanced techniques involve both temporal resolution and spectral resolution at the same time, and they are

able to provide both the pulse envelope (pulse duration) and the phase

One of the mostly used description of an ultrahort pulse in a time-frequency domain involves the use of so called

“spectrograms”

How we can “measure” the instantaneous frequency of a pulse?

Gate function,

NAZIONALE D Pulse shape characterization techniques in the time-frequency domain

Electric field
; / centered at T
. Input signal Gated pulse
f.'s:gurxf(t-. T) — E(ﬂ'?(f T:] e(r) €sig (1,T)
v ” L ! t Fourier
—)—®—>~ transform
g EI-T;} (t— ll'l}

Magnitude
squared

Power
e SpECLrLIM

5. (m, T)

L\,

Temporal gate pulse

The spectrum of the field in a time interval around T (whose width depends on the gate function) is then given by the

square modulus of the FT (with respect to t) of this signal:

Sf([,u__ T) — |‘;"'- [.ﬁrigrmi(f! "'_)”LJ -

@&

L‘

2

+oa __
/ E(t)g(t — m)e ™" dt

ol — 0

www.ino.it



INO-CNER
STITUTCE

it An example of a spectrogram

LATTICA

Very complex pulse

Electric field

>

Time 1

Frequency
'y

-

Time 7

“Simple” pulses

No chirp

Up-chirp

Down-chirp

Cubic phase

WWW.Ino.it
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ki Measuring the spectrogram: the FROG technique

The main experimental challenge in measuring ultrafast optical spectrograms is in implementing an ultrafast gate
function

In the FROG (Frequency Resolved Optical Gating) technique(s), the pulse is used to gate itself via a nonlinear
optical interaction

Different FROG techniques have been developed, each employing different nonlinear effect
WP
Different FROG implementation thus differ from each other PG - Pol "m'ﬁi? Cam
for the gate function, that is the f;l.gna/(t, 7) measured FROG m Iy Fr L‘Eﬂ
Pol s

f.-sig-urii(t-. T) — E(f)g(t _ T) ‘:‘.-',‘_ﬁiﬁ'

-
S0 = oLt T i Eﬂ
FROG e Cam
L1} = om

2 x k1) o i
+oa .
S(UJ-_ T) - '/—m f.'ﬁig-uuf (f T)["_Ml dt TG ?3 .-‘?"il-?sﬁt
|d;: r
FROG — L L cah
SHG = 2w
L ﬁzﬁ’..%?
L
e Tl A
w £ L

W ino. it
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Polarization Gating FROG (PG FROG)

P AFICHALE I

Ultrafast gating is achieved through the optical R ‘
Kerr effect (3rd order nonlinearity) J\'

Pelanzation-rotating #}‘ A b

‘. e wolpl th s
The “gating pulse” induces birefringence and crreTpEne R flj’} ﬁ
therefore a polarization rotation of the other pulse, @:’ ! S;ﬁ::r
which is thus transmitted through the 2nd polarizer ey ,]-'}*’

s
A .-1 Gate pulse
B0.£ N3 By
,jft i, 45" polarization
. N : (5 !
It is easy to check that in this case the gate is % L2 :
Sy l

2 . T (P
l‘j(f o T} - |E(t - T)l Balarizer -fj-: ._.,__ gt

g,

. Vo i
Monlinear-oplical mediem f aﬁ‘i Spectrometer

and thus the signal Cyfindrical lens

feigna(t,7) = E(t) |E(t — 7)[°

Polarizer = |

PG FROG is one of the most suitable FROG techniques to get single-shot measurement of ultrashort, multi TW
laser systems, using a similar mechanism (time delay encoded in spatial position) to the one described above

R. Trebino et al., Rev. Sci. Instr. 68, 3277 (1997) AN MO

sﬂh?\,

@
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bl Second Harmonic Generation (SHG) FROG
For “low intensity” laser systems, 2nd harmonic €. SHG
generation ((?) nonlinearity can be used instead f — I .

A
The setup is essentially the same as for ' \\ ﬁﬂ F OMA
noncollinear Intensity Autocorrelation, with AN
spectral resolution added %
PZT BS

It is easy to check that in this case the gate is
gt —7) = E(t —7)

and thus the signal
f.'s:'gnui(t-. TJ — E(f)E(f - T)

Although very simple from the point of view of the experimental arrangement, SHG FROG provides rather
unintuitive traces; this is due to the fact that the FROG trace depend, in general, on both the chirp of the pulse

to be measured and the (possible) chirp of the gate pulse.

@] www.ino.it
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R FROG reconstruction algorithm

The pulse field E(t) can be completely retrieved by a FROG trace using an iterative algorithm (several variants exist).
First notice that the knowledge of E__ (t,7) is enough to recover E(t):

/Emgm(t 7)dr = /E{f 7)dr x E(t)

Writing E___(t,7) as an Inverse Fourier Transform (with respect to T) of a function

- +oc
E.*fi_gruu!(f: Q} = [

—iflr
d7 Egigna(t, 7)e
J —oa

one easily realizes that the spectrogram is the (square) modulus of the 2D Fourier Transform of E__ (t,02)
signa

1 i T
E / dt / dﬂEﬁignaI(t\ Q:l[_‘tﬂ?_{}_i““"r‘

Unlike the 1D case, in 2D it is possible to recover a function knowing its (2D) spectrum

Slw,7) =

esiglt, V) — elf) = Jeggt,nVdT — egylt,T) = Mofe())

I

Inverse Fourier
transform with
respect to

One-dimensional
Fourier transform
with respect to

An example of an iterative FROG reconstruction algorithm

Replace the magnitude of

Eg(0,7) with \Tprog(0,1)

L 2

Eﬁig(mrﬂ

Eﬂjg(m?ﬂ *

@
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B Examples of FROG traces
LTI A
Cubic Spec-
FT-limited Pos. Chirp tral Phase
It), 1) |
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wt) , e) | - &=
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<
60 -40 20 0 20 40 60
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B
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NAZIONALE D Spectral Phase Interferometry for Direct Electric Field Reconstruction

This can be considered an evolution of the Interferometric Autocorrelation: beside to be shifted in time, the two
interfering pulses are also shifted in frequency (spectral shearing)

Ey(t) = A(t)e“r'e!
Ey(t) = A(t — 7)ei =0t (t=7)gi®alt=7)

It is easy to verify that the measured spectrum is

S(w) o |FI[E(t)+ Ey(t)])?

= |Aw)| +]|Aw+9)| +2|Aw)

Alw + Q)‘ cos [wT + ¢lw + Q) — d(w)]

For a flat spectral phase, the overall power spectrum exhibits oscillations with period 27/7.
For chirped pulses, the fringe separation depends on the spectral phase difference

If the power spectrum is measured with sufficient resolution, this allows the determination of the spectral phase.

In this case, no iterative algorithm is needed (analysis only involves FT, filtering in the frequency domain, IFT, ...)

See Ch. laconis et al., IEEE Journ. Quantum Electr. 35, 501 (1999) wwwLino. it
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sichliien SPIDER basic setup
- Pulse split into two beams Input
pulse o

= L
- First arm: a replica of the pulse is generated -A-_: Generate | AN
(using for instance an etalon) with a given delay pulse pair Nonlinear

. crystal
Second arm: the pul through Pulse — — | Spectrometer

- Second arm: the pulse passes through a stretcher [ Chirped -
stretcher, which broadens the pulse in time and pulse AN
give it a chirp (~quadratic spectral phase, linear hiﬁﬂc
chirp) pulses

- The pulse pair (resulting from the first arm) and the stretched pulse then interact in a nonlinear crystal. The phase
matching is set so as to only allow the SFG from a photon of each of the two replica and a photon of the stretched

pulse.
Since the frequency of the stretched pulse at the time of interaction with each of the two replica is different, this
actually corresponds to a spectral shear of the upconverted pulses with respect to each other

- Finally, the upconverted power spectrum is measured using a spectrometer

1.0 1.0 1.5
£ =
% 0.8 - % 0.8 L 1.0 %}
o] L]
2 0.6 z 06 - 0%z
T oa = 00 =
— [
8 o ™ 0.4 — 05 @
g 0.2 T 02 10 &
z ' 0 =
0.0 —atl | | | | 0.0 L 15

360 380 400 420 440 600 700 800 900 1000

( r].—l E] Wavelength (nm) Wavelength (nm) wwWw.ino.it
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N ATIOHALET: Pulse characterization methods: a comparison

To summarize on the pulse measurement techniques so far:

Autocorrelation

Non-collinear (or Intensity Autocorrelation): no phase information
Collinear: very limited phase informations

Frequency Resolved Optical Gating (FROG)

Gives amplitude and phase information
One setup may cover a large range of pulse durations
Based on iterative algorithms (not suitable for very high rep rate lasers)

Spectral Phase Interferometry for Direct Electric Field Reconstruction

Gives phase information
Straightforward to extend to significantly short pulse
Direct measurement of the spectral phase: no need of iterative algorithm (very fast)

www.ino.it
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Lecture 1 of 2

¥ A (not so short) introduction to the mathematical
%@Qﬂ description of the temporal behaviour of ultrashort
laser pulses (terminology,, basic facts, ...)

Spectral amplitude and phase %@?ﬂ

Dispersion, dispersion compensation

Lecture 2 of 2

Experimental techniques for the temporal
characterization of ultrashort laser pulses

Photodiodes, streak camera

1%t and 2™ order autocorrelators

2 ﬂ Transverse functions characterization and
=, .
8 wavefront correction

Wavefront characterization techniques

Wavefront correction and beam focusing

Advanced techniques for the pulse length

and spectral phase measurements: FROG,
SPIDER

Contrast measurement techniques (in brief)
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D Characterization of the transverse wavefront of a laser beam

LATTICA,

Motivation (simple): ultrashort and ultraintense laser systems typically feature a large number of elements, whose
optical performances can be greatly affected by material non-uniformity, manufacturing imperfections, material
stresses, thermally induced deformations, ...

All these factors can introduce wavefront aberrations, which in turn affect the energy distribution in the focal plane

Furthermore, aberrations introduced by the focusing device (most often an Off-Aaxis Parabolic mirror) can be
measured and possibly corrected using active (deformable) mirrors

High power

beam

L]
E Wave front sensing
]
)
)

no correction

((I_:‘\] www.ino.it



Main (low order) wavefront aberrations

?% )X‘ ))X( Thy Measured

Astigmatism: Magnitude [0/1], angle 0, 457, 90

OIS

Coma: Magnitude [0/+1] 1, angle 0% 45°, 90°

DD@‘I

Spherical aberration [-1/+1]

@ } www._ino it
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i Characterization of the transverse wavefront of a laser beam
il fggrlasf;f‘g: Most of the time the deviation of the wavefront from a
: plane is described in terms of Zernike polynomials, which
i v Diffraction focus } forms a complete set of polynomials onto the unit circle:
e = —— ,.=.._ oo n
— . . . .. > _. _— d"'-- 4 5 aheﬁrfayll_iﬂn CD{?‘,(;’) f— Anf} + — ZA”[')R {p) + Z ZA;”“.R” (,O)L()‘sfmﬂ)
Z e — >z n—2 n=1m=1
i ; ..___ — f . Gaussian focus P with
O (r,0) - e - |
m ] 1
Reference P : Zﬂ {p"e) - R (p)e
wavelront Wavefront aberration : 1 L
: Rm( ) = I I li [(pz _ l)kpn+.'n:|
Gaussian Zkk' om pdp
focal plane

The Strehl ratio is related to the mean square

Strehl ratio: gives the maximum intensity achievable with deformation of the wavefront:

an aberrated beam normalized to the one from an
unaberrated one (see Born&Wolf for a deeper discussion)
: I(P)
i F) = I

I -

1 p27 : +* 1., .2 2 T 1 B kz I:q}z N ({D)Z:l
[ ,f il KB(YT p.6)-p cos(f—y) 3"'“_]!3 dp do| . To

0Jo :

1
)

The Strehl ratio can be written as a function of the coefficients of the expansion in terms of Zernike polynomials:

n=1 m=0

T SED i
@ www.ino.it
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v Wavefront Sensors (WFS) for (ultra)short laser pulses

For the characterization of (ultra)short laser pulses, two types of WFS are most often employed

Shack-Hartmann WFS

Measures the displacements (with respect to an
unaberrated beam) of the spot of different beamlets
focused by an array of lenses

D

Plane —
wave-front

) S Aberrant
"""""""" —— _. wave-front ) —»
- W

=

l Voo

wavefront microlens
under study array

Lateral Shearing Interferometry
Measures the interference of 2 or more replicas of the
impinging wavefront

For other WF measurement techniges see H. Wang et al., High Power Laser Sci. Tech. 2, €25 (2014) wwwino.it
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sichliien Shack-Hartmann WFS: the working principle
f Focal Spot Position The spot deviation is related to the slope of the deformed
Sl / wavefront
Vo P
[ | el '\
. . i Reference Position The displacements of the spot centroids with respect to a
- m __ —_ - - -
L“;;TE ;:g e = plane wave reference position is a measure of the local
T —— ] Poyinting vector and thus the local gradient of the

/ J,'I = wavefront
Ve l/ Lens / Pinhole Array é _ ( dwl dx ) P l( X.—X, )
aveton Atray Detector = \awlay, y if fAly.—v,, y

These data can be used to reconstruct the wavefront, starting from a polynomial expansion (for instance, a Zernike

expansion i
i ) [, v) JI"'I{"“*,""} f?P;'-Ii.l'.,_'l.'}

! Ayl = Yy

Data from SH WEFS can also be used to calculate “standard” beam parameters, such as the M? parameter:

M: = 2k (x*) - (u®) = (eud®

which depends on 2nd order moments of the so-called Wigner distribution:

E. |:A']'|; - {.l}}lf“ Eﬁ {;B.u.i_.l' - {ﬁu” : |[-i-r',l - {I":'"} ’ "‘E,r' . E,‘J. [18-1--"!' - {ﬁ-l}}:"ﬂ | E“ [lf_.f”}(r?”fh }rz.l
':.':.'I.'l} S : (xu)= - (u™y = =

2l 2,0y >SS S

=]
=S

For a complete discussion of the analysis of SH WFS see B. Schafer et al, Rev. Sci. Instrum. 77, 053103 (2006) www.ino.it
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wnowacor Using WFES in ultrashort laser systems in combination with deformable mirrors (DM)
.-*"'-"-.F.r‘- --H--‘-*
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Wattellier et al., Rev. Sci. Instrum. 75, 5186 (2004)
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iAziONALE An example of Shack-Hartmann WFS data

Raw image from SH detector

Retrieved local displacement from
local reference centroid
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Calculated centroid positions
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Data taken Q@ILIL-CNR Pisa www.ino. it
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An example of Shack-Hartmann WFS data

Retrieved wavefront
Feak to Valley:0.237927 waves
N RMSE:0 066036 waves

Phese, waves

Retrieved coefficients of the Zernike expansion
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Far-field distribution

with and w/o active wavefront correction

Data taken Q@ILIL-CNR Pisa
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LATTICA,

Wavefront distortion leading can also be introduced by
incorrect Off-Axis Parabola (focusing optics) alignment

Even for very small angles of misalignment, this results in
focal spot broadening and thus both maximum intensity
and Strehl ratio degradation

q
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08
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x o ] 1
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s
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-06-04-02 0 02 04 06

B, (deg)

L. Labate et al., Appl. Opt. 55, 6506 (2016)
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Wavefront correction from direct wavefront sensing in the far-field
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waoeor Wavefront correction from direct wavefront sensing in the far-field

LATTICA

Wavefront sensing and active correction with deformable
mirrors can also be used to compensate for OAP
misalignments

=y
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MUETOT

focal field
characterization

Shack-Hartmann \
Wavefront sensor achromat \\\

|
¥ e
e __F_ 1
T‘,!H! I: _.____-=__|:E:::H |I 06, 90°
h - paraboloid

Apo-Plan Infinity Corr
Objective, MA=0TS, 40

Ipeak=(120.1) x10** W /cm?
Characterization of focal field formed by a large

numerical aperture paraboloidal mirror and
generation of ultra-high intensity (10>* W/cm?)

S.-W. BAHK !+ =

P. ROUSSEAT? Appl. Phys. B 80, 823-832 (2005) ; SFre
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Outline

P A ICHALE 1D

Lecture 1 of 2

¥ A (not so short) introduction to the mathematical
%@Qﬂ description of the temporal behaviour of ultrashort
laser pulses (terminology,, basic facts, ...)

Spectral amplitude and phase %@?ﬂ

Dispersion, dispersion compensation

Lecture 2 of 2

Experimental techniques for the temporal
characterization of ultrashort laser pulses

Photodiodes, streak camera

1%t and 2™ order autocorrelators

2 ﬂ Transverse functions characterization and
=, .
8 wavefront correction

Wavefront characterization techniques

Wavefront correction and beam focusing

Advanced techniques for the pulse length

and spectral phase measurements: FROG,
SPIDER

Contrast measurement techniques (in brief)

www.ino.it
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Contrast measurement techniques

“Coherent pedestal”

1 \

p Remind: pulse contrast refers to the
10 ratio of the peak intensity of a laser
102 pulse (main peak) to its background

107 Discrete pre-pulses

10
10°

10° M
107 |
10°
10'9 . !
1 0-10
Pad

10-11

W \

" 120 -80 -40 O 40 80 120
Delay/ps

Normalised signal

Amplified Spontaneous Emission

Different techniques have been developed to enhance the contrast (at all time ranges), -
such as the usage of cleaning Pockels cells, pre-amplification followed by the usage of ’/ [/
saturable absorber, XPW, plasma mirrors, ... M

C(fi] www.ino.it
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AZIGHALED Contrast measurement using 3rd order autocorrelation

Measuring the contrast of (modern) CPA laser systems requires
high-dynamic range experimental methods and high S/N ratio

This can be achieved using a high order nonlinear process and
also averaging over many samplings

Typical scheme for a contrast measurement technique based on 3rd order correlation

cC TFP2

F L2 TEp)
- J M I i
Y/ &

BBO2

i X
- Y [ 2

o [I+T) Pt
K| g Al =R
-
PM D BBOI

This is essentially a repetitive (multi-shot) measurement (different times are sampled by a delay scanning)
Single-shot operation (although possible in principle) is hindered by the need of a) a high dynamic range
and b) a large time span

@] www.ino.it




Intensity (a.u.)

Single-shot contrast measurement technique based on the cross-correlation (via SFG) between tha pulse to be
measured and a very clean “sampling” pulse, generated via OPG/OPA

INCr-CMR
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LATTICA

waowaeor loward single-shot contrast measurement techniques

Contrast=10°

b

! Input FBS1

Legend Elite

3.5mJ | 35fs / 1kHz

m ' l)(FW .  Contrast>10" . =

Legend Elite m"‘“"‘__h }‘

>

Pending test pulse
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W Contrast=10° =2 : Sampling pulse p
Pulsar >/ : (1040 nm) BK7 Plate *
200TW / 25fs [ 10Hz 7 :
| [Oscloscops
T a )
Single-shot measurement of >10'° pulse
contrast for ultra-high peak-power lasers
1E6 r Yongzhi Wang', Jingui Mc
o | 4:3818 | DOI: 10.1038/5rep03818
Published NN
110 22 Janual:,r 2014 jlj&

L L 1 1 L 1
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