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e propagation of pulses
e nonlinear optics

e femtosecond micromachining
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Propagation of EM wave through medium

Governed by wave equation
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k \/ €L n
Where E — EO ei(kx_a)t)

In nonferromagnetic media uw = 1, and so n = Ve.

In dispersive media n = n (w).
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Bound electrons

Electron on a string: Foinging = — M woX
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Bound electrons

Steady state: electron oscillates at driving frequency
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Bound electrons

Steady state: electron oscillates at driving frequency

. e 1
x(t) = x e ' X, = — > > —F,
m (0, — ) — iyw

Oscillating dipole

0= —ex)=C : E,e
& m (o2 — o) — iyw o
Polarization
P(r) = (N—ez)z J E() = e E(1)
m ) (0f — 0°) — iyw s
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Dielectric function

Ne’ :
ew)=1+y, =1+ =S > ];] ;
e’ (0 — o) — iy

Q: For a single resonance, is the value of €(w) at high frequency
1. larger than,
2. the same as, or

3. smaller than the value at low frequency?



Bound electrons

Dielectric function

Ne’ :
ew)=1+y, =1+ =S > ];] ;
e’ (0 — o) — iy
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3. smaller than the value at low frequency? ¢



Bound electrons

Dielectric function
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Bound electrons

Amplitude of bound charge oscillation
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Bound electrons

Below resonance: bound charges keep up with driving

field = field attenuated, wave propagates more slowly
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Bound electrons

At resonance: energy transfer from wave to bound

charges = wave attenuates (absorption)
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Bound electrons

Above resonance: bound charges cannot keep up

with driving field = dielectric like a vacuum
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Bound electrons

Dielectric function

Ne’ f:
=1+ =1+ ]
(o) e eomjz-(a)]2 — @) — iyw




Free electrons

No binding: Finding = 0
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Free electrons

No binding: Finding = 0
Equation of moti 9% |y = _eE
. m— my—— —¢€
quation of motion 12 Y
: e 1
Solution: x(t) = ——— E(¢) (no resonance)

Low frequency (w << y) = current generated
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Free electrons

w>=>vy: ocomplex = Joutof phase with E

Dipole:

p() = —ex (1) = — T E(1)

Polarization:
Ne? 1

P(t) = —

Dielectric function:
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Free electrons
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Free electrons
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Free electrons

Plasma acts like a high-pass filter




Free electrons

Plasma acts like a high-pass filter
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Pulse dispersion

medium causes pulse to stretch
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Pulse dispersion

medium causes pulse to stretch
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compensate by rearranging spectral components!
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How do these arrangements work?
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Pulse dispersion compensation

Does path length difference compensate?

.U /7

...S0 prism gives low frequency shorter path length!
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Pulse dispersion compensation

linear dispersion

do
— = constant
dw



Pulse dispersion compensation

only nonlinear dispersion changes pulse shape!

dqu
— * 0
dw?



e propagation of pulses
e nonlinear optics

o femtosecond micromachining
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Linear optics:

P = xE
Nonlinear polarization:
P=yVE + YYE2 + Y9 + ...

and so:

P=pPO 4+ p2 1 pCILass

(1)
e X
PO~ P when E = E,~—,and so X" = o1 -
a at
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Nonlinear optics

Nonlinear polarization can drive new field:

n* PE 4w 9P
c? or c? o

But even terms disappear in media with inversion symmetry!

PO = (0. EF

V2F +

Invert all vectors:

— P2 = X*(=E)(~ E)

andso @ = —y? = 0.
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Nonlinear optics

Consider oscillating electric field:
E(t) = E & + c.c.
Second-order polarization:

PA(t) = ¥PEX(r) = %X(Z)EE* + %[X(Z)Eze"z‘“t + c.c.]

Physical interpretation:
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Nonlinear response: P? = D E?
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Nonlinear response: P? = D E?
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Nonlinear optics

Nonlinear response: P®? =, F?
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Nonlinear optics

Q: Silicon atoms are arranged in this way. Does bulk silicon gen-

erate second harmonic?

1. Yes, silicon is not centrosymmetric (as the unit cell shows)
2. No, the crystal as a whole is centrosymmetric
3. No, any radiation at the second harmonic is absorbed

4. Other
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Nonlinear optics

Third-order polarization: P9 (1) = YO E(r)

3 frequencies, 3 terms + c.c.: complicated! In general

cos’wt = 3 cos 3wt + 3 cos wt

Intensity dependent term at fundamental frequency:
PO(1) = XVEME (1) E(t) = XPI()E(1)

and so P=PD 4+ PO = OV + ONE = y4FE

Gy
n:\/;:\/l‘l‘)(effz\/l"_)((l)"‘% X :”ZO‘I‘nzI
V1 + X(l)
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Intensity-dependent index of refraction:
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Nonlinear optics

Intensity-dependent index of refraction:

n=n,+ n,l

= “self phase modulation”
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higher index
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Nonlinear optics

Intensity-dependent index of refraction:

n=n,+ n,l
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Nonlinear optics

Intensity-dependent index of refraction:

n=n,+ n,l

le e l@
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Nonlinear optics

self-focusing




Nonlinear optics

but susceptibility is complex!

susceptibility real part Imaginary part

linear refraction absorption

nonlinear SHG, SFG, DFG, THG,... multiphoton absorption

a=a, + Bl + yI*+ ...
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Femtosecond micromachining
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Femtosecond micromachining

...causes nonlinear ionization...

100 fs transparent
material
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Femtosecond micromachining

and ‘microexplosion’ causes microscopic damage...
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material
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Femtosecond micromachining
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Femtosecond micromachining

time scales
transparent
100 fs material
—>
——
objective

100 fs: laser energy transferred to electrons



Femtosecond micromachining

time scales
transparent
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10 ps: energy transfer to ions



Femtosecond micromachining
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100 ps: plasma expansion



Femtosecond micromachining

time scales

transparent
material

objective

10-100 ns: shock propagation



Femtosecond micromachining

time scales
transparent
material
——
objective

1 ps: thermal expansion



Femtosecond micromachining

time scales
transparent
material
——
objective

1 ms: permanent structural damage



Femtosecond micromachining
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Some applications:
e data storage
e waveguides

e microfluidics
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Femtosecond micromachining

Dark-field scattering

—
objective
sample



Femtosecond micromachining

block probe beam...

detector

- S

objective
probe T sample



Femtosecond micromachining

... bring in pump beam...

detector

Fﬂm}l@/- _IK>

objective
probe T sample



Femtosecond micromachining

... damage scatters probe beam

detector

Fﬂm}l@/- _IK>

objective
probe T sample



Femtosecond micromachining

scattered signal
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Femtosecond micromachining

scattered signal
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Femtosecond micromachining

scattered signal
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Femtosecond micromachining

scattered signal
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Femtosecond micromachining
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Femtosecond micromachining

vary humeric

intensity threshold:

200 I I ] ]
spot size determined by
numerical aperture:
’_';
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numerical aperture



Femtosecond micromachining

fit gives threshold intensity: 7, = 2.5 x 1017 W/m?

threshold (nJ)

200

100

0.5 1.0
numerical aperture

1.5



Femtosecond micromachining

vary material...
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Femtosecond micromachining

...threshold varies with band gap (but not much!)

.
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Femtosecond micromachining

would expect much more than a factor of 2

3-photon 4-photon 5-photon

®
40 r CaF,
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FS
LiF o
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threshold intensity (1077 W/m?)
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2 4 6 8 10 12

bandgap (eV)




Femtosecond micromachining

critical density reached by multiphoton for low gap only

multiphoton
| | | |

.
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4.0 CaF, -

FS

3.5 ]
LiF

3.0 §
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threshold intensity (1077 W/m?)
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Femtosecond micromachining

avalanche ionization important at high gap

multiphoton avalanche ionization
o 4.5 | T | T
E o
= 4.0 CaF, -
™~
= 3.5 "o
> LiF o
-
2 3.0 7
i=
0211e®
% 2.5 e BK7 s
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bandgap (eV)



Low-energy machining

threshold decreases with increasing numerical aperture
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Low-energy machining

less than 10 nJ at high numerical aperture!

200 | | | | |

100 .

threshold (nJ)

0 0.5 1.0 1.5
numerical aperture



Low-energy machining

amplified laser: 1 kHz, 1 mJ

100 fs
1 ms

heat diffusion time: 7,;=1 us



Low-energy machining

long cavity oscillator: 25 MHz, 25 nJ

40 ns

30 fs

heat diffusion time: 7,;=1 us



Low-energy machining




Low-energy machining

High repetition-rate micromachining:
e structural changes exceed focal volume
e spherical structures

e density change caused by melting



Low-energy machining

amplified laser oscillator

40 ns

1 ms

A
Y.

repetitive cumulative



Low-energy machining

amplified laser oscillator
low repetition rate high repetition rate
E E
1 40 ns
HS - 1 s
t t
1 ms

repetitive cumulative



Low-energy machining

the longer the irradiation...
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the longer the irradiation...




Low-energy machining

the longer the irradiation...




Low-energy machining

the longer the irradiation...

... the larger the radius



radius (um)

Low-energy machining
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Low-energy machining
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Applications

photonic fabrication techniques

fs micromachining other
loss (dB/cm) <3 0.1-3
bending radius 36 mm 30-40 mm
An 2x 1073 10 -0.5
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e important parameters: focusing, energy, repetition rate
e nearly material independent
e two regimes: low and high repetition rate

* high-repetition rate (thermal) machining fast, convenient

Nature Photonics 2, 219 (2008)
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