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Propagation of EM waves through medium

Governed by wave equation

*F
VE- 55 =0

ot
Solution: E =L, elke—an
where & 1 L
—_— = = —C
k \/ €L n

In non-ferromagnetic media u=1, and so n = Ve.
In dispersive media n = n(w).
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Alternatively, € is measure of the attenuation of the field
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Propagation of EM waves through medium

In vacuum: A = % =C = w=ck
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Propagation of EM waves through medium
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Which charges participate?

LL. W
P

ionic/
cores free

valence electrons
electrons

P+

+ F -
o
¥E
o



Dielectric function

dielectric constant

frequency (rad/s)

[ [ [ [
MW IR VIS UV X
| | | | |
108 100 10" 10'* 101 1078



Dielectric function

dielectric constant

[ [ [ [
MW IR VIS UV X
____________ /\v
vacuum
| | | | |
109 108 109 102 10" 1076

frequency (rad/s)

1018



Dielectric function

dielectric constant

109 102 10 10'® 10'8
frequency (rad/s)



Dielectric function

dielectric constant

109 102 10 10'® 10'8
frequency (rad/s)



Dielectric function

dielectric constant

dipolar

106 10® 10'® 10'% 10 10'°
frequency (rad/s)



Dielectric function

dielectric constant

[ [ [ [
MW IR VIS UV X
dipolar\
ionic /\
_____________ o
electronic
vacuum
| | | | |
109  10® 100 10" 10™ 10'°

frequency (rad/s)

1018



Bound electrons

Electron on a string:

e 2
F binding ~— m,w,x



Bound electrons

Electron on a string:
e _ 2
binding m,w,x

dx

Fdamping - T M,y -

dt



Bound electrons

Electron on a string:

e 2
F binding ~— m,w,x

P dx
Fdamping o me')/E

i i — it
Fdriving = — el €E0€



Bound electrons

Electron on a string:

e 2
F binding ~— m,w,x
P dx
Fdamping - My — - At
i _ — it
F, driving ~— ek = €E0€

Equation of motion



Bound electrons

Electron on a string:
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Bound electrons

Steady state: electron oscillates at driving frequency

. 1
x(t) = x,e ' X, = — = E,
(2) m (o) — 0*) — iyw

Oscillating dipole

e’ 1

m (o) — 0*) — iyw

p(t) = —ex(t) = E e '

Polarization

s J E(1) = e E(0)

(0 — 0°) — iyw

o3

m



Bound electrons

Dielectric function

Ne’ f:
e(w)=1+y =1+ 2 ] ;
(@) en’ (0 — @) — iyw




Bound electrons

Dielectric function

Ne’ f:
e(w)=1+y =1+ 2 ] ;
(@) en’ (0 — @) — iyw




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

>
>» M




Bound electrons

Dielectric function
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Free electrons

No binding: Findging= 0

Equation of motion:

d*x I dx 7
m — my—— — €
dar’ Yt
: e I
Solution: x(t) = ——— E(t) (no resonance)
m o T+ IYyw

Low frequency (w << 1) = current generated

d 2 e
J= — Nl MR
dt m y— ilw mry
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Free electrons

w > 1: o complex = J out of phase with £
Dipole:
e’ 1
t) = — ) = — E(t

pt) = —ex(t) = = o s E(1)

Polarization
Ne? 1
P(1) = — = E(1) = exE(1)

m o + iyw
Dielectric function

Ne? 1
me, o + iyw

e(w) =1+ y,=1— = €'(w) + i€'(w)






Add damping Y = w,




Plasma

Plasma acts like a high-pass filter:

log N 0 A

(em3) (rad s™)

22 6 x 10" 330 nm
18 6x10"” 33 pm

M 14 6x 10" 3.3 mm
/\7 10 6x10° 0.33m

w<a
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Linear response P(t) = e x.E(t)
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Linear response P(t) = e x.E(t)
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Nonlinear polarization:

P=YYE + yOFE? + yOF + ...

p=prb 4+ p@ 4 pOd 4
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Nonlinear optics

In medium with inversion symmetry
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Nonlinear optics

In medium with inversion symmetry
PO =32 BE = - BO =30 (B)(-E)

e <o D= =@ =9

.. but ...




Nonlinear optics

How to reconcile y? = —y® =0 with
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Nonlinear optics

Nonlinear polarization:

P = yVE + y9E + ...

Third order polarization

PO(t) = XWEW)E (1) E(r) = XVI()E(t)

andso P =PY + PO = () + YOINE = y 4F

Gy
n=Ve=V1+ yz=V1+d+1 A = n, + n,l
\/1-I—X(1)




Nonlinear optics

Intensity dependent index of refraction:
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Intensity dependent index of refraction:
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Nonlinear optics

Intensity dependent index of refraction:

n=n,+ n,l

higher index

“self phase modulation”
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Nonlinear optics

Spatial intensity profile...
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Spatial intensity profile...
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Nonlinear optics

...causes self-focusing




Outline

ctrics




Introduction

How to measure on the femtosecond time scale?
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Introduction

Vary delay to get time resolution

\'V'
1 detector

/ N A
N/ =X

delay stage sample




Dispersion compensation

Dispersion stretches the pulse
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Compensate by rearranging spectral components!
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How do these arrangements work?
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Does path length difference compensate?

Grating gives low frequency longer path length...
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Dispersion compensation

Does path length difference compensate?

.D /4

...S0 prism gives low frequency shorter path length...
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Dispersion compensation

d2
So not path length but —; matters!

dw’
diy &
dw dw’
dispersion + +

gratings - -
prisms 4 -




Representation of pulses

1() P(w)

AL

| > [ > ()

Spectrum of sinusoidal intensity is a delta function

I(t) = cos*(w,t) = P(w) = 6(w — w,)



Representation of pulses

1(r) P(w)
2 In2 oy 2 In2 o,
[ > (V
Wy
2

Modulate amplitude I(t) = exp [— ?] cos*(w,t)
4
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Representation of pulses

Fourier relations:

r .
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Representation of pulses

1() P(w)

2 In2 oy 2 In2 o,
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Pulse duration-bandwidth product: o,0, = 1
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Pulse duration-bandwidth product: o,0, = 1
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Joint time-frequency representation

Wigner representation:
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Joint time-frequency representation

Wigner representation:

00]

W(t,w) = i E(a) - %)E*(a} —

29 ) _,
> t' t' o
— E { + — l?>X< — — 1wt dt’
J_oo ( 2) ( 2)6

%T JOOOOW(t,a)) do = | E(r) [P = 1(r)

f OOOOW(t,a)) dt = | E(w) |* = I(0)
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Joint time-frequency representation
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W(t,w) must be nonzero in phase-space area larger than =



Joint time-frequency representation

1 o0 o0
Energy: Z_J W(t,w) dt dw
77- — CO — OO

chirped pulse

W(t,w) must be nonzero in phase-space area larger than =



Temporal characterization

Use pulse to measure itself...
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Temporal characterization

Electric field at SHG crystal
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Electric field at SHG crystal
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Second harmonic field

E2w 2 X(Z)El‘zot



Temporal characterization

Electric field at SHG crystal

1 1
E, (t,1) = —F—=E(t) + —F=E,(t +
tot(6:T) \6 (1) \[2 o T)
Second harmonic field
E,, = X?E,
Second harmonic intensity

L,(1,7) o« |YOP |EL|* = |XPP|E3(2) + 2E(¢) Ex(¢+7) + E5(t+ 7))



Temporal characterization

SHG 9
—> Ez(t +’T)

El(t)Ez(t +17)
- E{(0)

Second harmonic intensity

L,(5,7) « [}PP |EL [ = |XPPEX () + 2E, () Ey (¢ +7) + E5(i+ 7))

detector selects middle term
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Integrated detector signal yields intensity autocorrelation
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Temporal characterization

Integrated detector signal yields intensity autocorrelation

A(r) = j L (1.7)d1 o f YL AE, () |Ex(c + 7)de

A(7) o Jll(t) L(t+17) dt

E(¢)

|
| A\.l/\n” ﬁI\/\v;. 2'Oz(fs)

—20 V“ “UV




Temporal characterization

Integrated detector signal yields intensity autocorrelation

A(r) = j L (1.7)d1 o f YL AE, () |Ex(c + 7)de

A(7) o Jll(t) L(t+17) dt

E(t) A(7)
TRRAN

20 ALAVA\J UI\VA"k 20 (1) 55 0 25 £ (1S)
!



Temporal characterization

Alternative colinear geometry
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Temporal characterization

All terms now contribute:
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Temporal characterization

All terms now contribute:
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Temporal characterization

All terms now contribute:

L, (t,7) |X(2)|2 |Et0t|2 |X(2)| |E2(t) +2E, (1) Ey(t+T) +E2(t+ 7')|2
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Temporal characterization

All terms now contribute:

L, (6,7) = [} P |E% 2 = |XPPEX(0) + 2E, (1) Ey(t+7) + E3(¢+ 7)
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Temporal characterization

All terms now contribute:

L, (6,7) = [} P |E% 2 = |XPPEX(0) + 2E, (1) Ey(t+7) + E3(¢+ 7)
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Temporal characterization

All terms now contribute:

L, (6,7) = [} P |E% 2 = |XPPEX(0) + 2E, (1) Ey(t+7) + E3(¢+ 7)
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Temporal characterization

All terms now contribute:

L, (6,7) = [} P |E% 2 = |XPPEX(0) + 2E, (1) Ey(t+7) + E3(¢+ 7)
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Temporal characterization

All terms now contribute:

L, (6,7) = [} P |E% 2 = |XPPEX(0) + 2E, (1) Ey(t+7) + E3(¢+ 7)
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Temporal characterization

All terms now contribute:

L, (6,7) = [} P |E% 2 = |XPPEX(0) + 2E, (1) Ey(t+7) + E3(¢+ 7)
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Temporal characterization

All terms now contribute:

L, (6,7) = [} P |E% 2 = |XPPEX(0) + 2E, (1) Ey(t+7) + E3(¢+ 7)
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Temporal characterization

All terms now contribute:

L, (6,7) = [} P |E% 2 = |XPPEX(0) + 2E, (1) Ey(t+7) + E3(¢+ 7)
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Temporal characterization

All terms now contribute:

L, (6,7) = )PP |E% 2 = |XPPEX(0) + 2E, (1) Ey(t+7) + E3(¢+7)

at 7= 0: L (t,7) « 16 E*(¢)
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Temporal characterization

All terms now contribute:

L, (t,7) |X(2)|2 |Et0t|2 |X(2)| |E2(t) +2E, (1) Ey(t+T) + E3 ACRs 7')|2

at 7= 0: L (t,7) « 16 E*(¢)

as T — too: L, (t,7) x 2E*(t)
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Temporal characterization

All terms now contribute:

L, (t,7) |X(2)|2 |Et0t|2 |X(2)| |E2(t) +2E, (1) Ey(t+T) + E3 ACRs 7')|2

at 7= 0: L (t,7) « 16 E*(¢)

as 7 — too: L (t,7) « 2E*(¢)
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Temporal characterization

Do we really need the second-harmonic crystal...?
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Temporal characterization

Would this work?



Temporal characterization

Intensity at detector

I(t,7) o | E\(t) + E,(t+7)]?



Temporal characterization

Intensity at detector

I(t,7) o | E\(t) + E,(t+7)]?

Detected signal

S, (1) = f]w(t,T) dt



Temporal characterization

Intensity at detector
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But what about dispersion?
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Let £, (w) = E,.,(w)e *“). Convolution theorem
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What are the resolution limits?
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how do femtosecond laser pulses alter a solid?
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photons excite valence electrons...
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...causing electronic and structural changes...
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...which we measure with another pulse
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absorption of photons
impact ionization
carrier-carrier scattering
carrier-phonon scattering
Auger recombination
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electronic effects dominate at short time scales...
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...but they are not as simple as we used to think
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long time scale, low fluence

structure
4
l A2
Ga 3
30
As %_2
J —4

bandstructure

-
717

L r
momentum

dielectric function

N
o

dielectric function
— N w
o o o

K

AN
o O

|
N
o

o
o

1 1
2.0 4.0
photon energy (eV)

carrier density down, electronic effects subsided...
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...and lattice heats due to carrier relaxation
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long time scale, low fluence
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But... why do electronic effects disappear after 2 ps
while lattice heats in 7 ps?
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Auger recombination
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Auger lowers N without changing E in 2-4 ps...
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carrier-phonon scattering
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...and highly excited electrons cool to lattice in 7 ps
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structure

long time scale, high fluence
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gradual drop in gap — not electronic effect
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» measurement of £(w) identifies ultrafast phase
changes

> initial response is electronic, via band structure
and electron occupation changes

» structural effects dominate after a few ps

> interesting reversible regime



Conclusions

> strong electronic excitation can drive a structural
transition

> femtosecond lasers allow us to see the dynamics
of the transition
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Introduction
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high intensity at focus...
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. causes nonlinear ionization...
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objective

Glezer, et al., Opt. Lett. 21, 2023 (1996)
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and microscopic bulk damage
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Glezer, et al., Opt. Lett. 21, 2023 (1996)
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Introduction

What are the conditions at focus?

transparent
material

objective

laser deposits energy in ~1 pm?
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Introduction

What temperature?

AE = CypV AT
C, =075 Xx10°Jkg 'K™!

p=22 X 10°kg/m’

So, 1 pJ in 1 pm? gives

~1,000,000 K
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What pressure?
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What pressure?

Treat ionized material as an ideal gas:

pV = nRT



Introduction

What pressure?

Treat ionized material as an ideal gas:

pV = nRT
Gives

p = 10 MBar!
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Introduction

So:
microexplosion sun
T ~] MK 2—-15 MK
p ~10 MBar
0 2.2 x 10° kg/m’ 0.15-150 x 10° kg/m’

creating stellar conditions in lab!



> Post-mortem analysis
> Energy deposition

> Microexplosion dynamics



optical microscopy

2 X 2 ym array

fused silica

0.5 pJ, 100 fs, 800 nm

Opt. Lett. 21, 2023 (1996)
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Post-mortem analysis

optical microscopy

2 X 2 ym array

fused silica

0.5 pJ, 100 fs, 800 nm

Opt. Lett. 21, 2023 (1996)
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Post-mortem analysis

optical microscopy

2 X 2 ym array

fused silica

0.5 pJ, 100 fs, 800 nm

Opt. Lett. 21, 2023 (1996)
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Post-mortem analysis

optical microscopy
2 X 2 ym array
fused silica

0.5 pJ, 100 fs, 800 nm

Opt. Lett. 21, 2023 (1996)
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Post-mortem analysis

optical microscopy

2 X 2 ym array

fused silica

0.5 pJ, 100 fs, 800 nm

Opt. Lett. 21, 2023 (1996)
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optical microscopy

10 x 10 ym array

fused silica

9 uJ, 200 ps, 800 nm




Post-mortem analysis

40 nJ, 120 fs
*0.65 NA'
Corning 0211
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Post-mortem analysis

40 nJ, 120 fs
0.65 NA
Corning 0211




Post-mortem analysis

side view
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Post-mortem analysis

100 nm . SEM:

bumps & pits!




AFM scans
of pits

Post-mortem analysis
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Post-mortem analysis

AFM scans
of bump
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Post-mortem analysis
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Post-mortem analysis

electron diffraction:
amorphous?

100 nm
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Post-mortem analysis

electron diffraction:
crystalline

100 nm




Post-mortem analysis

TEM picture

quartz



electron diffraction:
amorphous




Post-mortem analysis

E ‘ electron diffraction:
crystalline

?




Post-mortem analysis

SEM
microscopy

200 nm
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Energy deposition

how little energy produces permanent changes?



Energy deposition

laser field ionization

multiphoton



Energy deposition

laser field ionization

tunneling




Energy deposition

iImpact ionization
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Energy deposition

iImpact ionization



Energy deposition

Dark-field scattering

—
objective
sample



Energy deposition

block probe beam...

detector
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objective
probe T sample



Energy deposition

...bring in pump beam...

pump detector
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Energy deposition
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Energy deposition

transmission of pump beam in fused silica
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Energy deposition

transmission of pump beam in fused silica
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Energy deposition

vary numerical aperture in Corning 0211
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Energy deposition

fit gives threshold intensity: 7, = 2.7 x 10" W/m?
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Energy deposition
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Energy deposition

... give other thresholds
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Energy deposition

threshold intensity (1017 W/m?)
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Energy deposition

10-nJ threshold: unamplified micromachining




Energy deposition

10-nJ threshold: unamplified micromachining




Energy deposition

» plasma below damage threshold
» damage with only tens of nanojoules
> weak dependence on bandgap

» no shot-to-shot variation



» Post-mortem analysis
» ERergy deposition

> Microexplosion dynamics



Microexplosion dynamics

what happens after the energy is deposited?



Microexplosion dynamics
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Microexplosion dynamics
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Microexplosion dynamics
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Microexplosion dynamics

sapphire
3 pJ pulse gy v
3.8 ns delay

40 pm radius




. B i ——

Microexplosion dynamics

- Shay
W T Al

.

b W " """*'ff_!- I,'-"

water

1.0 pJ pulse

35 ns delay

58 ym radius



Microexplosion dynamics

water

14 pJ pulse

35 ns delay

64 um radius




Microexplosion dynamics



Microexplosion dynamics
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Microexplosion dynamics
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Microexplosion dynamics
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Microexplosion dynamics
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Microexplosion dynamics
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Microexplosion dynamics
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Microexplosion dynamics
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Microexplosion dynamics
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» extreme conditions with only nanojoules
» microstructuring without amplifiers

> view into dynamics



Applications

> data storage (17 GBits/cm?)
> internal microstructuring

> microsurgery



Questions

» stellar conditions?
» material dependence?

» models?
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