


The Dilemma

In order to measure
an event in time,
you need a shorter one.

To study this event, you needa §
strobe light pulse that's shorter. §

v

Photograph taken by Harold Edgerton, MIT

But then, to measure the strobe light pulse,
you need a detector whose response time is even shorter.

And so on...

So, now, how do you measure the s/ortest event: 4



Ultrashort laser pulses are the shortest
technological events ever created by humans.

10 fs light
pulse Age of universe




So how do you measure

You must use the pulse to measure

But that isn't good enough. It's only the pulse.
It's not shorter.

Example:

r (01 (t—7) dt

where I(t) = pulse intensity

Techniques based on using the pulse o measure itself have not
sufficed.




We must measure an ultrashort laser pulse’s
intensity and phase vs. time or frequency.

A laser pulse has the time-domain electric field:

E(t) = Re{\/IT(T) exp[i(wyt —¢(Tt))]}

Intensity Phase

(neglecting the
negative-frequency
compohent)

Equivalently, vs. frequency:

E(w) = \/ST(a)) exp[—igoT(a))] :

Spectrum Spectral
Phase

Knowledge of the intensity and phase or the spectrum and spectral
phase is sufficient to determine the pulse.
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Intensity Autocorrelation
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Autocorrelation and related techniques
yield little information about the pulse.

Perhaps it's time to ask how researchers in other fields deal
with their waveforms...




Most people think of acoustic waves in
terms of a musical score.
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It's a plot of frequency vs. time, with info on top about intensity.

The musical score lives in the "time-frequency domain.”




A mathematically rigorous form of the
musical score is the “spectrogram.”




The Spectrogram of a waveform E(t)

We must compute the spectrum of the product: E(t) g(t-7)

E(t)

E.xample: g(t-7) g(t-7) gates out a
Linearly l piece of E(t),

centered at 1.

chirped ™

Gaussian

pulse /

— E(t) g(t-7)

E—

| .
0 . time —

The spectrogram tells the color and intensity of E(t) at the time, t. y




Spectrograms for Linearly Chirped Pulses

Negatively chirped Unchirped Positively chirped
Like a musical score, the spectrogram visually displays the
frequency vs. time (and the intensity, too). 4l
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Properties of the Spectrogram

Algorithms exist to retrieve E(t) from its spectrogram.

The spectrogram essentially uniquely determines the waveform
intensity, I(t), and phase, #(t).

There are a few ambiguities, but they're “trivial."

The gate need not be—and should not be—much shorter than E(t).
Suppose we use a delta-function gate pulse:

e

I CE() S(t =) exp(—it) dt

2

= |E(7) exp(—ia)r)\2

= ‘E(T)‘Z = The Intensity.
No phase information!

The spectrogram resolves the dilemmal It doesn't need the

shorter event! It temporally resolves the slow components and
spectrally resolves the fast components.



"Polarization Gate" Geometry




E, (t,7) c EQ) [E(t—7)[

E(t) Signal pulse

\ E(t-7)

E(t-7) gates out a
piece of E(t),
centered at

about 21t/3
(for Gaussian
pulses).

The gating is more complex for complex pulses, but it still works.
And it also works for other nonlinear-optical processes.




FROG Traces for Linearly Chirped Pulses

Negatively chirped Unchirped Positively chirped
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Like a musical score, the FROG trace visually reveals the pulse
frequency vs. time—for simple and complex pulses.



The FROG trace is a spectrogram of E(t).




Consider FROG as a two-dimensional
phase-retrieval problem.

If Egy(t,7), is the 1D Fourier transform with respect to Q of some

new signal field, E_ (t,Q), then:

sig

The input pulse, E(t), is easily obtained fromE__(t,Q): E(t) o Esig (t,0)

sig

and

| eroc (@,7) = ‘ j = (t,7) exp(-lwt) dt

2

So we must invert this integral equation and solve for E__(t, Q).

sig
This integral-inversion problem is the 2D phase-retrieval problem,
for which the solution exists and is (essentially) unique.

And simple algorithms exist for finding it.



We assume that
E(t) and E(x,y) are
of finite extent.







1D Phase Retrieval & the Fundamental Theorem of Algebra







Collaborator: Ken Delong,

Generalized Projections Femtosoft Technologies

A projection maps the current guess for the waveform to
the closest point in the constraint set.

Set of Eg,(t,7)"that satisfy the
nonlinear-optical constraint:

Egig(ti) o E() [E(t-7)I°
(o)

Set of Eg(t,7) that satisfy
the data constraint:

| erog (@.7) ‘ j =5 (ti) exp(—iwt).dt

2

Convergence is guaranteed for convex sets, but generally occurs
even with non-convex sets and in particular in FROG. )




Ultrashort pulses measured using FROG

FROG
Traces

Retrieved
pulses
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FROG Measurements of a 4.5-fs Pulsel
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Frontiers in ultrashort-pulse measurement

Spectrum and spectral phase
1.0 8000

Measurement of very complex
pulses (continuum)

Measurement of noisy trains
of pulses (continuum)

Measurement of ultraweak, spatially incoherent pulses
with random absolute phase (sub-ps fluorescence)

Development of a practical alignment-free pulse-
measurement device (GRENOUILLE)

Measurement of spatio-temporal pulse distortions™
(e.g., spatial chirp and pulse-front tilt)

*This device should not itself introduce these disTor’rio%ﬁé




The continuum
has many
applications,
from medical
imaging to
metrology.

It's a important
to measure it.

Photographs courtesy of
Jinendra Ranka, Lucent
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XFROG: Gating a pulse with another pulse
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XFROG measurement of the continuum
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While the large-scale structure of each trace is identical, the
measured trace lacks the fine-scale structure of the retrieved trace.



XFROG-measured intensity and phase of
the microstructure-fiber continuum

Time domain Frequency domain
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The XFROG-measured Spectrometer spectrum
spectrum contains much ‘
more structure than the
spectrum-measured
with a spectrometer.
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100-nm section of the continuum
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Why does FROG see the spectral structure
when even the few-shot spectrum doesn't?

FROG sees the missing structure because it
operates in the time-frequency domain.

Frequency structure is tagged by its time and
so is less likely to wash out.

Even when it does, the trace yields the
time-bandwidth product, so it still indicates a
complex pulse.




Measurement of Ultraweak Fluorescence

Not all ultrashort pulses
are generated by lasers.

Biologically important
fluorescence is necessarily
weak and ultrafast.

Knowledge of the
fluorescence intensity and
phase vs. time would yield
important information
about molecular dynamics
in the fluorescing
molecule.

Excitation to excited state

Emission

l \ Excited

state

Ground state

Internuclear separation







Gating with in XFROG

Optical parametric amplification (OPA) and Difference-Frequency
Generation (DFG) have exponential gain (up to ~10°). This doesn't
distort the phase, and huge bandwidths are also possible. Perfect!

Look at either the OPA

or DFG signal pulse.
Collaborators:

Stephan Link,
Aparna Shreenath,
Jing Zhang, and
Xuan Liu

Spec-
trometer

Variable

delay, 1 Fluorescence
pulse

Absolute phase and spatial coherence don't affect FROG measurements.
We must, however, modify the FROG algorithm for these processes:
the gate function is now: exp[g|E .. (t)|]. But this is easy.




But what pulse will we use for the
XFROG gate pulse?

Requirements for the Requirements for the
OPA or DFG XFROG Gate Pulse Fluorescence Excitation Pulse
(relative to the fluorescence): (relative to the fluorescence):

Shorter Shorter
Synchronized Synchronized
Bluer Bluer

Brighter Brighter

Remarkably, the fluorescence excitation pulse will essentially
always provide an ideal XFROG gate pulse.




—— SFG XFROG Intensity
---- SFG XFROG Phase
—— OPA XFROG Intensity
---- OPA XFROG Phase




OPA XFROG measurements of a really weak
(50 aJ) fluorescence-like pulse

The same continuum generated in bulk sapphire (filtered and
now heavily attenuated).

Measured OPA XFROG Trace Retrieved OPA XFROG Trace
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This measurement involved fewer input photons than our SI
measurement of less than one photon per pulse.







Collaborators:

Can we Simplify FROG? Mark Kimmel, Selcuk

Akturk, and Patrick
O'Shea

Pulse to be
measured

_/\_b Camera

Remarkably, we can desigh a FROG without these components!

¢
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Single-Shot FROG and the Fresnel biprism

Here, pulse #1 arrives
earlier than pulse #2

Here, pulse #1 and pulse #2
arrive at the same time

Pulse #1

Here, pulse #1 arrives
Pulse #2 later than pulse #2

Fresnel
biprism




The angular width of second harmonic varies
inversely with the crystal thickness.
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T Lens images position in crystal
.Op ‘F( (i.e., delay, t) to horizontal

view position at camera
Can place slit here to
filter out other beams

E=TT Imali_n Lens f Camera
Cylindrical Fresnel  Thick 2

lens Biprism  SHG

Crystal
Side Y FTLlens | ens maps angle (ie.,
. wavelength) to vertical
view position at camera
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Really Testing GRENOUILLE ~ FROG
GRENOUVILLE
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Input pulse Prism pair
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Spatially chirped and
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put p i . ........

Diffraction grating

Input pulse
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Tilted window

Spatially chirped
output pulse

Spatially chirped
and tilted output
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GRENOUILLE measures spatial chirp.
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Tilt in the otherwise symmetrical SHG
FROG trace indicates spatial chirp!




GRENOUILLE measures pulse-front tilt.

\ y Zero relative
delay is of f
to side of
the crystal

Zero relative

delay is in
the crystal
SHE center
crystal

An of f-center trace indicates the pulse front ftilt!
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www.swampoptics.com

Frequency-Resolved
Optical Gating:
The Measurement of
Ultrashort Laser Pulses

And if you read only one i B‘

ultrashort-pulse -measurement k ‘
book this year, make it this onel -

Rick Trebino




