An introduction to femtosecond laser techniques
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Propagation of EM waves through medium

yverned by wave equation
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In non-ferromagnetic media ©w~1, and so n = Ve.
In dispersive media n = n(w).
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Which charges participate?

-ting ..1._,.. ionic B .-.“.-- L
cores free

valence electrons
electrons
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Bound electrons

2ady state: electron oscillates at driving frequency
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Bound electrons

olitude of bound charge oscillation
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Bound electrons

asonance: bound charges keep up with driving
d = field attenuated, wave propagates more slowly
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Bound electrons

ance: energy transfer from wave to bound
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Bound electrons

asonance: bound charges cannot keep up with
driving field = dielectric like a vacuum
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Bound electrons

nction
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en’ (0 — @) — iyw

£ E=hw

absorption
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Free electrons

F bindingz O

Equation of motion:
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Free electrons

0 binding: Finding= 0

Equation of motion:

m d_zx + m o ek
dr’ 7t
: e 1
Solution: x(t) = s—— E(¢) (no resonance)
m o T+ 1yw

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

o complex = J out of phase with £

Dipole:
e’ 1
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Polarization
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P(t) = —— E(t) = e,x.E(1)
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a acts like a high-pass filter:

log N w, A,
(em3) (rad s™)
22 6 x 10" 330 nm
18  6x10® 33 pm
14 6x 10" 3.3 mm
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Pulse dispersion

ider two propagating waves:

Vi — A Sin 27T(k1x = flt) and VYo = A SiIl 27T(k2x B fzt)

propagating at speeds

_ iy
ki

Superposition:

y = Alsin 27 (kix — fit) + sin 2m(kx — fot) ]
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Pulse dispersion

BRIEC (k. k,)x— (f,—£,)f] sin 277[k1+ % Itk z}

2 2
Let: ki—k,=Ak and fi—f, =Af
ki+k +
12 ZEk and flszEf
and so:

y = 2A cos m(xAk — tAf) sin 2@(kx — ft)

traveling sine wave, with amplitude modulation
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Pulse dispersion

y = 2A cos w(xAk — tAf) sin 27 (kx — ft)

atr=0: y = 2A cos m(xAk) sin 2 (kx)
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2A
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Pulse dispersion

y = 2A cos w(xAk — tAf) sin 27 (kx — ft)

y = 2A cos w(xAk) sin 27 (kx)

carrier
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LKA A KRR AN A




atr=0:

2A |-

Y
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y = 2A cos w(xAk) sin 27 (kx)
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Pulse dispersion

y = 2A cos w(xAk — tAf) sin 27 (kx — ft)

atr=0: y = 2A cos m(xAk) sin 27 (kx)

envelope carrier

y cos m(xAk)

Uttt LA
KA LA

Y1+

both carrier and envelope
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Pulse dispersion

y = 2A cos w(xAk — tAf) sin 27 (kx — ft)

speed of carrier (‘phase velocity’):

fvp=£=f)\

speed of envelope (‘group velocity’):

_Af df
8 Ak dk

()




Pulse dispersion

For each wave, determine the wavevector k, the frequency f, the wavelength X, the propagation speed v:

¥y 72 .
K i s =
;:L('-D — L) kl = T and kz— ch‘i;) " & Lr
= kx_ 3¢ 8 2
20 (, X .:} ) f[: :;;-__‘ri_' and fz_—_ _f_-.:
2'1:!) s @
k: ';& f\:—"': — % v) e (0al
2 Al . N ©95)
b : F2
o veb
e v,=10 and v, = 045

Does the red get ahead of blue or the@ Why?




Pulse dispersion

What is the phase velocity of the superposition of y,and y,?
2 _ bl

= 04&

oS S T 3
What is the group velocity of the superposition of y, and y,?

‘}."}1 B E*E'E _h‘;'_:_':‘::

Vo = )
%.. L‘,'I _.{1 "-"_‘T_.'i!f-' EI; L

Do the crests of the carrier wave travel forward cr@mugh the envelope? Does your
prediction agree with your observation?
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Pulse dispersion

y = 2A cos w(xAk — tAf) sin 2mw(kx — ft)

if no dispersion: O 1]3 - Iiz
1 2

group velocity:

l Af g h—h P fi/ki—fh/ ki P v,~ fr/ki
Ak ki—k, 1—ky/ky 1—ky/ky
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Pulse dispersion

y = 2A cos w(xAk — tAf) sin 27 (kx — ft)

if no dispersion: v, = 1]3 = Iiz
1 2

group and phase velocities are the same:

Ve = Up

and so the envelope and carrier wave travel together




Pulse dispersion

y = 2A cos w(xAk — tAf) sin 27 (kx — ft)

types of dispersion:

dn - :

~—>0 (normal dispersion) v, <v,
dn . -

P 0 (no dispersion) Voo

dn : i

— < 0 (anomalous dispersion) v, > v,

dw
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der a traveling Gaussian pulse:

(x—v,t)?

y(t) = exp[— 207 ]sin 2m(kx — ft)

carrier wave travels at phase velocity:

Gaussian envelope travels at group velocity v,.
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Nonlinear polarization:

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

P=PY + p@® 4+ pO 4+
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inear polarization:

P = VE + yOF> + ..

Third order polarization

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

andso P =P + PO = (D) + YOINE = y .E

| X(3)]
n=\/e=\/1+)(eff—-\/l+)((1)+§ =n

V1 + X(l)
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Frequency change:
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Spatial intensity profile...
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Spatial intensity profile...




Nonlinear optics

...causes self-focusing




Outline




Introduction

easure on the femtosecond time scale?

N




Introduction

Use pump-probe technique

N AN




Introduction

Use pump-probe technique

delay stage




Introduction

Use pump-probe technique

N\ AN
1 detector

/ N A

delay stage




Introduction

Vary delay to get time resolution

\'V'
detector
Y

/ N

delay stage
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...50 prism gives low frequency short
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ider traveling Gaussian pulse again:

B 0.1)”

y(t) = exp[— 202 ]sin 2m(kx — ft)

Q: can you tell if the medium is dispersive or not?

f

A:if v, # % then the medium is dispersive

...but Gaussian shape of pulse is con
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Dispersion compensation

e dispersion equation as Taylor series:

) =t () k) +(SE) ko

let:

u

(%)kko and wz(%)k_k

group velocity:

d
ngd—l{:u—ka

if w =0, then group velocity and pulse shape




Dispersion compensation

d2
So not path length but — matters!

dw’
diy &
dw dw’
dispersion + +

gratings
prisms




Representation of pulses

1() P(w)

AL

i > [ > (V

Spectrum of sinusoidal intensity is a delta function

I(t) = cos*(w,t)
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Modulate amplitude I(t) = exp [— —
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Pulse duration-bandwidth product: ¢,0, = 1

I(t) = [Re E(1)]* « exp{— %} cos(w,t)
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Wy

Pulse duration-bandwidth product: o,0, = 1

I(t) = [Re E(1)]* « exp[— %} cos*(w,t)

P(w) = E(0)E*(w) «exp|—
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W(t,w) = L E(w - %)E*(a) —

27 ) _.,
°° t' t' o

— E { + — E’>X< — —lwtdr

J_oo ( 2) ( 2)6 t

%TJZW(t,w) do = | E(t) |* = I(?)

f_ooooW(t,a)) dt = | E(w) > = I(w
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Energy:
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Joint time-frequency representation
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Joint time-frequency representation

1 o0 o0
Energy: Z_J W(t,w) dt dw
77- — 00 — OO

chirped pulse

W(t,0) must be nonzero in phase-space area larger than «
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Eui(t7) = =EA(8) + ol + 7

Second harmonic field

E2w e X(z)Etzot
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tric field at SHG crystal

1 1
E (t,7) = —F—E(t) + ——E,(t + 7
tt( T) \/5 1( ) \6 2( )
Second harmonic field
E,, « YYE%,
Second harmonic intensity

Lo(t7) o YOP [ELP = XYPPIEND) +2E,(0) Ex(t+7) + E3(t+ 1)




Temporal characterization

El(t)Ez(t +7)
— E{(0)

Second harmonic intensity

L(t,1) < [XPP|ELP? = [XYPPIEN(2) +2E, (1) Ex(t+7) + E5(¢

detector selects middle
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A7) = f Lo (t.7)dt j YL AE, (0 |Ex(e + 7)de

A(T) = Jll(t) L(t+7) dt
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ed detector signal yields intensity autocorrelation

A(r) = J L.(t,7)dt = f XPPA|E (O |Ex(e + 7)

A(T) = Jll(t) L(t+7) dt

E(2)

1
I\I\L 2IO t (fs)
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A(r) = J L.(t,7)dt = f XPPA|E (O |Ex(e + 7)

A(T) = Jll(t) L(t+7) dt

E() A

., o /\

il

|
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Temporal characterization

now contribute:

20(67) = PP EL P = [XYPPIEND) +2E, (1) Ey(t++7) + E3(t+ 1)

at = 0: L (t,7) « 16 E*(¢)

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

need the second-harmonic crystal...?




Temporal characterization

Would this work?
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Temporal characterization

sity at detector

I(t,7) o | E\(t) + E,(t+7)]?
Detected signal
S,(7) = le(t,T) dt
SO

5.(7) f UE (O] + | Ex(t+7) P + By (1) By (t47) + Ey (1) Ea(t+7)




Temporal characterization
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But what about dispersion?
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Temporal characterization

t Eyp(0) = E,p(w)e” ). Convolution theorem

f1(2) ® fo(1) = ff1(t+7)f2*(t) dr = F Hfi(o)f," (o))

Interference term in linear autocorrelation:
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Joint time-frequency measurements

gate I(t)
T A
probe g

IRG
IRG (“instantaneous response gate”): device whose

transmittance of a weak probe pulse is proportional to
the intensity envelope of the pump (“gate”)

I'(t) = u(t)




Joint time-frequency measurements

robe
P IRG

Transmitted intensity

I(t) = 1,T(t) = Lu(t) =1, exp[— g



Joint time-frequency measurements
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Transmitted intensity

I(t) = 1,T(t) = Lu(t) =1, exp[— g



Joint time-frequency measurements

Transmitted intensity

r* t+7\?

1(1.7) = u(t)r(t+7) = exp [— ;} > H_

)

[ 2t2+2t7+72} [ 202+ 27+ 7
=€Xp = 0_2 =exp ==



Joint time-frequency measurements

I’(t)/\,,'\\ I(t,T)
. \ \‘\ s >

Transmitted intensity

I(t,7) = exp [—%} i [_(:;;rgf

so [(t,7) narrow




Joint time-frequency measurements
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Joint time-frequency measurements

...but detector integrates 1(¢,7):
> 7

S(7) = Joowl(t,fr)dt=f

= exp —i ooexp
22



Joint time-frequency measurements

IRG

VA

o oN2
N

...but detector integrates 1(¢,7):
S(7) —sz(t )dt—foo [—i]
T) = P ,T)dt = _ooexp 2

7 ][ 2u’
= exp[—ﬁ]fooexp[— ?]du




Joint time-frequency measurements

S(7)
IRG 1
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J\Glimd

cc

If gate and probe unequal:
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Joint time-frequency measurements

(3)

N C

Transmitted field:

Etrans(taT) = X(s)Eprobe(t) |Egate(t+ T)lz




Joint time-frequency measurements

requency-resolved optical gating
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Joint time-frequency measurements
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Joint time-frequency measurements

equency-resolved optical gating

fused

AL

«—> pol array

detector




Joint time-frequency measurements
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Joint time-frequency measurements

t time
experiment
spectrometer spectral
P resolution




Joint time-frequency measurements

What are the resolution limits?
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Introduction

short laser pulses can drive structural transitions



Introduction

how do femtosecond laser pulses alter a solid?




Introduction

photons excite valence electrons...
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... and create free electrons...




Introduction

... causing electronic and structural changes...




Introduction

... Which we detect with a second laser pulse
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broadband time-resolved ellipsometry

CaF, 1.7-3.5 eV
™ A 1 MJ

Ti:sapphire

800 nm, 50 fs

spectral
filter

delay I
o spectro-
graph .




broadband time-resolved ellipsometry

probes
350-750 nm, 1 ud

sample

Fresnel Re ¢(w)
equations Im &(w)



choice of angles
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R, = 78° p-pol, R, = 45° p-pol



—16 ps

80 |

GaAs

60—

40—

dielectric function

1.7 kJ/m?

—20 '
1.5 2.0

Phys. Rev. Lett. 80, 185 (1998)

2.5 3.0 3.5
photon energy (eV)

4.0

4.5



Ofs

80 |

GaAs

60—

40—

dielectric function

1.7 kJ/m?

1.5 2.0

Phys. Rev. Lett. 80, 185 (1998)

2.5 3.0 3.5
photon energy (eV)

4.0

4.5



250 fs

1.7 kJ/m?2

80 I
GaAs
60—
[
ks
S
c
=
O
5
k)
S
©
—20 '
1.5 2.0

Phys. Rev. Lett. 80, 185 (1998)

2.5 3.0 3.5 4.0 4.5
photon energy (eV)



500 fs

1.7 kJ/m?2

80 I
GaAs
60—
[
ks
S
c
=
O
5
k)
S
©
—20 '
1.5 2.0

Phys. Rev. Lett. 80, 185 (1998)

2.5 3.0 3.5 4.0 4.5
photon energy (eV)



80 |

dielectric function

1.7 kJ/m?

1.5 2.0

Phys. Rev. Lett. 80, 185 (1998)

2.5 3.0 3.5 4.0 4.5
photon energy (eV)



80 |

60—

40—

dielectric function

1.7 kJ/m?

1.5 2.0

Phys. Rev. Lett. 80, 185 (1998)

2.5 3.0 3.5 4.0 4.5
photon energy (eV)



4 ps
80 | | | | |
GaAs 1.7 kJ/m?2
60 o —
[
O
'E) o)
O
o L )
[$) 20 _\\\\ @) o —
O ~<
2 09&00999???0_%
© e T ©
OW —e-
50 | | | | |
1.5 2.0 2.5 3.0 3.5 4.0 4.5

Phys. Rev. Lett. 80, 185 (1998)

photon energy (eV)



» direct observation of semiconductor-
to-metal transition

» order-disorder transition

» transition structural, not electronic






Processing with fs pulses

100 fs transparent
‘ material
—>
—
objective

high intensity at focus...



Processing with fs pulses

100 fs transparent
‘ material
—>
_k
objective

... causes nonlinear ionization...



Processing with fs pulses

transparent
material

D

objective

and ‘microexplosion’ causes microscopic damage



2 X 2 ym array

fused silica, 0.65 NA

0.5 uJ, 100 fs, 800 nm

Opt. Lett. 21, 2023 (1996)
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5 X 5 pym array

fused silica, 0.65 NA

0.5 pJ, 100 fs, 800 nm

Opt. Lett. 21, 2023 (1996)



Low-enerqgy processing

amplified laser

100 fs

1 ms

T N

—

heat-diffusion time: 7,,=1 us



Low-enerqgy processing

long-cavity Ti:sapphire oscillator

40 ns 30 fs

LT
—d

objective

heat-diffusion time: 7,,=1 us



Low-enerqgy processing
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Low-enerqgy processing

waveguide machining
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waveguide machining




Low-energy processing

waveguide mode analysis

CCD

NV
He:Ne



Low-energy processing

3D wave splitter




Low-energy processing

Bragg grating




Low-energy processing

Bragg grating




Low-energy processing

monolithic amplifier

laser active glass
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data storage

He:Ne

cell manipulation device fabrication
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Conclusion

> wiring optoelectronics circuits of the future

»> manipulating the machinery of life



Femtosecond laser pulses offer:
» Unprecedented view into dynamics
> Extreme conditions with little energy

> New opportunities for research and processing
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