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Sensitivity of FROG

1 microjoule = 10°J
1 nanojoule = 10°J
1 femtojoule = 101> J

1 attojoule = 1018 J
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Sp ectral Interferomet ry Fittinghoff, et al., Opt. Lett., 21, 884 (1996).

C. Dorrer, JOSAB, 16, 1160 (1999)

Measure the spectrum of the sum of a known and unknown pulse.

Retrieve the unknown pulse Ig(a)) from the cross term.

This involves no nonlinearity!

Eunk

—

Spectrometer

With a FROG-measured reference pulse, this technique is known as
TADPOLE (Temporal Analysis by Dispersing a Pair Of Light E-fields).
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Spectral interferometry of continuum

Note the
fringes over a
range of over
500 nm!
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A pulse train containing only 42 zepto-
joules (42 x 1021 J) per pulse has been
measured.

That’s one photon every five pulses!

Fittinghoff, et al., Opt. Lett. 21, 884 (1996).

TADPOLE can measure pulses
with as little energy as:
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and L. Kuipers, PHYSICAL
REVIEW E 70, 066609 (2004)



Spectral Interferometry: Experimental Issues

The interferometer is difficult to work with.

Mode-matching is
Important—or the frlnges

Phase stability wash out. ||
IS crucial—or
the fringes —
wash out. /
_N\_ /\> M Spectrometer
Beams must be / \

perfectly collinear—or To resolve the spectral fringes,
Sl requires at least five times the

the fringes wash out. :
spectrometer resolution.




SEA TADPOLE
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Collinearity is not only unnecessary; it's not allowed.

And the crossing angle is irrelevant; it's okay if it varies.

Spatially
Encoded
Arrangement
(SEA)

SEA
TADPOLE
USES

instead of
spectral,
fringes.



spatial fringes
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SEA TADPOLE theoretical traces

SEA TADPOLE Trace with a
Linear Phase Difference

Position (mm)
P N (]

o))

795 800 805
Wavelength (nm)

Spectrum and Phase of a Pulse with a
’ Linear Phase 11

Intens(,:i)ty (a.u)
on

795 805 -1

Wavelae?lgth(nm)

SEA TADPOLE Trace of a Chirped Fulse
0

Position (mm)

795 800 805
Wavelength (nm)

Spectrum and phase of a Chirped Fulse
10— : :

0.8}

S0.6!

0
0.2}

795 805

Wavelaeggth(nm)




More SEA TADPOLE theoretical traces

SEA TADPOLE Trace with a
Cubic Phase Difference
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SEA TADPOLE measurements

Sqectrum and Phase of a 14ps Double Pulse
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An even more complex pulse...
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SEA TADPOLE achieves spectral super-
resolution!

Blocking the reference beam yields an
Independent measurement of the spectrum
using the same spectrometer.

Spectum of a Double Pulse
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The SEA TADPOLE cross term is essentially the unknown-pulse
complex electric field. This goes negative and so may not broaden
under convolution with the spectrometer point-spread function.



Temporal Intensity and Phase Spectra
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...there is, however, light whose polarization state changes too rapidly
to be measured with the available apparatus!

So measure E(t) for both polarizations using two Sl apparatuses:

Eref Eunk
> > Vertical
polarization
\ \x\ S —ISpectrometer Camera
e Horizontal
Po@izers polarization

S —
\ —l Spectrometer |Camera

( arization-Labeled Interference vs. \Wavelength for Only a Glint*)

* Glint = “a very weak, very short pulse of light”

Walecki, Fittinghoff, Smirl, and Trebino, Opt. Lett. 22, 81 (1997)



Measurement of the variation of the polarization state of the emission
from a GaAs-AlGaAs multiple guantum well when heavy-hole and
light-hole excitons are excited elucidates the physics of these devices.

Excitation-laser
k, bh B/ \laser | <hectrum and hh
and |h exciton
spectra

Evolution of the polarization of

the emission:
Reference —
Fixed \V \V
iy @ — )
A
x pol 353 426 490 524 550 582 600 JLL:/HJ

-
»

time (fs)

CCD Display

A. L. Smirl, et al., Optics Letters, Vol. 23, No. 14 (1998)



Spectral Interferometry: Pros and Cons

Advantages

It's simple—requires only a beam-splitter and a spectrometer
It's linear and hence extremely sensitive. Only a few
thousand photons are required.

Disadvantages

It measures only the spectral-phase difference.

A separately characterized reference pulse is required to
measure the phase of a pulse.

The reference pulse must be the same color as the
unknown pulse.

It requires careful alignment and good stability—it's an
iInterferometer (but SEA TADPOLE fixes this).



If we perform spectral interferometry between a pulse and itself, the
spectral phase cancels out. Perfect sinusoidal fringes always occur:

SSI (C()) — Sunk (6()) + Sunk (C()) + 2\/Sunk (a)) \/Sunk ((0) COS[gpunk (C()) - ¢unk (60) + C()T]

What if we frequency shift one pulse replica compared to the other:

Sq (@) = S(@) + S(@+ Sw) + 2,/S(w) /S (@ + Sw) cos[p @ + 5w) — K@) + T ]

frequency shear group delay
do d |
_ _ pulse
¢SPIDER — (0(0) + 50)) - (0(0)) +ol = ow do +ol ~— separation

This measures the derivative of the spectral phase (the group delay).

This technique is called: Spectral Phase Interferometry for Direct
Electric-Field Reconstruction (SPIDER).

laconis and Walmsley, JQE 35, 501 (1999).



Advantages

Pulse retrieval is direct (i.e., non-iterative) and hence fast.
Minimal data are required: only one spectrum yields the spectral phase.
It naturally operates single-shot.

Disadvantages

Its apparatus is very complicated. It has 12 sensitive alignment parameters
(5 for the Michelson; 4 in pulse stretching; 1 for pulse timing;
2 for spatial overlap in the SHG crystal; not counting the spectrometer).
Like SI, it requires very high mechanical stability, or the fringes wash out.
Poor beam quality can also wash out the fringes, preventing the measurement.
It has no independent checks or feedback, and no marginals are available.
It cannot measure long or complex pulses: TBP < ~ 3. (Spectral resolution is
~10 times worse than that of the spectrometer due to the need for fringes.)
It has poor sensitivity due to the need to split and stretch the pulse
before the nonlinear medium.
The pulse delay must be chosen for the particular pulse. And pulse structure
can confuse it, yielding ambiguities.



How could so many researchers have
made meaningless measurements?

Over 100 publications have occurred using SPIDER—all with
meaningless results. Why didn’t anyone notice this earlier?

Many researchers wanted desperately to obtain the shortest pulse.

So they used a method (SPIDER) that allowed them to align the
measurement device (not the laser!) to give the shortest pulse.

This is very bad science.



Can we simplify SPIDER?

SPIDER has 12 sensitive
alignment degrees of
Pulse to be
measured freedom.
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Michelson
Interferometer

Pulse to be
measured

Camera
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SPIDER vyields the spectral
phase of a pulse—provided
that the delay between the
pulses is larger than the
pulse length and the
resulting frequency fringes
can be resolved by the
spectrometer.



Input pulses

Chirped pulse
t
W, + 0w @,
This pulse sums  ¥=*  This pulse sums
with the blue \ T /With the green
part of the : part of the
chirped pulse. chirped pulse.

Double pulse

SFG

Output pulses

Two replicas of the pulse are
produced, each frequency
shifted by a different amount.

Performing Sl on these two pulses yields the difference in spectral phase
at nearby frequencies (separated by ow). This yields the spectral phase.

C. laconis, I. A. Walmsley, Spectral phase interferometry for direct electric-field reconstruction of ultrashort optical

pulses, Opt. Lett. 23, 792 (1998)



SPIDER: extraction of the spectral phase

Frequency domain Time domain
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Wave mixing for CW and pulsed fields
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type | and type Il SFG in a KDP crystal
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Poor Man's FROG - the first prototype

f=150 1" CCD

( [— ‘ ' TOP VIEW
1 mm 3 mm KDP

)\ slit type | SHG

SIDE VIEW

12 08 04 00 04 08 12
crystal angle [deg)



Sum Frequency Generation in a type |l thick crystal
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LUSPIDER comes in handy, from Oxford...

A. S. Radunsky, I. A. Walmsley, S.-P. Gorza, P. Wasylczyk, Compact spectral shearing interferometer for ultrashort
pulse characterization, Opt. Lett. 32, 181 (2007)



... and from Berlin (by APE) %

Wlll-===

Phase Resolved Ultrafast
Pulse Measurement

The new LX SPIDER :© = compact and
robust instrument for complete cpectra d
temporal characterization of femtocecond
taser pulces

Based cn a patented technology using a
single crystal to up-convert the two test
pulse replicas and to intrecluce the cpectral
shear without the need for an additional
chirped pulse, LX SPIDER meacures the
spectral amplitude and phase using the
SPIDER oprinciple. From the spectral
quantities the temporal ampitude and
phace are derved in real-time

Due to the drastically omplified set-up LX
SPIDER ic zmaller than a choe box, while
easy to align and operate. The automastic
calibration feature reduces the scan of the
caibraton b © & click on a button with
time consumption of a few seconds.
Ofiering re=-time operaton LX SPIDER iz
the ideal tool for adjustment of complex
ultrafast arrangements like amplifiers and
pulce comprescors

Compactand robust design
Easy alignment

Beal-time operation

Fully automatic

Single shot capability

Your Partner in Ultrafast
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SFG in a thick crystal — now a bit modified
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"Slanted" spectra
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Can this measure something?
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S.-P. Gorza, P. Wasylczyk, I. A. Walmsley, Spectral shearing interferometry with spatially chirped replicas for
measuring ultrashort pulses, Opt. Expr. 23, 15168 (2007)



More on SPIDER accuracy
at the end of the lecture notes



Spatio-temporal intensity-and-phase
measurement

Why?

Spatial distortions in stretchers/compressors.
Pulse front distortions due to lenses.

Structure of inhomogeneous materials.

Pulse propagation in plasmas and other materials

Anything with a beam that changes in space as well as time!



Spectral interferometry only requires measuring one spectrum.
Using the other dimension of the CCD camera for position,
we can measure the pulse along one spatial dimension, also.
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Microscope Slide“
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Scanning SEA TADPOLE: E(x,y,z,t)

The spatial resolution is determined
by the spatial mode of the fiber.

Fixed Fiber
Reference Ends

pulse

Grating

Fixed Fiber Collimating
End lens, [

Unknown
pulse

By scanning the input end of the unknown-pulse fiber, we can measure
E(w) at different positions yielding E(x,y,z,w).

So we can measure even focusing pulses! Pam Bowlan
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Measuring E(x,z,t) for a focused pulse.

GDD.
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z=-167mm z=-117mm z=-067mm z=-017mm z=033rmm z=083mm z=133mm z=183mm
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Distortions are more pronounced for a
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z=60 z=40 z=20 7=0

Measurements of microscope objectives
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The focus of an SF11 plano-convex lens
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A “fore-runner” pulse
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Interferometric measurement of femtosecond pulse distortion

by lenses

C. Radzewicz *°, M.J. la Grone °, J.S. Krasinski "

Y Institute of Experimental Physics, Warsaw University, Hoza 69, 00-681 Warsaw. Poland
® Center for Laser Research, Oklahoma State University, 413 Noble Research Center. Stillwater, OK 74078, USA

Received 7 November 1995; revised version received 19 January 1996. accepted 24 January 1996

Abstract

An interferometric method for measurement of femtosecond pulse distortion caused by lenses is described. The linear
method allows mcasurcments at low intensity with precision approaching | fs. Data for scveral high numerical apcrture
microscope objective lenses are presented showing single pass wavepacket distortion between 9 and I8 fs.

It has long been recognized that ultrashort light the focus resulting in increased pulse duration and a

= artod o - O e & o ) T > 5 = e oo £33 3



Remember that a separate measurement of the spectrum is required.
Step 1. Align laser for flattest spectral phase.

Step 2: Make a SPIDER measurement of the spectral phase.

Step 3: Align laser for broadest spectrum.

Step 4: Measure spectrum with a spectrometer.

You’ve measured the spectrum of one
pulse and the spectral phase of another! You have to measure both the
spectrum and spectral phase of the same pulse, that is. At the same time or
at least without touching the laser between the measurements!!!



Remember that a separate measurement of the spectrum is required.
Step 1. Align laser for flattest spectral phase.
Step 2: Make a SPIDER measurement of the spectral phase.

Step 3: Align laser for the broadest ASE (amplified spontaneous
emission) background or average a fine-structured jittery spectrum
over many shots to smear it out.

Step 4. Measure spectrum with a spectrometer.

You’ve measured the spectrum
of one pulse and the spectral phase of another! You have to measure both
the spectrum and spectral phase of the same pulse, that is, at the same time
or at least without touching the laser between the measurements!!!



guadratic
linear
derivative



Recall that ¢, (w — @) Is just the group delay (arrival time), 7, of
the frequency w:

Dspioer = 00 [, (0— )]+ 0T =dw 7, + T

So it’s critical to be able to measure z,, with accuracy much better
than one pulse length, z,. So let’s get an idea of the magnitudes
of the numbers involved:

The uninteresting term,
Dspiper = OO Ty, + C‘)T

/ gr ~ 1007, T, heavily dominates
\ \ (by ~10°) the term we

~ @, /100 <z, >10a, care about, o 7.

An error in T of 6T will correspond to an error in the group delay, oz

6 57, = T or Oty = — o






