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COMPRESSION OF AMPLIFIED CHIRPED OPTICAL PULSES

Donna STRICKLAND and Gerard MOUROU

Laboratory for Laser Energetics. University of Rochester, 250 East River Road, Rochester, NY 146231299, USA

Received 5 July 1985

We have demonstrated the amplification and subsequent recompression of optical chirped pulses. A system which produces
1.06 pm laser pulses with pulse widths of 2 ps and energies at the millijoule level is presented.
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Progress in the Laser technology
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2.Fundamentos del micro-mecanizado con pulsos ultracortos en dieléctricos
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Transparent material l

Objective
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Fig. 1.1 Nonlinear
photoionization processes
underlying femtosecond laser
machining. (a) Multiphoton
ionization, (b) tunneling
ionization, and (¢) Avalanche
ionization: free carrier
absorption followed by
impact ionization [5]
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Pictorical representation of ablation under fs regime
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Comparison of the ns-ablation (left) [37] and the fs-ablation (right) [35] processes.
In machining or surgery applications, the thermal effects in ns ablation can lead

to a larger heat-affected zone, more collateral damage, and less precise machining
compared to fs ablation. Each figure used with permission from Clark-MXR, Inc.
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(a) Ablation Long pulsed laser  (b) Ablation Ultrashort pulsed laser
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*Manipulation of Tribological Properties of Metals by Ultrashort Pulsed Laser Micro-
/Nanostructuring, Quanzhong Zhao, Zhuo Wang. 2016,DOl: 10.5772/64764
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Carrier excitation Absorption of photons 45 3-photon 4-photon 5-photon
Avalanche ionization
@ CaF,
Thermalization Carrier—carrier scattering
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Figure 1 Timescale of the physical phenomena associated with the interaction of 25 = @®BK7
a femtosecond laser pulse with transparent materials. The green bars represent
typical timescales for the relevant process. Note that although the absorption of light SF11@
occurs at the femtosecond timescale, the material can continue to undergo changes 20 ‘é J‘ é B' 1'3 o

microseconds later.
Bandgap (eV)

El proceso de ionizacidn accionado por pulsos ultracortos es indistinto del material utilizado, ya que por
un lado existen una gran cantidad de fotones disponibles para la absorciéon multi-foténica y por otro lado
el campo eléctrico del [aser es intenso para modificar el potencial de los atomos
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Modelo de los tres pasos-semiclasico

Paso 1
lonizacion

Paso 3

Recombinacidén
Paso 2

Aceleracion

E(t)

/}
<u -~
. | § \J
—t
= |
E

‘ligura 3.5: Esquema del modelo de los tres pasos. Inicialmente, se observa el
otencial sin deformar, luego el laser modifica al potencial creando una barrera
ue permite la ionizacion del electréon. La aceleracion ocurre en el segundo paso
" por ultimo (cuando el campo cambia de direccion) el electron es recombinado

L] a~
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the one trajectory, and

E(t) = Eycos(wqt)

E
— 0 0s (wpt)
m

(cos@, —cosb,)+(6, —6,)sing, =0,

E,
(sin& —sing, )2 =

0° < g;<17°, 255° < g, < 3601

trajectory, and the latte

Euug trajectory.

2U
-

17° < 8;<90°, 90° < 8, < 2551

For a given value of Exn, we can view & and & as the solutions of the following coupled
(8)

&)

The path z(&) that the electron takes from €= & to 6, is called trajectory. We notice that there
are two trajectories for a given kinetic energy below 3.1711,

for

S Otlher. 11e foriner 15 called siort

It (6, &) is a pair of solutions of Equations 8 and 9, (&; + mx, 6, + ma) are also solutions,
where m is an integer. If we denote z(8) associated with m as zm(#), we find that
Zm(@) = (—1)"zm=0(& — ma). This implies that the harmonics are emitted each half cycle with
an alternating phase, i.e., field direction in such a way that the harmonic field Ex(f) can be
expressed in the following torm:

E(t)=---+F(t+2x]o)-F(t+x/le)+F()-F({t-7xlo)+F(t-27/0,)—--

(10)

One can show that the Fourier transform of Equation 10 takes nonzero values only at odd
multiples of ap. This observation explains why the harmonic spectrum is composed of odd-

order CDlﬂPDﬂEﬂtS.



Generacion de pulsos de Attosegundos

Iren de puisos ae
Armonicos discretos attosegundos

.
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1 3 85 7 9 11 13 15 17 19 21 -3 -2 =3 v 3
Orden armonicos ciclos opticos
Armonicos continuos pulso de attosegundos

filtro sobre

-3 -2 =y () 1 2 3

1 3 § 7 8 1M1 13 46 17 10 21 X .
Orden armonicos ciclos opticos

Figura 6.1: Espectro de armonicos obtenidos con pulsos con diferentes anchos
temporales. Las imagenes superiores muestran un espectro obtenido por un pulso
de varios ciclos, como asi también su TF (tren de attosegundos). La imagenes
mferiores, muestran la sintesis de un pulso de attosegundo, obtenido por medio
de un pulso de pocos ciclos. En linea roja se senaliza la region espectral que fue

“Armoénicos de alto orden generados por
interaccion de pulsos ultracortos con
sistemas gaseosos”, Enrique Neyra, Tesis
de Doctorado, Facultad de Ciencias
Exactas, UNLP, 2017.
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Temporal Dependence Schrodinger Equation (TDSE-3D)

Single-Active-Electron Approximation (SAE).
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Esquema experimental utilizado para fabricar

los circuitos opticos con pulsos laser de femtosegundos

DETECTOR ]%L

FILTRO
MNUETRD

ED

ED

Léser fs e e # K - AXIS
Ti: Zafiro :*;— ¥ e ARDS |
l I"-\.\_ £ AX]5

APLICACION CONTHOLADORES

OBTURADOR

Figura 1: Sistema de escritura directa con pulsos laser de femtoseundos
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Estacion de micromecanizado
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Laser Photonics Rev. 8, No. 2, 251-275 (2014)/DOI 10.1002/por.201300025

Abstract Femtosecond-aser micromachining (also known as
inscription or writing) has been developed as one of the most ef-
ficient techniques for direct three-dimensional microfabrication
of transparent optical materials. In integrated photonics, by us-
ing direct writing of femtosecond/ultrafast laser pulses, optical
waveguides can be produced in a wide variety of optical maten-
als. With diverse parameters, the formed waveguides may pos-
sess different configurations. This paper focuses on crystalline
dielectric materials, and is a review of the state-of-the-art in the
fabrication, characterization and appiications of femtosecond-
laser micromachined waveguiding structures in optical crystals
and ceramics. A brief outiook is presented by focusing on a few
potential spotfights.

Optical waveguides in crystalline dielectric materials
produced by femtosecond-laser micromachining

3101L8Y
M3IAFY

Feng Chen'** and J. R. Vazquez de Aldana?

Tipos de quias de onda obtenidas con escritura con fs

Tipo I, energias de pulso del orden de decenas de nJ

Tipo IT, energias de pulso del orden del uJ

Tipo ITT una estructura cilindrica construida con guias tipo IT

Tipo IV, definicion de guias de onda rectas a partir de la ablacidn
con pulsos fs en guias de onda planas




Interaccidn de pulsos ultracortos y materiales. Andlisis
y simulacidnes de deformacidn en la escala microscépica.

Interaccion de pulsos de fs intensos en el interior de
dieléctricos

Guias tipo Il

Optical breakdown

Defects

Objective

Shock induced stress

Amorphization

sample

500 NM

Optical transmission image of the
focal volume after irradiation

focal volume
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Origin of waveqguides formation by ultra-

short laser pulses in optical materials

Micro-Raman spectroscopy

Laser excitation |

at 532 nm

Spectrometer ‘

/ObjetIVO

End edge
Written track -

X,Y,Zmicro- positioning
station

Scheme of micro-Raman scan
experiment
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Caracterizacion de guias de onda Opticas generadas con laser de
femtosegundos en niobato de litio, Tesis Doctoral de Matias Tejerina,
Facultad de Ingenieria, UNLP (2014).



Potential Deformacion Theory
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Previous work about the origin of
femto-waveguides

2 &

Numerical model including

Micro-Raman qualitative description

a mechanical expansion in , ,
along the waveguides cross section
the crystal
%gi A(TOT) A(TO4
I\ (a) E_ A(TOZ)
S Z
N\ A7 = f
©0 L e
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v N c 1Ir
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Figura 68. Mapa de corrimienio espaciral del fandn A:[TO)s (@) medida experimental (promedio de
cuadranies). {b) ajusle dal modala numénco
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Figura 60. Medida experimental de corrimiento Haman en modificacion B
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Set-up para caracterizacion de guias de onda luminiscentes

e mmmm e Fotomultiplicador
- ¢ T T=fdl Y

S ||||||2E‘X HE!:!J': n =
Diodo laser. ST ’.%. cp e | :C
pulsado A=ESORM 8 | : R\ I

E Vi
! Guias doble : if:fn abicn
E linea {embebidas) L ' A=BE0ne ]
) l---_---____--z___---____--____-}P ahkfe
E:%E’ga;f}dm Sisterna de alineacion y ‘ OSG. O M pecaxl
misroposicionamianta ;
QsC. Ch Lerd-firs)
rahie ol

Osciloscopio digital

Figura 8.2: Esquema experimental para la medicion de vida media en volumen y en guias doble linea
fabricadas en CrLiSAF

Guias Opticas fabricadas con pulsos ultracortos en materiales
luminiscentes: estudios fundamentales para aplicaciones en
fotonica, Biasetti, Demian Aristide, Tesis de la Facultad de Ciencias
Exactas, UNLP. 2019.



http://sedici.unlp.edu.ar/discover?filtertype=author&filter_relational_operator=authority&filter=http://voc.sedici.unlp.edu.ar/node/71984

Set-up para analizar guias de Er/Yb: en Niobato de Litio

R 0
fittro cromatico .~ ]
(~8000m)  opiNe L Objee [} _
de entrada de salida ; @TSP{{G 2
-—TI-e B L EEN Y
Polarizacion de Guias doble :polarizador
campo | linea en de calcita
; ErYBLNS oo
Chopper Sistema de acopie (end-fire} ‘ ::oﬁvergente computadora
mecanico rendija regulable ——_¢ ==
monocromador j -
uente de | ' 1|
Ti:ZA sintonizada — E_=|
a917nm electrometro 7, _ —1
up-conversion =

fotomultiplicador,
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Luminescent features in double-track type IT waveguides made in Er/Yb:LiNbO3 by
Ultrafast Laser Inscription, Demian A. Biasetti, Gustavo A. Torchia, and Eugenio
Cantelar, enviado a Journal Ligthwave Technology, 2018.
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Fuentes de luz integradas. Guias épticas en CriLiSAF

e=2 1J |

g5
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| —_ Sin polarizar

™

“  Bulk decay signal
fitted curves for bulk
average t = 68+1 us

0,01
i Waveguide decay signal

fitted curves for wg.

average t = 68+1 us
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Optical waveguides fabricated in Cr: LiSAF by femtosecond laser
micromachining, DA Biasetti, EJ Di Liscia, GA Torchia, Optical Materials

73, 25-32 (2017)




—/\',’\ - ) K ONICET
-2 ) Centro de Investigaciones Opticas e 4’

-
p

| ™ v‘/-/‘

N/ ! APLAT

Fabricacion de los circuitos opticos. o i
Generacion de datos para Software de la estaciona motorizada ‘

A B C D E F G H | i K L M N o) P Q R
a Sigmoide doble track
2 Datos de disefio Resultados Sigmoide
3 D1 Fi D3 D2 D5 Precision eje longitudinal Dtotal D4 Curvatura A B Generar SDT I
4 2.0 0.40 3.0 18.0 0.0200 0.0100 23.0 0.1257 0.95 0.1323 0.4071
5

0.1500 s Dtotal I
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Bending waveguides made in x-cut lithium niobate crystals for technological applicationsV Guarepi, C
Perrone, M Aveni, F Videla, GA Torchia, Journal of Micromechanics and Microengineering 25 (12), 12502
(2015)

Key kinematic parameters in a low-loss power splitter written by femtosecond laser micromachining,
R Peyton, V Guarepi, F Videla, GA Torchia, Journal of Micromechanics and Microengineering 28 (5), 055011
(2018).




Interferometro MZ

Modulador electro-optico
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“Modulador electro-6ptico integrado en cristales de Niobato de Litio”,
Damian Presti, Tesis de Doctorado en Ciencia y Tecnologia,
Universidad Nacional de Quilmes, 2020.
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Efecto electro-Optico en el Niobato de Litio

3

1
A (F) = Z Tij L; (Efecto Pockels)

L j:l

A 2

21T
Ap =ABL=—AnL An=————1
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Figuro 6: Componen tes del compo eléctrico sobre guio de ondo: (o) Componente Ez (b) Componente Ex



Deposicidon de electrodos en los moduladores
de amplitud (MZI)

Departamento de Micro y Nano tecnologia
CNEA C.A.Constituyentes

(2) Oblea con electrodos depositados con técnica (b) Oblea con electrodos depositados con técnica
litograficanegativa litografica positiva

(a) Foto de seccién de oblea negativa (b) Foto de seccion de oblea positiva
obtenida con objetivo x10. obtenida con objetivo x10.




- . . CONICET /e
(H@/\ Centro de Investigaciones Opticas e~ 4

WMis de 35 Ados de Investigacion e Clenciay Tecnologie

, LAPLATA




CONICET

Centro de Investigaciones Opticas O Ry

LA PLATA

TV \
{ r( ~ YV"\\

\ SN |/

U/

7 |

Mis de 338 Aos de Investigacian 60 Clencilay Tecnologie

Pegado de Fibra Optica sobre los
circuitos opticos

47



Vel b, . ) e CONICET
(C I~ V) Centro de Investigaciones Opticas XX &

AT . A
\\& U::/{ L/ Mas de 35 Aos delnvestigacion ea Clenciay Tecnologia

LAPLATA &

7

L. 62 . valon o wcuerd oo 108 TEDSEIS YEOTISRS QU SEITRIEELE

—

0-optica

48



J'rl[f\vf\

NTVT%

Mas de 33 Afos e Investigacion en Clenciay Tecnologia

Laser

Centro de Investigamones Opticas ol

CONICET

LAPLATA

Caracteristicas del MZI

Photodiode
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Intensity modulator fabricated in LiNbO; by
femtosecond laser writing, PRESTI D; GUAREPT V;
FASCISZEWSKI A; TORCHIA G.A, enviado a
Optical and Laser in Engineering , 2018.
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Fotdénica de Silicio.

Es una tecnologia de rapido crecimiento en el desarrollo de circuitos fotdnicos integrados, debido a la compatibilidad
con los procesos estandar de fabricacion CMOS y su alta integracion.

Ventajas: - Gran ancho de banda permitido en la regiéon de comunicaciones épticas.
- Inmunidad al ruido electromagnético.
- Posibilidad de producir chips fotonicos a gran escala.

300 [nm]

1.5 [um]

500 [pm]

Figura 3. Obleas de Nitruro de Silicio (SizNy) Figura 4. Estructura de una oblea con tecnologia SizN,




Desarrollo de Dispositivos Fotonicos Integrados (PICs) con tecnhologia Si; N,
(Divisor de potencia 1x2 integrado en Sigs N, combinando MMI + CCT)

Diseno.

Figura 5. Disefio del divisor de

potencia 1x2.
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Simulacion
Kosp = 2.83 pm
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-1 1 2
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Figura 6. Método 3D Finite-Difference
Time Domain (3D-FDTD).
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Fabricacion (Consideraciones)

Fisica del
dispositivo

Limites de resolucion
del Proceso litografico

Geometria del
Patron del dispositivo

Figura 7.

obleas de

- Equipo masterizador.
- Cabezales: 10[mm], 2[mm].
- Fotoresinas.

Fabricacion
del divisor de
Potencia 1x2
infegrado en




Nitruro de Silicio

Splitters utilizados en
redes de fibra dptica

Divisor 1x8 al hogar (FTTH)










Conservacion de la energia

w —> 2 _
wl L X( —_— W,= 2w,
Phase matching occurs for Ak = 0. Conservacion del momento
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Ky ‘ 2 ‘ ky 08
> > > , T
7 (')c-"f 2.2 Slﬂ{@) where § = Ak-z/2 Ei
Colineal w\=) " Te T S _ 27z (n—n,.) ﬂ'z
L- - . o g )
- Z‘mpw q1{]-3—ﬁ—4—2ﬂ24551ﬂ
K, xk\a‘ ﬁ
Ak
/ H
k 2m A
. _

No colineal

Longitud de coherencia

f{‘_ Ak = E{H{Eﬂ.'l,}_ H{'HJJ]



z (optic) axis

Ny

Niobato de Litio ——1y

Index

Refractive
[ 5]
r
4
.
[ |
!__f’

! "'--.____ ‘I-._- J
. . I ___--'."'iﬂ
Figure 8.2 Normal (index) surfaces 2.1 “‘.... -

for the ordinary and extraordinary rays "-;. |
in a negative (n, < n,) uniaxial crystal. "‘t.' .
If n® — n®, the condition n?“(8) = n® is -'i‘h
satisfied at © = 0. The eccentricities 2 : : : : =
shown are vastly exaggerated. o 1 2 3 4 5 -]
Wavelength {pum)
falih =3 __ 2 il -
2 8.) = (ng") (ng™)
Sen-\bp) = (n3e)=2—[p2u—-12
Ve g
SHG-Type | Para el caso del niobato de litio. considerando una OF de 1.20 pm tenemos que los

indices de refraccion ordinario para OF v SA son: 2.2250 v 2,2961, respectivamente. El

Indice extraordinario para la SA es: 2.2111. Estos valores arrojan un angulo de ajuste de
fase de 6o = 65.63 grados respecto al e)e optico del cristal.




Self-frequency-doubling of ultrafast laser inscribed neodymium doped yttrium
aluminum borate waveguides

IMlICroscope objective ,; (a) x (b)
@ | :
Pump laser A \; .
aiml (B rF— 2
? |
,,,,,,, i _ c |
v Output. 21 J L
Convex lens waveguide i = . ; ; ;
Waveguide sample laser 530 531 532 533 534 1060 1065 1070
Wavelength (nm)
40 ( ) S —
= C
a
(@) %% |
i S 20|
@)
Q
} \ T— 10}
' N
0

0 10 20 30 40 50 60 70 80
Pump power (mW)

SHG-Type |

Applied Physics Letters 98, 181103 (2011); doi: 10.1063/1.3584852



Phase Matching no colineal

Number of grating points
8

—n

& T 3 4 5

7 8 9

D (um)

Fig. 1. Schematic arrangement of the device and NC-SHG Fig. 2. Distribution of the diameters of the grating points
rocess measured along part of the sample. Inset, optical micros-
P ' copy image of the crystal surface.

Periodode lared =12 um

2005 / Vol. 30, No. 20 / OPTICS LETTERS



’ Y. 20 *
.k(0.0)g1 0) *(0.0)(1 0)

Fig. 3. Digital pictures of the SHG for different incidence
angles f;. The fundamental light (796 nm) was filtered out.
(a) f;=0%; the sample is placed for collinear PM in the in-
cidence direction. (b) #,=-0.7%; two intense SH beams are

generated by NC PM. (¢) @, =0.5%; SHG 1s achieved in sev-
eral NC directions. Outlined arrows point out the direction
of the emerging undiffracted fundamental beam.



Quasi Phase Matching
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Condicion de quasi A=
) YT Sa—

phase matching




In quasi-phase-matching (QPM), we choose an mteraction
that couples to the largest nonlinearity of ithium mobate, ds3
(d---). The indices zzz correspond to the three fields that couple

to this coefficient, so the interaction has all fields pointing in
the z direction (e — e + e) with k at 90 deg to the z axas.

Ak = EW[RE[}LP}X}LP — nz[hg}/{}tf; — nz[hj}f}tj] = 0.2042 j_l.ITl_l

The first-order QPM periodicity and d . are

2m 2
A= E = 30.8 1T and daj'}" :;ﬂi-;.];.] = —17 I]I"I]/{V

The QPM 1interaction has a much larger d s than the BPM

interaction has, and i1t has the advantage of k being 90 deg
to the z axis so that there 1s no Poynting vector walk-off.



Fig.7. Intensidad de SA en funcion de la longitud del cristal PPLIN: Birrefringencia en condicion de ajuste de
fase (linea discontinua negra), Cuasi-fase en un cristal PPLN de periodo 2Le (linea continua roja) v fuera de
ajuste de fase (linea continua azul).



Como conseguir cristales PPLN
(Periodic Poled Lithium Niobate)

- Voltear los dominios ferroeléctricos con un campo eléctrico
intenso ( centenas kV/cm).

Voltage source |\ @,
[ Vo4 l




Engineering of lithium niobate domain structure through the
off-centered Czochralski growth technique

Seed

- Congruente 48,5% Li TTTTE T3
1400 ; : | ‘
Single Silicon Crystal Liquido Estequiométrico 1HiE l i ’ ‘F ! l )
11 ; i)
. il 1]
Quartz Crucible 1200 1 ] 1 f :
Water Cooled Chamber S LiNbO, : 1 4 ., ] ; ﬁ
1331 -
L ' s : “ 2 N
Heat Shield e 10 f i) Aﬁ ; :
Carbon Heater g 1 ' ! 1 ’ ‘
. . 3 800 p - = 25 1 : ! %
Graphite Crucible 5 LiNbO, + LiNbO, + " |
2 3 3 Wi A ‘ '”
Crucible Support oy | LiNb,O. L|3Nb0‘
Spill Tray ‘3_3 um 11.1 um a 142 ym "11.1 um 83 ;lm
Electrode Ty i period period period period period
£ 46 43 50 52
Li,0 [%mol]

Control en el espaciado de los dominios ferroeléctricos mediante la velocidad de rotacion en una
configuracion fuera de eje. Periodos en los dominios ferroeléctricos de 8.3, 11.1 and 14.2 mm se
logran con velocidades de rotacién de 10, 7.5 and 6.1 rpm, respectivamente.

Engineering of lithium niobate domain structure through the off-centered Czochralski growth techniqueV
Bermudez, D Callejo, R Vilaplana, J Capmany, E Diéguez Journal of crystal growth 237, 677-681 (2002).



Red, green, and blue simultaneous generation in aperiodically poled
Zn-diffused LINbO3 : Er 3+/Yb 3+ nonlinear channel waveguides
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FIG 2. (Color) Image ofthe output wavegumde focused on a screen, after 430 500 550 600 650 T00
being spatially separated wath a pnism. wﬂ'ﬂl |] {nm}
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https://doi.org/10.1063/1.1617367

4-Lineas actuales del Grupo de Fotonica Integrada del ClOp
Optica cudntica en FI-Conformacion de pulsos de pocos ciclos
en una celda de Herriot.



Colaboracion con
Federico Furch.
Laser Lab Europe

Compresion de
pulsos
mediante una
celda multipaso

Pulso de entrada 1 m)J
40 fs, 1 KHz
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Espectro y fase del pulso luego de Ia
Herriot Cell con Argdn

Pulso de salida, mas de 150 puJ
Menos de 7 fs
Eficiencia del aproximadamente 50 %




Microring resonator Four wave-mixing
F—
) S
~— \-ﬂ
\

* Resonance structure
* Field enhancement enables
power-efficient nonlinear optics

Input Output

(L & T ¢ 3} )

Spectral intensity
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Correlacion entre pares de fotones
entrelazados generados por SFWM

L =~

F3R

Pump

LITTTATTITTL

Correlated photon pair generation via
Spontaneous Four-Wave Mixing (SFWM)

Inteqrated
microring
resonator
Pump Signal/idier
Bandpass filter couples
= J_>/ Kuuluu, TITHTIIN
laser AN Filter |

Single-phaoton
detector

Generation of multiphoton entangled quantum states by means of integrated
frequency combs, C Reimer, M Kues, P Roztocki, B Wetzel, F Grazioso, BE Little, ST
Chu, ...Science 351 (6278), 1176-1180

Wanraad

| signal 2
signal 1 f - .
) )
idler 1 k'l_/

ider2 | G- -

* coincidence
measurement

S
0



Muchas Gracias!!!!
Preguntas y consultas?



