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 The spectral width of a light source defines its coherence time 
(coherence = ability to produce interferences)

Measurement: linear (field) autocorrelation = Fourier transform spectroscopy

No temporal information in the field autocorrelation ?

Fourier Transform

spectrum

Time and spectrum
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A few examples of field autocorrelation

Measurement :  slow detector  Measures the intensity of the total field→

Field autocorrelation function
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A few examples of field autocorrelation

Measurement :  slow detector  Measures the intensity of the total field→

Field autocorrelation function

4 cases : 
Broaband Fourier-Limited pulse
Broadband Chirped pulse
Broadband High-order Spectral Phase pulse
Narroband Fourier Limited pulse
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A few examples of field autocorrelation

Broaband Fourier-Limited pulse
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A few examples of field autocorrelation

Broadband Chirped pulse
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A few examples of field autocorrelation

Broadband High-order Spectral Phase pulse
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A few examples of field autocorrelation

Narroband Fourier Limited pulse



 9

Recap

The only information contained
in the field autocorrelation
is the spectrum

Wiener Khinchin theorem
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How can we get access to spectral phase or temporal profile ?

What we can easily measure : Spectrum

Adding spectral phase does not modify the spectrum

Increasing quadratic phase compensation
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Generalization

Case of a linear and stationnary filter, with response R(t,t') : 

(Transfert function)

The spectrum is simply modified by the filter’s spectral response

→ A nonlinear or a non-stationnary filter is necessary
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Different measurement schemes

Interferometry  directly measure the spectral phase (SPIDER…)→
Spectrography  Measure a spectrogram (FROG...)→
Tomography  Measure projections of the Wigner distribution and retrieve it→
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Autocorrelations

FROG

D-scan

Time-domain strong field methods
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Second order interferometric autocorrelation

Let’s add a frequency doubling crystal here

Measurement :  slow detector  Measures the intensity of the total field→

4 cases : 
Broaband Fourier-Limited pulse
Broadband Chirped pulse
Broadband High-order Spectral Phase pulse
Narroband Fourier Limited pulse
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Recap
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Intensity autocorrelation

The second-order interferometric autocorrelation mixes information 
on duration and coherence

More straightforward observable ?
Go non-colinear
Extract the signal coming from the product of E(t) and E(t-t)

Figure from Rick Trebino’s lectures : https://frog.gatech.edu/lectures.html
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Recap
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Intensity autocorrelation

Very easy to implement
Can do single shot measurements
Rather straightforward interpretation



 19

 

Intensity autocorrelation
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Intensity autocorrelation

Very easy to implement
Can do single shot measurements
Rather straightforward interpretation

BUT : 
Dont use this with complicated pulse shapes

-80 -60 -40 -20 0 20 40 60 80

Autocorrelation

Autocorrelation
Ambiguous Autocorrelation

Delay
-40 -30 -20 -10 0 10 20 30 40

Intensity

Intensity
Ambiguous Intensity

Time

-80 -60 -40 -20 0 20 40 60 80

Intensity
Ambiguous Intensity

Time

Intensity

-150 -100 -50 0 50 100 150

Autocorrelation

Autocorrelation
Ambig Autocor
Gaussian

Delay

Rick Trebino, GaTech University
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Autocorrelations

FROG

d-Scan

Time-domain strong field methods
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Beyond autocorrelation ?

Add a spectrometer to resolve the spectrum of the signal

This is a spectrogram in which the pulse gates itself

Frequency-Resolved Optical Gating – FROG
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FROG

Key idea : the generated spectrograms encode all
the information on the temporal and spectral complex
properties of the pulse
(except the carrier-envelop phase)
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Beyond autocorrelation ?

Add a spectrometer to resolve the spectrum of the signal
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Calculating SHGFROG traces
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Calculating SHGFROG traces

Information not as straightfoward as in Gabor analysis, because of the SHG process
Other versions of FROG provide more intuitive traces (THG, PG...)



  

Pulse reconstruction

The pulse and gate can be retrived from S(w,t)
How can the phase of E(t) et G(t) be retrieved? 
In 1D, this problem cannot be solved : the phase of a pulse cannot be retrived from its spectrum S(w). 
In 2D, this problem can be solved, and has been solved for a long time in image processing

Example : Principal Component Generalized Projections Algorithm

Stark, Image Recovery, Academic Press, 1987.

D. Kane, IEEE J. Quant. Elec. 35, 421 (1999) 

New complex 
spectrogram

Calculate FROG trace
FFT, permutations 

in vectors

Replace intensity 
by exact 

spectrogram

Find PC in SVD decomposition
Inverse FFT, permutations 

in matrix and matrix products

New 
G(t) & E(t)

complex 
spectrogramInitial 

guess for 
G(t) 
& E(t)

Input

FROG data

Input

Retrieved

G(t) 
& E(t)

If  


Output

Iterative algorithm
Relies on simple matrix operations

SVD : Singular Value Decomposition
PC : Principal Component

Slide from
Fabien Quéré



  

Pulse reconstruction

Iterative
Algorithm

Complete reconstruction of the pulse : 
spectrum + spectral phase / temporal intensity + temporal phase

Need to retrieve N amplitudes and N phases, from a N² points trace
 → High redundancy of information
 → Robust against noise



  

Pulse reconstruction

The quality of the retrieval tells you if your 
measurement is ok

 → Detection of measurement artifacts

4.5 fs FWHM



  

Pulse reconstruction

The quality of the retrieval tells you if your 
measurement is ok

 → Detection of measurement artifacts

Additional checks : measure ‘marginals’
= FROG trace summed along t or w

4.5 fs FWHM



  

Pulse reconstruction

The quality of the retrieval tells you if your 
measurement is ok

 → Detection of measurement artifacts

Note : the few-cycle regime is challenging : 
The SHG process must not distort the spectrum, 
which is very broad

4.5 fs FWHM



  

Better algorithm : ptychography

Ptychography = Coherent Diffraction Imaging technique

Move a gate over an object, and measure the Fourier transform
Similar to FROG : 



  

Better algorithm : ptychography

Can do as good as PCGPA



  

Better algorithm : ptychography

Can do as good as PCGPA
But does not need the full trace !

Bandpass filtered

Spec. undersampled

Delay filtered

Delay. undersampled

Retrieved

Retrieved

Retrieved

Retrieved
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Autocorrelations

FROG

D-scan

Time-domain strong field methods
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Bringing non-linearity in the measurement

Reminder : going from autocorrelation to non-linear autocorrelation led us to temporal characterization

Same idea for dispersion scans ?

Let’s add a frequency doubling crystal
The SHG spectrum will vary with the amount of quadratic phase 
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D-Scan

Scan the dispersion of your pulse 
using the grating compressor or changing the amount of dispersion (pair of SiO2 wedges)

Frequency double your beam 
using a SHG crystal

Signal will maximize when the pulse is Fourier limited 
 principle of MIIPS, Multiphoton Intrapulse Interference Phase Scan

Measure the spectrum

Dscan trace

Iterative algorithm 
 → complete characterizaton of the pulse
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2D data  highly redundant  robust→ →
(like in FROG)

D-Scan
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D-Scan
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Autocorrelations

FROG

d-Scan

Time-domain strong field methods
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Timescales

Oscillation of the electric field : 2.7 fs at 800 nm

Used to be impossible to resolve temporally

But possible now with attosecond spectroscopy

 → Use an attosecond XUV pulse to measure the electric field in the time domain
Attosecond streak camera / FROGCRAB

Example : 
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Timescales

Oscillation of the electric field : 2.7 fs at 800 nm

Used to be impossible to resolve temporally

But possible now with attosecond spectroscopy

 → Use an attosecond XUV pulse to measure the electric field in the time domain
Attosecond streak camera / FROGCRAB

Principle: 

E. Goulielmakis et al, Science 305, 1267 (2004)



  

A. Wirth et al, Science 334, 194 (2012)

Very broadband laser pulse. The electric field can be finely taylored.

Measuring complex ultrabroadband electric fields



  

A. Wirth et al, Science 334, 194 (2012)

Measuring complex ultrabroadband electric fields



  

Measuring complex ultrabroadband electric fields

A. Wirth et al, Science 334, 194 (2012)



  

Other strong field methods

High-order harmonic generation perturbed by the field to be measured
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Timescales

High-order harmonic interferometry perturbed by the field to be measured



  

Other strong field methods

Strong field ionization perturbed by the field to be measured
TIPTOE



  

Other strong field methods

Strong field ionization perturbed by the field to be measured
TIPTOE
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Autocorrelations

FROG

d-Scan

Time-domain strong field methods
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Conclusions

Many methods, and many more

Trade off between simplicity and accuracy
Many people still use intensity autoco on a day to day basis, and its ok in many cases

FROG and Dscan are well established and robust

Time-domain methods based on strong fields are becoming commercial (eg TIPTOE)

What are the limitations ? 
bandwidth of the crystals ? 
methods for UV, VUV pulses ? 
CEP characterization ? 

+ Space time couplings ! – Need to measure the spatial phase in addition to the temporal phase

And how does it work in practice ?  Sébastien→
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