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Introduction

Briefest propagating electromagnetic pulse is a single cycle.

One cycle at 800 nm is approx 2 fs long -
one cycle at 24 nm (30H) is less than  100 as long. 

Brief events are probed 
by briefer ones

(Basic research and 
wealth creation!)



The electric field is a fundamental entity in Maxwell’s theory; 

thus it contains the most information one can infer from optical experiments.
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Temporal intensity

Temporal phase  (instantaneous frequency)

Spectral phase (group delay)

Measured with a spectrometer

Measurement requires a ‘fast’ element

Knowledge of the field provides a source performance diagnostic and experimental tool. 

It’s out in the field



Long-standing problem in laser science and technology

Long history
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Phase-sensitivity with integrating detectors requires both 
stationary and non-stationary filters

E( t)
S( θ{ }) = ℑ E (t); θ{ }( )N(t)

“Ping”

˜ R (ω)

Linear stationary filters

Linear non-stationary filters

Pulse characterization

IAW and V. Wong, JOSAB 12, 491 (1995) ibid 13, 2453 (1996)



˜ E (ω) ˜ E '(ω) = ˜ R (ω) ˜ E (ω)˜ R (ω)

E( t) E '( t) = N( t)E (t)
N(t)

Linear stationary filters

Linear non-stationary filters

Linear filters

IAW and V. Wong, JOSAB 12, 491 (1995) ibid 13, 2453 (1996)
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A classic: the intensity autocorrelator
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∫ E t( )+ E t + τ( )4

Michelson interferometer

Second-order nonlinear interaction
e.g. SHG, TPA

Useful for measuring rms duration of pulse



• Represent pulse by amplitude and phase 
of complex analytic signal 

• Or more generally the two-frequency 
correlation function
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Useful for describing:

The properties of a pulse ensemble

All measurement strategies
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In the coherent (and near coherent) limit, a 
pulse of light cannot be described by a 
probability distribution.

Rather a quasi-probability distribution must 
be used, e.g. Wigner function

Phase-space quasi-probability distributions
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All measurements are overlaps of 
the Wigner function of the pulse 
ensemble with an apparatus 
function.

e.g. Gabor spectrogram
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Geometrical optics:

Ray transverse position (y)
Ray direction (u) (transverse 
wavevector)

Phase space

Geometrical optics phase space:

Each ray described by a point (y.u)
Ray bundles by a phase-space probability distribution
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Action of linear optical elements in phase space

Free space propagation: Paraxial lens:
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Spectrometer

τ

ω

Gate
Retrieval
PCGPA

Gating

τ

R. Trebino et al, Rev. Sci. Inst.., 23, 792 (1997)
FROG : Frequency-resolved optical gating

Measure spectrum of a series of temporal slices of pulse

Nonlinear spectrography



Current algorithm : Principal Component Generalized Projections (PCGP) 
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Calculate using I Fourier transform Replace modulus using II
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Get new estimate using a projection algorithm

Field retrieval at 2 Hz Complete 
characterization

(Kane, IEEE J.Q.E., 35, 421 (1999))

Iterative reconstruction

Convex?

Spectrography: inversion
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IAW and V. Wong, Opt. Lett., 19, 287 (1994); C. Iaconis and I. Walmsley, Opt. Lett., 23, 792 (1998)

Measure spectral interference of pulse with a frequency-shifted replica

SPIDER : Spectral Phase Interferometry for Direct E-field Reconstruction

(Imaging)
Spectrometer

Replica

τ x

Shift

S ω;τ( )= ˜ E (ω −ω0) + ˜ E R (ω −ω0 − Ω)exp(iωτ )
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Spectral shearing interferometry
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Measure interferogram and spectrum

Extract phase 
difference

integrate phase

Complete 
characterization

Direct (algebraic) reconstruction

Low sensitivity to noise and detector spectral response

Field retrieval at 1 kHz
(W. Kornelis et al, Opt. Lett. (2004))

Inverse Fourier 
Transform

Interferometry: inversion



Possible approaches to complete pulse characterization

Second-order 
autocorrelations

Interferometric 
techniques

Spectrographic 
techniques

2D experimental trace

Iterative algorithms

ID experimental trace

Direct (noniterative) algorithms

Do not retrieve the electric field

Frequency Domain Phase Measurement (FDPM) (1990)
Frequency-Resolved Optical Gating (FROG) (1993)
Sonography (TASC) (1997)

Spectral Shearing Interferometry (SSI) (1993)
Temporal phase  measurement (DOSPM) (1996)
Nonlinear SSI (SPIDER) (1998)

Intensity autocorrelator (IAC) (1967)

Nonlinear spectrography (FROG) (1993)

Nonlinear SSI (SPIDER) (1998)

Summary of methods



Require  non-stationary filters with response times comparable to the pulse duration.

Temporal Phase modulation

)(tE

Linear phase modulation

Eo t( ) = eiΩtE t( )
N(t)

Frequency shift

Eo t( ) = eiϑt 2
E t( )

Quadratic phase modulation

)(tE
N(t)

Frequency chirp

N t( ) = eiΦ cosωt

Attosecond measurements



Temporal phase modulation
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)())(exp()(' tEtIitE pumpα=
e.g. cross phase 
modulation 2n

For femtosecond pulses, it is usually necessary to use nonlinear optics

)(tE
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)()()(' )2( tEtEtE gateχ=e.g. frequency 
doubling

)2(χ

Temporal amplitude modulation

Loss of sensitivity compared to 
the use of a reference pulse

64 EouES ∝

The filter is unknown Reconstruction may be complicated

Nonlinear optical implementations
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Chirped pulse

ω

ωϕ )2(=t Spectral Phase Interferometry for 
Direct Electric-field Reconstruction 
(SPIDER)

Self-referencing spectral shearing
interferometry
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C. Iaconis and I. Walmsley, Opt. Lett., 23, 792 (1998
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Non-linear interaction

Interferogram acquisition using a 2-d 
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For non-planar wavefronts

(can still reconstruct φ using the spatial gradient)

Gallman et al. Opt. Lett., 26, 96 (2001)

Spatially resolved SPIDER



Mirror

Beam splitter
Tilt

Shear

Delay
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Acquisition with a 2-d spectrometer

Spectrally resolved lateral shearing interferometry
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Simultaneous measurement 
for single-shot operation
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Spatially resolved 
SPIDER ),( ω
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Spectrally resolved 
shearing interferometry

),( ωϕ x
x∂

∂

x

ω

),( ωϕ x

Dorrer, Kosik and IAW Opt. Lett., 27, 548 
(2002)

Space-time SPIDER

Complete space-time field 
characterization
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Spatio-spectral phase
after an LaK21 prism

),(~),('~ xxtExtE γ−=

Pulse front tilt for 3 different prisms

Prism
measuredγ calculatedγ

(fs.mm-1) (fs.mm-1)

Fused silica

LaK21

SF10

132.3 131.9

91.5 90.8

241.8 247.3

Space-time coupling coefficient

Space-time coupling using ST-SPIDER

Characterization of pulse with angular dispersion (pulse-front tilt)



Spatio-temporal intensity after an LaK21 prism

),(~),('~ xxtExtE γ−=

Precise measurement of space-time coupling constant 
γ with no prior assumptions

Pulse front tilt reconstructed using ST- SPIDER



Misaligned compressor leads to space-time coupling in the x and y directions

Optimization of the spatio-temporal electric field in these two directions

Before
1.14 −= mmfsXγ
1.63 −= mmfsYγ

After
1.7.0 −= mmfsXγ

1.5.0 −−= mmfsYγ

Plot of data set MAXItyxI
2
1),,( ≥

Misaligned compressor using ST-SPIDER



16 mm SF 59 block

40 μJ, 60 fs
pulses

Spatial phase at t=0

Low energy

High energy

Spatio-spectral phase at high energy

Collaboration with 
R. W. Boyd and G. Piredda

Univ. Of Rochester

Nonlinear phase characterization



Features:

High sensitivity 

Good SNR - single shot operation

Algebraic phase reconstruction from measured signal

Provably unique solution

Rapid pulse-shape reconstruction

Robust reconstruction

Accuracy not dependent on detector response

Redundant data gives precision and consistency 
check

Inherent 2-D acquisition

Space-time characterization with no assumptions

SPIDER features



http://www.bmo.physik.uni-muenchen.de/~wwwriedle/projects/ZAP-SPIDER/ZAP.php

Pulse characterization is an important topic for many areas: e.g. biomolecular
optics

SPIDER applications



Characterization at the focus of a high-NA objective, using a Fourier-domain pulse 
shaper

• In situ measurements for nonlinear microsopy

Prof. Dr. M. Motzkus, Marburg

Microscope

SPIDER applications



QuickTime™ and a
Microsoft Video 1 decompressor
are needed to see this picture.

• Real-time feedback control of shaped pulses 

Prof. M. E. Anderson, San Diego 

SPIDER applications



• Dispersion management in telecommunications fiber links 

Dr. C. Dorrer, Lucent Technologies 

SPIDER applications



• Few-cycle and octave-spanning pulses 

Prof. F. Kärtner, MIT 

SPIDER applications



Commercialization
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• Spatial coding of spectral phase - optimal sampling of spectrum
• No replication of test pulse - suited for extreme bandwidths

SEA-SPIDER: spatial coding

x

ω

Kosik et al, Opt. Lett., 30, 326 (2005)
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Fringes due to tilt between beams.

Fringe position due to spectral 
phase.

Contours of fringe pattern directly 
map out spectral phase gradient.

Space Time Coupling distorts fringe 
pattern

Reconstruction performed by a fast 
Fourier transform filtering routine.

Spatial coding of spectral phase



Experimental implementation suitable for octave-spanning spectra

Wyatt et al, Opt. Lett., 31, 914 (2006)

(Collaboration with Gero Stilbenz and Günter Steinmeyer, MBI, Berlin)

SEA-SPIDER apparatus for few-cycle pulses
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Pulses generated by self-phase modulation in Ar in a hollow-core fiber, 
with chirped-mirror compression

SEA-SPIDER for 6 fs HCF system
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( )Eω% (2)χ

Main idea: spectral shear can be directly 
produced in a suitably designed nonlinear 
crystal
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• Δk – PMF shape  
asymmetric group velocity matching

• L – PMF width

1 2 1 2 1 2( , ) ( ) ( ) ( )o e ek k k k

A.M. Weiner, JQE 19 (1983) † W. P. Grice et. al., PRA 64 (2001)

ω ω ω ω ω ωΔ = + − +

Type-II collinear SFG

LX-SPIDER: long crystals for short pulses



Radunsky, Kosik, IAW, Wasylczyk, Wasilewski, U’Ren and Anderson, Opt. Lett., 
31, 1 (2006)

Type-II collinear SFG in KDP
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Grice, U’Ren and IAW, Phys Rev. A., 64, 1
(2001)

λ/2 QP

KDP

BF

LX-SPIDER: long crystals for short pulses

The spectral shear can be directly produced in a suitably designed extended three wave



Compact spectral shearing interferometer

• Simplified geometry for 20fs - 500 fs
pulses

Radunsky, Gorza, Wasylczyk and IAW, Opt. Lett., 32 181 (2007

Another 
Ridiculous 
Acronym for 
Interferometric
Geometrically-simplified 
Noniterative
E-field 
Extraction



Experimental Results: accuracy is verified by measuring the spectral phase 
after a known applied dispersion 

Mai-Tai pulse: 80fs, centered at 830nm;
Dispersion: BK7 glass, 10cm
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Measured GDD:   4160 fs2

Theoretical value: 4175.5 fs2

< 1% error

Experiment vs. Theory

Shaped pulse from a CPA system

LX-SPIDER vs. SPIDER

0

0.5

1

1.5

2

824 828 832 836 840 844

Am
pl

itu
de

 (a
.u

.) P
hase (rad)

 wavelength (nm)

ARAIGNEE operation



J. Bromage and C. Dorrer, LLE, U. 
Rochester

Linear spectral shearing interferometry



Linear spectral shearing interferometry
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A classic reinterpreted: the XUV autocorrelator

τ

τ

Nabekawa et al., Phys. Rev. Lett., 97, 153904 (2006)

I τ( )= dt
−T

T

∫ E t( )+ E t + τ( )4

2-photon absorption generates 
molecular ions N2

+



Require  non-stationary filters with response times comparable to the pulse duration.

Temporal Phase modulation

)(tE

Linear phase modulation

Eo t( ) = eiΩtE t( )
N(t)

Frequency shift

Eo t( ) = eiϑt 2
E t( )

Quadratic phase modulation

)(tE
N(t)

Frequency chirp

N t( ) = eiΦ cosωt

Attosecond measurements



e

Electron liberated by VUV pulse 
is accelerated in the optical field

  
v v t( ) = v v +

v 
A t o( )−

v 
A t( )( )

Final
Electron
velocity

Electron
Velocity

at ionization

Optical vector
potential

at ionization

vy

vx

 
v v 

 

v 
A to( )

 
v v t( )

 E = v v 2 t( )

 = v2 + 2v v ⋅
v 
A to( )+ A2 t o( )

Electron energy

Nonlinear optics in the XUV



Ti:Sa laser

Argon

Annular aperture
Tungsten
Mirror

SiO2 plates

stepping motor

Experimental set-up
of P.M. Marie et al

CEA-Saclay

Photoelectron spectra

Figure courtesy F. Quere
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IP

He[1s1s]
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Long XUV pulse regime: 
Electron liberated by VUV pulse absorbs a photon from  the optical field

Electron energy
E = v2 + Up + nω L

Nonlinear optics in the XUV



Paul et al, Science, 292, 1689 (2001)

Spectral 
components 
of the pulse

Sidebands

(Pulse+IR pulse)

1-photon sidebands on an XUV pulse train

Interference of +/- orders yields phase difference

• Use as an energy-resolved cross-correlator: Norin et al., Phys. Rev. Lett., 88, 19301 
(2002)

Attosecond measurements using PE sidebands



gas jetgas jet

XUV pulseXUV pulse

Ti:Sa  pulseTi:Sa  pulse

Ionized electrons

MirrorMirror

Combines features of:

Spectral interferometry
Frequency-resolved gating

F. Quere et al, Topics in Applied Physics: Ultrafast Optics, Springer (2003)

Scan delay between Ti:Sa and XUV

tt

XUV spectrography

Y. Mairesse and F. Quere, Phys. Rev. A,  71, 01140, (2005)



Spectrogram 
of a train

of attosecond
pulses

Photoelectron spectra 
from Saclay; P. 
Salières et al
(Figure courtest P. 
Salieres and F. Quere)
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XUV spectrography: CRAB-FROG



XUV spectrography: CRAB-FROG

Complete Reconstruction of Attosecond Bursts

Nonlinear spectrography using a phase-gate

Inversion using PCGP algorithm - retreives both XUV and IR pulse fields
(Simulation)

Y. Mairesse and F. Quere, Phys. Rev. A,  71, 01140, (2005)



Sideband w/harmonic

Range

Experimental
Parameter
sensitivity

 

•Simple to implement

•Works for large range of pulse durations

•Well-characterized reference needed

•Complicated iterative inversion

v 
A x, t( ) ω L E

>0 as >2 fs

XUV CRAB-FROG



Helium gas jetHelium gas jet

XUV pulseXUV pulse

Ti:Sa  pulseTi:Sa  pulse

Ionized electrons

MirrorMirror

E. Kosik et al, Topics in Applied Physics: Ultrafast Optics, Springer (2003)

Measure PE spectra for different phase-space rotations of electron 
Time-frequency distribution

XUV chronocyclic tomography

E. Kosik, A. Wyatt, L. Corner, E. Cormier and I. A. Walmsley, Jnl. Mod. Opt., 52, 361, (2005)



Calculated photoelectron spectra  as a function of delay between the optical 
and XUV pulses for various pulse durations

Figure courtesy
F. Quere

Photoelectron acceleration

Y. Mairesse and F. Quere, Phys. Rev. A,  71, 01140, (2005)



Goulielmakis et al, Science, 305, 1267, 2004

XUV cross-correlator

Use isolated attosecond pulse to measure phase-stabilized optical pulse



Quadratic phase modulation and “streaking”

Phase modulation
“Rotates” spectrogram

More complicated 
distortions for longer 
pulses

F. Quere et al, Topics in Applied Physics: Ultrafast Optics, Springer (2003)

XUV chronocyclic tomography



 
v v t( ) = v v +

v 
A oω L t 2

J. Itatani et al, Phys. Rev. Lett., 88, 173903 (2002)

Quadratic change of field near peak 
of optical cycle provide the 
necessary chronocyclic phase 
space rotation.

Atto-Time-to-frequency converter

XUV Chronocyclic tomography



Principle of simplified tomography

Pulse reconstruction from two photoelectron spectra

SCT: C. Dorrer and I. Kang, Opt. Lett., 90, (2003)

XUV SCT: E. Kosik et al, Topics in Applied Physics: Ultrafast Optics, Springer (2003)

XUV Chronocyclic tomography
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Complete pulse characterization directly in 
the XUV

- Better signal to noise
- Realistic single (few)  shot operation

XUV
Spectrometer

ω

Mean frequency

Temporal coding

ω

Generate spectrally-sheared HHG using spectrally sheared drive pulses

nH

ω+δω

Cormier et al, PRL, 94, 033905 (2005)
Mairesse et al PRL, 94, 173903 (2005) 

Direct XUV measurement



Experimental  data for single harmonic:

Interferogram

Spectra

Reconstructed pulse 
amplitude and phase

Experimental implementation: Mairesse et al PRL 94 173903 (2005)

Direct XUV measurement



Numerical simulations of XUV-SPIDER operation:

Reconstructed pha

Spectral shear scaling depends on drive frequency

800 nm phase
(simulation)

804 nm phase
(simulation)

Harmonic order

HHG spectrum

Cormier et al, PRL 94 033905 (2005)

Direct XUV measurement



XUV
Spectrometer

Reduced spectral resolution: operates at the sampling limit for the test pulse

Avoids pulse energy limit for sequential pulses

Enables extraction of space-time coupling even without spectrally-sheared driving pulses

ω ω+δω Mean frequency

Spatial coding

x

Spatial coding of spectral interference

ω

φ ω −ω0,x( )− φ ω −ω0 + Ω,x + Δ( )+ Kx + ωτ

Interferogram maps contours of:

Direct XUV measurement



Experimental arrangement:

<7fs pulses from HCF 
compressor and Michelson 
interferometer

φ ω −ω0,x( )− φ ω −ω0,x + Δ( )+ ωτ

With no spectral shear on the drive pulses, the 
interferogram maps contours of:

Direct XUV measurement
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