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linear response

"stiffness" determines index of refraction
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nonlinear response

second harmonic generation
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energy iIs deposited in the focal volume
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producing microscopic bulk damage
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why bulk?
three-dimensional micromachining

why nanojoules?

non-amplified micromachining
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what is the nature of the nonlinear ionization?
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slow focusing
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loosely focus femtosecond pulse into a transparent material
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pulse is transformed into a white-light continuum
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mechanisms
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self-focusing: n(r) = ng+ n,l(r)
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mechanisms

Nfocus
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self-focusing: POWER dependent
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mechanisms

Ngt+An blue red

&M/\/\A/\/\& . shift shift

self phase modulation: n(t) = ny + n,l (1)
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mechanisms
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group velocity depends on intensity



log(spectral density)

continuum generation

INTRODUCTION

IR Uv

frequency

why the asymmetry?
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THRESHOLDS
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THRESHOLDS

transmission of laser pulse as a function of energy
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self-focusing threshold much higher
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pump sample with femtosecond pulse
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block probe beam

pump
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probe sample
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detect light scattered by damage

detector
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vary NA, material, pump wavelength
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bandgap dependence of threshold intensity
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repeat experiment for frequency-doubled pulses
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IONIZATION MECHANISMS

photoionization: multiphoton
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photoionization: tunneling
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Keldysh parameter
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Keldysh parameter
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photoionization: in between
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avalanche ionization: free carrier absorption
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avalanche ionization: impact ionization
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use our measured threshold intensities
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Keldysh parameter

y:(wszHEOEg/EZDJ'/Z y> 1.5 MPI |
Yy < 1.5 tunneling

material vy (800 nm)
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Keldysh parameter

y:(wszHEOEg/EZDJ'/Z y> 1.5 MPI |
Y < 1.5 tunneling

material y (800 nm) vy (400 nm)

CaF, 1.2 2.1
FS 1.2 2.4
0211 1.1 2.6

SF11 1.3



IONIZATION MECHANISMS

Keldysh parameter

y:(wszHEOEg/EZDJ'/Z y> 1.5 MPI |
Y < 1.5 tunneling

material y (800 nm) vy (400 nm)

CaF, 1.2 2.1

FS 1.2 2.4
0211 1.1 2.6
SF11 1.3

tunneling at 800 nm, MPI at 400 nm
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calculate electron density produced by MPI and tunneling
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IONIZATION MECHANISMS

calculate electron density produced by MPI and tunneling
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800 nm critical density
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400 nm critical density
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IONIZATION MECHANISMS

tunneling or MPI sufficent at low gap
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IONIZATION MECHANISMS

avalanche required at large gap
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WHITE LIGHT GENERATION

what are the mechanisms
for the continuum?
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dependence on material and laser parameters?
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WHITE LIGHT GENERATION
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experimental setup
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WHITE LIGHT GENERATION
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WHITE LIGHT GENERATION

two clear trends in blue broadening

frequency 4 band gap {

U U
broadening §  broadening f

also have to explain asymmetric spectrum



WHITE LIGHT GENERATION

proposed mechanism

self focusing
Increases laser intensity

SPM broadens spectrum
Self steepening occurs

asymmetric pulse produces
asymmetric SPM (blue shift)

extent of blue broadening
limited by ionization (plasma defocusing)



WHITE LIGHT GENERATION

simulations (A. Gaeta, Cornell)
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simulations (A. Gaeta, Cornell)
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FUTURE DIRECTIONS

White light mechanisms
® \Why no bulk damage?

® Focusing angle dependence of white light and
damage threshold
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FUTURE DIRECTIONS

2.0
/\ [ 1
E 15—~ 4 e —
(@) °
c [
5
-% 1.0+ u o ]
o
o ||
Q || o
S 05 " 2 *
O
fused silica
0 | | |
60 fs 0 0.05 0.10 0.15
800 nm numerical aperture

drop in blue broadening around 0.06 NA



FUTURE DIRECTIONS

White light mechanisms
® \Why no bulk damage?

® Focusing angle dependence of white light and
damage threshold

lonization mechanisms

® Measure pulsewidth dependence of threshold

® Model-independent determination of ionization rates
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INTRODUCTION

producing microscopic bulk damage
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with only tens of nanojoules!



INTRODUCTION

why bulk?
three-dimensional micromachining

why nanojoules?

non-amplified micromachining
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MORPHOLOGY

10 nJ

100 fs

1.4 NA
Corning 0211

top view
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1.4 NA
Corning 0211

side view
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Corning 0211

higher pulse energy
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MORPHOLOGY

cone formation mechanism
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cone formation mechanism
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best micromachining precision near threshold
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SEM sample preparation

iIrradiate scribed sample
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SEM sample preparation

dense pattern of structures above scribe line



MORPHOLOGY

SEM sample preparation

¢

fracture samples to bring some structures to surface
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SEM sample preparation

coat with graphite
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SEM sample preparation
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thermal ?
mechanism
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Corning 0211
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tighter focusing
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vary laser energy
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vary laser energy

6.6 nJ 13 nJ 33 nJ 66 nJ

100 fs K
1.4 NA ®
Corning 0211

less than 10 nJ necessary for micromachining
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can we micromachine ===
using just a femtosecond
laser oscillator?




OSCILLATOR MICROMACHINING

to deliver 5 nJ to the sample

5-W DPSS
laser at 532 nm
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after losses in the objective and prism compressor...
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... extend cavity of standard Ti:Sapph oscillator
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5-W DPSS
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laser specs: 20 nJ, 25 MHz, 20 fs

Ref: A.R. Libertun, et.al., CLEO 1999; S.H. Cho, et. al., CLEO 1999.
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scale model of 1.4 NA focusing geometry

fs pulse 1.4 NA objective
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scale model of 1.4 NA focusing geometry
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actual 1.4 NA focusing geometry

" -

plasma spark
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damage made with 25-MHz oscillator: 5 nJ; 25,000 shots

< 100 fs

800 nm

1.4 NA
Corning 0211
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5nd; 25,000 shots

10 nJ; single shot
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5nd; 25,000 shots

explosive or small-scale
melting mechanism

cumulative heating by
successive pulses melts
the glass

10 nJ; single shot
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number of laser shots

2.5 x 10" 2.5 x 10° 2.5 x 10° 2.5x 10"

more shots melt larger volumes
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APPLICATIONS

how can we use femtosecond thermal micromachining?

Y,

3

write waveguides!
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waveguide morphology: 20 mm/s machining speed

end view

10 ym
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waveguide mode analysis

,

He:Ne ™
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Image of near field mode
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microscope

1.4 NA objective

&%

Mercury I
Lamp

CCD




APPLICATIONS

Image
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re-image
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1-3nJ,100fs, 1.4 NA
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Structural change morphology

® Connect morphology to mechanisms
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morphologies and mechanisms

low energy high energy
single shot sub-pm An sub-pm \_/0|ds

small melt ? explosive
multiple shot Lm-sized An CAN'T AFFORD!

high rep. rate cumulative melting $$$%
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Structural change morphology

® Connect morphology to mechanisms

® Optical, SEM, AFM studies



SUMMARY

Structural change morphology

® Connect morphology to mechanisms

® Optical, SEM, AFM studies

Applications

® Oscillator-only waveguide micromachining

® Sub-cellular photodisruption

— functional studies of sub-cellular structures
In live cells


Unknown
— functional studies of sub-cellular structures
     in live cells
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NEW DIRECTIONS

3-D micromachining of photonics devices

structural change morphology

nonlinear ionization

sub-cellular laser surgery

4

‘ laser induced chemical changes

white light generation
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AMPLIFIER MICROMACHINING
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shot number and energy dependence at 1 kHz
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only 6.6 nJ; can we use only an oscillator?





