Nobel price in Physics (2005)
Theodor W. Hansch (optical comb
technology)

Nonlinear optics o
« Optical frequency converter

« Self focusing and Nonlinear
absorption

« Optical metrology

o High energy physics

» X-ray laser
* Electron accelerator g

Ultrashort
laser

#o Medical § '

* vision-correction surgery
* Laser Tissue Welding

Material processing@)

* Micromachining
* Laser annealing

Biology/ Environment sensing

FEMTOCHEMISTRY
o O pt ical Ultrafast Dynamics of the

Chiemical Bond

» Coherent tomography = C_Zhelmlstry
* Higher harmonic optical o ptica
microscopy spectroscopy

Nobel price in chemistry (1999)
Ahmed Zewail



Actually, from the ruins, a new, more realistic
telecom industry will emerge, and it will be
ultrafast.

Basic properties of femtosecond pulses
of interest to Telecommunications

Enables NLO for
High TDM rates OTDM, super-
(1.2 This) broadening

Many WDM Complex
channels (1021) formats (CDMA)




Peak Power /W

Materials
Biology / : Processing
Medicine er

Symbol | Puverage/ W | Pocss/kW | v/fs | PRF/MHz | 3/nm |

Semlcondnctor
ECSEL) [58]
Fiber [43]

Average Power / W

A plot of peak power versus average power for a range of ultrashort
pulse laseroscillator technologies. Also included are indicative
application areas placed in appropriate regions of laser performance.

Opt. express-20-6994-2012



At high intensities,
nonlinear-optical
effects occur.

All mode-locking
techniques are
nonlinear-optical.

Creating new colors
of laser light requires
nonlinear ontics.




PhotU;TC‘Crysté;I’ fibers

1974
Kaiser et al.
Air-silica fibers

1996
Knight, Birks,
Russell, Atkin,
Photonic crystal fiber

1998
Knight, Broeng,
Birks, Russell

Photonic bandgap
fiber (PGB)

1999
Cregan, Mangan, Knight,
Birks,
Russell, Roberts, Allan
SM PGB

Core : - hollow Holes
- solid d: hole diamete

|
T.K. Birks, P.J. Roberts,P.S.J. Russel, Atkin, Shepherd, Electron. Lett. 31, 1941-1942 (1995)




Bl

“SNonlinear PCF (microstructure fiber)

 Feature

— pure silica core surrounded
by regular array of air holes

e Property

— Dispersion properties can
be tailored in broad range
* from 1.3 mm to visible

— Small mode area
 Highly nonlinearity

D [ps/nm/km]

Aeﬂs [”mzl

90 670 753 872 950 1020

Wavelenath Tumi

Core diameter [um]

Blaze Photonics Crystal Fibre. Inc
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The continuum from
microstructure optical fiber
IS ultrabroadband.

1000
Continuum

-
o
(=)

The spectrum extends from
~400 to ~1500 nm and is
relatively flat (when
averaged over time).

—_
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i 1100-fs input pulse
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—

Log Spectral intensity (arb units)
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Superconintuum generation (history and application),

> https://www.youtube.com/watch?v=}5-vBxnt2kl&t=360s

Robert Alfano on the supercontinuum: history and future applications

\ Supercontinuum generation |

Ultimate White Light

From: X-rays, UV, Visible, NIR, IR

Nonlinear part of index of refraction: n — n,

Mechanism: n, = electronic, vibration, rocking, orientation, translation

Response l l l l l
Time: 10°sec 10" sec 10'2sec 10'2sec 10'% sec

n, (electronic) ——» attosecond pulses

o) 3:59/10:24

Photonic Technology Lab.


https://www.youtube.com/watch?v=j5-vBxnt2kI&t=360s

Isolator ]-

A/2 plate

Intensity (dBm)

"-|1||1||||-r-

Ti:sapphire Oscillator

82 MHz

Taper

400 600
Wavelength (nm)

Photonic Technology

OSA

—— input 100mW
—— input 200mW|
—— inout 250mW|
—— input 400mW|
—— input 500mW|

input 560mWj
—— input 600mMW|
—— input 700mW,

800 1000 1200

Lab.



Spatio-temporal characteristics of ultrashort %:“ .

laserpulses ey

Beam divergence
angle 6 depends on A
0= 2\Itw, where o
= beam spot size

500 nm to 1000 nm, @ varies by
the far-field, the beam spot size
Iry significantly with color!

b

Photonic Technology Lab.



SCG from tunable laser

» https://'www.youtube.com/watch?v=Pgw Q4rT9 |

Tunable Laser with optics and geometry super-continuum

o) 2:07/407

Photonic Technology Lab.



https://www.youtube.com/watch?v=Pqw_Q4rT9_I

Light matter interaction in PCF

» https://www.youtube.com/watch?v=WAp UjsMx90

Light-Matter Interactions in Photonic Crystal Fibres, Philip Russel

Making photonic crystal nore
2. Cane drawing

’ > » o) 13:35/1:08:11

. .

Photonic Technology Lab.



https://www.youtube.com/watch?v=WAp_UjsMx90

% FHA KB E Te ~
Continuums=Generation

Continuum Generation: focusing a
femtosecond pulse into a clear medium
turns the pulse white.

A clear medium, such
as water, quartz, or

ethylene Q'YCO' This process can be as
much as 100% efficient,

with wavelengths
rangm from the
-UV 1o the

Generally, small-scale self-focusing occurs, causing
the beam to break up into filaments.

Recently developed techniques involving optical fibers, hollow fibers, and
microstructure fibers produce very broadband continuum, over 500 THz
1000 nm) in spectral width!
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The "stack and draw" technique R ENNI

e

3 The first Glass studied : S-Sbh-Ge-(Ga) Glass The first fibers and..

-Tg=250°C, n=2,25, n, =130 x n, SiO,
,

Elaboration of the preform

stack and draw limits

Interstitial '(“»:lzglanes

holes

Capillaries
interfaces

Strong optical losses
Y 5-15d/mat 1,55 um




Efficient tunable deep-UV =

Joly et al, PRL 106, 203901 (201 1)

. B

gas input

length 0.1-1 m -
: — SAgReim
50 fs 1-10 pJ radius 5-15 ym
800 nm

"N to diagnostics

.

800 nm, 30 fs

pPuUmMp pulses l Ar-filled PCF

20cm

?
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Latest Developments in Photonic Crystal Fibers *.

> https://www.youtube.com/watch?v=1goWPW0aC80&t=1s

10. Latest Developments in Photonic Crystal Fibers

Effectof increasing pulse energy

gas input

ang - 1] length 0.1-1m
S0 fs 1-10 pJ
800 nm

radius 5-15 ym

to diagnostics

P o) 10:56/24:42

Photonic Technology Lab.


https://www.youtube.com/watch?v=IgoWPW0aC80&t=1s

Coherence length

>

Optics: Coherence length and source spectrum | MIT Video Demonstrations in Las...

Photonic Technology Lab. Company Logo


https://www.youtube.com/watch?v=LixwAXsN8vg

Optical coherence tomography (Principle)

>

Optical Coherence Tomography Basic Explanation

kit elemosbe

> >l o) 1249/22:56

Company Logo


https://www.youtube.com/watch?v=HJnNJIUPm4s

Optical coherence tomography (Inventor)

>

Jim Fujimoto talks about biophotonics and optical coherence tomography

Development of OCT in Ophthalmology

Carl Zeiss Meditec

OCT1 (1996)

OCT2 (2000)

SPIE
Stratus OCT3 (2002)

> » o) 1:51/518

Photonic Technology Lab.


https://www.youtube.com/watch?v=JyCmzEO4RDw

OCT Tutoria

> https://www.youtube.com/watch?v=H43ccvAEYEkK

OCT Tutorial On Macular Anatomy g Inner limiting

s membrane
<+————— Avascular zone ——————— '
> Ganglion cell
// < ayer

+—— Foveola —e [

a a 1 Retinal capillaries

B

(I D) -2:03 / 6:46

L
- ~.ﬁ'|'.-|I|| |1 l' lll'all-*,

Photonic Technology Lab.




What i1s OCT?

> https://www.youtube.com/watch?v=BxRAAVIr70AS8

> »l o) 0:13/345

M
W 1 l fee—

Photonic Technology Lab.


https://www.youtube.com/watch?v=BxRAAVr7oA8

https://www.youtube.com/watch?v=m932i-c -4Y

OCT: Interpreting the image o »

Terminology

Alteration of Layers
Irregularity NNNNNN
Fragmentation — — —--
Rupture _— —
Interruption — —

Depression —~___—

M

Photonic Technology Lab.


https://www.youtube.com/watch?v=m932i-c_-4Y

The 1999 Nobel Prize in Chemistry went to Professor Ahmed
Zewall of Cal Tech for ultrafast spectroscopy.

FENITOCHEMISTRY.
Jltratast Dynamics of the

‘bhami ol
Liemical sond

Ahmed H. Zewail

voltume i
Wadd Scotile

Zewail used ultrafast-laser techniques to study how atoms in a
molecule move during chemical reactions.




Beyond ultrafast spectroscopy: controlling chemical
reactions with ultrashort pulses

You can excite a chemical bond with the right wavelength, but the energy
redistributes all around the molecule rapidly (“IVR”).

selectivity?

\—>o+“

But exciting with an intense, shaped ultrashort pulse can control the
molecule’s vibrations and produce the desired products.



DNA bases undergo photo-oxidative damage, which can yield mutations.
Understanding the photo-physics of these important molecules may help to

understand this process.

—
o

PH2 T,=17ps, T,=191 ps

pH 11 T,=4.7ps, T,=26 ps

2
c
=
2
0
~—
<
<

100 200 300 400 500
Time / ps

Transient absorption at 600 nm of protonated guanosine in acidic (pH 2)
and basic (pH 11) aqueous solution.

Pecourt, et al., Ultrafast Phenomena XIl1, p.566(2000)



Ultrafast Laser Spectroscopy: Why?

» Most events that occur in atoms and molecules occur on fs and ps time
scales. The length scales are very small, so very little time is required
for the relevant motion.

» Fluorescence occurs on a ns time scale, but competing non-radiative
processes only speed things up because relaxation rates add:

Tex Ty 4
Biologically important processes utilize excitation energy for purposes other
than fluorescence and hence must be very fast.

Collisions in room-temperature liquids occur on a few-fs time scale, so
nearly all processes in liquids are ultrafast.

Semiconductor processes of technological interest are necessarily ultrafast or
we wouldn’t be interested.

l'ili'll'ﬂr

Ll

Photonic Technology Lab.



The simplest ultrafast spectroscopy method is the

UMD ProDe e e

» This involves exciting the sample with one pulse, probing it with
another a variable delay later, and measuring the change in the
transmitted probe pulse average power vs. delay:

Excite
pulse

)HK’ Detector

-4

Variable
delay, t

Probe
pulse

The excite and probe pulses can be different colors.
This technique is also called the “Pump-Probe” Technique.

|
—w«*ib'l"ibliu‘w

Photonic Technology Lab.
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Contribution of Femtosecond Laser Spectroscﬁgoy s

> https://'www.youtube.com/watch?v=4hx TflLabOs

The Contribution of Femtosecond Laser Spectroscopy...

Transient Absorption Spectroscopy
(Femtosecond Pump-Probe Technique)

.
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| > » o) 1:37/505

Photonic Technology Lab.


https://www.youtube.com/watch?v=4hx_TfLabOs

Pump-probe Setup

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

Pump probe Experimental Setup

— LD NTT T s oo on i  E—— e el
> » o) 0:17/0:30 i

Photonic Technology Lab.



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

Pump-Probe technique N
MONS

» https://www.youtube.com/watch?v=mdNr6eVBJgk

Pump

Probe

Transient Absorption

Photonic Technology Lab.


https://www.youtube.com/watch?v=mdNr6eVBJqk
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Transient absorption spectroscopy LN
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» https://www.youtube.com/watch?v=RFFfYlg30E0&t=44s

Transient Absorption Spectroscopy explained

Photonic Technology Lab.


https://www.youtube.com/watch?v=RFFfYlq3oEo&t=44s

Z-scan

» https://www.youtube.com/watch?v=ISJI3cNkq74

Experimental Setup of Z-secan System

» » o) 0:33/033
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Photonic Technology Lab.


https://www.youtube.com/watch?v=lSJl3cNkq74

Z-scan principle S M
» https://www.youtube.com/watch?v=yMhNLLIYb5w&t=20
4s
Femtosecond Z-Scan Spectroscopy ~»

-

Aperture S

Open Apertur

P »l o) 550/12:43

Photonic Technology Lab.


https://www.youtube.com/watch?v=yMhNLLIYb5w&t=204s

Novel imaging techniques yield ~1-um resolution, emphasizing edges
of objects. They include optical coherence tomography and multi-
photon imaging.

Two-Photon Microscopy:

£ o
.= 2-photon microscopy
® o & g,\ of pollen grains using an ultrashort pulse

}“}aﬂ B ?M\ University of Michigan
‘ Center for Ultrafast Optical Sciences



Multiphoton fluorescence LN

Ot
: l LA\
» Two or more photons of the same energy "
may conspire to raise the system to a .5 B
higher energy level, where it undergoes N
photoluminescence (fluorescence (a) 1 DA
and (b)). AN hv,
» Two-photon fluorescence in (a) is the hv,) Y
basis of an imaging technique known as
two-photon laser scanning fluorescence (a)
microscopy (TPLSM). - ,
> A fluorescent probe (fluorophore), AT T Y
absorbs a pair of photons that arrive in hv, 1
Its vicinity, each with energy hy, , and 1
. . TAVeY . o
then emits a single fluorescence photon hv, ——
with energy hv, (> hv,), which is N N hv,
detected. T
hv, ¢

(b)



\@"\ '*\

» The advantage of TPLSM in the domain of biology is the doub e '
wavelength of the excitation A\
— since longer wavelengths penetrate more deeply into biological tissue.

— The peak intensity is sufficiently high to engender two-photon
absorption,

— The average power is sufficiently low to avoid damage to delicate tissue,

— The excitation is often provided by a mode-locked laser that generates
ultrashort (femtosecond) optical pulses.

» Multiphoton laser scanning fluorescence microscopy operates
In much the same way,
— Except that k independent photons, rather than two, conspire to effect each
absorption
) 41!”" The emitted fluorescence-photon rate varies as IX(r,t).

Vi

Photonic Technology Lab.



Tmo fs

objective

F~12

F = Two-photon
Fluorescence
energy




Anonymous microbes in Amsterdam canal water
(FPir 213 2 389 7 v L jicd )

Images due to Jeff Squier, Colorado School of Mines
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Confocal microscopy and multi-photon oy

=

~

C
-

excitation microscopy of human skin in vivo e

Frontal sections of human skin in vivo acquired with
reflected light confocal microscopy (a-d) and
acquired from multi-photon excitation microscopy
with excitation at 780nm (e-h).

> -

Images were acquired at the regions: 10 microns

below surface in stratum corneum (a and e), cells of

stratum spinosum (b and f), cells of basal layer (¢ and
Comprtor g), and within the dermis (d and h).

PMT/

e _- Scale bars show 50 microns.
Opt. Express. 8, 2 (2001) "

Stratum Corneum

Stratum Granulosum
& Spinosum

Basal Layer

Papillary Dermis

'y’




Two photon microscopy

» https://www.youtube.com/watch?v=CZifB2aQDDM&1t=12
66S

Microscopy: Twe Photon Microscopy (Kurt Thorn)
Fluorescence lllumination of a single point

Camera

Tube lens

-—

Emission light

Objective lens

Sample

> » o) 1:07/31:14

il
— ~.-*J|'.-II|| II| ll lll'allrﬂ.

Photonic Technology Lab.


https://www.youtube.com/watch?v=CZifB2aQDDM&t=1266s

Two photon microscopy L

» https://www.youtube.com/watch?v=f9Bj70e7k8w

scopy

In action

A Spatial compression of photons by objective lens B Temporal comprassion of photons during
o * 3 . fomtosecond pulses
l I e l V Continuous laser
Lo Singlo photon Multiphaton
g = 4 ‘. Excraton Emission Excitation E s s o0 «, o o e e o e o )
y ‘ 1’ .2 '. 2
Ags " * N \ \ / g .
Photons <", ¢, \ N ! \ / >
Wotons = gie. e * o o S 2 Tirn
ga's oY . . 1 e N
e \__/ \ = Femtosecond.-pubsed laser
. Q . . I ol b 100+
Focal spot = 3% L{ -
10 ns—F 3
Time
ﬂ'l"}Wl 'S Bioloau

Photonic Technology Lab.


https://www.youtube.com/watch?v=f9Bj7oe7k8w

Beam expander

—

Dichroic \
mirror A

Objective (g
Q Specimen &"Q Specimen
‘ '. Focal plane

* B
.

) s Focal plane
A .

’ﬁ UL'S Bi '7

o) 76:04720:56

Focal plane

Specimen

Photonic Technology Lab.

Femtoliter
focus volume




P 100 fs P 100 fs
photodetector dichroic photodetector dichroic
objective objective

.' .'

Multi-photon microscopy Is responsible for more sales of ultrafast
lasers than all other applications combined!




Multiphoton Imaging System

» https://www.youtube.com/watch?v=cl6sPHCI-0Q

) 1:39/219

Photonic Technology Lab.


https://www.youtube.com/watch?v=cl6sPHCI-oQ
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Three-dimensional multiphoton microlithography. “-
Ot
e AN

» A similar approach is used to fabricate micro-objects.

» A lens delivers high-power optical pulses to a particular
location in a specially designed transparent polymeric
material.

» The light has sufficient intensity to effect multiphoton
polymerization only in the vicinity of the focal region;

— It reaches that region without affecting the intervening
material.

» Moving the focal point of the lens about allows any desired
three-dimensional microstructure to be written.

100 fs transparent

material Beam profile

_> mm -
Threshold for processing

[ N
—

objective

Beam focused to A/2
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L_ong- vs. short-pulse mlcromachmmgs .

\\\\

ULTRAFAST
Long pulse Lonc puLSE 4.-- LASER PULSES
K[ASER BEAM Short pUIse --
No RECAST

LAYER - -

EJECTED MOLTEN : : NO DAMAGE CAUSED TO

ADJACENT STRUCTURES
MATERIKL DAMAGE CAUSED TO NO SURFACE - l
SURFACE DEBRIS ADJACENT STRUCTURES DEBRIS : :

RECAST LAYER SURFACE RIPPLES DUE

TO SHOCK WAVE B
PLASHA -
PLUME g
Q (] ]
1A ey g Bl

NO HEAT TRANSFER TO
SURROUHNDING MATERIAL

NO MELT ZOMNE

NO MICROCRACKS
HoT, DENSE
ION/ELECTRON SOUP

NO SHOCK WAVE (LE. PLASHMA)
SHOCK WAVE

©1999 Clark-MXR, Int.

©1999 Clark-MXR., Inc.

Energy-deposition time is short compared to the electron-phonon time (a few
ps), so thermal conduction and hydrodynamic motion are generally

negligible, and ejecta carry away most of the deposited energy.
'Nllﬁs a result, there’s minimal collateral damage to remaining material.

Photonic Technology Lab.



Laser Micromachining

Pl o) 1:47/10:17

Photonic Technology Lab.


https://www.youtube.com/watch?v=TmuXT3QR2mg&t=164s

Ultrashort pulse lasers can precision
machine many materials.

M.D. Feit, A.M. Komashko, A.M. Rubenchik, Lawrence Livermore National Laboratoryi'
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Femotosecond material processing

f

» https://www.youtube.com/watch?v=wNhGXAR1drw

JENOPTIK JenLas® femtosecond laser - Material processing

JenlLas® femto series For comparison:
Typical nanosecond laser
550 fs 55ns
Femtosecond Picosecond
Pulse Width €
Non-thermal ablation Thermal ablation

"

| >  »l ) 214/554

Photonic Technology Lab.


https://www.youtube.com/watch?v=wNhGXAR1drw

Photo-polymerization: light
causes a polymer to solidify.
Structural details of 120 nm
(due to two-photon photo-
polymerization).

S. Kawata, et al., Osaka Univ. Nature 412, 697, 2001.



Nano-dissection of human chromosomes with
fs pulses

K. Konig, I.Riemann

Laser Microscopy Division, Instifute of

Anatomy Il Jena, Germany

W. Fritzsche

Institute for Physical High
Technology Jena, Jena, Germany




Marking with fs pulses

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

Ultrashort Pulse Laser mp4

m/b4.htm


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

Femtosecond laser processing

» https://lwww.youtube.com/watch?v=G1kSeFphMds

JENOPTIK

‘MADA

AMADA MIYACH AMERSCA INC

Femtosecond Liase



https://www.youtube.com/watch?v=G1kSeFphMds

Cutting with fs laser

» https://www.youtube.com/watch?v=19u4XQYVSt4

Micro laser cutting with femtosecond laser

!

> » o) 026/056



https://www.youtube.com/watch?v=i9u4XQYVSt4

Other fs-processing



fs processing

> https://www.youtube.com/watch?v=N72hpENywLS

Femtosecond Lasers — Opening a Whole New Window of Laser Processing!

Micro-IMachining with SS 1 F

Simultaneous spatial and temporal focusing (SSTF)

Single beamlet focus

Temporally
chirped pulses

A A

—>

Grating

Grating SSTF focus

 Spatially separate spectrum at lens
» Spectrum concentrates and overlaps at focus
* Developed at Colorado School of Mines and exclusively licensed to
WAA | alhe thraiiah 1IC AnA \AArvl 1
RV 75545 e e e Weridwide Patents:———————— —



https://www.youtube.com/watch?v=N72hpENywLs

Femtosecond Laser Plasma Implantation Process

» https://www.youtube.com/watch?v=MEUTukv3e/M

Femtgsecond Laser Plasma Implantation Process

1"

Erbium

Sodium

Zinc

Tellurium

Oxygen

> » o) 034/1:58


https://www.youtube.com/watch?v=MEUTukv3e7M

Intralase performs vision-correction surgery
using fs lasers.

FDA approval is already in hand.

https://www.youtube.com/watch?v=Zp
Y|ZoJHbHE
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http://home.doramail.com/short180:doramail.com/b4.htm

Linkl

“»https://www.youtube.com/watch?v=dK ANhIU7Sxk

Link?2

“*https://www.youtube.com/watch?v=rrks9gchL XA

Foveo [point of
central ro.ius]

Mocy

la

Ciliary muscle )
(controls the lens) Optic

Company Logo


https://www.youtube.com/watch?v=dKANhIU7Sxk

Protection from lightning
using amplified fs pulses

National Geographic

Diels and
* Use amplified 100 fs pulses to initiate spark M'§j§3

* Self-trapped filament propagates >30 m in air !

The pulse induces a conducting path, discharging the cloud charge before
lightning can occur.



Compositional Analysis by Scanned fs Laser
Probing

This
technique

, ., takes
e advantage of
' the
broadband
nature of
ultrashort
pulses.

CASFLU spectroscopically differentiates between fossilized dinosaur
bone. tu’"e She" and l'OCk. . M Camptidl, or Al J Yortodvate Falvcoiodegy 19, AZS (1990

LLNL



All that needs to be said about telecom




