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These notes are an excerpt of the full set I will be lecturing from. The
complete set can be downloaded from:

http://mazur-www.harvard.edu

On this Web site you will also find several papers that provide additional
reference material. (If you lose these notes, all you need to do is enter my
last name in Google and click the “I'm feeling lucky” button.)

If you would like to be kept up-to-date on our research, you can sign up
to receive copies of new papers when they come out and/or announce-
ments of upcoming talks.

| gratefully acknowledge the contributions of the members of my group.
Without their valuable input and insights, these lectures would not exi
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Propagation of EM waves through medium

yverned by wave equation

—~  ue d°E
e — =
¢t or
Solution: E = E, ¢itke—a)
where & L .
— = = —C
k \/ €L n

In non-ferromagnetic media ©w~1, and so n = Ve.
In dispersive media n = n(w).
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Bound electrons

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

>
>» M




Bound electrons

nction

Ne? f;
e(w)=1+yx =1+ > ] ;
en’ (0 — @) — iyw

£ E=hw

absorption
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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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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) ]

fo

(%1 =iy and v, = = = fH),.
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sin « + sin,Bchos(a 5 B)sin<a P



Pulse dispersion

x_

RS, k,)x— (f—f,)] sin 277[ itk Ntk t}

2 2




Pulse dispersion

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

2
Let: ki—k,=Ak and f—f, =Af

2




Pulse dispersion

O | (ko k,)x— (f,— £,)f] sin 277["1”‘2 b z}

2 2
Let: ki—k,=Ak and fi—f, =Af

k1+ k2 f1-|—f2
2 - 2

f




Pulse dispersion

y = 2A cosw| (ki—k,)x— (fi—f>,)t] sin 277{/61-# K, x_f1+f2 t}

o) 2
Let: ki—k,=Ak and f—f,=Af
ki+k, hith
Ek =
. and 5 /
and so:

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




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

if no dispersion: v, = 1{1 - ]7:2
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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
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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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Pulse dispersion

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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ar response P(t) = e x.E(1)

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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y dependent index of refraction:
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Spatial intensity profile...
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Spatial intensity profile...
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Waveguiding

two crossed planar waves...
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..satisfying boundary conditions for planar-mirror waveguide
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transverse standing wave, traveling along axis
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transverse standing wave, traveling along axis
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change angle of incident waves...
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change angle of incident waves...
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change angle of incident waves...
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change angle of incident waves...
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change angle of incident waves...
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change angle of incident waves...
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boundary conditions only satisfied for certain 6
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standing wave in y-direction, traveling in z-direction
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consider wave incident at angle 6
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twice-reflected wave
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self consistency:

AC — AB =2dsinf = mr (m=1,2,...)
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self consistency:

AC — AB =2dsinf = mr (m=1,2,...)

SO: sinf A
. = m —
i 2d
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self consistency:
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AC — AB =2dsinf = mx (m=1,2, ...
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sinf,, = m
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number of modes:



now consider a planar dielectric waveguide



rays incident at angle 6> 7/2 - 6. are unguided



/\/‘

rays incident at angle 6 < /2 - 0. are guided



rays incident at angle 6 < /2 - 0. are guided
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self consistency:

AC — AB = 2dsinf — %A =m\ (m=0,1,2..)

SO: ) 1/2
d 2—
tan(w—sine — m7—T> — (sm (7?/2 b) > 1)
A 2 s1in“o




0 > SN0
0

self consistency:

AC — AB = 2dsinf — %A =m\ (m=0,1,2..)

SO: . D 1/2
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tan(W—SiHO — mq—T) = (sm (7?/2 b) > 1)
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self consistency:

AC — AB = 2dsinf — %A =m\ (m=0,1,2..)

SO: . 9 1/2
d 2—
tan(% sinf — mq—T) — (sm (T — 1)

2 sin’6
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self consistency:
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self consistency:
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self consistency:
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number of modes:
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0 > SIino

\J \J

0 —| A2d|~— sin(7/2-6)

number of modes:

. sin(@/2 — 6,)
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propagation constant of guided wave:
m?
d2

BL=K—Ik=K -

group velocity: V,, = € COsb,



single mode condition for 600-nm light:

planar mirror M =— 300 < d < 600 nm

dielectric M=2 %(n% — n3)1/2 d < 268 nm



single mode condition for 600-nm light:

2d
planar mirror M = o 300 < d < 600 nm
dielectric M=2 %(n% — n3)1/2 d < 268 nm

can make d larger by making n,—n, smaller!



Vector potential obeys:

VA + a)ZMOeZ = —ilww,VeP



Vector potential obeys:

VA + a)ZMOeX =0



Vector potential obeys:
VA + a)ZMOeX =0

Substituting Z = j\/u(x,y)e_ilgz



Vector potential obeys:
VA + a)ZMOeX =0
Substituting Z = j\/u(x,y)e_ilgz

yields:

Viu+ [—B° + o’ ue(r)]u =0



Vector potential obeys:

VA + a)ZMOeX =0

_)

Substituting A = j\/u(x,y)e_ilgz

yields:

Viu+ [—B + o’ue(r)]u =
Compare to time-independent Schrodinger equation:

Vi + 2

“TE - VOlw
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single mode condition for 600-nm light:

. .d
M = 2X(n% — nd)l?
without cladding: d <268 nm

Add cladding with 0.4% index difference:

d <5 pum



commercial single-mode fiber (Corning Titan®)

Ge-doped
silica core
pure
silica
core cladding
index n,=1.468 n, = 1.462
diameter: 8.3 um 125.0 = 1.0 ym

operating wavelength: A= 1310 nm/1550 nm



drawbacks of clad fibers:

e weak confinement
* no tight bending

e coupling requires splicing






» linear and nonlinear propagation
pFwaveguiding

> -silica nanowires

» - femtosecond measurements

> fs writing of waveguides
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Nanowire fabrication

two-step drawing process

standard drawi
fiber Jrawing
1-pum silica
wire
flame
sapphire taper silica

| wire
N

drawing
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Specifications

diameter D: down to 20 nm
length L: up to 90 mm
aspect ratio D/L: up to 10°

diameter uniformity AD/L: 2x10°°






Nanowire fabrication

240-nm wire

200 nm



Nanowire fabrication

RMS roughness < 0.5 nm




Nanowire fabrication




Optical properties

coupling light into nanowires

fiber
taper

nanowire
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Optical properties

coupling light into nanowires

fiber
laser taper
in

nanowire
—

objective



Optical properties

280-nm nanowire

360 nm

450 nm
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Optical properties

Poynting vector profile for 800-nm nanowire
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Optical properties

Poynting vector profile for 800-nm nanowire




Optical properties

Poynting vector profile for 800-nm nanowire

evanescent wave

AN



Optical properties

Poynting vector profile for 600-nm nanowire




Optical properties

Poynting vector profile for 500-nm nanowire




Optical properties

Poynting vector profile for 400-nm nanowire




Optical properties

Poynting vector profile for 300-nm nanowire




Optical properties

Poynting vector profile for 200-nm nanowire
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Optical properties

coupling light between nanowires

fiber taper

fiber taper
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nanowire
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Optical properties

coupling light between nanowires

\
fiber taper
light _
fiber taper
A0

nanowire

support



Optical properties

coupling light between nanowires




Optical properties

coupling light between nanowires




Optical properties

“tunneling” of light




Optical properties

50um



Optical properties

50um



Optical properties

intensity distribution

intensity




Optical properties

loss measurement

\
fiber taper
light
fiber taper
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support

Nature, 426, 816 (2003)
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loss measurement
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loss measurement
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Nature, 426, 816 (2003)



Optical properties

loss measurement
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Optical properties

loss measurement
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Optical properties

loss measurement
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Optical properties

loss a single-mode diameter < 0.1 dB/mm
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Optical properties

virtually no loss through 5 ym corner!

intensity




Optical properties

dispersion:

e modal dispersion
e material dispersion
e waveguide dispersion

e nonlinear dispersion



Optical properties

waveguide dispersion
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Optical properties

waveguide dispersion
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Optical properties

waveguide dispersion
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Optical properties

waveguide dispersion
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Optical properties

waveguide dispersion
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waveguide dispersion
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Optical properties

waveguide dispersion

1 | | | |
IE O
X
I
£ - [
@ I\ 7/ material ——
T b i 1200 nm =----- ~
O S 1000 nm  =+=-=-
Z b 800 nm  =-=-:-
o q L 600 nm ——— _
2 \ 400 nm —-—--
\j 200 NM =+
_4 | | | |
0 0.5 1.0 1.5 2.0 2.5

wavelength (um)

Optics Express, 12, 1025 (2004)



Optical properties



Optical properties



Optical properties

self-phase modulation
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» linear and nonlinear propagation
pFwaveguiding

> -silica nanowires

> femtosecond measurements

> fs writing of waveguides



Introduction

easure on the femtosecond time scale?
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Introduction

Use pump-probe technique
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Introduction

Vary delay to get time resolution

\'V'
detector
Y

/ N

delay stage



Dispersion compensation

atches the pulse
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Compensate by rearranging spectral com
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Dispersion compensation

How do these arrangements work?




Dispersion compensation

difference compensate?
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Dispersion compensation

ength difference compensate?

Q
X
% X

Grating gives low frequency longer



Dispersion compensation

difference compensate?
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difference compensate?




Dispersion compensation

difference compensate?




Dispersion compensation

ength difference compensate?

...50 prism gives low frequency short



Dispersion compensation

ar traveling Gaussian pulse again:

B 0.1)”

y(t) = exp[— 202 ]sin 2m(kx — ft)
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Q: can you tell if the medium is dispersive or not?




Dispersion compensation

der traveling Gaussian pulse again:

(x—v,t)?

y(t) = exp[— 207 ]sin 2m(kx — ft)

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

f

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




Dispersion compensation

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

¢ _
T constant ” ﬂ ﬂ
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Dispersion compensation




Dispersion compensation

iIspersion equation as Taylor series:

0 =t () k) +(SE) ko
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iIspersion equation as Taylor series:

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

let:
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Dispersion compensation

e dispersion equation as Taylor series:

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

let:

u

aAk? )=k

dk Jk=«
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group velocity:
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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)



Representation of pulses

2 In2 oy 21In2 o,

Modulate amplitude I(t) = exp [— —
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Representation of pulses

relations:

E(t) = exp{— % = iwot}

E(w) = %T _OO exp[— Ziof - i(a)—wo)t} dt =




Representation of pulses

ar relations:

E(t) = exp{— % = iwot}

E(w) = \ﬁ wexp[—ziﬂ(w a))t} dt =
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Representation of pulses

ar relations:

E(t) = exp{— % = ia)ot}

E(w) = ﬁfiexp[— Z_t; - i(w—wo)t} dt =

S22 (e e S

-l 2 P 2
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Representation of pulses

2 In2 oy 2 1In2 o,

Wy

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

I(t) = [Re E(1)]* « exp{— %} cos(w,t)

P(w) = E(0)E*(w) «exp|—



Representation of pulses

Wy

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

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

P(w) = E(0)E*(w) «exp|—



Joint time-frequency representation

ar representation:
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W(t,w) = L E(w - %)E*<w —
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Joint time-frequency representation

jner representation:

0o

W(t,w) = L E(w - %)E*(a) —

27 ) _.,
g t' t' o
= Elt+ = |E*[t— = e “dt
J( 2) ( 2)6 !

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




Joint time-frequency representation

gner representation:

0o

W(t,w) = L E(w - %)E*(a) —
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J_oo ( 2) ( 2)6 t

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

f_ooooW(t,a)) dt = | E(w) > = I(w



y

1 oo

i e

Energy:

7 .--
LS
\ S S SN ™,




Joint time-frequency representation

1 o0 o0
Energy: — J W(t,w) dt dw
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W(t,0) 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- — 00 — OO

chirped pulse

W(t,0) must be nonzero in phase-space area larger than «



Temporal characterization

Jse pulse to measure itself...




Temporal characterization

Jse pulse to measure itself...




Temporal characterization

Jse pulse to measure itself...




Temporal characterization

¢ field at SHG crystal

Eai(t7) = =En(8) +~=Ealt + )
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ric field at SHG crystal

Eui(t7) = =EA(8) + ol + 7

Second harmonic field

E2w e X(z)Etzot




Temporal characterization

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



Temporal characterization

grated detector signal yields intensity autocorrelation

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




Temporal characterization

grated detector signal yields intensity autocorrelation

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

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




Temporal characterization

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
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Temporal characterization

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() A

., o /\

—20 "V“ “UV"




Temporal characterization

ernative colinear geometry




Temporal characterization

ow contribute:
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Temporal characterization

ow contribute:

67) % YOP |EGl® = XPPIEN(0) + 2E, () Ex(1+7) + E5(t+ 7)?
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Temporal characterization
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Temporal characterization

ow contribute:
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Temporal characterization

ow contribute:

67) % YOP |EGl® = XPPIEN(0) + 2E, () Ex(1+7) + E5(t+ 7)?

7 (fs)




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*(¢)
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Temporal characterization

now contribute:

2u(B7) & YO EL P = [XYPPIEN(D) +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

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)

|




Temporal characterization

need the second-harmonic crystal...?




Temporal characterization

Would this work?




Temporal characterization

y at detector

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




Temporal characterization

ity at detector

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

Detected signal

S,(7) = le(t,T) dt




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

AV 4 ! ! ! ! 2|0 7(fs) - ! ! ! 2|0 7 (fs)

-20 0 -20 0




Temporal characterization
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Temporal characterization

But what about dispersion?
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Temporal characterization

good poor
interference interference
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Temporal characterization

disp(@) = E,.;.(w)e” "), Convolution theorem

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




Temporal characterization

Eyp(0) = E,.(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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Temporal characterization

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

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

Interference term in linear autocorrelation:

JEdisp(t T T)Ejlisp(t) dT P 9;_1{chlz'w((‘))E‘Zz’sp(w)} =

: 9?_1 {Eorig(w) e_i¢(w)E0rig(w) ei¢(w) } =




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:

JEdisp(t T T)E:lisp(t) dr = 9;_1{Ewdisp((‘))E‘disp(w)} =

a 9;_1 {Eorig(w) e_i¢(w)E0rig(w) ei¢(w) } =

= 5 YE,, (0)Eapl@)] = f E,. (i




Joint time-frequency measurements

gate I(t)
MO W N
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

1) P(@)

\ / 1
Op Gw:a
> [ > (V
00

o

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

/
/ \
1 \
1 \
1 \
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...but detector integrates 1(¢,7):

S(7) = Joowl(t,f)dt= foo exp[—%} exp

> — o0
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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

A
J\Glimd

cc

If gate and probe unequal:
_ 0103
O—IZJrod P 0_% 4 0_%
o, =0 + o0, (wider tha

(narrower than both)



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

fused

A
N




Joint time-frequency measurements

requency-resolved optical gating

fused
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Joint time-frequency measurements

requency-resolved optical gating

fused
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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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R. Trebino, et al., Rev. Sci. Instru



Joint time-frequency measurements

t time
experiment
spectrometer spectral
P resolution




Joint time-frequency measurements

What are the resolution limits?
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signal I AR > K}

time resolution



signal I SAR > K}
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time resolution frequency resolution
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IRG IF

time resolution



signal I s K}

IRG IF
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time resolution from IF



» linear and nonlinear propagation
pFwaveguiding

» -silica nanowires

» - femtosecond measurements

> fs writing of waveguides



Introduction

focus laser beam inside material

100 fs transparent
material

——
objective

Opt. Lett. 21, 2023 (1996)
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Introduction

photon energy < bandgap [l nonlinear interaction



Introduction

nonlinear interaction provides bulk confinement



Introduction

nonlinear interaction provides bulk confinement

linear nonlinear
absorption absorption




Introduction




Introduction

“... clear evidence that no bulk plasmas...
[and] ... no bulk damage could be produced

with femtosecond laser pulses”

von der Linde, et al., J. Opt. Soc. Am. B 13, 216 (1996)



Femtosecond micromachining

Dark-field scattering

—
objective
sample



Femtosecond micromachining

block probe beam...

detector

. — S

objective
probe T sample



Femtosecond micromachining

... bring in pump beam...

pump detector

— ] K>

— N —
objective
probe T sample



Femtosecond micromachining

... damage scatters probe beam

pump detector

— ] K>

— N —
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

3 | | | |
fused silica
1.0 ud
—~ 2 —
> thermal
) transient
=
C
D
n 1 - —
0=l | |
-0.2 0 0.2 0.4 0.6 0.8

time (us)



Femtosecond micromachining

200

100

threshold (nJ)

vary numerical aperture

0.5

1.0

numerical aperture

1.5



Femtosecond micromachining

vary humeric

intensity threshold:

200 I I . .
spot size determined by
numerical aperture:
’_'J‘
= 1,2
ke o thT
5 100 E, =1,7TA =
% th th 7T(NA)2
t=
o
O | |
0 0.5 1.0 1.5

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...

.
o

FS
3.5

3.0

25| e BK7

threshold intensity (1077 W/m?)
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Femtosecond micromachining

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

.
o

4.0 r CaF, -

FS
LiF o

3.0 n

2.5+ e BKY -

threshold intensity (1077 W/m?)

20 ! ! | |
2 4 6 8 10 12

bandgap (eV)




Femtosecond micromachining

would expect much more than a factor of 2

3-photon 4-photon 5-photon

o
40 B CaF2

.
o

FS
LiF o

25| e BK7

threshold intensity (1077 W/m?)

20 | | | |
2 4 6 8 10 12

bandgap (eV)




Femtosecond micromachining

critical density reached by multiphoton for low gap only

multiphoton
| | | |

.
o

4.0 CaF, -

FS

3.5 T
LiF o

3.0 §

25 e BK7 _

threshold intensity (1077 W/m?)

20 | ! | |
2 4 6 8 10 12

bandgap (eV)




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
9}
c
2 3.0 7
i=
0211e®
% 2.5 e BKY s
5 SF11
)
Ft 20 | ! ! !
2 4 6 8 10 12

bandgap (eV)



Femtosecond micromachining

what prevents damage at low NA?



Femtosecond micromachining

Competing nonlinear effects:

e multiphoton absorption
e supercontinuum generation

o self-focusing



Femtosecond micromachining

why the difference?

high NA low NA



Femtosecond micromachining

very different confocal length/interaction length

high NA low NA



Femtosecond micromachining

high NA: interaction length too short for self-focusing



Femtosecond micromachining

threshold for supercontinuum generation

10 | | | | | III| | | | | | L
= 0.8 8 —
2
O
g) 0.6 —
S o
.o o
o 0.4 5 -
2 & 0g8 g
= 02+ -

O | | | | | IIII | | | | | I |
0.01 0.1 1

numerical aperture



Femtosecond micromachining

threshold energy (uJ)
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Femtosecond micromachining

threshold energy (uJ)

o

o

o

o

constant intensity fit

numerical aperture
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Low-energy machining

threshold decreases with increasing numerical aperture

200 | | | | |

100 7

threshold (nJ)

O ] ] ]
0 0.5 1.0 1.5

numerical aperture




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
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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 nin 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

repetition-rate dependence
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Low-energy machining

repetition-rate dependence

number of pulses

repetition rate (MHz)

As,S3, 100 fs, 7 nJ



Low-energy machining

repetition-rate dependence
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Low-energy machining

repetition-rate dependence
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Low-energy machining

above 5 MHz: internal “point-source of heat”



Low-energy machining

waveguide micromachining

Opt. Lett. 26, 93 (2001)



Low-energy machining

waveguide micromachining

Opt. Lett. 26, 93 (2001)



Low-energy machining

structures guide light

B

0%

Opt. Lett. 26, 93 (2001)
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loss measurement
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Applications

loss measurement

D1

waveguide
iris

HeNe | / \ D2

CCD
lamp




Applications

e at low NA: loss =2 dB/cm
e at 1550 nm: loss < 0.5 dB/cm
e no polarization dependence

* losses mostly due to scattering



Applications

numerical aperture of wavequide
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Applications

numerical aperture of wavequide

S N
- EAN ~ o
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Applications

numerical aperture of wavequide

NA =V n? - n,?=0.065
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numerical aperture of wavequide

NA =V n? - n,?=0.065

N, = 1.52



Applications

numerical aperture of wavequide

NA =V n? - n,> =0.065
n,=1.52

Dn=14x1073



Applications

photonic fabrication techniques

fs micromachining other
loss (dB/cm) <3 0.1-3
bending radius 36 mm 30-40 mm
Dn 2x 1073 10 -0.5

3D integration Y N




Applications

photonic devices

3D splitter —f



Applications

photonic devices

3D splitter —f

Bragg grating S
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Bragg grating
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Bragg grating
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photonic devices

3D splitter —f
Bragg grating oo

demultiplexer =
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photonic devices

3D splitter —f
Bragg grating —e -
demultiplexer -

amplifier



Applications

photonic devices

3D splitter —f

Bragg grating —ccco .
demultiplexer -
amplifier %

interferometer —=
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PHASE AND GROUP VELOCITIES

Consider the following two traveling waves:
y, =sin[8.0(x/1.0-¢)] and y,=sin[7.2(x/0.95 - 1)]

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

k, = and k,=
fi= and f,=
A = and A\, =
v, = and v, =

Does the red get ahead of the blue or the other way around? Why?

Is the dispersion in the medium through which these waves propagate normal or anomalous? Why?

What is the phase velocity of the superposition of y, and y,?

What is the group velocity of the superposition of y, and y,?

Do the crests of the carrier wave travel forward or backward through the envelope? Does your
prediction agree with your observation?

Eric Mazur
Erice 2005



PULSE COMPRESSION

Dispersion stretches pulse because red travels faster than blue through dielectric:

—_—

—_—
.\' A o
‘ blue red

What makes these compressors work?

blue
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AUTOCORRELATORS AND DISPERSION

What signal does the dispersed 7-fs pulse on the right produce in the three types of autocorrelators?
(light grey shows signal of 14-fs transform-limited pulse)

SH intensity autocorrelator
77 | i=»
| | | | | | | |
\/ —20 0 20 7 (fs) —20 0 20 z(fs)
SH interferometric autocorrelator
| 7 ==
| | | | | | | 1 | |
= -20 0 20 z(fs) -20 0 20 z(fs)
Linear autocorrelator
| 7 >
| | | | | | | | | |
- —20 0 20 T 55 0 20 *(0)
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LIMITS OF FREQUENCY AND TIME RESOLUTION — Experiment 1

What are the time and frequency resolution of the setup shown below? Assume the gate and signal
pulses are identical transform-limited Gaussians and that the interference filter (IF) has a fixed
bandwith Of= 0u/¢ (¢ > 1). The dashed grey lines show the intensity envelope (width; ) and spectrum
(width ) of the input pulses. Draw all Gaussians with the same amplitude to facilitate comparing their

widths.

After passing IF:

=0
T

\J

1(r) P(w)
A A
/ \
! \
/
/ \
/ \
/ \
/ ‘\
/ \
/
; \
7 > = == >»
wO
After passing IRG:
1(1) P(w)
A A
// \ // T \\
/ \ / \
I \ / \
/ \ / \
\ \
// \ // \
/ \ / \
, \ // \\
/ AN , N
— >t = ——= > 0
[0

Detector integrates signal:

S(7)

Time resolution:

Frequency resolution:
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LIMITS OF FREQUENCY AND TIME RESOLUTION — Experiment 2

What are the time and frequency resolution of the setup shown below? Assume the gate and signal
pulses are identical transform-limited Gaussians and that the interference filter (IF) has a fixed
bandwith 9= 0y /¢ (¢ >1). The dashed grey lines show the intensity envelope (widthS; ) and spectrum
(width Y) of the input pulses. Draw all Gaussians with the same amplitude to facilitate comparing their

widths.

After passing IRG:

1(t)

\

After passing IF:

1(t)
y

Detector integrates signal:

S(7)

\/

L0

Time resolution:

Frequency resolution:
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