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Fundamentals of Photonics
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2. Applications of Nonlinear Fiber Optics
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Understanding Lasers

» https://www.youtube.com/watch?v=saVE7pMhaxk

Laser Fundamentals | | MIT Understanding

UNDERSTANDING

L'r.;(—'r)r‘.\

and
FIBEROPTICS

Professor Shaoul EzeXkiel
Massachusetts Institute of Tec nology

Photonic Technology Lab.



https://www.youtube.com/watch?v=saVE7pMhaxk

The Birth of Ultrafast Technology

Bet: Do all four hooves of
a galloping horse ever
simultaneously leave

the ground?

b

The “Galloping Horse’
Controversy Palo
Alto, CA 1872

Time Resolution:
1/60th of a second



https://zh.wikipedia.org/wiki/%E5%9F%83%E5%BE%B7%E6%B2%83%E5%BE%B7%C2%B7%E8%BF%88%E5%B8%83%E9%87%8C%E5%A5%87

Horse In Motion: 1878 - Present

» » ¢ 006/1:00



https://www.youtube.com/watch?v=DLHDHOeJvdI
https://www.youtube.com/watch?v=5Awo-P3t4Ho

If you think you know fast, think agalin.

Ultrashort laser
pulses are the
shortest events ever
created.




Time Resolution: a few microseconds I
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The Metric System

We’ll need to really know the metric system because the pulses
are incredibly short and the powers and intensities can be
Incredibly high.

Prefixes:
Milli (m) 10 Kilo (k) ~ 10%
Micro (u) 10 Mega (M) 10%°
Nano (n) 107 Giga (G) 10%
Pico (p) 10-12 Tera (T)  10*%
Femto (f) 10-1° Peta (P) 10*15
Atto (a) 10-18 Exta (E)  10+18
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Ultrafast Optics vs. Electronics oy o
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Timescales

It’s routine to generate pulses < 1 picosecond (10712 s).

Researchers generate pulses a few femtoseconds (10-1° s) long.

10 fs light
pulse Age of universe
] . .
1 femtosecond 1 picosecond

Such a pulse Is to one minute as one minute Is to the age of the
universe.

Such a pulse Is to one second as 5 cents is to the US national debt.



A generic ultrashort-pulse laser
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Partially
_ reflecting
Continuous laser output mirror

pump source

Pulse-shortening devices include:



RING RESONATOR

One way to make
short pulses: the
saturable FARADAY

ISOLATOR
absorber

SATURABLE
ABSORBER

Like a sponge, an
absorbing medium can
only absorb so much.
High-intensity spikes
burn through; low-
intensity light is
absorbed.

GAIN LOSS




Locking the phases of the laser frequencies yields an ultrashort pulse.

Random
phases
of all
laser
modes

Locked
phases
of all
laser
modes

out of outof out of
phase phase phase

Time =—b

out of in out of
phase phase! phase

Irradiance vs. time

Random
phases

Ultrashort
pulse!!




Group velocity dispersion broadens ultrashort
laser pulses

Different frequencies travel at different group velocities in materials, causing
pulses to expand to highly "chirped” (frequency-swept) pulses.

) ) — v ” ”E
Input Chirped output
ultrashort not-so-ultrashort
Any
pulse : pulse
medium

Longer wavelengths almost always travel faster than shorter ones.
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This pulse increases its frequency linearly in time (from red to blue).

In analogy to bird sounds, this pulse is called a "chirped" pulse.



Dispersion causes pulse fronts to tilt.

Phase fronts are perpendicular to the direction of propagation.

Because the group velocity is usually less than the phase velocity, pulse
intensity fronts tilt when light traverses a prism. With gratings, it’s a
simple light-travel-distance issue.

Output
[ Ta 101 d o1V ] (- ———
—> 0 _

Input pulse - "‘:, ...................... ;
put p 5 () ------- _"

Diffraction grating
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We can shape ultrashort pulses.

This usually occurs in the frequency domain.

Femtosecond Waveform Synthesis

Experimentally measured
shaped pulse

GRATING LENS GRATING

Time (psec)

Purdue University Ultrafast Optics Group Purdue University Ultrafast Optics Group




Chirped input pulse Compressed output pulse
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The longer wavelengths
traverse more glass.




® Active mode locking
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laser 2** - F oo Baltuska, et al. 2001
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Continuous vs. ultrashort pulses of light =

A constant and a delta-function are a Fourier-Transform pair.
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Irradiance vs. time Spectrum
A
Continuous beam:
: > >
time frequency
+
Ultrashort pulse:
> >

’ time frequency

. .

Photonic Technology Lab.



The uncertainty principle says that the product of the
temporal and spectral pulse widths is greater than ~1.

LN




Solid-state laser media have broad bandwidths and are convenient.

Ti;:Sapphire Cr:LiSGaF Cr:Forsterite
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Mode locked fs Ti:sapphire laser

» https://www.youtube.com/watch?v=KX6h9CVXYkA

M; Mg Fast
‘ Photodiode
,/,v’f AOM ocC
Ms A <l P’z Pfa / I . L H A8 .
I~ A 2= |/ *? Ny
r
(™ Window

N N M

N ;, %pzr (optional) ‘

Pump )
Beam Input Py L) Ti:sapphire Rod Model 3955
Brewster - - - - . AOM Driver Electronics
N——— M —= 7. s Residua
Motorized (optional) M ;:mp i .
HR am Dump Optional
Model 3930
Lok-to-Clock Electronics

Photonic Technology Lab.


https://www.youtube.com/watch?v=KX6h9CVXYkA
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fs Ti:sapphire laser

> https://www.youtube.com/watch?v=1ASzzqeQOzc

Alignment of a LEXEL 810 femtosecond laser

T [Esc| masReBRE=

Photonic Technology Lab.


https://www.youtube.com/watch?v=1ASzzqeQOzc

fs laser pump by a laser diode

|

» https://'www.youtube.com/watch?v=162aDMONhf0&t=89s
5 Banc de pompe Yb:SYS
) e Miroirs dichroiques
ey

RS SESAM

e
Ty 5
7 AW |

KU Prisme (SF10)

% G— ente
'é Pgsme (SF10) L
— Coupleus de sortie (2%)

=

=

Photonic Technology Lab.


https://www.youtube.com/watch?v=l62aDMONhf0&t=89s

Crossing beams in a nonlinear-optical crystal, varying the delay between them,
and measuring the signal pulse energy vs. delay, yields the

A (7) E_]o )1 (t— o)t



Autocorrelator
» https://www.youtube.com/watch?v=J1pNHYySSY(g

APE Autocorrelator PulseCheck Basic P Eeg oD’

| >l o) 1:22/436

Photonic Technology Lab.



https://www.youtube.com/watch?v=J1pNHYySSYg

Frequency-Resolved Optical Gating
(FROG)

FROG involves gating the pulse with a variably delayed replica of itself
In an instantaneous nonlinear-optical medium and then spectrally
resolving the gated pulse vs. delay.
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Use any ultrafast nonlinearity: Second-harmonic generation, etc.
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Frequency resolved optical gating (FROG).,G(_;;;\
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Frequency-Resolved Optical Gating
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Frog

» https://www.youtube.com/watch?v=lg5sZYFuUKNE

Optical Autocorrelator

Electronic
Motorized Controllers

Y IQFROG

Motorized
SHG Crystal

Spectrometer Second Harmonic Generation

Measures the

Signal Frequency Resolved Optical Gating

o) 0:23/227

Photonic Technology Lab.
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https://www.youtube.com/watch?v=lg5sZYFuKNE

Second Harmonic generation FROG
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Generalized projection

g™ (t,T)=EW Et-t)

(=0

Fourier

Inverse Fourier transformation

transformation
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FROG Traces for Linearly Chirped
Pulses

Negatively chirped Unchirped pulse Positively chirped
pulse pulse
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One of the shortest events ever created!

Experimental Reconstructed

FROG traces

Wavelength [pm]
Wavelength [um]

-20 0 20
Time [fs]

0
Time Domain

Intensity
(=]
(9]

Baltuska,
Pshenichnikov,
and Weirsma,

J. Quant. Electron.,

600 800 1000
Time [fs] Wavelength [nm] 35, 459 (1999).




FROG Measurement of the Ultrabroadband
Continuum

Ultrabroadband continuum was created by Retriev;:d &”te”SiW
propagating 1-nJ, 800-nm, 30-fs pulses through _and phase
16 cm of Lucent microstructure fiber.
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This pulse has a time-bandwidth product of ~
4000, and is the most complex ultrashort pulse
ever measured.
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The Shortest Pulses at Different Wavelengths

Wavelength
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0.2 TW = 200,000,000,000 watts!

1 kHz “Chirped-Pulse Amplification (CPA)” system at the
University of Colorado (Murnane and Kapteyn)



Regenerative amplifier

» https://'www.youtube.com/watch?v=zfHWNTaBMGU

Libra One-box Ultrafast Ti:Sapphire Amplifiers

Oscillator

Multi-Box Amplifier

Stretcher/Compressor

Regenerative
Amplifier
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https://www.youtube.com/watch?v=zfHwNTaBMGU

Regenerative amplifier system

» https://www.youtube.com/watch?v=LI12PGff4fVw

Legend Elite Series of Powerful Ti:Sapphire Ultrafast Amplifiers
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https://www.youtube.com/watch?v=Li2PGff4fVw

OPO system

> https://www.youtube.com/watch?v=c77xhj7bSI0

Mira OPO-X
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https://www.youtube.com/watch?v=c77xhj7bSl0

Ultrafast Laser Facilities, Princeton University

2.4-12um, 1.4ps, 200fs :
1,15-2,6um, 1.4ps, 150fs Experimeni$
235-350nm, 1.4ps
470-750nm, 0,92-3,0um, 1.4ps Molecular BEGE
P O-OLLM,0PS
Probe Pulse
Tailored Pump Pulse

2mJ
0T Pulse

Compressor
Grating

Stretcher
Grating
“Picomask”

Diode-Pumped Frequency-Doubled SnJ
Nd:VO, Laser 800Nnm

~400nm ~266nm
0.2nJ

i ire Lase L0
-850nm, 80fs ,1.4ps ... SHG.‘ THG
10nd

Elmar Schreiber CULA setup .cdr






https://zh.wikipedia.org/wiki/%E7%B8%AE%E5%AF%AB
https://zh.wikipedia.org/wiki/%E5%9C%8B%E5%AE%B6%E9%BB%9E%E7%81%AB%E8%A8%AD%E6%96%BD#cite_note-1
https://zh.wikipedia.org/wiki/%E7%BE%8E%E5%9C%8B
https://zh.wikipedia.org/wiki/%E9%9B%B7%E5%B0%84
https://zh.wikipedia.org/wiki/%E6%85%A3%E6%80%A7%E5%B1%80%E9%99%90%E8%9E%8D%E5%90%88
https://zh.wikipedia.org/wiki/%E5%8B%9E%E5%80%AB%E6%96%AF%E5%88%A9%E7%A6%8F%E6%91%A9%E7%88%BE%E5%9C%8B%E5%AE%B6%E5%AF%A6%E9%A9%97%E5%AE%A4
https://zh.wikipedia.org/wiki/%E5%8A%A0%E5%B7%9E
https://zh.wikipedia.org/wiki/%E5%88%A9%E4%BD%9B%E6%91%A9_(%E5%8A%A0%E5%88%A9%E7%A6%8F%E5%B0%BC%E4%BA%9E%E5%B7%9E)
https://zh.wikipedia.org/wiki/%E5%9C%8B%E5%AE%B6%E9%BB%9E%E7%81%AB%E8%A8%AD%E6%96%BD#cite_note-2
https://zh.wikipedia.org/wiki/%E6%A0%B8%E8%81%9A%E5%8F%98
https://zh.wikipedia.org/wiki/%E5%9C%8B%E5%AE%B6%E9%BB%9E%E7%81%AB%E8%A8%AD%E6%96%BD#cite_note-3
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http://zh.wikipedia.org/wiki/%E7%93%A6
http://zh.wikipedia.org/wiki/%E9%90%BF
http://zh.wikipedia.org/wiki/%E9%87%B9
http://zh.wikipedia.org/wiki/%E9%9B%BB%E5%AE%B9%E5%99%A8
http://zh.wikipedia.org/wiki/%E5%9C%8B%E5%AE%B6%E9%BB%9E%E7%81%AB%E8%A8%AD%E6%96%BD#cite_note-how-9

How NIF Works

the beams then converge on the 10
millimeter target assembly call

P Pl ¢ 446/521



https://www.youtube.com/watch?v=yixhyPN0r3g

laser fusion.mp4

8 Billionths of a second

» » o 058/1:34



https://www.youtube.com/watch?v=uIwYQIhMwlw
https://www.youtube.com/watch?v=uIwYQIhMwlw

NIF missions

Ensuring '
National Security

IQEC/CLED
—Pacific Rim

P50




" Four steps to ignition

Commission NIF

We are taking a systematic
approach to learning and
improving our engineering
design to achieve ignition

Commission capsule

Commission layered
target implosions

*




The Dilemma N A,
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» In order to measure an event in time, you need a shorter one.

» To study a soap bubble popping, you need a strobe light
pulse that’s shorter.

» 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 shortest event?
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Photonic Technology Lab.



