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Ultrafast laser: the 4th element—mode locker
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Measurement of pulse quantities using ‘meters’
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Optical Metrology: Autocorrelation methods

pulse envelope A(t)

E(t) = A(t) exp(z'wot) electric field E(t)

carrier frequency o,

A(t) = exp(=T't?) = exp(—(T'y +ily)t?)  Fora gaussian pulse
E(t) = exp(—T't*)exp(iwgt) = exp(—T1t*)exp(i(wy — Lat)t)

Drot(t) = wot — F2t2 = wot — ¢(t) Temporal phase of the pulse
w(t) — dqﬁm(t) d¢(t) Instantaneous frequency
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Optical Metrology: Autocorrelation methods

Transform-limited pulse Chirped pulse
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Optical Metrology: Autocorrelation methods

The laser pulse Intensity ~ Spectral phase
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Measure pulse in time domain using photo-detectors

Photo-detectors are devices that emit electrons in response to photons.

Examples: Photo-diodes, Photo-multipliers

A - Detector

Detectors have very slow rise and fall times: ~ 1 nanosecond.

As far as we’re concerned, detectors have infinitely slow responses.
They measure the time integral of the pulse intensity from —wo t0 +o0:

I/detector oC j |E(t)| ? dt

The detector output voltage is proportional to the pulse energy.
By themselves, detectors tell us little about a pulse.



Pulse measurement by field autocorrelation

Vi @) = | |E@)-E(t-1)| dt

_ j: [E@0)|” +|E(t-7)|" —2Re[E(t)E"(t—7)] dt
splitter detector

Delay

Mirror
= V(@) « 2[ |E@| dt - 2Re| E(E'(t-7) dt

ﬁ

o Pulse energy Field autocorrelation

Re ji E()E*(t—1)dt =Re F ' [E(0)E* ()] = Re F'[I(®)]

Field autocorrelation measurement is equivalent to measuring the spectrum.




Comments on field correlation measurement

The information obtained from
measuring electric field
correlation and measuring the
optical power spectrum is
identical.

The correlation time is roughly
the inverse of the optical
bandwidth.

Field correlation measurement
gives no information about the

spectral phase.

Field correlation measurement
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cannot distinguish a transform-limited pulse from a longer chirped pulse with the

same bandwidth.

Coherent ultrashort pulse and continuous-wave incoherent light (i.e., noise) with

the same optical spectra give the same result.




How to measure both pulse intensity profile and the
phase?

Result: Using only time-independent, linear filters, complete
characterization of a pulse is NOT possible with a slow detector.

Translation: If you don't have a detector or modulator that is fast
compared to the pulse width, you CANNOT measure the pulse
intensity and phase with only linear measurements, such as a
detector, interferometer, or a spectrometer.

V. Wong & |I. A. Walmsley, Opt. Lett. 19, 287-289 (1994)
|. A. Walmsley & V. Wong, J. Opt. Soc. Am B, 13, 2453-2463 (1996)

We need a shorter event, and we don’t have one.
But we do have the pulse itself, which is a start.
And we can devise methods for the pulse to gate itself using

optical nonlinearities.
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Background-free intensity autocorrelation

Crossing beams in an second-harmonic generation (SHG) crystal,
varying the delay between them, and measuring the second-harmonic
(SH) pulse energy vs. delay yields the Intensity Autocorrelation:

Input Aperture eliminates input pulses
| < pulse and also any SH created by
Mirror the individual input beams.
Beam-splitter SHG l
crystal Slow

> E(t)A | detector
A Do
Mirrors > |

E(t—-7)
Lens g (t,7) o« E(OE(t— 1)

Delay = L) [ |EQEG1)di

The Intensity Autocorrelation: [, (1) f 1()I(t—7)dt
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Square pulse and its autocorrelation
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Gaussian pulse and its autocorrelation
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Sech? pulse and its autocorrelation

Pulse Autocorrelation

AP (1) =
1.7627? ;

FWHM
At

I(t) = sech{

2.7196rcoth(2.7196rj .
2.71967) AT A 75HM

A

Sinhz( A FWHM

7,

AT, = 154 A0

Theoretical models for passively mode-locked lasers often predict sech?
pulse shapes.
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Lorentzian Pulse and Its Autocorrelation

Pulse
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Double pulse and Its Autocorrelation

Pulse Autocorrelation

AP(7) = Ao(z)(z' + rsep)+

](l‘) = [, (1) + [O(l‘+2'sep) 2A(§2)(T)+Ag2)(2'—2' )
i
TSep N ) Tsep )
AW AN s w A WAS
t t

where: AP (7) = I () I,(t—7)dt



Autocorrelation [a.u.]
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W. Liu, et al. “Pre-chirp managed nonlinear amplification in fibers delivering 100 W, 60 fs pulse” Opt.

Lett. 40, 151 (2015).
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Properties of intensity autocorrelation

These complex intensities have nearly Gaussian autocorrelations !

Intensity Autocorrelation

Autocorrelation
- Ambig Autocor
« Gaussian

Intensity
Ambiguous Inte nsity
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Time Delay

Autocorrelation contains only partial phase information,
- must be applied carefully
- fails for complex pulses containing higher order phase terms...



Properties of intensity autocorrelation
1) Itis always symmetric, and assumes its maximum value at T = 0.
[,.(7)x Lo IOIt-odt I ,.(t)=1,.(-7)
2) Width of the correlation peak gives information about the pulse width.

3) Pulse phase information is missing from the background-free Intensity
autocorrelation.

4) Intensity autocorrelation trace is broader than the pulse itself. To get the pulse
duration, it is necessary to assume a pulse shape, and to use the
corresponding deconvolution factor.

4) For short pulses, very thin crystals must be used to guarantee enough phase-
matching bandwidth. This reduces the efficiency and hence the sensitivity of
the device.

5) Conversion efficiency must be kept low, or distortions due to “depletion” of
input light fields will occur.

6) The Intensity autocorrelation is not sufficient to determine the intensity profile.
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Interferometric autocorrelation

_ Input
Michelson < puls e Slow
Interferometer Lens crystal Filter detector

Mirror I /(/‘ \ +.1

Beam- | £t+¢)
splitter E(t,7) Ez(t T)

[==]1 | Delay

Mirror

An alternative approach is to use a collinear beam geometry, and allow the
autocorrelator signal light to interfere with the SHG from each individual beam

AP () = j_:|[E(t)—E(t—z')]2 * dr

AP(r) = J' | B0+ B2 =0)-2E(0)E@-7)| d

—Q0
New terms Autocorrelation term



Interferometric autocorrelation

AD@) = I w[EZ )+ E*(t-1)-2EW)E(t-7) || E*())+ E”(t-7)-2E () E"(t - 7) | dt

an

U9@) = j {\Ez(t)\2+ EX)E™(t-7) — 2E*Q)E"()E"(t—71) +
T ENt-1) E*(t) + |[E*e-1)| - 2B~ 0)E"(E (t-1)+
2EMNE(—-1)E*(t) — 2E(t)E(t—r)E'2(t—z')+4|E(t)|2|E(t—z')|2}dt

- Jm{ ')+ E°QOE”(t-1) — 2IOEMNE (t—1) +
T E(t-DEP) + IP(t-1)-2I(t—-10)E()E(t—-7)+
—2I()E@t-7)E'(t) - 20(t-7)EQ)E (t-7)+4I()I(t-7)} dt

Where: 13 =|E(#)|



Interferometric autocorrelation

From the math we can extract 4 terms:

j I’ (t) 4 J? (t — 2') dt =1, Background

Intensity

4 j I(t)l(t — Z') dt = i autocorrelation

of E(t),
oscillating at o

2 I [1(t)+I(t—7)|E()E" (t—7)dt + cc=1, Interferogram

j E? (t)Ez* (t —z-) dt + cc. = L, Interferogram of the
o SH oscillating at 2o

IA@(t=0)=8 A Do) = ]



IAC of 10 fs Sech-shaped pulse
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The interferometric autocorrelation simply combines several measures
of the pulse into one (admittedly complex) trace. Conveniently, however,
they occur with different oscillation frequencies: 0, o, and 2 w.
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Effects of second-order dispersion

Intensity of Input and Output Pulse IAC after Dispersion
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Input Pulse Amplitude
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Interferometric autocorrelation
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Properties of interferometric autocorrelation

It is always symmetric and the peak-to-background ratio should be 8.

This device is difficult to align; there are several sensitive degrees of
freedom in aligning two collinear pulses.

Dispersion in each arm must be the same, so it is necessary to
insert a compensator plate in one arm.

Using optical spectrum and background-free intensity autocorrelator
can determine the presence or absence of strong chirp. The
interferometric autocorrelation serves as a clear visual indication of
moderate to large chirp.

It is difficult to distinguish between different pulse shapes and,
especially, different phases from interferometric autocorrelations.

Like the intensity autocorrelation, it must be curve-fit to an assumed
pulse shape and so should only be used for rough estimates.



How to measure both pulse intensity profile and the
phase?

1) A pulse can be represented by two arrays of data with length N, one for
the amplitude/intensity and the other for the phase. Totally we have 2N

degrees of freedom (corresponding to the real and imaginary parts for
the electric field).

2) Intensity autocorrelator provides only one array of data with length N.
Optical spectrum measurement can provide another array of data with
length N. However some information, especially about phase, is missing
from both measurements.

3) Need to have more data, providing enough redundancy to recover the
both the amplitude and phase.

How to generate more data (information) from intensity autocorrelation
measurement?
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Pulse gating in background-free intensity autocorrelation

Power

Delay

Varying the delay yields varying overlap between the two replicas of the pulse.
The intensity autocorrelation is only nonzero when the pulses overlap.

How about measuring the spectrum of the autocorrelation pulse at each delay?
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Frequency-Resolved Optical Gating (FROG): SHG-FROG

Background-free intensity autocorrelator + optical spectrum analyzer

Input )
< pulse §
Mirror =3

Beam-splitter SHG L dolay

E) crystal
A Optical spectrum
_ AL > analyzer to measure
Mirrors E(t-t) I spectrum at each delay
Lens
Delay E. (t,7) o« E()E(t—1)

2

= Lppos(@,7) || EQ)E(t—7)e™ dt

Now we have N X N data points. Iterative algorithm can retrieve both the
amplitude and phase of the measured optical pulse.
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SHG FROG traces are symmetrical with respect to

delay
Negatively chirped Unchirped Positively chirped
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SHG FROG has an ambiguity in the direction of time, but it can be
removed.
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Spectrogram of a pulse in general

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

Linearly
chirped
Gaussian\‘
pulse
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g(t-7) gates out a
piece of E(1),
centered at .

The spectrogram tells the color and intensity of E(¢) at the time, .
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Mathematical form of a spectrogram

If E(t) is the waveform of interest, its spectrogram is:

2 (0,7) = j ) E(t) g(t—71) exp(—iwt) dt

—00

where g(z-7) is a variable-delay gate function and ris the delay.

Without g(#-7), Zz(®, 7) would simply be the spectrum.

The spectrogram is a function of w and .
It is the set of spectra of all temporal slices of E(z).
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Properties of spectrogram

1) Algorithms exist to retrieve E(¢) from its spectrogram.

2) The spectrogram essentially uniquely determines the waveform
iIntensity, 1(¢), and phase, 7).

There are a few ambiguities, but they’re “trivial.”

3) The gate need not be—and should not be—much shorter than E(z).

Suppose we use a delta-function gate pulse:

/

j " E() 5(t—7) exp(—icot) d

—00

2

= ‘E (7) exp(—ia)r)‘2

2
= ‘E(T)‘ = The Intensity.
No phase information!
The spectrogram resolves the dilemmal! |t doesn’t need the shorter

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

36



Frequency-Resolved Optical Gating (FROG)

FROG is simply a frequency-resolved nonlinear-optical signal that’s a
function of time and delay (or another variable)

A

Pulse to be
measured

r

E (1,7) = <

-

Nonlinear process j\
in which a beam(s) Spectrometer .

is (are) delayed or
varied in some way.
Camera
E(E(t—-71) SHG Use any nonlinear-optical
2 process that is fast

E(t)|E(t — r)| PG enough
E(t)E*(t-7) SD . 2
E(t)2E(t —-7) THG Trrog(@,7) = j_wEsig(fa T)exp(—iwt)dt

FROG provides N X N data points. With an iterative multi-dimensional algorithm
it is possible to retrieve both the amplitude and phase of the measured optical

pulse.
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FROG traces for more complex pulses
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General concept of spectral interferometry

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

Retrieve the unknown pulse from the spectral fringes

Unknown T = time delay

pulse é (to generate

spectral fringes)

Frequency
Known ? ;: T- :i Camera
reference
pulse —W_ 4\W N— —iw Spec-
| trometer
—

Beam splitter

S (@) =S, (@)+5,,(0) +2,/S, (@)S,,. () cos[,, ()~ @, (@) + T



General concept of spectral interferometry

“DC” term: spectra

Interference
. FFT
frlnges “‘AC” terms:
in the - phase information

spectrum

NN

“Time”

Wo  Frequency | 0
S (@)4]S,, () Filter
P (@) = @, (@) ~
\ IFFT &

/ \\\“ - . /\ Shift

Phase - - -,

Intensity —%

Wo Frequencil 0

»

T’
This retrieval algorithm is quick, direct, and reliable

A reference pulse is usually not available!



Spectral interferometry

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

S5 () = 5, (@)+5,,,(@)+2/5,,(@) /S, (@) coslg, @) - p.@) + T

SPIDER approach:
Sy (@) = S(@) +S(0+ 5w) + 2/ S(w)/S(@+ o) cos[ v+ 6w) — A @) + T

group delay vs. @

d 1) Time delay

Pspiper = PO+ 0w) —p(0)+ ol = ow d_ + ol
)

frequency shear

This measures the derivative of the spectral phase (the group delay)
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Pulses
after
crystal

Spectral interferometry
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(SPIDER)

Spectral interferometry

Spectral Phase Interferometry for Direct Electric-Field Reconstruction
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Complex
experimental setup

I"and 6w must be
carefully calibrated!



Spectral interferometry

Measurement of Extraction of their spectral
the interferogram phase difference using .
spectral interferometry Integration of the phase
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