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Zusammenfassung

Femtosekunden-Spektroskopie im Zeitbereich ist ein vielseitiges Werkzeug zur Erforschung
molekularer Zusammensetzungen und Dynamiken. Insbesondere breitbandige Laser-Impulse
spielen eine bedeutende Rolle in der Untersuchung komplexer molekularer Systeme wie
beispielsweise Bio-Fluiden. Die gleichzeitige Bestimmung der gesamten molekularen Zusam-
mensetzung sowie der Konzentration der einzelnen Systeme erfordert die Verfgbarkeit
von mehreren Oktaven umfassenden Impulsen zur Abdeckung des gesamten molekularen
Vibrationsspektrum sowie ultra-kurze Impulse um die inhrente schnelle Dynamik unter-
suchen zu knnen. Ziel dieser Arbeit ist die Entwicklung eines Laserspektroskopie Fron-
tends welches diese Voraussetzungen erfllt. Die Yb:YAG Dnnscheiben-Lasertechnologie
ermglich die Bereitstellung von Femtosekunde-Laserimpulsen mit hoher Durchschnittsleis-
tung bei MHz Wiederholraten und stellt damit einen potentiellen Treiber fr die neuar-
tige breitbandige FemtosekundenSpektroskopie dar. Der schmalbandige Emissionsquer-
schnitt des Ytterbium-dotierten Kristalls limitiert jedoch die erzielbare Impuls-Dauer auf
einige Hundert-Femtosekunden. Um die ultrakurzen molekularen Dynamiken zu Verw-
erten und das Feld der dadurch entstehenden schnelles Schwingungen aufzulsen ist jedoch
ein noch krzer Test-Impulse vonnten. Um diese Herausforderung zu bewltigen ist ein
effizientes Schema zur externen spektralen Verbreiterung daher unabdingbar. In dieser
Hinsicht beschftigt sich die vorliegende Arbeit mit der Implementierung verschiedenar-
tiger Schemata zur effizienten spektralen Verbreiterung mit dem Ziel der Erzeugung von
nur eines Schwingungszyklus andauernden Impulse mit hoher Leistung. Ein 1.5 Oktaven
umspannendes Spektrum um 1030 nm konnte durch spektrale Verbreiterung basierend auf
dem nichtlinearen optischen Kerr-Effekt in einem Vollmaterial erzeugt werden. Weilichterzeu-
gung in der spektralen Bandbreite von 580-850 nm mit einer Leistung von 3.68 W wurde
in einem nichtlinearen Kristall realisiert. Spektrale Verbreiterung basierend auf der Fil-
amentationsbildung wurde in Argon-Gas mit einem Spektrum vom UV bis in den NIR
Bereich nachgewiesen, jedoch mit nicht zufriedenstellender Effizienz. Weiterhin konnte
spektrale Verbreiterung in einer gasgefllten Hohlkernkapillare erreicht werden, resultierend
in einem Fourier-Transformationslimit der Impulsdauer von 9 fs und verbesserter Konver-
sionseffizienz von 22 Prozent gegenber einer optisch-zu-optischen Effizienz von 2 Prozent
in Gas. Die Hohlkernkapillare weisen jedoch lediglich geringe Transmissionswerte auf
und sind bei hohen Durchschnittsleistungen schadenanfllig. Um die zuvor genannten
Einschrnkungen zu umgehen wurde weiterhin eine gasgefllte Einzelring-Kagome Faser
mit einem Kerndurchmesser von 55 m verwendet. Eine optisch-zu-optische Effizienz von
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86 Prozent zusammen mit einem breitbandigen Spektrum von 720-1270 nm welches ein
Fourier-Transformationslimit der Impulsdauer von 7 fs ermglicht konnte hierbei erzeugt
werden. Das letzte Kapitel diskutiert ein Schema basierend auf elektro-optischer Abtas-
tung (EOS) welches die Detektion des komplexen elektrischen Feldes der erzeugten kurzen
Impulse ermglicht. EOS bentigt kurze Test-Impulse welche zeitlich mit den abzutasten-
den Pulsen synchronisiert sind. Die Machbarkeit der Erzeugung der Test-Impulse mittels
Frequenzverdopplung des abzutastenden Impulses wurde numerisch untersucht. Die Anal-
yse ergab, dass ein 10 m dicker Typ-I BBO-Kristall ideal fr die Erzeugung der kurzen
Test-Impulse mit genug Durchschnittsleistung geeignet ist.



Abstract

Femtosecond time-domain spectroscopy has been a versatile tool to explore molecular com-
positions and dynamics. In particular, broadband pulses have played a prominent role in
studying complex molecular systems like bio-fluids. Simultaneous identification of the en-
tire molecular composition and concentration of these systems calls for the availability of
multi-octave pulses, to cover the entire molecular vibrations and ultra-short pulses to probe
these fast dynamics. The focus of this thesis is to develop a laser-spectroscopy frontend,
which fulfils these requirements. The Yb:YAG thin-disk lasers are capable of delievering
femtosecond laser pulses with high average power at MHz repetition rates, which makes
them a potential driver for novel broadband femto-spectroscopy. However, the narrowband
emission cross-section of ytterbium crystal restricts the output pulse duration to hundered
of femtoseconds. To expolit the ultrashort molecular dynamics and to resolve the field
of these fast oscillations, an even shorter probe is needed. To address this challenge an
effiecient external spectral broadening scheme is inevitable. In this regard, this thesis fo-
cuses on the implementation of different schemes for efficient spectral broadening to achieve
the single-cycle high power pulses. The 1.5 octave spectrum at 1030 nm was demonstrated
in bulk medium based on spectral broadening due to the nonlinear optical Kerr effect. The
white light generation was demonstrated in nonlinear crystal with a 3.68 W in the spectral
range of 580-850 nm. The filamentation based spectral broadening was demonstrated in
Ar gas with spectrum spanning from UV to NIR but the efficiency was too low. Further-
more, the spectral broadening was achieved in gas-filled hollow-core capillary with Fourier
transform-limited pulse duration of 9 fs with improved conversion effieciency of 22 percent
as compared to gas which shows only 2 percent optical-to-optical efficiency. The hollow-
core capillary have low transmission and are prone to damage at high average power. To
overcome the above mentioned limitations gas filled Single-Ring kagome fiber was used
with a core diameter of 55 um. We acheived 86 percent optical to optical efficiency with
broadband spectrum from 750-1270 nm supporting the Fourier transform-limited pulse
duration of 7 fs . In the last chapter a scheme based on electro optic sampling to detect
the complex electric field of the generated short pulses is discussed. EOS requires short
probe pulses which are temporally synchronized with the sampled pulse. The feasibility
of generating the probe pulses via SHG of the sampled pulse is studied numerically. The
study shows a 10 um -thick Type I BBO crystal is optimum for achieving the short probe
pulses with enough average power.
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Chapter 1

Introduction

For studying the dynamics of the chemical bonds and ultrashort phenomenon at atomic

and molecular level femtosecond resolution is desirable. At such time scale, observation

of molecular vibrations and their dynamics at single-molecule regimes can be mapped.

Emergence of ultrafast lasers have made exploration of this temporal realm a reality by

facilitating the temporal resolution of such measurements down to femtoseconds. This

eventually allow us to directly probe the vibrational molecular dynamics ([1, 2, 3]).

The Yb:YAG based lasers are ideal for femtosecond spectroscopy due to availability

of high average power at MHz repititon rates as higher repition rates reduce the aquisi-

ton time. However, these systems are limited due to their narrow emission bandwidths

and it pose a challenge to reduce the pulse duration to ultrashort regimes. To address

these challenges and reaching the single cycle regime external spectral broadening in a

nonlinear medium is highly desirable. Current work focuses mainly to achieve effiecient

spectral broadening with a range of frequencies to reach the ultrashort regime. To obtain

this supercontinuum spectrum different methods were successfuly implemented. These in-

clude spectral broadening in bulk, gas, HCF and single ring-PCF. A complete experimental

study was performed on all of above methods to probe the limitations and bottlenecks.

The schemes for generation of these single-cycle probe pulses based on two fundamen-

tal concepts: I) spectral broadening by exploiting the nonlinear optical Kerr effect, II)
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compensation of the induced linear and nonlinear phase during the process are discussed.

Chapter 2 describes the basics of a ultrashort laser pulses and their mathematical

formulation. Later, second order nonlinear effects .i.e SHG and third order nonlinear effect

responsible for spectral broadening of the femtosecond laser pulses were explained. The

self phase modulation and non linear effects induced by SPM are crucial for understanding

of spectral broadening phenomenon in dielectric medium. The interaction mechanism was

explained for filamentation and propagation of pulse in gaseous medium. Lastly, soliton

pulse dynamics were described for a special case of anomalous dispersion. The phenomenon

for pulse self-compression was explained in view of the interplay between SPM and GVD.

Chapter 3 describes the experimental results on spectral broadening achieved in differ-

ent nonlinear processes. The generation of white light was demonstrated in sapphire crystal

with 1.5 octave spectrum. Later, the SPM based spectral brodening in thin plates of fused

silica was achieved at different input energies. Filamentaion was obseved by tight focusing

the laser pulses into Ar gas. Also presented is the spectral broadening in gas-filled HCF

(hollow core fiber) and gas-filled kagome PCF (photonic crystal fiber). Photonic crystal

fibers are highly tunable by different input parameters. The ZDW in the PCF fibers can

be shifted far from the pump pulses to utilize soliton dynamics. Soliton dynamics can be

utilized to achieve self compressed few cycle pulses at the fiber output.

Chapter 4 focuses on the numerical simulation for different BBO Type-I crystal thick-

ness to achieve the optimum parameters for the generation of ultrashort probe pulse with

enough power for the EOS probe. Two important parameters are the SHG signal power

and output pulse duration as the probe pulse for the EOS must be shorte than half cycle

of sampled pulse.



Chapter 2

Theoratical description of Ultrashort

Pulse

The oscillating electric field of laser pulses is represented in frequency E (ω) and time E(t)

domain, both the temporal and spectral domains are connected via Fourier transform as

follows: [4, 5, 6, 7].

E(ω) = |E(ω)|eiϕ(ω) =

+∞∫
−∞

E(t)eiϕ(t)dt = F [E(t)] (2.1)

E(t) = |E(t)|eiϕ(t) =
1

2π

+∞∫
−∞

E(ω)eiϕ(ω)dω = F−1[E(ω)] (2.2)

Here |E(ω)| and |E(t)| are real spectral and temporal amplitude whereas ϕ(ω) and ϕ(t)

are spectral and temporal phase of the electric field of the laser pulse.

Although the time domain electric field is a real quantity but for mathematical conve-

nience we assume that the variation in phase ϕ(t) are slow as compare to fast oscillations

at laser frequency, represented as a complex analytical signal as:

E∗(t) = ε(t)ei(ω0t) (2.3)
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Where complex envelope of pulse is

ε(t) = |E∗(t)|e(i(ϕ(t)+ϕ0)) (2.4)

By Fourier transforming the complex field yields the electric field in frequency domain

as:

E∗(ω) = ((F t→ ω︸ ︷︷ ︸)E∗(t) (2.5)

E∗(ω) =

∫ +∞

−∞
E∗(t)e−iωtdt (2.6)

√
(S(ω))e−iϕ(ω) (2.7)

The above equation yields the relationship among spectral phase ϕ(ω) and spectral

intensity S(ω), hence E∗(ω) and E∗(t) fully characterize a ultra short laser pulse being

Fourier transform of each other. Intensity and spectrum are related to the electric field in

respective domains as

I(t) = 2 c n 0 |E∗(t)|2 (2.8)

I(ω) =
(c n ε0)

π |E∗(ω)|2
(2.9)

As can be seen from above equation I(t) is related with the real part of refractive index

n of medium, c being speed of light and ε0 permitivity of vacuum.

From the intensity we can draw a relationship between the minimum pulse duration

which is full width at half maximum of intensity ([4]).

∆τ = FWHM [I(t)] (2.10)
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∆ω = FWHM [I(ω)] (2.11)

The fourier transform relates the temporal pulse duration ∆τ and spectral width ∆ω

by time-bandwidth product as

∆τ •∆ω = Constant (2.12)

The constant term in above expression is dependent on the shape of the pulse and its value

is 0.441 (Gaussian shaped pulse).

The propagation of light waves in medium are mathematically derived from the Maxwells

equations, by assuming the medium as non magnetic, without free charge and current den-

sity, the famous wave equation is represented as

∇2E = − 1

c2
∂2E

∂t2
− µo

∂2P

∂t2
(2.13)

Where P is induced electric polarization response of the material. The polarization P

is sum of two terms, i.e. linear polarization and the nonlinear polarization as

P (r, t) = PL (r, t) + PNL (r, t) (2.14)

Assuming that the polarization response at time t depends on the instantaneous value

of electric field, the non-linear polarization can be expressed as:

PNL(r, t) = ε0[χ
(1)E(t) + χ(2)E2(t) + χ(3)E3(t) + ...] (2.15)

Where the terms χ(1), χ(2) and χ(3) are named as first, second and third order non-linear

susceptibilities respectively. We will now explore the relationship between the linear and

nonlinear refractive indices with linear and nonlinear susceptibilities by intensity dependent

refractive index equation as
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n = n0 + n2 |E|2 (2.16)

n = n0 + n2 I (2.17)

The above equation show that the change in the refractive index of the medium is

proportional to the square of the strength of an applied electric field or by analogy intensity

of the pulse.

n0(ω) =
√

(1 + χ(1)(ω) = n(ω) + ik(ω) (2.18)

The above relation represents the ligh-matter interaction in the linear regime, where

n(ω) is the real part which describes frequency dependence change of c, and k(ω) is imag-

inary part called extinction coefficient (describe damping of electric field amplitude due to

gain or absorption in the medium). Both terms are part of Kramers-Kronig relationship

as

n(ω) = 1 +
c

π
P

∫ ∞
0

k(ω)

(Ω2 − ω2)dΩ
(2.19)

The symbol Ω is angular frequency variable. the P denotes the Cauchy principal value

of integral, n(ω) can be represented in terms of wavelength by the Sellmeier equations as

n(λ) = n(ω)|dω
dλ
| = 2πc

λ2n(ω)
(2.20)

n2(λ) = 1 +
B1λ

2

(λ2 − C1)
+

B2λ
2

(λ2 − C2)
+

B3λ
2

(λ2 − C3)
+ .... (2.21)

In the above equation the terms B and C are Sellmeier coefficients. Whereas the

nonlinear refractive index n2 for an isotropic medium is given by

n2 =
3χ(3)

4n0

(2.22)
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Where n2 is proportional to the third order susceptibility give rise to third order non-

linear processes. In the next section we will briefly discuss these nonlinear process resulting

in the spectral broadening of the pulses.

2.1 Second-order nonlinear processes

The term nonlinearity is the property of the medium, when light field travels through the

medium it modifies the properties of medium resulting in nonlinear optical behaviors. The

second order susceptibility term χ(2) in equation (2.21) represents the second order nonlin-

ear processes i.e. sum and difference frequency generation (SFG, DFG), second harmonic

generation (SHG) and optical parametric amplification (OPA). The second harmonic gen-

eration is a important nonlinear phenomenon in which the frequency of the input light field

is doubled, thus referred to as frequency doubling. During SHG, two photons of same fre-

quency ω combine to generate a single photon of frequency equal to sum of the frequencies

of input photons. Assuming the incoming electric field is E(t) = ε1e
(iω1t) + ε2e

(iω2t) passing

through a medium with non-zero value of χ(2), creates a polarization response as ([5]

P (2) (t) = ε0 χ
(2)E2(t) (2.23)

This instantaneous polarization response can be represented as

P (0) = ε0 χ
(2) (|ε1|2 + |ε2|2) (2.24)

P (2ω1) = ε0 χ
(2) (|ε1|2) SHG (2.25)

P (2ω2) = ε0 χ
(2) (|ε2|2) SHG (2.26)

P (ω1 + ω2) = 2ε0 χ
(2) ε1ε2 SFG (2.27)
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P (ω1 − ω2) = 2ε0 χ
(2) ε1ε

∗
2 DFG (2.28)

The efficiency of SHG is represented by

ηSHG =
C2 L2 P

A
(2.29)

The higher efficiency require the largest possible power of the incident pulse. The ratio

of square of crystal thickness and focus spot should be higher to generate a strong SHG

signal. This can be achieved by keeping the focus spot smallest and choosing crystal with

appropriate thickness. Another important parameter to fullfill the condition of efficient

frequency conversion is phase matching i.e. momentum conversion([4]). For persistent

SHG interaction it is crucial to have a spatial and temporal phase matching of these three

waves:

k1 + k2 = k3 (2.30)

where k1, k2 and k3 are the wavevectors.

2.2 Third-order nonlinear processes

In case of centrosymmetric medium the second order non linearity term is zero and only

contributing term for induced electric polarization response is χ(3) . The χ(3) non-linearity

is referred to as intensity dependent refractive index n(λ,I) also termed as Kerr-effect.

The Kerr-effect leads to third order nonlinear processes like self focusing (SF), self phase

modulation (SPM) and self steepening.

2.2.1 Self Phase Modulation

The process of self phase modulation is a third order nonlinear process in which the high

intensity of the laser pulse induces an intensity dependent refractive index variation in the
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interacting material. As a result of this interaction the medium inflicts a change in phase

of the incident pulse leading to SPM i.e. a time-dependent intensity of the incident pulse

incur a time-dependent phase shift as

∆ϕ =
−2 π n2 LP

λ0A
(2.31)

ωinst =
−dϕ
dt

(2.32)

From the above relation, we can see the dependence of phase change is proportional to

the nonlinear refractive index and the time varying nonlinear phase is proportional to the

instantaneous frequency. So, for larger phase modulation a higher value of n2 is desirable.

The above relation also suggest that for comparably lower input powers a medium with

higher n2 will compensate for minimum threshold value on right hand side of equation.

Self phase modulation generate new frequency components resulting in the spectral
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Figure 2.1: (a) The temporal representation of the Gaussian shaped pulse above and a self
frequency shift induced due to self phase modulation in lower graph. Pulse front results in
lower frequency components due to increase in intensity at front whereas the back of pulse
exhibits higher frequency components due to decrease in intensity (b) a typical self phase
modulation spectrum. ([8])

spectral broadening of the incident laser pulse. When these newly generated frequen-

cies interfere constructively with the already present frequencies broadening the spectrum

symmetrically. The dispersion effects will contribute according to the medium. In case

of normal dispersion, pulse’s leading edge moves faster than that of the trailing edge of

the pulse hence broadening the pulse in time. The positive dispersion introduce a chirp

in the pulse which is compensated by using chirped mirror having negative dispersion.

Broadening the pulse spectrum through SPM generates the pulses with duration of few

femtoseconds which is mainly discussed in this thesis. The opposite effect happens in case

of anomalous dispersion region, where bluer portion of the pulse moves faster than the

redder portion causing the temporal compression of the pulse. The SPM and dispersive

broadening cancel each other forming a soliton.
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2.2.2 Self Focusing

The two main processes involving SPM are self-focusing and self-steepening. In experi-

ments, the strong SPM resulting in extensive broadening of spectrum is initiated by the

process of self-focusing. When ultrashort laser pulse is focused on the crystal, the high in-

tensity at the focus initiate nonlinear effects. The self focusing (due to kerr effect ) shrinks

the beam size causing increase in the intensities and hence SPM apprears several orders of

magnitude stronger. For a Gassian beam the critical power of self-focusing is

PSF =
π (0.61)2 λ2o

8no n2

(2.33)

Self focusing is integral for initiation of various nonlinear phenomenon like continuum

generation, filamentaion, self steepening and formation of shock wave (M. Bradler et al).

An increase in intensity due to self-focusing generate the plasma and plasma defocusing

takes place. The filament is produced as a result of interplay between beam self-focusing

due to kerr-effect and plasma defocusing. For femtosecond pulses the defocusing mechanism

is multi-photon ionization (MPI) [9, 10, 11]. Hence the peak power is a key driver for all

these mechanisms to take place. If the peak power exceed this power of self-focusing it

results in the catastrophic beam collapse in space and time ([12]
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Figure 2.2: (a) As the beam propagates in nonlinear medium a balance is formed between
slef-focusing (kerr-effect) and plasma defocusing resulting in the formation of filament. (b)
Filament can propagate further forming a plasma channel([13]

Where we can represent collapse distance dependence on focus spot size and Pcritical

which in case of pulsed lasers will be peak power.

zSF =
π d2

λ(
√

Pp

PSF
− 1− θ)

(2.34)

The expression Pp is peak power of the beam, d is fours spot and θ is beam divergence

angle. Spectral broadening in solids are limited by the spatial losses as the beam profile

distortion occur at Psf < Ppeak and a balance needs to be find to operate in the region to

get efficient spectral broadening without compromising the spatial features of the beam.
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In the current work, third order nonlinear processes were studied in different experimental

setups mentioned in chapter 3 in detail. Efficient spectral broadening supporting sub

10 femtosecond pulse duration was experimentally generated, white light supercontinuum

generation in bulk as well as broadening in thin medium. Filamentation was observed by

focusing the ultrashort pulses in gas. The SPM in normal regime was studied in gas-filled

hollow core fiber and also solitonic pulse propagation due to anomalous dispersion regime

was discussed in gas-filled photonic crystal fiber. ([14])

2.3 Optical Solitons

In previous sections, we briefly discussed the nonlinear effects of self phase modulation in

solids and gaseous medium separately. The pulse propagation in wave guides on the other

hand relies on interaction of both dispersion and nonlinearaity ([15]). By filling gas in the

core of the capillary the dispersion as well as non linearity can be further tuned. Dispersion

is one of the important parameter for the propagation of ultra short pulses in hollow core

wave guides. The propagation constant for a gas-filled hollow core fiber for a given fiber

mode LPmn is given as

βm,n(ω, p, T ) =
ω

c

√
(n2

gas(ω, p, T )− (sm,n c/dω)2 (2.35)

In the above equation ngas represents the refractive index of the filled gas, d is the

diameter of the core of fiber, sm,n is nth zero of the equation Jm(sm.n) = 0, whereas T and

p represent the temperature and pressure respectively. The dispersion parameter can be

found by further expanding this propagation constant β(ω) around the pump frequency ωo

of the pulse as

β (ω) = βo + β1 (ω − ωo) +
β2

2 (ω − ωo)2
+

β3
6 (ω − ωo)3

+ .... (2.36)

In the above expression the β1 = 1/vg, β2 is GVD (group velocity dispersion) and β3 repre-

sents the third order dispersion term ([15]). When the term β2 is positive, the group velocity
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dispersion will be in normal dispersion regime. The negative value of β2 mean anomalous

dispersion resulting in formation of solitons. The zero value of β2 at a certain wavelength,

represents the zero dispersion wavelength point. The zero dispersion wavelength for the

hollow core capillary fibers are usually around 1.3 um so the spectral broadening will be

governed by normal dispersion when the pump pulse wavelength will be below 1.3 um.

Whereas the photonic crystal fibers can be tuned to shift the zero dispersion wavelength

by using smaller core diameter and changing the pressure and species of filled gas. The

typical kagome fiber used in our experiment can be tuned to shift the ZDW well below

pump wavelength. In this way, it is possible to form solitons and get the self compressed

pulse at the fiber output. In case of anomalous dispersion, the nonlinear effect of self

phase modulation is compensated by the anomalous group velocity dispersion resulting in

formation of optical solitons ([16]). The solitons can propagate for longer distance without

any distortion. The soliton dnamics can be analyzed by solving the nonlinear Schrodinger

equation (NLSE).

i
∂A

∂z
+ i α

A

2
− β2

2

∂2A

∂T 2
+ γ |A|2A = 0 (2.37)

By considering a loss less propagation in fiber, the above equation will be on the form

i
∂A

∂z
− β2

2

∂2A

∂T 2
+ γ |A|2A = 0 (2.38)

Where the term γ represents the SPM nonlinear parameter, β2 represents the group

velocity dispersion and A represents the amplitude of field envelope. The above equation

is simple form of NLSE and its solution can be found by using inverse scattering method

([17]). The normalization of the above equation yields three dimensionless variables

U =
A√
Po

, ξ =
z

LD

, τ =
T

TO
(2.39)

The equation (2.38) will take the following form
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i
∂U

∂ξ
− β2

2

∂2U

∂τ 2
+ N2 |U |2 U = 0 (2.40)

The width of incident pulse is To, LD is dispersion length, Po is the peak power and N

is the soliton order which represents the ratio of strength of nonlinearity and dispersion as

N2 =
LD

LNL

=
γ Po T

2
o

|β2|
(2.41)

The pre-condition for a fundamental soliton propagation is full filled when the nonlinear

phase components form self phase modulation and group velocity dispersion are exactly

equal and cancel out. Then LD = LNL and soliton order will be N = 1 and assuming a

lossless ideal fiber the propagation of solitons will be un distorted over long distances. The

fundamental soliton solution from above relation is given as

U(ξ, τ) = sech (t ) exp ( i γ
PO

2
) (2.42)

The phase shift is dependent on input peak power and nonlinearity factor for the

fundamental soliton (N = 1). For initial condition when β2 < 0 and PO = |β2|2/γT 2
o the

contribution from nonlinear phase components for both SPM and GVD cancel out and

spectrum and temporal pulse phase propagate without any change.

The propagation dynamics for different soliton order is shown in the figure . At lower

input peak power the condition for fundamental soliton is not reached (N < 1) and the

propagation accumulates only linear dispersion. Whereas for higher-order solitons (N > 1),

they show a periodic evolution due to the interplay between anomalous group velocity dis-

persion (GVD) and self phase modulation (SPM). The periodicity of higher-order solitons

is represented by zo = π/2LD. During the propagation of higher-order solitons, the SPM

induced frequency chirp broaden the spectrum on leading and trailing edge of input spec-

trum, this spectral broadening is contracted by the anomalous group velocity dispersion

towards the center of the pulse. The newly generated frequency components through SPM

at pulse front have lower vg and at back of the pulse a higher vg than the center portion
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of the pulse. This shifts both leading and trailing edge towards center of the pulse re-

sulting in ultra short pulses due to temporal self compression. An interesting feature of

higher order solitons is that they create a feedback loop as self compressed pulse increases

the intensity which enhances the non linearity while propagating and so on. The soliton

dynamics theory predicts that for sech pulses the interaction of SPM and GVD results in

periodic contraction and expansion of the propagating pulse.([15]).

It is important to note that the contraction takes place in the center of pulse, so as the

self compression factor increase with the higher soliton order, the quality of compression

degrades due to uncompressed pedestals. This will reduce the energy contained in the main

pulse limiting the higher order soliton order below 10. According to numerical simulation

study ([18]) the self-compression factor Fc ≈ 4.6N represents the point of maximum self

compression. This is the ratio of initial pulse duration τFWHM(0) and τFWHM(LSC) and the

self compression quality factor QSC is the measure of energy contained in self-compressed

center of pulse to the uncompressed pedestals ([18, 19]). So by employing the appropriate

scaling laws for higher-order soliton a balance between self-compression factor and self-

compression quality factor can be engineered for given input parameter for maximum self

compression. The higher order soliton self-compression can directly generate ultra short

pulses in single-cycle regime by favorable initial conditions.
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Figure 2.3: Simulated Soliton pulse propagation dynamics of sech2 input pulses centered
at 1030 nm. The fiber core diameter of 55 µm filled with Krypton at 10 bar static pressure
and pulse duration of 25 fs. The spectral evolution:left and temporal evolution:right is
shown.(Row 1) Linear propagation for N < 1 (input pulse energy 0.1 n J). (Row 2) N = 1,
the fundamental soliton propagation (input pulse energy 11 nJ).
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Figure 2.4: (Row 1) N = 2 (higher-order soliton propagation) (inpur pulse energy 42 nJ)
(Row 2) N = 3, higher-order soliton propagation (input pulse energy 95 nJ). Only kerr-
nonlinearity and β2 are considered ignoring shock wave factor γ.(Coursty:Felix Kottig)



Chapter 3

Spectral Broadening of High Power

Femtosecond Laser Pulses

Generation of single cycle high power laser pulses requires a broadband spectrum with a

range of frequencies. To obtain this supercontinuum broadband spectrum different methods

were implemented and discussed in this chapter. These include spectral broadening in bulk,

gas, HCF and single ring-PCF. A complete experimental study was performed on all of

above methods for input pulses of sub − 20 fs. The goal of this chapter is to discuss the

suitable methods for the generation of broadband spectrum with high throughput efficiency

from a KLM thin disk Yb:YAG based oscillator. Some bottlenecks and challenges during

implementation of each of these methods and how to reach this single cycle regime while

maintaining the beam quality and high output power will be discussed.

3.1 Yb:YAG Thin Disk Laser

The laser used for the following experiments was based on two stages, Kerr-lens mode-

locked Yb:YAG thin-disk oscillator and two multi-pass Herriot-type cells ([20]). Invent

of Kerr-lens mode-locked thin disk oscillators opened the new era of ultrashort laser

spectroscopy([21]) as they are capable of delivering pulses with hundred of femtosecond
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pulse duration, tens of microjoule of energy, and at MHz repetition rate. These high

peak powers of tens of MW enables them to surpass the performance of Ti:Sapphire laser

technology. The major restriction with Ti:sapphire oscillators was the accumulation of

thermal-lensing in the gain medium. For spectroscopic applications, higher repetition rates

achievable with Kerr lens mode-locked thin disk oscillators reduce the sample measurement

duration. Whereas for HHG and attosecond pulse generation, signal to noise ratio can be

improved significantly due to higher repetition rates. The high average power can be uti-

lized for a wide range of nonlinear processes to reach single-cycle regime making them an

ideal candidates for laser spectroscopy, nonlinear optics and a next generation driver for

attosecond physics.

The typical thin disk geometry in figure 3.1 was first introduced in 1994. The thin

disk is mounted on a diamond substrate which is attached to the heat sink, hence avoiding

the heat accumulation in the gain medium. This efficient heat extraction and negligible

quantum defects of Yb:YAG realize the high power femtosecond laser oscillators.

The kerr-lens mode-locked thin disk Yb:YAG oscillator used in the experiments delivers

pulses with 100 W average power, 260 fs pulse duration, 6µJ of energy, 16 MHz rep rate,

and at 1030 nm. ([22]). The pulses from the oscillator were then compressed down to

18 fs through nonlinear pulse compression in two multi-pass Herriot type cells. A typical

scheme of multi-pass Herriot cell is shown in figure 3.1 (b). After nonlinear compression in

two stages of Herriot cells, one with 38 passes and other with 6 passes, the output pulses

with an average power of 55 W, 16 MHz, 3 µJ and FL of 18 fs were directly used for the

experiments discussed in chapter 3.

The limited gain bandwidth of laser medium, catastrophic self-focusing and laser in-

duced damage of nonlinear medium are some challenges for the system described above.

Another challenge is the optical coatings and dimensions of the multipass herriot cells

which make it challenging to reach the sub 10 fs regime while maintaing a good beam

profile.

These limitations pose a challenge to reduce the pulse duration down to single-cycle

regime while maintaining the high average power. To address these challenges and reaching
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the single cycle regime external spectral broadening is highly desirable.

 Multipass Herriott-type Imaging Cells

100 W, 16 MHz, 6uJ,  260 fs

60 W, 16 MHz, 3uJ,  18 fs

(b)

(a)

Figure 3.1: (a) Schematic of thin-disk design, thin disk of 100-200µm Y b : Y AGis mounted
on a diamond substrate which has efficient heat conduction properties and the one way
heat flow is dumped in the coolant assembly. The front surface of the disk is coated with
anti-reflecting coating and the bottom surface is coated with high-reflectivity. The pump
laser beam is directed to the gain medium a number of times by using specially designed
mirrors([23]). (b) The typical multi-pass herriot cell geometry, the beam is mode matched
by a concave mirror and sent to the herriot cell by a plane mirror where the beam is
passed through the non-linear medium undergoing non linear phase modulation followed
by compression with the help of specially desiged chirped mirrors ([20]).

3.2 Broadening in Bulk Medium

To extend the bandwidth of the oscillator making it useful for a wide range of applications,

spectral broadening in bulk offers advantages in terms of its low-cost, robustness and sim-

plicity over other broadening techniques ([24]). We will present two experiments performed
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in bulk in following sections, (i) white light generation in sapphire (ii) broadening in thin

plates.

3.2.1 White Light Generation

The aim of the experiment was to generate a broadband supercontinuum with reproducibil-

ity and pulse-to-pulse stability. To generate white light supercontinuum the Yb:YAG

based thin disk Kerr-lens mode-locked laser system. The pulses from oscillator (265 fs)

were broadened in two stage multi-pass herriot-type cell and compressed with specially

designed chirped mirror down to 18 fs. The average output power of 55 W, repetition rate

of 16 MHz with spectrum centered around 1030 nm and output pulse duration of 18 fs was

obtained. The output beam was focused on a sapphire crystal with thickness of 5 mm by

employing 100 mm focusing lens (Edmund Optics NIR-II that is suitable for high average

powers). Different focusing lenses (50, 75, 100, 150 mm) were used to get the tight focus-

ing. The crystal thickness (2, 3, 5 mm) were tested to get the broadest possible spectrum.

Sapphire crystal was used for this purpose, as it offers a higher nonlinear refractive index

with higher damage threshold. The white light continuum emerging from the sapphire

was collimated by 50 mm convex lens. The average output power of the white light was

measured after high-reflective mirror to filter out the spectral components of the funda-

mental pulse. The white light spectrum was then sent to the spectrometer to measure the

output spectrum. Two different spectrometers VIS (Ocean Optics 4000) and NIR (NIR

Quest) were used to measure visible and NIR spectrum, respectively. To avoid saturation

the spectrum was obtained after 1030nm mirror which act as a filter. The average power

in the white light was around 3.68 W in the spectral range of 580-850 nm and efficiency

of the process was around 7.4 % with input pulse average power of around 55 W. The

peak intensity on the crystal was approximately 2.3 TW/cm2. Figure 3.2 (b) shows the

supercontinuum spectrum spanning from 580 nm to 1600 nm corresponding to 1.5 octaves

(colored green). The shaded region represents the filter range and in the background are

the oscillator spectrum (in red) and spectrum of the transform limited pulses coming out
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of the Herriot cell (in blue).
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Figure 3.2: Schematic of experimental setup for white light generation, (a) High power
265 fs Pulses from the KLM Thin disk Yb:YAG sscillator were compressed to 18 fs by
using two cascaded multipass-heriot cells. These pulses were used to generate broadband
supercontinuum (580-1600nm) in Sapphire. (b) The 1.5 octave spectrum (green) with
fundamental spectrum (red) and initial broadening spectrum of HC (blue).

3.2.2 Broadening in Thin Plates

To study the spectral broadening another novel technique was tested by using thin plates

setup. The transform limited 18 fs pulses from the source were focused on thin fused

silica plates with the help of convex mirror (ROC 250 mm). The peak intensity at the

focus was calculated to be approximately 1 TW/cm2. The dielecric damage threshold was

0.18J/cm2 far below the 1J/cm2 values (fused silica) for femtosecond pulses. Different

materials were used during the experiment including YAG, sapphire and fused silica with

fused silica showed highest broadening. The convex focusing mirror were employed to rule
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out the extra GDD added to pulses before the plates. The plates of different thickness

were used from 0.6 to 3 mm and the best results were obtained with the thickness of 1

mm. For the thickness below 1 mm no nonlinear process was observed and the plates

got damaged when moving near the focus. This was due to Pcrit exceeding the damage

threshold of the medium. Whereas at thickness greater than 1 mm the filamentation was

dominant process. The beam profile was also degraded due to dominance of filamentation

over SPM within the medium. The plates were mounted at brewster angle to avoid the

reflection losses. The plates were placed after the focus on a moving stage and slowly

moved towards the focus till the maximum spectral broadening was achieved. The other

challenge was to keep the process purely SPM by avoiding the white light generation and

filamentation as it results in unstable spectrum. Both plates were adjusted in such a way to

get maximum broadening. The entrance distance and focal point of the beam was different

for both plates. As the plates were moved towards the beam focus the material damage

occurred. The beam was focused on the plates with different input energies and at 3.5,

maximum broadening was achieved. Figure 3.3 (a) shows the schematic of the thin plates

broadening setup, the output beam was characterized by spectrometer Ocean Optics HR

4000. Figure 3.3 (b) shows the broadening for the different input energies varying from

2.5 µJ to 3.5 µJ . It is evident that at higher input energies the broadening was more

pronounced, owing to dependence of nonlinear refractive index on the peak intensity of the

input beam. The limitations of the process were the degradation of the beam profile and

less efficient broadening. However the optical-to-optical efficiency was around 98 %.
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Figure 3.3: (a) The schematic of experimental setup for the thin plates, the transform-
limited pulses were sent to the Fused silica thin plates of 1 mm each placed behind focus
on a movable stage. The output spectrum 3 (b) recorded by spectrometer for different
input energies.
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3.3 Broadening in Gas

The process of broadening in gas is dominated by filamentation when a femtosecond pulse

with high peak intensity is tightly focused into a gaseous medium. The process of genera-

tion of supercontinum through filamentation in gas is extensively studied ([25, 26]). In our

experiment we focused laser pulses with 55 W of average power and 18 femtosecond pulse

duration to the gas cell filled with Argon gas. The pressure was kept 5 bar during the

experiment. The convex lens NIR-II type (50 mm) was placed to tightly focus the beam

to um spot size, peak intensity was calculated to be 3.66 TW/cm2. In our experiment

we tested different gas species and also by varying the pressure. This helped optimizing

the process in terms of broadening, transmission efficiency and output beam profile. We

were able to generate the supercontinuum by using argon gas at 5 bars of pressure. The

filament was visible from the top viewing window of the gas cell and the bright reddish

light was seen on the output as well. However the transmission was quite low and only 2

W of power was detected at the output window. The efficiency was low due to the losses

in the gas and also beam clipping from the limited size of the output window. The output

beam was highly divergent and was collimated at the exit window of the cell by using

100 mm convex lens. Figure 3.4 (a) shows the experimental setup of the supercontinuum

generation in gas cell. The collimated beam was then sent to the spectrometer to measure

the output spectrum of the supercontinuum. Figure 3.4 (b) shows the spectrum of the

supercontinuum which spans to UV region. The central wavelength of the input beam was

1030 nm, the spectrum was recorded with the HR4000 spectrometer Ocean Optics, HR

4000. The shaded region shows the filter applied before the spectrometer to filter out the

fundamental part and to avoid saturation. The supercontinuum spans from 280 nm to 1325

nm. The spectrum shows more broadening towards the blue side of the spectrum which is

due to the dominant process of ionization. The nonlinear SPM extends the spectrum on

both sides of fundamental frequency due to temporal variation of laser intensity. Whereas

the ionization effect shifts (filamentation) the spectrum more towards the blue side. This

is evident in the figure 3.4(b), the broadening in our case is more pronounced in the blue
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side of the spectrum.
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Figure 3.4: (a) The schematic of the setup for broadening in the gas medium. Static
pressure of 5 bar of Argon gas was used to generate the supercontinuum spectra in a
pressurized gas cell. (b) shows the output supercontinuum spectrum spanning from 280-
1320 nm, the shaded region represents the filter used before the output pulses in front of
spectrometer.
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3.4 Spectral Broadening in gas-filled Hollow Core Fiber

Gas filled hollow core fibers offer a good alternate to solid core fibers as nonlinearity and

dispersion can be tuned by varying the properties of the gaseous medium inside the hollow

core of fiber. Spectral broadening in hollow core waveguides is extensively employed to

generate seed pulses for parametric amplifiers and to generate ultrashort pulses for HHG

in attosecond pulse generation ([27]. For the current experiment, transform-limited pulses

from the laser source were directed to a gas-filled HCF by using a focusing lens L1= 100

mm (NIR-II type). The pulse energy was 3.5 uJ, pulse duration 18 fs and repetition rate

(16 MHz) was focused down to 78 µm in a hollow core fiber having inner core diameter

of 100 µm (LEONI Fiber Optics GmbH). The focus spot size was kept comparable to the

inner core diameter of the HCF for a single mode propagation of the beam. The input

beam size is sensitive to the internal diameter ID of the fiber. The length of the fiber used

was 30 cm filled with Xenon at static pressure of 3 bar. Before the experiment the air was

evacuated from the gas cell by using vacuum pump. The gas was slowly filled inside the

cell, the gas was supplied with slower step to avoid the fiber misalignment from the groove.

The HCF was fitted on a fixed v-groove, which was then placed inside the gas cell; the

cell was sealed with two CaF2 windows with thickness of 2 mm, one viewing window and

a gas inlet. The gas cell was mounted on two 3D stages (Newport Corporation) with three

degrees of adjustment. A sound mechanical setup is fundamental for a perfect alignment

and efficient emission of mode. Output pulses from HCF were characterized by ocean

optics HR 4000 and NIR spectrometers, the spectral response of both spectrographs were

corrected by measuring a calibrated halogen light source (HL-2000).

The precise in coupling of beam is essential for low loss single mode (EH 11) propa-

gation acting as a spatial filter for higher order distortions. There are other important

parameter which can be tuned such a gas pressure, inner diameter of capillary, length of

fiber and gaseous medium. A good match between all these parameters were studied to

achieve efficient broadening with maximum throughput. A compromise has to establish

between inner diameters of fiber, as smaller core diameter leads to higher broadening while
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compromising the output efficiency. Similarly for gas, the selection of gaseous medium and

pressure is important because it effect nonlinearity as well as beam self-focusing, i.e. at

higher gas pressures self-focusing is strong leading to shift in focus position. The trans-

mission efficiency of 22 %in a single mode propagation was achieved. The energy was also

deposited in the cell as the front of gas cell was heated after one hour of operation due to

beam pointing problem.
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Figure 3.5: (a)Show the schematic of the spectral broadening in gas-filled HCF. The HCF
fiber filled with Xe gas at a static pressure of 3 bar, fixed on a v-groove inside a gas cell.
The shape of the HCF is shown in the inset which has an ID of 100 µm and outer diameter
of 1600 µm, output beam was collected by spectrometer after the broadband HR mirror.
(b) Show the output spectrum of HCF spanning from 780-1300 nm. (c) shows the electric
field of the output pulses in blue and envelope in black (d) typical HCF (capillary loss)
calculated at input pump wavelength 1030 nm ([28]).
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3.5 Broadening in gas-filled Single-Ring Photonic Crys-

tal Kagome Fiber

Although gas-filled hollow core capillaries do offer attractive nonlinear features as their

non-linearity and GVD can be tuning by using different gas pressures, but they offer some

limitations as well. The HC capillaries offer a weakly anomalous or normal group velocity

dispersion and hence it hampers the exploitation of ultrafast nonlinear pulse dynamics.

The transmission of hollow core capillaries is not efficient as well at smaller core sizes, the

transmission increases by using larger core size fiber but it results in multimode emission

and single mode propagation is not possible. On the other hand, smaller the core size larger

the nonlinearity, so a suitable balance must be find for efficient propagation of single mode

through the fiber to achieve maximum broadening while maintaining the output efficiency.

Whereas hollow core photonic crystal fiber (kagome fibers) overcome the above limitations,

by providing efficient transmission, low loss propagation, tunable group velocity dispersion

as well as high damage threshold for high average power propagation. They also allow to

tune the zero dispersion wavelength across entire wavelength region by simply altering the

gas pressures, making them an ideal candidates for broad range of applications.([29, 30, 31]

3.5.1 Beam Pointing Stabilization

Although the beam pointing of the oscillator is usually more stable, but the two broadening

stages of herriot-type multipass cells introduce some beam pointing instabilities. The

SPM and beam self-focusing in the two herriot-cells introduce significant beam pointing

fluctuations. Major factors responsible for the beam pointing are air fluctuations, thermal

effect and longer beam path added by multi-passes of the beam. Another source of angular

fluctuations was the telescope we used to increase the beam size, further accumulating the

amount of angular fluctuations. The beam pointing before the active stabilization system

was around RMS value of 100 µm operating at full power. This value is not desirable for

the fiber alignment having an internal diameter 55 µm at higher power as it compromises
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the stability of throughput and damage the fiber front face degrading the transmission over

time.

For output stability and finer alignment of beam into small core diameter fiber sys-

tems it is crucial to have the active beam stabilization system. To overcome this issue, a

commercial active beam stabilization system (MRC Systems GmbH) was setup before the

fiber. The system consist of two PSH mirror actuators and two quadrant 4QD detector

and a controller whose output was channeled with the help of an oscilloscope. The beam

stabilization schematic is shown in the Figure 3.6.
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Figure 3.6: Laser beam pointing stabilization system (MRC System GmbH), PSH detectors
are placed near the fiber input to overcome both positional and angular deviations.

The 4-QD detectors are responsible for correct positioning of the laser beam by getting

a small transmittance from one of the mirrors in the setup, i.e. leakage of chirped mirror

in our case. The closed loop controller regulates the deviation of the laser beam from

target position i.e. fiber entrance in real time. In case of fluctuation, the signal from the

detectors is sent to the fast PSH actuators through active closed-loop. To compensate
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the deviation of laser beam, piezo actuated steering mirrors move accordingly to keep the

desired position of the laser beam. In our case, we used a 4-axes system i.e. a combination of

two steering mirrors and two quadrant detectors. First set of actuator1/detector1 controls

the position of beam on actuator2, while second set of actuator2/detector2 maintain the

accurate direction of beam.

For in coupling into fiber core diameter of 55 µm the MRC system maintains the

beam at optimal position and direction, ensuring stability at the output of fiber. A stable

configuration was used by placing the detectors closed to the fiber entrance position. The

position and direction was measured at the same point before the fiber entrance. A lens

was placed in front of detector 2 to discriminate for the angle (Figure 3.6). The controlled

beam pointing was achieved with the help of MRC beam stabilization setup as shown

in Figure 3.7. The positioning accuracy and higher resolution of the system depends on

optical distance between detectors and steering mirror (large distance-low fluctuations),

beam diameter, intensity on the detectors, repetition rate and pulse duration. However,

the system is quite simple to install and can be tuned to desire bandwidths using the

potentiometers separately for both stages, hence achieving more stability by increasing the

P factor of both control stages.
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Figure 3.7: Shows the beam pointing data of laser beam (a) without active beam stabi-
lization system (b) with active beam stabilization, the fluctuation dropped to RMS value
of 0.98 µm.



3.5 Broadening in gas-filled Single-Ring Photonic Crystal Kagome Fiber 35

3.5.2 Experiment and Results

In out experiment we studied the broadening in single-ring gas-filled photonic crystal fiber

and explained the ultrafast nonlinear pulse dynamics by numerical simulations. Figure

3.8 shows the schematic of the experimental setup for broadening in single ring photonic

crystal fiber. The transform limited 18 fs pulses with 55 W average power were coupled to

the PCF fiber having core diameter of 55 µm by using 100 mm achromatic lens. The small

inner diameter was challenging to align due to beam pointing issue with the input beam,

so a beam stabilization system was installed before the setup. Two additional chirped

mirrors were used to add sufficient negative dispersion equal to in coupling optics before

the fiber input, i.e. positive GDD added by achromatic lens, input window of gas cell and

the air path which also introduce small amount of GDD. The PCF kagome fiber was fixed

inside the compact gas cell, consist of two isolated chambers for fiber input and output

facets filled with 10 bar of Krypton. The fiber shown in the inset consist of seven small

rings around the core (55 µm) with capillary wall thickness 240 nm. Input window of

the gas cell was 3 mm FS (coated) whereas the at the output 1.5 mm MgF2 (uncoated)

window was used. The length of PCF fiber used in the experiment was 15 cm, which

was housed in a protective fixed capillary inside the gas cell to insure stability during the

beam coupling. The transmission efficiency measured to be 86 % after the output window

and can be further improved by better alignment of the in coupling optics. Output pulses

were collimated using off-axis Al-enhanced parabolic mirror (Newport) with focal length

201 mm and sent to two spectrometers Ocean optics (HR 4000 and NIR) to measure the

broadening. The output beam profile is shown in the inset. Figure 3.9 shows the output

broadened spectrum, which spans from 750-1270 nm (bandwidth of 230 nm) support a

Fourier transform pulse duration of 7 fs. The numerical simulations (figure 3.10, 3.11)

suggest the ZDW for the pcf fiber was below the pump wavelenght of 1030 nm which

suggest that the pumping was in anomalous dispersion regime. By pressure tunning of

fiber, the ZDW can be shifted far away from the pump and a self compressed solitonic

propagation can be acheived getting 2.4 fs pulses at the fiber output. However, considering
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the dispersion added by output window of gas cell and the air path, we need to further

recompress the output pulses to achieve transform limited pulse duration of 4.5 fs at the

output.

To Gas Supply

Single-Ring gas �lled 
         Hollow Core 
Photonic Crystal Fiber

Yb-Yag KLM Thin Disk Laser
1030 nm, 3.4 uJ, 16 MHz, 
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Figure 3.8: Pulse broadening scheme based on gas filled photonic crystal fiber HC-PCF.
The schematic of experiment with 15 cm long single ring gas filled HC-PCF having core
diameter of 55 um and filled with Krypton at a static pressure of 10 bar. SEM micrograph
of PCF front is shown in inset, nice output beam profile is shown in the inset. Output
pulses were coupled to spectrometers by parabolic mirror

Numerical simulations shown in the Figure 3.11 present the spectral and temporal

evolution of pulses at different input energies of 1 µJ and 3 µJ , during the PCF propagation

at the exit of the fiber, the spectral (left) and temporal evolution (right). The long term

operation of beam pointing stabilization system is prone to the small drifts in thermal

lensing, changing beam divergence which results in shifting the lateral position on the

second detector, hence changing the beam position and direction.
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Figure 3.9: shows the broadened spectrum spans from 750-1270 nm (indigo), the oscillator
spectrum shown (red). (b) shows the field of the output pulses in green and the pulse
envelope is shown in red.
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Figure 3.10: (a) shows the nonlinearity of the PCF fiber at 1030 nm and (b) shows the
dispersion curve for pcf kagome fiber assuming the fiber core diameter 55 µm, filled with
10 bar krypton and a resonance-free capillary dispersion model according to Marcatili &
Schmeltzer ([28])

Figure 3.11: Numerical simulation for the pulse propagation in SR-PCF (a) spectral evo-
lution with 1 uJ input energy (b) temporal evolution and (c) spectral and temporal (d)
evolution at 3 µJ input energy. The fiber diameter was 55µm filled with Kr gas at a static
pressure of 10 bar.
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3.6 Conclusion

In this chapter we discussed different spectral broadening schemes to reach the single cycle

high power regime with MHz repetition rate pulses from Yb:YAG thin disk oscillator. First

we spectraly broadened the femtosecond sub-20 fs pulses by using 5 mm sapphire crystal

and obtained supercontinuum spectrum. The white light contained a remarkable 3.68 W of

energy with transmission efficiency of around 7.4 % and long term stability. The spectrum

spans from 580-1600 nm with a higher bandwidth.

Secondly, we employed the thin plate broadening scheme, using two FS plates, the

output spectrum was broadened in SPM regime avoiding the filamentaion in crystal. The

spectral broadening was not sufficient enough due to relatively lower input pulse energies

and residual spectral chirp on the input pulses, making the broadening process complicated.

Input pulse energy was varied from 2.5 µJ to 3.5 µJ , the spectrum shows broadening on

the blue side only and no significant broadening was observed on other side of pump pulse,

i.e. NIR region. The transmission effieciency was comparable with the input energy around

98 % but the degradation of beam profile was observed which put a limitation.

Another technique based on filamentation in gas medium was discussed. A braodband

spectrum spanning from UV to NIR was obtained by using Ar gas in a pressurized gas cell

at 5 bar static pressure. The spectrum spans from 280- 1325 nm. A filament was clearly

visible from the top viewing window of the gas cell. The throughput was low and most of

the energy was deposited inside the gas cell heating the cell after an hour of operation.

Later we looked at the spectral broadening in gas-filled HCF (capillary fiber) having a

inner core diamter of 100 um. The fiber was filled with 3 bar of Xenon and was fitted in

a gas cell. Single mode propagation was obtained by fine incouplin of the beam by using

100 mm focusing lens. The spot size was comparable to inner core diamter to facilitate the

single mode propagation, while achieving the maximum possible transmission effieciency.

The spectal broadening of 780-1300 nm was acheived with a transmission effiecieny of 22 %

with µJ level input energies. Spectral broadening was purely SPM as the pumping was in

normal dispersion which is usually the case with silica capillaries with ZDW around 1200
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nm. HCF with different inner core diameters were used. Single mode propagation with

larger inner core fiber was not excellent restricting to use smaller core fibers compromising

the transmission effieciency. For larger core the nonlinearity is also less than for small core

fiber resulting in efficient broadening.

In the last section of the chapter, we presented the generation of high power ultrashort

pulses via gas filled SR-PCF. The higher damage threshold of the SR-PCF with wide

tunability and higer transmission effieciency make it an ideal candidate for generation of

single-cycle high power laser pulses. The fiber was filled with Krypton at static pressure of

10 bar. The nonlineraity and dispersion of the PCF was also studied under different input

parameters. A broadband stable spectrum from 750-1270nm was acheived which support

a transform limited pulse duration of 7 fs with the transmission effieciency of 86 %. The

numerical studies were also performed to analyze the propagation of pulses at different

input energies. By varying the pressure and gas species the ZDW can be widely tuned

from UV to NIR regime thus attaining input pump in anomalous dispersion, which can

provide self compresed pulses of 2.4 fs at the output through solitonic propagation. The

generation of these ultrashort high power laser pulses can be emploed for various nonlinear

processes like HHG and attosecond pulse generation. [The simulations were done with help

of Felix Kottig and Kafai]



Chapter 4

Sampling the Electric Field at PHz

Frequency

Single-cycle high power lasers are highly desirable for their critical role in ultrafast time-

domain spectrocospy, higher harmonic generation and attosecond metrology. Some of the

schemes to make this single cycle regime accessable were discussed in previous chapter. The

next challenging task is the efficient detection of these fast oscillating fields with sensitivity.

The characterization of these pulses is crucial for studying, optimization and controlling

the ultrafast phenomenon and for sensitive spectroscopic applications. Major challenge in

characterization of these ultrashort laser pulses is that they are faster than the response

time of conventional electronic instruments. So one has to rely on the optical techniques

to measure their spectral and temporal characteristics.

4.1 Ultrashort Pulse Characterization

The commonly used techniques for the characterization of the few-cycle pulses include

autocorrelation, frequecny resolved optical gating and its different geomatries, like: SHG-

FROG XFROG, PG-FROG and THG-FROG. All of them give the phase and amplitude

information of the femtosecond pulses. ([32]) ([33]) ([34]). The FROG is actually based
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on interferometric autocorrelation principle and exact shape of electric field of the given

pulse can be retreived by corelating the intensity and phase information ([32]). Another

alternative approach is called SPIDER (spectral phase interferometry for electric-field re-

construction ), which is based on the self-referencing interferrometric technique by using

the two replicas of the test pulse. These techniques dont give any information about the

carrier envople phase (CEP) of the pulse.

A full characterization of the few cycle ultrashort pulse requires a sensitive measurement

of the time-varying electric field as well as the pulse envelope and the carrier-envelope phase

(CEP). The direct measurement of the high frequency oscillation associated with ultrashort

pulses has already been achieved by the petahertz optical oscilloscope ([35])and attosecond

streaking. ([36])

Thse techniques require the generation and detection of attosecond extreme ultraviolet

pulses through high harmonic generation. But the realization of these techniques demands

expensive and complex vacuum system, which restrict the flexibility of the above techniques

and make it difficult to integrate efficiently with the experiments.

An alternate approach which can be used for direct measurement of the fast oscillations

of the electric field is electro-optic sampling (EOS). This technique is extensively used in

ultrashort time-domain spectroscopy to directly study the moleculer dynamics ([37]. The

electro-optic sampling is of particular interest as it allows a complete characterization of

fast oscillations in terahertz frequency range.

4.2 Electro-Optic Sampling

The electro-optic sampling is the remarkable technique which exploits the linear electro-

optic effect or Pockels effect to detect the electric field at sub-cycle resolution. The attrac-

tive feature of EOS is its sampling even in ambient air ([38]. For a EOS measurement,

the light electric field is focused into the nonlinear EOS-crystal along with the ultrashort

probe pulse which is shorter than a half cycle of the electric field. This produce a sum

frequency pulse which spectrally and temporally overlap with the residual probe pulse.
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The electric field will induce a quasi-instantaneous birefringence in the EOS-crystal due

to Pockels effect. The probe pulse undergo a polarization rotation due to phase shift. For

effiecient EOS signal the phase matching of the fast oscillating electric field and probe pulse

is crucial. The polarization rotation is then detected in an ellipsometer which consists of

quarter-wave plate (λ/4), Wollaston polarizer and two balanced photodiodes. By taking

the repeated measurements, the electric field of light is measured relative to the delay of

the probe pulses. The EOS signal obtained by the interaction of fast oscillating electric

field and probe pulse depends on the input power of probe pulse.

4.3 Numerical Simulation for EOS Probe

The efficient detection of the sample-transmitted fast oscillating electric field needs a fast

enough gate or probe pulse. The aim of the thesis is to generate this short probe pulse as

discussed in previous chapter. The fast oscillating electric field in our case is 0.35 PHz and

this requires a shorter probe pulses. For detection of the discussed femtosecond pulses in

previous chapter, the short probe pulses for EOS can be generated by SHG. In our case,

BBO-Type I can be used as it is phase matched and transparent in our spectral range.

The efficiency and spectral bandwidth of the generated second harmonic depends on the

thickness of the crystal. The numerical study was performed in Sisyfos software for our

input parameter and different crystal thickness. The aim of the simulation was to find

the optimum thickness which can produce the shortest pulses with high enough output

power. The BBO Type-I crystal was used with different thickness 10, 20, and 50 µm. The

simulations were performed with input pulse durations of 5 fs and 7 fs.

The data for the input pulse duration of 7 fs is shown in figure 4.1 which is the experi-

mentally demonstrated pulse duration. The pulse duration of 5 fs and SHG output power

of 43 mW is achieved with a 10 µm crystal with efficiency of 0.090 %. Higher effieincy

can be achieved by using thicker crystal of 50 µm but that compromises the output pulse

duration. By optimizing the input parameter of setup explained in section (PCF fiber) the

pulse duration of 5 fs is achievable.
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The simulations for the input pulse duration of 5 fs for different crystal thickness was

performed and shown in figure 4.2. The output power of SHG signal for a 10 µm thick

BBO was 44 mW with pulse duration of 3.7 fs which is short enough with high enough

average power for our EOS probe.

The SHG efficiency scales linearly with the thickness of the crystal for both 7 fs and 5

fs input pulses. The ouput pulse from the SHG crystal will be used as probe pulse of EOS

for direct measurement of the electric field at PHz frequencies.
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Figure 4.1: The simulated results for optimization of SHG crystal thickness at input
pulse duration of 7 fs. (a) comparison of output pulse duration of SHG signal vs FTL. (b)
comparison of SHG signal output power vs efficiency.
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Figure 4.2: The simulated results for optimization of SHG crystal thickness at input
pulse duration of 5 fs. (a) comparison of output pulse duration of SHG signal vs FTL. (b)
comparison of SHG signal output power vs efficiency.
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Crystal thickness 10 µm 20 µm 50 µm

Efficiency 0.0931 0.36 1.87
SHG output power 44 mW 172 mW 900 mW

SHG output pulse duration 3.7 fs 4 fs 5 fs
SHG pulse duration (FTL) 3.59 fs 3.73 fs 4.32 fs

Table 4.1: The parameters for different BBO crystal thickness with input pulse duration
of 5 fs.

Crystal thickness 10 µm 20 µm 50 µm

Efficiency 0.0894 0.3517 1.97
SHG output power 42.9 mW 169 mW 947 mW

SHG output pulse duration 5.1 fs 5.2 fs 6 fs
SHG pulse duration (FTL) 4.98 fs 5 fs 5.6 fs

Table 4.2: The parameters for different BBO crystal thickness with input pulse duration
of 7 fs.

4.4 Conclusion

In this chapter, the limitations of the available detection schemes for characterizing ultra-

short laser pulses were discussed. The conventional techniques like FROG and its variants,

SPIDER do not provide the direct measurement of the electric field with high enough sensi-

tivity and carrier envelope phase information. The pulse characterization like streaking and

PHz optical oscilloscope give femtosecond to attosecond resolution but highly sophisticated

vacuum systems are required for these schemes. Later, EOS as an alternative technique was

discussed in detail. EOS offers high enough sensitivity and can be employed in ambient air.

For generating the short probe pulses in this scheme the second harmonic of the sampled

pulse can be used as an EOS probe. The numerical simulations were performed for the

BBO crystal with different thickness with 5 fs and 7 fs input pulse duration. The result

of the simulation provided the parameters for the optimized crstal thickness to generate

shorter probe pulses for EOS with high enough output power. In light of these studies the
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optimized probe pulse will be generated for sampling and direct field measurement.



Chapter 5

Conclusion and Outlook

In this thesis, different spectral broadening schemes to reach the single cycle high power

regime with MHz repetition rate pulses from Yb:YAG thin disk oscillator has been inves-

tigated. First the spectral broadening of sub-20 fs pulses by using 5 mm sapphire crystal

was demostrated by achieving a supercontinumm spectrum. The white light contained

a remarkable 3.68 W of energy with transmission effieciency of around 7.4 % in spectral

range of 580-850 nm.

Secondly, we employed the thin plate broadening scheme, using two FS plates, the

output spectrum was broadened in SPM regime avoiding the filamentaion process in crystal.

The spectrum shows broadening on the blue side only and no significant broadening was

observed in NIR region. The transmission effieciency was comparable with the input energy

around 98 % but the degradation of beam profile was observed which put a limitation.

Another technique based on filamentation in gas medium was discussed. A braodband

spectrum spanning from UV to NIR (from 280- 1325 nm) was obtained by using Ar gas

in a pressurized gas cell at 5 bar static pressure. The throughput was the main limitation

of the process. The spectral broadening in gas-filled HCF (capillary fiber) having a inner

core diamter of 100 µm was filled with 3 bar of Xenon was achieved from 780-1300 nm

in single mode propagation. Transmission effiecieny of 22 % was achieved with µ J level

input energies.
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Further, we successfully generated the high power ultrashort pulses via gas filled SR-

PCF filled with 10 bar of Kr gas. The SR-PCF has a higher damage threshold and is highly

tunable with different input parameters. The nonlinearity and dispersion of the PCF was

also studied under different input parameters by performing the numerical simulations. A

broadband stable spectrum from 750-1270 nm was achieved which support a transform

limited pulse duration of 7 fs with optical-to-optical efficiency of 86 %. By varying the

pressure and gas species the ZDW for PCF can be tuned from UV to NIR regime thus

attaining input pump in anomalous dispersion. This can facilitate the soliton propagation

and self compressed pulses of 2.4 fs at fiber output. The generated ultrashort high power

laser pulses pave the way to study the nonlinear processes like HHG and isolated attosecond

pulses.

Numerical simulations were performed for the BBO crystal with different thickness with

5 fs and 7 fs input pulse duration. The result of the simulation provided the parameters for

the optimized crstal thickness to generate shorter probe pulses for EOS with high enough

output power. In light of these studies the optimized probe pulse will be generated for

sampling and direct field measurement at PHz frequencies.
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