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English abstract

Most modern ultrafast lasers are based on mode-locked fiber or solid-state lasers
and operate around the near infrared part of the electromagnetic spectrum. The
widely spread CPA based Titanium Sapphire lasers can emit pulses centred around
800 nm with durations down to 20 fs. However, for many ultrafast experiments
light at different centre frequencies are required. In order to obtain other centre
frequencies, nonlinear optical processes are employed.

The conventional way of frequency conversion is to use nonlinear crystals, which
generally offers ways of generating ultrashort ranging from the near-infrared to the
near-ultraviolet. At shorter wavelengths this technique is limited due to strong
dispersion of the existing nonlinear crystals. Ultrashort extreme ultraviolet light
can be generated through the process of high harmonic generation. However, a gap
in available ultrashort pulses with centre frequencies exists in the intermediate deep
ultraviolet (λ < 300 nm) and vacuum ultraviolet (λ < 200 nm) regions.

This Master Thesis, which was performed in Sweden at Lund High-Power Laser
Facility, aimed to close the gap with main focus on the deep ultraviolet regions. The
generation of ultrashort deep ultraviolet was studied both experimentally and the-
oretically. A particular focus of the project was to keep the experimental relatively
simple without the use of highly sophisticated vacuum installations, nor compli-
cated pulse re-compressions schemes. To avoid limitations caused by dispersion
only gaseous interaction media was considered.

Different experimental four-wave mixing schemes for nonlinear frequency con-
version of the output from CEP stable 3 mJ, 1 kHz 30 fs Titanium Sapphire laser
was studied. Direct third harmonic generation was experimentally investigated in a
static gas cell, which was designed and realized in this project. The gas cell exper-
iments were supported by numerical simulations of phase-matching conditions for
third harmonic generation. Additionally was third harmonic generation experimen-
tally studied in a pulsed gas jet, as well as in a gas filled hollow capillary.

Finally, was third harmonic frequency light experimentally realized by phase-
matched difference frequency mixing between the fundamental frequency pulses from
the laser, and frequency doubled pulses (generated in a KDP crystal), in a hollow
capillary.

Direct third harmonic generation in the static pressure gas cell provided the
most powerful deep ultraviolet pulses generated within this work. The pulsed gas
jet provided slightly less output power. However, increased reproducibility and
mode quality strongly outweighed the loss of power.

Phase-matched difference frequency generation in a hollow capillary, although
experimentally the most demanding, yielded the most promising results. Deep ul-
traviolet pulses centred around 260 nm with estimated energies exceeding 1 µJ, and
a spectral width of 50 nm was demonstrated at low pressures in the capillary. The
bandwidth principally supports pulse durations down to 2 fs. The scheme also al-
lowed for tunability of the output pulses; by changing the intensity of the funda-
mental field, the centre wavelength of the deep ultraviolet pulse could be tuned
over 10 nm. Finally, at high pressures broadband light with spectral components
covering the entire spectrum from 200 - 1100 nm was demonstrated.
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Danish abstract

De fleste moderne ultrahurtige lasere er baseret p̊a mode-locked fiber eller faststof-
lasere og opererer i den nærinfrarøde del af det elektromagnetiske spektrum. De
vidt udbredte CPA baserede titanium safir lasere kan leve lys pulser med cen-
terbølgelængder omkring 800 nm og varigheder ned til 20 fs. De fleste ultrahurtige
eksperimenter kræver imidlertid lys med andre center bølgelængder. For generere
lys pulser med andre centerbølgelængder anvendes ikke-lineære optiske processorer.

Den konventionelle måde at foretage frekvenskonvertering er ved at bruge ikke-
lineære krystaller. Denne metode kan generelt anvendes til at generere ultrakorte
pulser lige fra det nær-infrarøde til nær-ultraviolet del af det elektromagnetiske spek-
trum. For kortere bølgelængder er teknikken med ikke-lineære krystaller begrænset
grundet øget dispersion. Ultrakort ekstrem ultraviolet lys pulser kan genereres via.
processen kaldet høj harmonisk generation. Det er imidlertid ikke muligt at gener-
erer ultrakorte pulse i de mellemliggende bølgelængder fra 100 -300 nm.

I dette speciale, som blev udført i Sverige hos Lunds High-Power Laser Facility,
havde til formål at lukke dette hul med hovedfokus p̊a omr̊adet fra 200 -300 nm. Gen-
eration af ultrakort ultraviolet lys pulse med disse centerbølgelængder blev studeret
b̊ade teoretisk og eksperimentelt. Et særligt fokus i projektet gik p̊a at holde den
eksperimentelle opstilling relativt simpel uden brug af meget avancerede vakuum
installationer, eller komplicerede puls re-komprimerings foranstaltninger. For at
undg̊a begrænsninger for̊arsaget af dispersion, blev udelukkende gaser betragtet
som medium for den ikke-lineære vekselvirkning.

Der blev undersøgt flere ikke-lineære frekvenskonvertering metoder til at generer
dybt ultraviolet lys udaf 800 nm, 3 mJ og 30 fs pulseret lys leveret af en CEP stabil
titanium safir laser med en repetitionsfrekvens p̊a 1 kHz. Direkte tredje harmonisk
generation blev eksperimentelt undersøgt i en gas celle med et statisk tryk. Cellen
blev b̊ade designet og bygget til dette projekt. Gas celle forsøgene blev støttet af
numeriske simuleringer af fase-matchnings betingelserne for tredje harmonisk gener-
ation. Derudover blev tredje harmonisk generation eksperimentelt undersøgt i b̊ade
en pulseret gas jet, og i et gasfyldt hult kapillarrør. Endelig blev lys med tre gange
den fundamental frekvens skabt ved hjælp af faseafstemt forskel frekvens blanding
af lys med den fundamentale frekvens og den anden ordens harmoniske frekvens
i et kapillarrør. Det anden ordens harmoniske felt blev genereret i en ikke-lineær
krystal.

Direkte tredje harmonisk generation af lys i en gas celle med et statiske tryk,
forsagede de mest kraftfulde ultraviolette pulser, som blev mlt i forbindelse med
dette speciale. Den pulserende gas jet var i stand til at levere pulser med næsten
samme styrke, men var s̊a til gengæld i stand til at vedligeholde produktionen over
længere tid.

Den faseafstemte forskel frekvens generation i det hule kapillærrør, som var den
mest eksperimentelt krævende opstilling, gav imidlertid de mest lovende resultater.
Ved lavt gas tryk i det kapillærrør var det muligt at skabe 1µJ ultraviolette pulser
med en centerbølgelængde p̊a 260 nm og en spektral b̊andbredde p̊a 50 nm. S̊a
spektralt bredt lys er teoretisk set i stand til at understøtte ultrakorte pulser med
varigheder ned til 2 fs. Derudover var det muligt at justere centerbølgelængden
p̊a det genererede UV lys med op til 10 nm blot ved at ændre intensiteten p̊a det
fundamentale felt. Endeligt var det muligt ved højt tryk i røret at producerer
bredb̊andslys, der dækkede hele spektret fra 200 - 1100 nm.
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Abbreviations

AOPDF Acousto Optic Programmable Dispersive Filter

BBO Beta Barium Borate

CEP Carrier Envelope Phase

CaF2 Calcium Fluoride

CPA Chirped Pulse Amplification

CW Continuous Wave

DFG Difference Frequency Generation

FWHM Full Width Half Maximum

GVD Group Velocity Dispersion

HeNE Helium Neon

IR Infra-Red

KDP Potassium Dihydrogen Phosphate

KD∗P Potassium Dideuterium Phosphate

LMS Least Mean Square

PEEM Photoemission Electron Microscopy

PPLN Periodically Poled Lithium Niobate

SFG Sum Frequency Generation

SHG Second Harmonic Generation

SiO2 Silica

SPM Self Phase Modulation

TEM Transverse Electro Magnetic

THG Third Harmonic Generation

Ti:Al2O3 Titanium Doped Sapphire

UV Ultraviolet

VUV Vacuum Ultraviolet

XUV Extreme Ultraviolet
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Chapter 1

Introduction

For large parts of the history of optics, it was believed that the optical properties of
materials were independent of the intensity of light. This is not the case; an intense
light field fundamentally alters the optical response of materials. Nonlinear optics
is the study of phenomena, which occur when the light is intense enough for this
to happen. The phenomena are nonlinear in the sense that they occur when the
optical response of the material stops acting linearly with respect to the strength of
the applied optical field.

The first nonlinear optical process was demonstrated by Franken et al. merely
one year after the invention of the first laser by Theodore Maiman in 1960[1, 2].
Franken observed how red light delivered by a ruby laser focused into a quartz
crystal was converted into blue light. The socalled second harmonic generation
(SHG) occurred because the early lasers were naturally pulsed with durations around
1 ms, so when focused, the beam was intense enough for nonlinear interactions to
take place. Q-switching and mode-locking techniques soon followed and allowed for
ways of controlling the pulsed operations of lasers, which marked the real start of
nonlinear optics.

The shortest possible duration of an electromagnetic pulse is inversely propor-
tional to its spectral bandwidth. So, while the early lasers were optimized for
monochromaticity for precise spectroscopy studies in the frequency domain, an im-
portant branch in nowadays laser research focuses on the development of ultra-
broadband laser radiation. By locking the various spectral component of broad-
band light in phase it is possible to generate optical pulses with durations in the
attosecond (10−18 s) to femtosecond (10−15 s) range[3]. Such short pulses have al-
lowed for spectroscopy to move to the temporal domain, with a temporal resolution
comparable to the oscillation period of an electron orbiting an atom.

Lasers which are capable of delivering pulses with sub-picosecond durations are
usually called ultrafast, while the pulses from such systems are called ultrashort.
The majority of such lasers is either based on mode-locked fiber or solid state lasers,
and operates in the infrared (IR) to near-infrared region of the electromagnetic
spectrum. The most wide-spread system is probably the chirped pulse amplification
based Ti:Sapphire laser with post-amplification pulse durations down to 20 fs.

For pulses with center frequencies ranging from the near ultraviolet to the near in-
frared, similar durations are usually generated by frequency up- or down-conversion
of light delivered by such a system, through low-order harmonic generation, op-
tical parametric processes, or sum- and difference frequency generation. Extreme
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1.1 The purpose of this Master Thesis

ultraviolet light (XUV) with sub-femtosecond durations are made accessible by the
process of high harmonic generation[4–6]. Currently a gap in available ultrashort
light pulses exists in the intermediate deep ultraviolet (λ < 300 nm, DUV) to vac-
uum ultraviolet (λ < 200 nm, VUV) regions. The aim of this thesis was to try to
close this gap, with main focus on the DUV part.

Ultrashort DUV light will find applications in various pump-probe1 temporal
studies. In particular, either as a pump or a probe in time-resolved photoemis-
sion electron microscopy[7], a pump in ultrafast charge migration studies of large
molecules[8], or as a pump in the investigation of movement of excited bound state
electrons[9].

The presented work was mainly inspired by the generation of 2.8 fs (FWHM)
third harmonic pulses from 4 fs long 750 nm light pulses presented in [10], and the
generation of broadband frequency combs in the DUV and the VUV through cas-
caded third-order nonlinearities presented in [11].

1.1 The purpose of this Master Thesis

The normal way of generating ultrashort pulses in the near- to vacuum ultraviolet
regimes by subsequent upconversion of the light in a number of crystals[12, 13] is
limited by the effects of dispersion and absorption. Dispersion spreads the various
frequencies of the pulse in time, so for ultrashort pulses which are also very broad
band this leads to significantly increased pulse duration. In addition, the dispersive
effects in most materials become increasingly strong for shorter wavelengths, so while
the effect is small for second harmonic generation, it is not for further upconversion.
Dispersion can to some extent be compensated for by temporal recompression of the
light pulses. However, since the bandwidth of the nonlinear processes also depends
on dispersion, the spectral bandwidth of the upconverted light is reduced within each
crystal. The reduced bandwidth ultimately leads to longer minimal pulse duration.

The main purpose of this master thesis was therefore to investigate alternative
methods of generating deep ultraviolet radiation from an ultrashort pulsed laser.
By using a broadband short pulse in a weakly dispersive medium, such as a gas,
the generated pulse naturally inherits the characteristics of the generating pulse
without the need for temporal recompression afterwards. Additionally the idea was
to achieve this by using a simple setup without the requirement of a sophisticated
high-vacuum installation. Four different methods for generation of ultraviolet light
were investigated.

(i) Direct third harmonic generation in a static pressure gas cell.

(ii) Direct third harmonic generation in a pulsed gas jet.

(iii) Direct third harmonic generation in a hollow capillary.

(iv) Phase matched low order harmonic generation inside a

hollow capillary by the use of two-color laser fields.

1In a typical pump-probe scheme two light pulses are used; the first pulse (pump) is used
to prepare a system in a given state for investigation, while the second pulse (probe) is used to
investigate this state.
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Introduction

1.2 Outline of the thesis

The report is divided into six chapters. The second chapter provides a formal intro-
duction to nonlinear optics. The most fundamental nonlinear interactions involved
in frequency conversion of light are described, concluded with a quantum mechani-
cal description of the electric susceptibility. The third chapter deals with the aspect
of phase matching. Descriptions of the origins of the various parameters, which can
give rise to a change in the phase-matching condition, are given. In chapter four
a simple model for simulation of third harmonic generation in a static gas cell is
presented followed by a preliminary discussion about what to focus on for the ex-
perimental part. Chapter five presents the experimental setup and results from the
various experiments conducted in this work. The final chapter summarizes the work
presented within this thesis. The various methods of generation of deep ultraviolet
light are evaluated, while the thesis is concluded with an outlook.

3





Chapter 2

Nonlinear optics

The polarization P of a dielectric medium is defined as the dipole moment per unit
volume[14]. When the medium is exposed to an external electric field, the nucleus
and electrons constituting the medium, start to reorganize to the new conditions,
resulting in the creation of microscopic atomic and molecular dipoles. We normally
consider the polarization to be linear with the applied field. However, the discoveries
by Franken and others in the early days of the laser showed that this is in fact not
the case. The nonlinearity in the generation of dipoles can easily be understood
in terms of the simple classical Lorentz model of the atom, where an electron is
connected to the nucleus through a spring[15]. Hookes law states that if the spring-
like electron-atom pair is subjected to a small external force the electron is displaced
from the equilibrium position by a distance, which is proportional to the external
force. However, Hookes law breaks down if the applied force becomes comparable to
the spring force and the displacement stops being linear - we move into the nonlinear
regime. In the simplest example of the hydrogen atom, the Coulomb potential at
Bohr radius is roughly 5 · 1011V/m. Field strength of similar magnitudes is easily
obtained with today’s lasers.

The propagation of light is governed by the wave equation, which is derived from
Maxwell’s Equations. For a nonmagnetic1 medium with nonlinear electric response
in the absence of free currents, the wave equation takes the following form in the
time domain[16]:

∇2E(r, t)− 1

c2

∂2

∂t2
E(r, t) = µ0

∂2

∂t2
P (r, t), (2.1)

where E is the electric field, P the polarization, while c is the speed of light in
vacuum and µ0 the permeability of vacuum.

In the linear regime the polarization is linked to the electric field as: P (t) =
ε0χ

(1)E(t), where ε0 = (µ0c
2)
−1

is the vacuum permittivity and χ(1) is the linear
susceptibility. The refractive index n is related to the susceptibility as: n2 = 1 +
χ(1) = ε

ε0
≡ εr. Finally the wavenumber is given by: k = ω

c

√
εr = ω

c
n.

In the case of nonlinear optics the polarization can be written as a power series

1Throughout this report we assume that the materials are nonmagnetic.
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2.1 The basic nonlinear interactions

of the electric field:

Pi(t) = ε0

(∑
j

χ
(1)
ij Ej(t) +

∑
jk

χ
(2)
ijkEj(t)Ek(t) +

∑
jkl

χ
(3)
ijklEj(t)Ek(t)El(t) + · · ·

)
≡ P

(1)
i (t) + P

(2)
i (t) + P

(3)
i (t) + · · · , (2.2)

where the sums are taken over the spatial coordinates. As apparent from the equa-
tion the different χ(k) are tensors of rank k + 1, for completeness with the linear
case they are usually called the k’th order susceptibility, likewise are the P

(k)
i re-

ferred to as the k’th order polarizations. Although the polarization manifests itself
in the time domain it is most readily solved in the frequency domain by performing
a frequency decomposition of both the electric fields and the polarizations.

2.1 The basic nonlinear interactions

The simplest nonlinear process is the socalled Second Harmonic Generation of light
(SHG). In SHG two photons with the same frequency are converted into a single
photon with twice the frequency ω + ω = 2ω. The process is due to the second
order nonlinear polarization, higher order terms can likewise lead to higher order
harmonic generation. As another example third order generation is due to the third
order polarization and so forth.

Harmonic generation is just a special case of Sum Frequency Generation (SFG)
between degenerate fields. As the name implies SFG is the event where a number
of photons with the same or different frequencies ωi are converted into a single
photon with the sum frequency. As opposed to the sum frequency process we also
have the most general of the simple interactions, namely the Difference Frequency
Generation (DFG). In DFG the resulting photon can have any possible mixture of
frequencies of the input photons, in the simple case of DFG of two photons with
frequencies ω1, ω2 the possible frequencies for the generated photon is: ω3 = ω1−ω2

and ω3 = ω2 − ω1. The final of the simple processes associated with all nonlinear
terms of the polarization is the process known as optical rectification[17] where
photons eliminate through DFG, causing a static electric field across the nonlinear
medium. Optical rectification can be understood from DFG; as the elimination of a
high frequency photon creating a photon with slightly lower frequency and a photon
with very low frequency.

Returning to the SFG process in the case of two collinear beams2 with intensities
I1, I2, the amount of light generated at ω3 through the second order polarization in
a lossless medium of length L in the undepleted pump and loose focusing approxi-
mations is given by3:

I3 =
(χ(2)ω3)2

2n1n2n3ε0c3
I1I2L

2sinc2

(
∆kL

2π

)
, (2.3)

2For the remainder of this report, all beams are assumed to be collinear, unless otherwise
specified.

3Chapter 2.2 of [16]. There is a small misprint in the final result given in (2.2.19) of the
reference, however (2.2.17) is correct. Also the expression given here is for the normalized sinc
function.
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Nonlinear optics

Figure 2.1: Effects of phase mismatch on the generated output.

where ni are the refractive indices at the respective frequencies and ∆k is the
wavevector mismatch, which ensures momentum conversation, given by:

∆k = k1 + k2 − k3. (2.4)

The quantity ∆kL is called the phase mismatch, since it is a measurement of the
phase difference between the input and output fields. From equation (2.3) it is
seen that the generated output depends strongly on the phase mismatch through
the sinc2

(
∆kL
2π

)
function, which has been plotted in figure 2.1. If ∆kL = 0 the

output is maximized and the process is therefore called phasematched. The distance
Lcoh = 2π

∆k
is sometimes refered to as the coherence length, since sinc2(∆kL

2π
) vanishes

at this length.

2.1.1 Phase matching in SHG

Returning to the special case of SHG in this case the wavevector mismatch is given
by:

∆k = 2k(ω)− k(2ω) = 2
ω

c
n(ω)− 2ω

c
n(2ω). (2.5)

In a normal dispersive medium4 phase matching is not possible for optical wave-
lengths, hence the generated signal is reduced. One solution is to use a birefringent
material, such as quartz or more prominently BBO5 or KDP6 crystals. In a bire-
fringent material the refractive index is dependent on the polarization of the light
with respect to the optical axes of the crystal. A crystal with only one optical axis
is called a uniaxial crystal, while crystals with two optical axes are called biaxial.
In the case of beam propagation in an uniaxial crystal, light which is polarized per-
pendicular to the plane containing the propagation vector k, and the optical axis o
is called ordinary polarized, while light polarized within this plane is called extraor-
dinary polarized. The extraordinary polarized light experiences a refractive index

4See section 3.2.
5Beta Barium Borate
6Potassium Dihydrogen Phosphate
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2.2 Nonlinear interaction with focused beams

ne, which is dependent on the angle θ between k and o according to[15]:

1

n2
e(θ)

=
sin2 θ

n2
e(θ = 0)

+
cos2 θ

n2
o

, (2.6)

where no is the refractive index for ordinary polarized light, which as indicated by
the name and the formulation of (2.6) does not dependent on θ. Phase matching is
obtained by turning the crystal and thereby changing the extraordinary refractive
index.

2.2 Nonlinear interaction with focused beams

It is apparent that the nonlinear response of a medium increases with stronger
applied fields. One way of enhancing the nonlinearities is therefore to increase the
intensity of the applied field; this can readily be done by focusing the beam. This
section describes how the focusing of a beam affects the nonlinearity.

A paraxial beam7 propagating along the z-axis obeys the paraxial wave equation
for the electric field envelope Aq, which in the case of nonlinear optics with a source
term Sq takes the following form[16]:

2ikq
∂Aq
∂z

+∇2
TAq = −Sqei∆kqz, (2.7)

where Sq is a spatially varying source, and ∆kq represents a possible wavevector
mismatch between the source and the applied field. A frequency decomposition of
the electric field and source have been performed in deriving (2.7). The source free
equation (Sq = 0) is solved by the Hermite-Gaussian profiles with the socalled Trans-
verse Electro Magnetic modes abbreviated as TEMnm. The lowest order Hermite-
Gaussian is the TEM00 and is given by:

A(z, r) =
a√

1 +
(

2z
b

)2
e−r

2/w2(z)eiknr
2/2R(z)ei arctan( 2z

b
), (2.8)

where a is the amplitude of the electric field envelope, w(z) the spot size and b is
the confocal parameter. The spot size is defined for a given longitudinal position
as the transverse distance from the propagation axis to where the electric field has
decreased by a factor of 1/e. The spot size at the focus is called the beam waist.
The confocal parameter, given by b = w2

0k, is the distance for which the beam is
considered to be collimated.

The actual output of a laser depends on many things; such as the design of
the resonator, gain curves of the gain medium, transmission profiles of the windows
etc.. However, a paraxial resonator will operate in either Gaussian or spherical mode
pending on the stability of the resonator8. A stable resonator operates in Gaussian
mode. Placing an aperture inside an otherwise stable resonator will perturb the

7Where the longitudinal variation of the beam happens at distances much longer than the
wavelength.

8A stable resonator is defined as resonator, where any injected paraxial ray with respect to the
optical axis of the resonator will remain inside the resonator for many in principle infinite number
of round trips, while an unstable resonator will increase the transverse offset during each round
trip, so that the ray eventually will leave the system.
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Nonlinear optics

θ

√
2ω0 ω0

b

−z0 +z0

r

z

ω(z)

(a) Beam width and radius of curvature
for a Gaussian beam.

(b) Phase variation of a Gaussian beam
over the focus.

Figure 2.2: Gaussian beam.

system slightly and allow for a coupling between modes. Since the higher order
Hermite-Gaussian modes are spatially wider, they will have higher losses, thus the
higher order modes will gradually die out leaving only the lowest order modes[18].
Equation (2.8) is therefore a good approximation of the actual output of a laser
system9.

Figure 2.2 shows the longitudinal variation of (a) the beam width and wavefront
radius of curvature (b) the phase of the fundamental Gaussian mode. It is seen
that the on-axis phase of the Gaussian beam changes by π

2
over the course of the

collimation length, while the off-axis effect is less, due to the spherical wave like
nature of the Gaussian beams. The on-axis change is called the Gouy phaseshift,
and it explains the fact that the beam changes from being spherically converging to
spherically diverging as it passes through the focus. The Gouy effect is caused by
the transverse confinement of the photons constituting the beam, which leads to a
spread in the transverse momentum distribution[19]. The total far field shift is π.

When focusing a collimated beam, which has an approximately flat wavefront,
the focal plane is located at a distance from the lens, which is the same as the focal
length of the lens. The beam waist w02 at the new focus is given by [20]:

w02 =
fλ

πw01

, (2.9)

where ω01 is the beam width at the position of the lens. It is evident from equation
(2.9) that shorter wavelengths are focused tighter than longer ones. In particular,
a second harmonic generated beam is focused more tightly than the fundamental
generating beam, if they have the same size.

Returning to the paraxial wave equation with a source term (2.7), from this
equation the field generated through harmonic generation can be determined by
taking the source to be the qth mixture of a fundamental field with frequency ω.
According to equations (2.1), (2.2) and (2.7) the source term is given as:

Sq = µ0ε0χ
(q)Aq1

∂2

∂t2
(e−iωqt)eiωqt =

ω2
q

c2
χ(q)Aq1, (2.10)

9This also explains why lasers usually have a long warm-up time before they operate in single
mode.

9



2.3 Quantum mechanical description of the electric susceptibility

where ωq = qω is the frequency of the generated beam and A1 is the electric field
envelope of the fundamental beam.

In principle, similar coupled equations exist for all possible frequency conversions.
However, these equations decouple and the harmonic generation for the qth order can
be solved separately, under the assumptions that the pump field is undepleted, and
the generated fields are weak, such that coupling between the generated frequencies
are negligible.

Assuming that the fundamental beam is in the TEM00 mode and the harmonic
field is initially nonexistent, leads to the situation that the generated beam is also
in the TEM00 mode with a beam waist which is

√
q smaller10.

Insertion of the source term and the TEM00 profiles into the paraxial wave
equation with these approximations leads to a regular first order differential equation
for the electric field envelope amplitude aq of the qth order field, which can be solved
by direct integration yielding[16]:

aq(z) =
iqω

2nqc
aq1

∫ z

z0

χ(q)ei∆kz
′

(1 + 2iz′/b)q−1dz
′, (2.11)

where nq is the refractive index for the frequency qω and z0 the start of the non-
linear medium. We have allowed for a spatial variation of χ(q) to account for a
possible pressure variation along the nonlinear medium. For a nonlinear medium
with constant pressure one usually defines the phase integral J as:

J(z) =

∫ z

z0

ei∆kz
′

(1 + 2iz′/b)q−1dz
′, (2.12)

with a corresponding generated electric field envelope given by:

aq(z) =
iqω

2nqc
aq1J(z). (2.13)

2.3 Quantum mechanical description of the

electric susceptibility

The polarization of a medium was earlier defined as the total dipole moment per unit
volume. The atomic polarizability is defined as the microscopic expectation of the
atomic dipole moment. Using these two definition one can express the polarization
in terms of the expectation of dipoles 〈µ〉 in the material as:

P = N 〈µ〉 = N 〈Ψ|µ|Ψ〉 , (2.14)

where N denotes the number density of atoms and Ψ is the atomic wavefunction
which solves the time-dependent Schrödinger equation. This expectation can be
calculated using perturbation theory by first writing the wavefunction as a power
series of the potential given by interaction of a dipole with an electric field:

Ψ =
M∑
i=0

Φ(i), (2.15)

10As of [21] for the degenerate process of ω1 + ω2 + ω3 → ω4 generalized to qth order.
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Nonlinear optics

where (i) denotes the order of the power series and hence the order of the interaction
potential, that is needed for the given part of the wavefunction to be applicable.
Using this expansion equation (2.14) can be rewritten as:

N 〈Ψ|µ|Ψ〉 = N
M∑
i,j=0

〈Φ(i)|µ|Φ(j)〉, (2.16)

this sum can be grouped into terms corresponding to the total interaction order
required as:

P = N 〈µ〉 = N 〈Φ(0)|µ|Φ(0)〉+N
M∑
k=1

〈µ(k)〉, (2.17)

where k corresponds to the sum of i and j in (2.16), hence each term of 〈µ(k)〉
contains k + 1 of the terms given in (2.16). The terms where M < k < 2M
have been omitted since we are considering pertubations to M th order. The term
N 〈Φ(0)|µ|Φ(0)〉 accounts for a possible polarization in the medium without the
pressence of the field, and is therefore not associated with the perturbation. We
now compare this representation of the polarization with the expansion given in
(2.2). It is readily seen that each dipole moment term 〈µ(k)〉 is associated with a
term of the susceptibility expansion of the same order χ(k). The actual calculation
of the dipole moments and hence susceptibilities is a long task, which requires a
more detailed description of time-dependent perturbation theory and is therefore
excluded here11, instead the result for the linear susceptibility is merely given[16]:

χ
(1)
ij (ωp) =

N

ε0~
∑
m

(
µigmµ

j
mg

ωmg − ωp
+

µjgmµ
i
mg

ω∗mg + ωp

)
, (2.18)

where m is the different energy eigenstates (with energies Em = ~ωm), g is the initial
state, ωmg ≡ ωm − ωg, ωp is the frequency of the applied field and µgm ≡ 〈g|µ|m〉,
and finally i, j represents the spatial coordinates.

It is clearly seen that calculating the linear susceptibility is a complicated task
in itself, but going to the higher order susceptibilities just adds more complexity.
Each higher order not only involves another dipole transition between intermedi-
ate states, which leads to another sum over the different energy eigenstates, but
also increases the number of applied fields by one which amounts to an increase in
terms to the number of permutations between the applied fields. As an example the
third order susceptibility contains 24 terms; 4 dipole transitions multiplied with the
number of permutations for the 3 fields (which is 6). Nevertheless some theoretical
calculations of the third order susceptibility have been performed. In figure 2.3 the

11In order to calculate the dipole moments, one first has to calculate the power series for the
wavefunction in equation (2.15). Since the requirement of perturbation theory is that the system
has been solved in the perturbation free case, eigenfunctions that span a complete basis set exist
and are known. So calculating the power series boils down to expanding the Φ(i) functions unto
this set and then calculating the expansion coefficients. It can be shown that the different orders
of a given expansion coefficient of a function onto a particular state are linked through the Dyson
Series of the perturbation (See [22] chapter 5.6 for details). So one can calculate the expansion of
Φ(0) onto the basis set and then use the Dyson Series to recursively determine the coefficient of
the rest of the power series. Deriving the susceptibilities from thereon is a matter of matching the
terms.
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2.3.1 Nonlinear optics in isotropic materials

Figure 2.3: Theoretical calculations of χ(3)(3ω) for degenerate and polarized fields
in sodium vapor. The figure was burrowed from [23].

result of a calculation of the third susceptibility for the case of three degenerate
and polarized fields in sodium vapor is shown[23]. The calculation is based on the
dipole transition rule that ∆l = ±1 under the assumption that the only initially
populated level is the ground level, where l = s. Also the authors have not included
the sum over states where the principal quantum number changes by more than
3 (∆n ≤ 3), which defines the part marked as approximation invalid. These as-
sumptions significantly simplify the calculations. Looking on the figure one notices
that the third order susceptibility at a given frequency is usually dominated by the
closest resonance peak ω0, this trend can be used to give an approximative guess
for the third order susceptibility for a frequency ωa, if one knows the third order
susceptibility at another frequency ωb, which is close to ωa as12:

χ(3) (−ω3a;ωa, ωa, ωa) ≈
ω0 − ω3b

ω0 − ω3a

χ(3) (−ω3b;ωb, ωb, ωb) . (2.19)

2.3.1 Nonlinear optics in isotropic materials

In a medium that is isotropic and therefore possesses inversion symmetry, such as
for example gases and liquids the even-order nonlinear susceptibilities disappear.
For the case of an atomic gas this can be understood in terms of the formulation
presented in the previous section. From equation (2.18) and the following discussion
it is apparent that the even-order susceptibilities involve an uneven number of dipole
transitions. However, according to Laporte’s rule for N -electron atoms the parity
of the system changes during each dipole transition[25], such that the even-order
susceptibilities possess uneven parity, hence the initial and final state cannot be the
same under the dipole approximation. The even-order susceptibilities are therefore
dipole forbidden and strongly suppressed. One effect of this is that generally only

12As of [24] although slightly modified.
Also the notation χ(3) (ω1 + ω2 + ω3 → ω4) ≡ χ(3) (−ω4;ω1, ω2, ω3) has been introduced.
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Nonlinear optics

uneven ordered harmonics can be generated in a gas through direct processes. Bire-
fringent crystals are per definition not isotropic, hence the above discussion is not
a problem that prevents SHG in a birefringent crystal.

The difference between the gas and a birefringent crystal is schematically shown
in contour plots on figure 2.4 for an electron in a spherical and a triangular potential,
respectively. In (a) and (b) no electric fields are applied, and in average the electron
is expected to be at the bottom of either potential, indicated by blue dots. In (c)
and (d) time-dependent electric fields polarized in the x direction are applied. In
(c) the spherical symmetry of the potential causes the electrons expectation (now
marked by a blue line) to oscillate along the x direction according to the applied
field, while the expectation along the y direction remains unchanged. In (d) the
same thing happens in the x direction, while the expectation in the y direction
also changes, because once the electron is moved from the equilibrium position at
the center of the potential by the electric field, then the potential is lower in the
negative y direction, and hence the electron is accelerated in that direction. This
causes a shift in the mean expectation in the y direction indicated by the x′ axis.
The electron oscillates with twice the frequency of the electric field around this new
center position, since the electron returns to the bottom of the potential twice per
electric field cycle.

x’

(a) Dipole expectation without an

applied field in a spherical potential.

(b) Dipole expectation without an

applied field in a triangular potential.

(c) Dipole expectation with an

applied field in a spherical potential.

(d) Dipole expectation with an

applied field in a triangular potential.

x

x

y
y

Figure 2.4: Contour plots of the expectation of an electron in a spherical and a
triangular potential without an applied field (a),(b) and with an applied field (c),
(d).
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Chapter 3

Phase matching and nonlinear
induced refractive index shifts

As indicated by the previously described nonlinear interactions phase matching plays
an essential role in every nonlinear interaction. Often the best phase-matched in-
teraction completely dominates the other interactions, it is therefore essential to
know how to calculate and manipulate the phase-matching conditions. The fol-
lowing chapter provides a short overview of the processes which can contribute to
changes in the refractive index, and thereby the phase of an electric field.

3.1 Sellmeier equations

The Sellmeier formulas are a set of purely empirical equations, which are used to
describe the refractive index of a material as a function of wavelength of a light
wave passing through it. The equations are based on a least mean square (LMS) fit
of experimental data and are usually represented in the following form:

n2(λ) = 1 +
∑
i

Biλ
2

λ2 − λ2
i

, (3.1)

where the λi can be interpreted as the various resonance lines of the material
with Bi as the oscillator strength of these lines[26]. The LMS fits are usually only
based on three to five terms. For some materials the equations differ slightly from
the general form, but are nonetheless considered to be Sellmeier equations. The
equations usually work best far from the absorption lines, since the refractive index
is assumed real. Hence a Sellmeier equation is usually defined for a given wavelength
range. In figure 3.1 the refractive indices of various inert gases are plotted[27].

3.2 Group velocity and GVD

In addition to giving a wavelength dependent relationship of the refractive indices,
the Sellmeier equations also have proven to be an excellent source for approximate
determination of the group velocity and group velocity dispersion (GVD) of an
electromagnetic pulse passing through the medium. GVD is the effect that the
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3.2 Group velocity and GVD

Figure 3.1: Tabulated Sellmeier equations for various inert gases.

various spectral components of a pulse in a dispersive medium experience different
refractive indices, and therefore move at different speeds.

A pulse for which the time-bandwidth product is limited by the uncertainly
principle is called Fourier transform limited (or simply transform limited), while a
pulse which is longer than the transform limited duration is said to be chirped. One
usually distinguishes between positive and negative chirp, where a positive chirp
means that the instantaneous frequency1 increases with time, while a negative chirp
means a decrease with time.

Due to the time-bandwidth product GVD becomes increasingly relevant for ul-
trashort pulses. Also pulses with shorter center wavelengths are usually more sub-
jective to GVD due to the normal dispersion described in the previous section.
Dispersion can be expressed in mathematical terms by assuming that the dispersion
of the spectral components are small with respect to the center frequency ω0. In
this case the propagation constant k for a given frequency ω can be expressed in
the form of a Taylor expansion:

k(ω) = k(ω0) +
∂k

∂ω

∣∣∣∣
ω0

(ω − ω0) +
1

2

∂2k

∂ω2

∣∣∣∣
ω0

(ω − ω0)2 + · · · . (3.2)

The link to the Sellmeier equations comes into play by using the relation k(ω) =
ω
c
n(ω). The phase velocity of a given frequency is therefore vφ(ω) = ω

k(ω)
, the group

velocity vg which describes the velocity of the pulse envelope is related to the second
term of the expansion as v−1

g = ∂k
∂ω

∣∣
ω0

, while the third term describes group velocity

dispersion with k′′ = ∂2k
∂ω2

∣∣
ω0

.

A medium for which k′′ > 0 in the optical regime is called normally dispersive and
is caused by the fact that strong resonances usually are localized in the ultraviolet
part of the spectrum2. On the other hand if k′′ < 0 for optical wavelengths the
medium is called anomalous dispersive3.

1Defined as the time derivative of the phase.
2For example for molecules the resonances correspond to excitation of vibrational and rota-

tional modes, as well as electronically transitions. The former two normally lie in the infrared
part, while the latter lie in the ultraviolet end[28].

3The terms normal and anomalous dispersive stems from the fact that most materials follow
this trend in the optical part of the electromagnetic spectrum and historically the refractive indices
was first investigated in this part of the spectrum. A medium can be normal dispersive in one
region and anomalous in another.
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Phase matching and nonlinear induced refractive index shifts

In general GVD leads to a symmetric broadening of an unchirped pulse, since
either the red or the blue part of the pulse will have faster phase velocity depending
on whether the medium exhibits normal or anomalous dispersion, respectively. A
chirped pulse can be recompressed by propagation in a dispersive medium with the
opposite sign of GVD. For pulse duration shorter than 30 fs even higher order terms
of the Taylor Series are usually needed[29], the lowest of which breaks the symmetry
of a Gaussian pulse[30].

3.3 Refractive index corrections

The Sellmeier equations are usually fitted to some particular conditions, such as for
a given pressure and temperature. Normally, one would like to know the refractive
index under different conditions. This can be done by looking at the very nature
of the refractive index. The index was introduced in the beginning of chapter 2
as n2 = 1 + χ. For a weak electric field the susceptibility is replaced by the first
order susceptibility, which is proportional to the number density N (section 2.3) so
n2 − 1 ∝ N . The number density of an ideal gas is given by N = p

kbT
, where p is

the pressure of the gas, T the temperature and kb is the Boltzmann constant. If
we assume that n(p0, T0) ≡ n0 is known, the refractive index at other temperatures
and pressures can be determined from the following relation:

n2
0 − 1

n2 − 1
=
p0T

pT0

, (3.3)

where n denotes the refractive index at pressure p and temperature T. At high
pressures or dense materials this equation is slightly modified by the local electric
field caused by polarization of nearby atoms[31]. This is known as the Clausius
Mossotti relation. The correction is minor for gases and thus avoided here but
nonetheless used in the simulations in chapter 4.

3.3.1 Nonlinear refractive index

For obvious reasons the description of the refractive index given in this chapter is
still not complete, since the nonlinear interactions are yet to be accounted for. In
the following we assume that the medium is isotropic, such that the lowest nonlin-
ear contribution to the susceptibility is the third order contribution. Consider the
process of ω + ω − ω → ω, this is a third order nonlinear process, which generates
a polarization field at the fundamental frequency. This effect is described by the
frequency decomposed equivalent of the third order term given in equation (2.2).
For an electromagnetic beam propagating along the z-axis, the polarization of the
electric field lies in the x, y plane, so the summations are hence reduced to sum-
mations over the x, y coordinates. In frequency space the third order polarization
which leads to this effect is therefore given by:

1

ε0
P

(3)
i (ω) =

∑
j,k,l=x,y

χ
(3)
ijklEj(ω)Ek(ω)El(−ω) =

∑
k,l=x,y

χ
(3)
iiklEi(ω)Ek(ω)E∗l (ω)

+
∑
j,l=x,y

χ
(3)
ijilEj(ω)Ei(ω)E∗l (ω) +

∑
j,k=x,y

χ
(3)
ijkiEj(ω)Ek(ω)E∗i (ω), (3.4)
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3.3.2 Plasma contribution to the refractive index

where E(−ω) = E∗(ω) have been used. If the light is linearly polarized along the x-
axis then i = j = l = k = x, and only the x-components of the summations remain.
The generated polarization therefore reduces to P

(3)
x (ω) = 3ε0χ

(3)|Ex(ω)|2Ex(ω),

where χ(3) ≡ χ
(3)
xxxx.

Including the linear susceptibility, the frequency effectively feels a linear suscep-
tibility given by: χ

(1)
eff = χ(1) + 3χ(3)|Ex(ω)|2. The refractive index of a material can

in general be described by a linear relation with intensity as[16]:

n = n0 + n2I = n0 +
1

2
n2n0ε0c|E(ω)|2, (3.5)

where n0 is the normal refractive index, while n2 is the proportionality constant of
the nonlinearity. Using the relation n2 = 1 + χ

(1)
eff , n2 can then be determined as:

n2 = (n0 + n2I)2 = 1 + χ(1) + 3χ(3)|E(ω)|2 ⇒ n2 ≈
3χ(3)

n2
0ε0c

, (3.6)

where terms of second order in |E(ω)|2 have been omitted. In the case of two beams
with frequencies ω1, ω2 with the DFG of ω1 +ω2−ω2 → ω1 the nonlinearity is twice
as strong on the passive as compared to the interacting beam, this is due to the
degeneracy of the active beam[16], in this case n2 becomes:

ncross
2 (ω1) =

6χ(3)

n2
0ε0c

, (3.7)

where ncross
2 is called the cross coupling nonlinear refractive index.

An essential consequence of the nonlinear refractive index for ultrafast optics
is the effect called self-phase modulation (SPM). Since the light waves in ultrafast
optics are pulses the nonlinear refractive index and the refractive index become
time-dependent. This time-dependence of the refractive index leads to a chirp of the
pulse, as the instantaneous frequency becomes time-dependent. For an optical pulse
with an electric field given by E(t, x) = E0ei(ω0t−kx) the instantaneous frequency is
given by:

ω(t) =
∂

∂t
φ(t) =

∂

∂t

(
ω0t−

ω0

c
n(t)x

)
= ω0 −

ω0

c
n2x

∂I(t)

∂t
, (3.8)

where I(t) is intensity of the electric field envelope. Equation (3.5) has been used
in deriving the last step of (3.8). It is clear that the different temporal parts of the
pulse will experience different frequency shifts.Neglecting reshaping of the pulse due
to SPM, then SPM leads to a symmetric broadening of a compressed pulse. Since
the nonlinear refractive index in general is positive, the leading parts of the pulse,
for which the intensity slope is rising, are red-shifted, while the trailing parts of the
pulse are blue-shifted.

3.3.2 Plasma contribution to the refractive index

If the applied field becomes too intense the atoms and molecules in the dielectric
material start to be ionized, resulting in free charges in the form of ions and free
electrons. This causes the electric response of the medium to change into the behav-
ior of a conducting material. Since the electrons are much lighter than the ions they
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Phase matching and nonlinear induced refractive index shifts

contribute the most to the conductivity, which leads to a decrease in the electric
permittivity, and thereby a decrease in the refractive index.

Unfortunately, this decrease is greater for lower frequencies than for higher. So
in the case of normal dispersion, this effect actually degrades the phase-matching
conditions, and should therefore be avoided.

For low concentration of free electrons the plasma induced dispersion results in
a refractive index change of[28]:

∆nplas(ω) = −Ne
e2

2meε0n0ω2
, (3.9)

where Ne is the free electron density, me the electron mass and n0 is the refractive
index before the change.

A temporal treatment of the ionization process shows that the generation of
free electron leads to a refractive index which decreases with time, which leads to a
blue-shift of the pulse[32]. Since the pulse itself is the driving force of the ionization
process, the leading parts of the pulse are less affected by the free electrons, and
the front edge is therefore less blue-shifted. If the pulse is intense enough the
generation of free electrons is saturated by total ionization of the medium, after
which the remaining parts of the pulse are identically blue-shifted.

Figure 3.2 schematically shows the difference between the shift of the instanta-
neous frequencies caused by self-phase modulation and the generation of free elec-
trons.

(a) (b)

Figure 3.2: Schematic illustrations of how the different temporal parts of an optical
pulse is effected by: (a) Self-phase modulation. (b) Free electron dispersion.

3.3.3 Modal dispersion in a waveguide

One way of obtaining phase-matching conditions is to make use of waveguides. In
waveguides light propagates differently compared to free space due to the geometri-
cal aspect of a waveguide, which changes the boundary conditions for the light wave.
The modified boundary conditions cause the modal basis set of the waveguide to
be different, which leads to altered dispersion relations. Assuming that the field is
propagating in the forward z-direction, the electric field inside the waveguide can
be written as:

E(x, y, z) =
∑
n,p

An,pBn,p(x, y)exp(−iβn,p(z − z0)), (3.10)
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3.3.3 Modal dispersion in a waveguide

Figure 3.3: Dispersion in a hollow capillery.

where An,p is the amplitude of the various modes, Bn,p is the transverse distribution,
z0 is the start of the waveguide, and βn,p is the socalled propagation constant. The
amplitude of the various modes depends on the overlap integral between the input
field Ein and the mode at the boundary between free space, and the start of the
waveguide, so:

An,p = 〈Bn,p(x, y)|Ein(x, y, z0)〉 . (3.11)

In order to use the weakly dispersive nature of gas, and limit the amount of
absorption, a hollow dielectric cylinder backfilled with gas, was used as a waveguide
in this thesis. For a socalled hollow capillary the propagation constant is given
by[33, 34]:

βn,p = k0

√
1−

(
un,p
ak0

)2

, (3.12)

where k0 is the free space wavenumber, a is the radius of the capillary, and un,p is
the p’th root of the n− 1 order Bessel function Jn−1(u). The propagation constant
is in general a complex number, which for ak0 < un,p has an imaginary part, which
corresponds to an attenuation of the mode. For transverse magnetic and electric
hybrid modes4 the attenuation constant αn,p is given as:

αn,p = −
(
un,p
k0a

)2
1

2a

1 + n2
c√

n2
c − 1

, (3.13)

where nc is the refractive index of the cladding. As apparent from equation (3.12)
the higher order modes (for which un,p is large) have a shorter propagation con-
stant, which allows for a way of circumventing the normal dispersion, and obtain
phase-matching between the fundamental frequency light, and light with the third
harmonic frequency. The phase-matching can be obtained by coupling the fun-
damental frequency light into the fundamental waveguide mode, while the third
harmonic light would be generated at certain higher order modes. The propagation
constant is plotted for the first few modes of n = 1 in figure 3.3. The red curve is
the lowest order mode, while the green and yellow curves respectively are the second
and third lowest order modes.

4Modes with n 6= 0.
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Chapter 4

Numerical simulations

In order to help designing the experimental setup, a numerical model was required.
The model had to be able to predict how third harmonic generation of an ultrashort
pulse focused inside a gas cell depends on the following parameters; pulse energy,
gas pressure, position of the laser focus, the confocal parameter, and the cell length.

A number of different models for nonlinear pulse propagation can be found in
the literature[32]. The majority of these schemes are based on the socalled split-
step models, in which the nonlinear propagation is divided into linear and nonlinear
parts, which are propagated separately. The split-step models are normally divided
into two types; time-propagation[35] and frequency-propagation[36].

In spectral propagation codes the linear step can be exactly performed in fre-
quency space after 3-dimensional Fourier transform of the field, while the nonlin-
ear step is handled in normal space. In time-propagation schemes both the linear
and nonlinear steps are performed in normal space, this method generally requires
smaller propagation steps, and dispersion is at the same time not treated precisely.
Both types of nonlinear propagation codes are considerably time-consuming both
in derivation and in implementation, and were therefore not well suited for our
purposes.

Instead a simple phase-matching code was derived, which allowed for prelimi-
nary simulations of the expected effects of the various experimentally changeable
parameters.

The simulation was carried out in Matlab for ultrashort laser pulses with a center
wavelength of 800 nm. The pulses were focused into a gas cell filled with a constant
pressure of argon, placed in the middle of a one meter long vacuum tube, with a
fixed pressure ratio between the tube pt and the cell pc. At the boundary between
the cell and the tube, the gas pressure was assumed to follow the Gaussian error
function, which is a steady state solution to the diffusion equation.

The electric field amplitude of the generated third harmonic light by a focused
Gaussian pump pulse at the end of the vacuum tube is given by equation (2.11)
with q = 3, z0 = 0 m and z = L = 1 m, i.e.:

a3 ∝
∫ L

0

χ(3)ei∆k(z′−zf )(
1 + i2

z′−zf
b

)2dz
′, (4.1)

where zf denotes the focal position of the pump.
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4.1 Estimation of the plasma density

The third order susceptibility was calculated from tabulated values of the
third order hyperpolarizability1 γ(3) in the presence of the fourth order local field
correctionL4 as[24]:

χ(3) =
p

ε0kbT
γ(3)L4. (4.2)

The wave vector mismatch for THG is given by:

∆k = 3k(ω)− k(3ω) = 3
2π

λ
(n(ω)− n(3ω)) , (4.3)

the refractive indices were calculated using equations (3.5), (3.6), (3.9) and (4.2) as
well as the correction due to localized fields as:

ntot(ω
′) = npL1 +

p

ε0kbT

3γ(3)

n2
pε0c

IL4 −Ne
e2

2meε0np(ω′)2
, (4.4)

where L1 is the first order local field correction, np is the refractive index at a given
pressure, temperature and frequency given by the Sellmeier equation for argon in
combination with equation (3.3). The tabulated values of γ(3) were taken from
[24], in which it was measured for λ = 1055 nm. The third order susceptibility was
therefore brought to 266 nm and 800 nm by the use of equation (2.19).

4.1 Estimation of the plasma density

A simulation2 of the number density of free electrons in a 30 mm gas cell filled
with different pressures of argon as a function of propagation distance is shown on
part (a) of figure 4.1, while part (b) of the figure shows the corresponding spatial
dependent fluence3. The cell was exposed to a short pulse (λ = 800 nm, E = 450 µJ,
τ = 30 fs) focused down to a vacuum spot size4 of 20 µm. This would correspond to
an intensity, a fluence and a confocal parameter of roughly 2 ·1015 W/cm2, 70 J/cm2,
and 3 mm, if focused in vacuum.

The photoionization rate in this simulation was based on the generalized Keldysh
PPT theory, while the instantaneous fluence was calculated by a Fourier split-step
frequency-propagation scheme[37].

Comparing the two figures it is seen that once the free electron density exceeds
5 · 1017 cm−3, the fluence reaches a saturation level, even before the pulse reaches
the geometrical focus. This is due to plasma-defocusing. Consequently plasma
defocusing limits the maximum intensity of a focused ultrashort laser pulse in a
gas. For 1 bar of argon the maximal intensity becomes ∼ 1.5 · 1014 W/cm2, while
the intensity can grow higher at lower pressure. One also notices that the total
density of free electrons near the focus is roughly the same in all cases. At 1 bar the
ionization in this simulation corresponds to a relative ionization of approximately
5%, while the ionization level at 50 mbar was about 70%.

Finally one notices that the fluence of the pulse maintains the saturation level
over a considerable distance. This is caused by the formation of a self-guiding

1The third order hyperpolarizability is defined as the third order polarizability of a single atom.
2Provided by Cord L. Arnold.
3Defined as F =

∫
Idt.

4The spot size that would be obtained if not for self-focusing, plasma-defocusing etc..

22



Numerical simulations

(a) Plasma density as a function of
propagation distance.

(b) Fluence as a function of propaga-
tion distance.

Figure 4.1: Simulation of the plasma density as a function of the propagation dis-
tance in 3 cm long gas cell for a 800 nm, 450 µJ, 30 fs pulse focused down to freespace
spot size of 20 µm.

filament by the interplay between the nonlinear refractive index, multi-photon ab-
sorption and free electron dispersion[32].

The simulations conducted in this report, were not time dependent; so actual
calculations of the plasma density, pulse shape etc. was not performed; the sur-
rounding parameters were instead chosen such that the pulse behaves in a simple
Gaussian way. From the simulations described above the intensity at the focal point
had to be limited to 1014 W/cm2, so the pulse energy was chosen such that with the
tightest focusing (shortest confocal parameter) the intensity would not exceed this
level.

Table 4.1: Parameters for numerical simulations.

Pulse energy 170 µJ
Pulse length 30 fs
Central wavelength 800 nm
Temperature 300 K
Pressure ratio 10−3

χ(3)(ω) 7·10−26 Cm4/V3

n0(ω) 1.0003
n0(3ω) - n0(ω) 2.1·10−5

n2(ω) 2.5·10−23 m2/W
n2(3ω) 2.8·10−23 m2/W

The simulations for THG were carried out for cell lengths between 6 and 15 mm
with confocal parameters of 1-10 cm. The intensity is thus approximately constant
within the gas cell. Consequently, the relative ionization was assumed not to vary
along the cell. To account for the pressure difference between the cell and the
vacuum chamber and to avoid an increase in the plasma density at the boundary,
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4.2 Simulation of THG light

the density was set to be:

Ne =
p

50mbar
5%Nam

−3 for max(pc) < 50mbar, (4.5)

Ne =
p

max(pc)
5%Nam

−3 for max(pc) > 50mbar, (4.6)

where p denotes the pressure at a particular place and Na is Avogadro’s constant.
In table 4.1 the rest of the parameters used for all simulations are shown.

4.2 Simulation of THG light

Equation (4.1) was solved numerically using the trapezoidal routine5 implemented in
Matlab. The code was written such that for a given confocal parameter, cell length
Lc, and pressure Matlab solves the integration a number of times for different choices
of focal position.

(a) Lc=5 mm. (b) Lc=5.5 mm. (c) Lc=6.5 mm.

Figure 4.2: Phase integrals at various cell lengths Lc for p = 1 bar, b = 1 cm.

A series of such calculations are shown in figure 4.2 for short cell lengths. It is
seen that the optimum focal position varies with the length of the cell, and in general
the position is either at the center of the cell or very close to it. The intensity is
therefore maximized across the medium.

Figure 4.3 demonstrates the behavior of the phase integral in a condensed way.
Each point in this figure corresponds to a calculation of the type shown in figure
4.2. The green curve shows the efficiency for the focal plane located at the center of
the cell, while the red and blue curves respectively show the minimal and maximal
efficiencies for the various focal positions. An oscillation of the green curve is clearly
visibly, and is caused by a wave vector mismatch between the driving field and the
generated field. If we for a moment disregards the nonlinear contribution to the
refractive index, then the wave vector mismatch inside the cell is constant and
given by 7.7·103 m−1, which corresponds to a coherence length of 8.1·10−4 m. The
generated signal therefore oscillates with frequency of the coherence length, when
the cell length and thereby propagation distance is varied.

However, the intensity is not constant across the medium, so when taking into
account the nonlinear refractive index, an additional spatially dependent mismatch
is added. In figure 4.3 the focusing is rather loose, so the additional mismatch caused

5In the trapezoidal routine the integration interval is divided into a number of uniform subin-
tervals. Each subinterval of the integration is then approximated by a trapezoid. The integration
is then performed by calculating the area of these trapezoids.
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Figure 4.3: Phase integral variation for Lc between 5 and 10 mm, b = 1cm, p =
1atm.

by the nonlinear contribution is 2.6·102 m−1 at the focus, which is insignificant when
compared to the spatially independent mismatch. Hence a change in the oscillation
period is not seen. However, the shift in oscillation frequency is clearly visible on
part (a) of figure 4.4, where a ten times tighter focusing causes a strongly spatially
dependent shift of the wave vector mismatch. At the focal position this shift is
2.6·103 m−1, which is of the same magnitude as the spatial independent mismatch.

(a) b = 0.1 cm. (b) b = 10 cm.

Figure 4.4: Effects of changing the confocal parameter. p = 1 bar, Lc = 5 to 10 mm.

The opposite case of even looser focusing is shown in part (b) of figure 4.4. The
result looks almost identical to figure 4.3, even the magnitude of the phase integral
is of the same order, which suggests that loose focusing with a higher power beam
might be the way to go.

On part (a) and (b) of figure 4.5 the effects of changing the cell lengths are
shown. It is seen that for longer cell lengths the optimum focal position shifts from
the center of the cell. The ratio between the confocal parameter and the cell length
seem to be the deciding factor for this, when comparing with the similar result
shown in part (a) of figure 4.4, which were taken for shorter values Lc and b. In part
(c) of figure 4.5 the phase integral for a confocal parameter to cell length ratio of
1/5 is shown. The optimum focus position has in this case changed from the center
of the gas cell into two peaks, one right at the start of the cell and one right at the

25



4.2 Simulation of THG light

(a) Lc = 5 to 50 mm. (b) Resimulation of Lc = 45
to 50 mm.

(c) Phase integral depen-
dence on focal position for Lc

= 50 mm.

Figure 4.5: Effects of cell length. p = 1 bar, b = 1 cm.

end. The focal position dependence of the phase integral looks similar for all the
other points represented in part (b) of figure 4.5.

The change from the loose focusing behavior can be explained in terms of the
Gouy phaseshift. Over the course of the geometrical focus the driving polarization
goes through a phaseshift of 3π, since we have three fields, while the generated
polarization only experiences a phaseshift of π. Thus a phase slip between the two
fields occurs, which causes a destructive interference between light generated at the
different parts of the medium[21].

By changing the focal position to either end of the nonlinear medium the sym-
metry around the geometrical focus is broken, such that the majority of the beam
is generated by either a diverging or converging beam, thus the different parts of
the generated signal are more in phase.

(a) Pressure from 0.1 bar to 9.5 bar. (b) Resimulation of the range from 5 bar to
9.5 bar.

Figure 4.6: Pressure dependence of the phase integral for 0.1 bar to 9.5 bar, Lc =
5 mm, b = 1 cm and focal position at the center of the cell.

Figure 4.6 shows how pressure variations effect the phase integral for a given focal
position, cell length, and focusing strength. Periodic pressure driven oscillations are
clearly apparent, with a period of about 1 bar. A optimum pressure for the THG
process seem to be a cell pressure of roughly 7 bar, however one would probably have
to account for absorption at such high pressures. Also the setup described in the
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next chapter cannot handle such high pressures. Nevertheless tuning the pressure
evidently provides a possibility to change the phase mismatch by an integer amount
of 2π.

To summarize the conclusions of these simulations, one should aim for high
pressure and short cells with loose focusing, and then fine adjust the wave vector
mismatch by changing the pressure. If one uses a longer cell, then the geometrical
focus of the pump beam should be located at one of the ends of the cell to break the
symmetry, preferably at the entrance, where nonlinear effects have not yet distorted
the beam.
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Chapter 5

The experiment

The experimental part of this project was conducted at the Lund High-Power Laser
Facility using a 1 kHz, Ti:Sapphire, Chirped Pulse Amplification (CPA) based laser
system. The characteristics of the pulses delivered by the system is shown in table
5.1. The system is normally operated at output pulse energies around 3 mJ. The
following chapter consists of a general overview of the laser system and vacuum
systems used for this project, followed by a description of the various conducted
experiments.

5.1 Detailed description of the laser system

The original laser system was delivered in 1998 by B.M. Industries & Thales and
has since then been upgraded twice. The first one was in 2006 where the amplifiers
were upgraded, while the second one was in 2009 when the overall stabilization were
vastly improved in order to obtain a millijoule carrier-envelope phase1 (CEP) stable
CPA laser. Yet another upgrade is currently scheduled for this fall.

1The offset between the phase of the carrier wave, and the envelope of the pulse.

Table 5.1: Characteristics of the 1kHz laser pulses.

Output from the Oscillator

Pulse energy 5 nJ
Repetition rate 76 MHz
Laser output post amplification

Pulse energy < 6 mJ
Repetition rate 1 kHz
Beam width (1/e) 6.4 mm
Pulse duration 30-35 fs
Center wavelength 800 nm
Spectral FWHM 30-35 nm
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5.1.1 The oscillator

Figure 5.1: Block diagram of the laser system.

Figure 5.1 schematically illustrates the system in its present state[38]. It consists
of a CEP stable oscillator, a grating based stretcher followed by two subsequent
amplification stages and then finally a grating based compressor.

5.1.1 The oscillator

The active medium of the oscillator is a titanium doped sapphire crystal (Ti:Al2O3),
simply called titanium sapphire crystal. The crystal is pumped at 532 nm by a
frequency doubled continuous wave (CW) Nd3+:YVO4 laser2.

The gain profile of a titanium sapphire crystal is centered at 800 nm with a very
broad bandwidth ranging from 650 nm to 1100 nm. However, due to gain bandwidth
narrowing inside the oscillator along with the spectral bandwidth of the dispersion
compensation, the compressed output of the oscillator is about 7 fs long with a
bandwidth of about 200 nm. The dispersion compensation is handled through the
use of multilayer coated mirrors (also known as chirped mirrors) inside the cavity[39].

A periodically poled lithium niobate (PPLN) crystal is placed outside the oscil-
lator cavity. When the laser is running in CW mode nothing happens inside the
PPLN crystal, however whenever the laser is mode-locked, the enhanced intensity
causes strong simultaneous self-phase modulation of the fundamental light along
with SHG and DFG, this leads to light with overlapping frequencies generated by
the different processes. By looking for a beat signal within the overlapping frequen-
cies (see figure 5.2) one can determine whether or not the laser is mode-locked. A
dichroic mirror after the PPLN crystal acts as a beam splitter reflecting the red
parts of the near-infrared beam while transmitting the blue parts. The reflected
parts are the output from the oscillator, while a photodiode measures the CEP

2Neodymium-doped yttrium vanadate.
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Figure 5.2: Illustration of the principle of CEP detection. SPM leads to a broading of
the frequency comb of the fundamental seed pulse, while DFG leads to an additional
redshifted frequency comb and SHG generates a blueshifted frequency comb. When
the nonlinear interaction is strong enough parts of the fundamental comb overlaps
with parts of the other combs, which causes an interferometric beating by the CEP
that can be detected by a photodiode. The figure was borrowed from [41].

from the transmitted parts. If the beating is constant, the oscillator runs in CEP
stable mode [40].

In order for the laser to work in pulsed operation, the phases of the different
spectral components have to be locked in phase. The general way of obtaining
this is by designing the cavity in such a way that CW operation has higher losses
than pulsed operation, and thereby causing pulsed mode to be favorable. In our
specific case this is obtained by the technique termed Kerr lens mode-locking. In
Kerr lens mode-locking one makes use of the optical Kerr effect, which causes the
refractive index of the titanium sapphire crystal to be intensity dependent. Due to
the Gaussian spatial intensity distribution of a light pulse in a stable oscillator, and
the positive nonlinear refractive index of sapphire, the crystal approximately acts
a lens with a focal length that is shorter for higher intensities[26]. The oscillator
was therefore designed such that a self-focusing beam has lower losses, and the laser
prefers the pulsed operation.

The mode-locking process itself starts if several spectral components by accident
have the same phase at the crystal and thereby temporally increases the intensity,
causing them to lock together in phase due to the favorability of the self-focused
beam. Shortly after more and more spectral components swiftly join the pulse,
and the short mode-locked pulse is obtained almost instantly after the process has
begun.

When turned on the laser starts to heat up the optical components causing
thermal fluctuations and thereby modifying the beam path inside the cavity, this
continuous change in the optical path prevents mode-locking. The laser therefore
usually requires at least one hour of warmup time for the components to settle at a
constant temperature before mode-locking can be achieved.

Once this has happened one in principle has to wait for a short temporal quality
drop of the cavity in order to disrupt the pulse propagating inside the otherwise now
stable CW-mode running laser, before mode-locking happens. A general procedure
to speed up the process is by inducing a small perturbation to the cavity and thereby
changing the phase of the different spectral components, in our case this is done by
gently moving the end mirror of the cavity.
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5.1.2 The stretcher

Figure 5.3: Schematic overview of a typical Öffner stretcher[44]. The pulse is sent
unto a diffracting grating twice per round-pass. The pulse hits the grating imme-
diately after entering the stretcher, while an aberration free inverting one-to-one
telescope (telescope with magnification equal to -1) mirrors the first order diffracted
pulse unto a different part of the grating, and a retroreflector provides a second
pass. From the point of view of the diffracted pulse the beam path corresponds to
an antiparallel (see figure 5.4 for definition) grating configuration, which causes a
positive GVD and leads to a stretching in time.

5.1.2 The stretcher

After leaving the oscillator, the mode-locked pulse passes through an Acousto Optic
Programmable Dispersive Filter (AOPDF, DAZZLER from Fastlite). The AOPDF
gives the possibility to select and modify which spectral parts of the seed pulse from
the oscillator that will be sent towards the stretcher and the amplifiers, by acting
like a bandpass filter with controllable attenuation for the transmitted parts. As
one can imagine the ADOPF has several uses; first and foremost it provides the
possibility to modify the spectral shape of the seed pulse in order to counteract
the effects of gain narrowing inside the amplifiers[42] described below; second it, as
the name implies, allows for fine control the phase and thereby dispersion of the
different spectral parts of the pulse; third, it can be used to fine tune the central
wavelength of the final post compression pulse while maintaining the spectral width
simply by modifying the spectral distribution of the seed accordingly[43].

In order to limit the nonlinear processes in the amplification the pulse is after the
ADOPF sent towards a stretcher, where the pulse duration is stretched to roughly
200 ps. The stretcher consists of a double-pass triplet Öffner typed (see figure 5.3)
stretcher from B.M. Industries. The use of an all reflective setup provides a close to
chromatic aberration free stretching, which allows for nearly perfect recompression,
mainly limited by the spectral bandwidth of the stretcher[45].
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5.1.3 The pulse amplification

After the stretcher a Potassium Dideuterium Phosphate (KD∗P) Pockels cell is
used to reduce the repetition rate to one 1 kHz by rotating the polarization of every
76000th pulse by 90o, allowing that pulse to couple into the regenerative amplifier,,
where it is used as a seed pulse in another Ti:Sapphire based oscillator. The crystal
is pumped with 532 nm light by roughly 29% of the power delivered by a frequency
doubled, Q-switched, diode pumped 30 W Nd:YLF laser3 (DM30W, Photonics In-
dustries). After 13 cavity roundtrips the pulse has obtained the amplifiers energy
saturation level of roughly 0.5 mJ, and the pulse is therefore coupled out of the re-
generative amplifier by another Pockels cell. Prior to sending the pulse towards the
multi-pass amplifier, a third fast-switching Pockels cell is employed to temporally
clean the pulse, in particular to minimize self-lasing noise of the amplifier.

In the multi-pass amplifier the seed pulse passes a Ti:Sapphire crystal five times
in a bow-tie shaped beam path before it is sent on unto the compressor. The crystal
in the multi-pass amplifier is cryogenically-cooled to minus 90 degrees. The cooling
of the crystal provides several advantages such as increased thermal conductivity,
lower thermal expansion coefficient and a decrease in the thermo-optic coefficient
[46]. These effects contribute to a reduction of thermal lensing and the probability of
thermally induced damages, this allows for stronger optical pumping of the crystal,
and thereby increased amount of gain per pass and a higher saturation level. One
disadvantage of the cryo-cooling is instabilities caused by vibrations. Vibrational
frequencies that can excite mechanical resonances in the optical table is effectively
handled by rubber sheets[38], however a residual noise at the compressor frequency
of 2 Hz remains in a frequency decomposition of the power stability spectrum[47].

Two pump lasers are used for the multi-pass amplifier: The residual energy of
the frequency doubled DM30W laser, but also with light delivered by a frequency
doubled, Q-switched, flashlight pumped 20 W Nd:YLF laser (YLF20W B.M. Indus-
tries). In principle the multi-pass amplifier supports amplification of pulse energies
up till 10 mJ [38], however in order to increase the lifetime of the optical compo-
nents the amplification is usually limited to 4 mJ. Another aspect of the lower pulse
energy is to limit the amount of pulse degradation of the later recompressed pulse
caused by self-action effects such as self-phase modulation within the amplifier[48],
or generally through the air in the lab.

5.1.4 The compressor

After the multi-pass amplifier the pulse is expanded in a telescope to a FWHM size
of 1.6 cm and then sent towards the compressor. The compressor consists of two
gratings, each of them similar to the one in the stretcher, and a retroreflector which
allows for a second pass. The gratings are placed in a parallel geometry, which
causes them to act as negative dispersion filter[26], and thereby recompressing the
positively chirped pulse. Figure 5.4 schematically shows that an antiparallel and a
parallel grating configuration lead to chirping of the pulse with opposite signs. Thus
as discussed in section 3.2 the compressor removes the chirp.

A final webcam behind a slightly transmitting mirror just before the expanding
telescope for the compressor provides enhanced beam pointing stability4 of the re-

3Neodymium-doped yttrium lithium fluoride.
4Stability of the pointing direction of the beam.
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(a) Stretching of a Fourier limited pulse
with parallel grating configuration lead-
ing to a positively chirped pulse.

(b) Stretching of a Fourier limited pulse
with antiparallel grating configuration
leading to a negatively chirped pulse.

Figure 5.4: Schematic illustration of the different sign of GVD between a parallel
grating configuration and an antiparallel configuration.

compressed pulse. The power throughput of the compressor is approximately 75%
with a minimum FWHM pulse duration of 34 fs[38].

5.1.5 Beamline for the setup

A silver coated mirror mounted on a holder with a magnetic base plate was used to
create a separate beamline for the setup used for the gas cell and hollow capillary
experiments. Whenever the laser was used for other things than these experiments
the entire mount including the mirror was merely removed. The magnetic base plate
provided an inexpensive fast way of switching back to this setup while maintaining
the full beam and a reduction in the amount of required realignment.

After the magnetic mounted mirror a series of periscopes and mirrors were placed
in order to transport the beam to the experimental setup. In total reflections of 11
silver coated mirrors, each with a reflectance of 800 nm light of roughly 98 %, reduced
the pulse energy to roughly 80 % of the compressor output. A 50/50 beam splitter
was placed at the setup further reducing the pulse energies to roughly 1.2 mJ. The
part of the beam reflected by the beam splitter was used for these experiments;
while the transmitted part was used for other experiments.

5.2 The vacuum system

Part of the idea for the project was to construct a simple setup, which is able to
efficiently generate low order harmonics, without the requirement of a sophisticated
high-vacuum installation. Therefore the work involved the design and construction
of a relatively cheap simple vacuum system, which is able to handle the task of
generating a sufficient vacuum for low order harmonic conversion. The vacuum
chamber described in the following section was therefore designed to be operational
only by the use of a regular vacuum pre-pump. The setup is also intended to be
mobile, by being easily assembled and disassembled. The chamber was used for the
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Figure 5.5: Blockdiagram of the vacuum setup.

static gas cell and the capillary experiments, while a different setup (see section 5.4)
was used for the generation in a pulsed gas jet.

The focusing optics for the experiments were placed outside the vacuum chamber,
so a relatively long chamber was required in order to prevent nonlinear optical effects
in the windows.

A block diagram of the vacuum system is sketched in figure 5.5, it consists of a
number of interchangeable plexiglas tubes of variable lengths connected with stan-
dard KF5 vacuum components for two pump-lines connected to the same roughing
pump and a pressure gauge. The gas cell for third harmonic generation was placed
at the center of the vacuum chamber, while the ends were sealed off by Brewster
angled windows. The total length of the chamber was usually between 1.5 m and
2 m, depending on the requirements of conducted experiment.

It was estimated that the setup would be able to withstand an average gas
pressure of up to 2 bars. The use of very thin windows to limit dispersion and
nonlinear effects was the limiting factor. When turned on the roughing pump was
able to vent the vacuum chamber down to 0.3 mbar (measured with a Stinger CVM-
211 pressure gauge) within five minutes. After turning off the pump again, the
pressure inside the chamber slowly increased to roughly 10 mbar over the course of
24 hours, indicating a sufficient low leak rate.

For obvious reasons the gas cell was removed and replaced with a capillary during
the capillary experiments.

5.2.1 The windows

The entrance window consisted of a circular UV grade fused silica6 (SiO2) plate with
a diameter of one inch and a thickness of 2 mm. The plate was placed at Brewster
angle to minimize reflection7 of the incoming beam. A Brewster angled holder with
KF40 connection was designed in ProgeCAD and produced by the local workshop.
The design is shown in part (a) of figure 5.6, while part (b) shows the final product.
The glass plate was simply glued onto the holder leaving a clear aperture of 10 mm.

The exit window was made in a similar way. However, the plate in this case was
a rectangular one inch calcium fluoride (CaF2) plate with a thickness of 0.5 mm.
The reason for the different choice of exit window is threefold: First and foremost,

5KF is a standardized vacuum connection, which allows for easy assembling with relatively low
leakage.

6Silica with a metallic impurity of less than 1 part per million.
7At Brewster angle the reflectance of p polarized light drops to zero[14].
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(a) Design for Brewster window holder. (b) Brewster window holder.

Figure 5.6: The Brewster cut KF40 connection piece with an inner diameter of
11.2 mm. (a) Shows the design, the upper part shows the transverse profile, while
the lower part shows the longitudinal profile. The square on the upper part of the
figure shows the position of a rectangular one inch window. (b) Shows a picture of
the final product.

the cutoff wavelength of transparency for CaF2 (∼ 140 nm) is shorter than for fused
SiO2 ( ∼ 170 nm) with less dispersion in the deep UV[49, 50]; second, the dispersion
of the harmonic light is higher than for the fundamental light, so a thin exit window
that minimizes the temporal broadening is required; finally the birefringence of CaF2

is extremely low for wavelengths longer than 180 nm[51], the CaF2 window should
therefore in practice be polarization maintaining. The two windows were supplied
by Eksma Optics.

5.2.2 Mechanical support

The entire setup was supported at the connection tube lines at either end of the
setup by a pair of aluminum holders. The holders were each mounted onto a man-
ual 3D-translation stage from Thorlabs, which allowed for micrometer precision in
the positioning of the setup. This level of accuracy was especially needed for the
capillary experiments, which were required to be well-aligned both in position and
angle in order to maximize the coupling into and through the fiber. These holders
were also designed in ProgeCAD, and custom-made by the local workshop for this
project. A sheet of rubber was used to separate the tubes and the holders in order
to minimize mechanical stress on the tubes, whenever the tubes were moved by the
translation stages.
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5.3 The static gas cell experiments

In the gas cell experiments the light pulse was focused into a gas cell located inside
the low-vacuum chamber filled with a static pressure of gas. The cell was placed
inside a vacuum chamber in order to minimize distortion effects when the pulses
propagate to and from the focus. By limiting these effects the beam maintains a
more well-defined profile while being focused, which should be beneficial for the non-
linear process of frequency conversion as the intensity is increased at the focal point.
Also reabsorption of the generated field is minimized inside a vacuum chamber.

The static pressure gas cell was achieved by allowing a continuous inflow of gas
into the cell, while at the same time pumping the vacuum chamber far from it.

A gas cell holder with KF40 connection parts was designed in ProgeCAD. The
holder consisted of a 1.88 cm long cylindrical piece, with a 15 mm wide hole in the
middle into which the gas cell was mounted. The gas cell was then sealed off from
the remaining vacuum chamber by use of rubber rings, which were mashed into the
side of the cell by attachable washers. A 6 mm wide hole was drilled in the middle
of the holder in order to connect a copper tube with an inner diameter of 2.5 mm.
The other end of the copper tube was connected to a valve from Swagelok, allowing
it to work as a gas inlet.

Figure 5.7: The principle of the gas cell. Light at the fundamental frequency of
the laser is focused inside a gas cell filled with gas. Due to nonlinear interaction
between the gas and the incoming radiation, light oscillating at other frequencies is
generated.

The first gas cell consisted of a hollow 3 cm long cylindrical Plexiglas tube with
a 2 mm wide hole in the cylinder wall at the middle of the longitudinal direction in
order to fill the cell with gas through the inlet. The cylinder was sealed off at the
ends by several layers of Teflon tape. The laser was used to in situ drill a hole in
the tape, allowing the following light pulses to pass through the cell. By drilling the
hole with the laser itself the width was minimized as much as possible. The light
pulse was focused into the center of the cell by a 75 cm focal length lens, ignoring
pulse distorting effects this would lead to a beam width of roughly 0.1 mm at the
cell entrance. The cell was then filled with gas pressures between 1 and 4 bar.

Although the laser drilled hole was not larger than the laser beam itself at
the respective positions, the gas leak rate was rather high, resulting in high gas
consumption and a low pressure ratio between the cell and the chamber.

In order to reduce the gas leakage two possibilities were apparent; either reducing
the gas cell size or changing the spot size at the cell wall by using a telescope to
reduce the beam size and then focusing it with a significantly longer focal length
lens. This would increase the spot size at the focal plane, but at the same time
decrease the beam divergence resulting in a smaller beam at the cell wall; the second
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possibility was to drastically reduce the cell size. We opted for the second solution.
Instead a gas cell was made from one of the connection tubes. A hole was drilled all
the way through it and a plastic tube with a 6 mm outer and 4 mm inner diameter
was connected. Figure 5.7 schematically show this gas cell. As before the laser was
used to drill a hole for itself, while a layer of aluminum foil wrapped around the
cell was used to block the less intense part of the beam, and thereby decrease the
hole size. The pressure inside the cell was adjusted by a pressure regulator mounted
directly on the gas bottle.

(a) Required rotation of the prism for
low dispersion for short wavelengths.

(b) Required rotation of the prism for
low dispersion for long wavelengths.

Figure 5.8: The Pellin Broca prism.

Behind the vacuum chamber the combined fundamental and harmonic beam
was collimated by a silver coated curved mirror with a focal length of 75 cm. After
collimation the fundamental part of the beam was attenuated by the use of a pair
of UV graded fused silica mirrors with high reflectivity (> 99.5%) coating for 261-
266 nm light at an incidence angle of 45o. The mirrors were rotated such that the
light was considered to be p polarized, since the reflectivity at the fundamental
frequencies is substantially lower for p polarized light, while the coating still reflects
99% of light with wavelengths between 261 and 266 nm. In order to measure the
absolute pulse energy of the third harmonic signal with a very sensitive photodiode
silicon based sensor (PD300-UV-193 from Ophir Optronics) further attenuation of
the fundamental light are required, since a transition resonance makes the detector
more sensitive to infrared light. To improve the signal to noise contrast of the
third harmonic beam the use of a Pellin Broca prism was therefore invoked. In
this special kind of prism the angle between the input beam and the output beam
of a specific wavelength is exactly 90o, while other wavelengths are dispersed into
angles deviating slightly from this. As indicated by figure 5.8 it is in principle
possible to select which wavelength is emitted at 90o simply by rotating the prism.
The advantage of the prism is that it is only weakly dispersive such that the pulse
maintains an almost beam-like spatial distribution afterwards. A piece of Schott
glass (WG 320), which is opaque for wavelengths below 300 nm, was used to verify
that the measured beam only consisted of third harmonic light.
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(a) (b)

Figure 5.9: The results of the gas cell. (a) The measured amount of third harmonic
signal as a function of the backpressure from the gas bottle. (b) The pressure inside
the surrounding vacuum chamber as a function of the backpressure.

5.3.1 Results and discussions for the static gas cell

Part (a) of figure 5.9 shows the measured pulse energy as a function of the backpres-
sure from the gas bottle for three different gases; argon, neon and nitrogen. Part
(b) of the figure shows the amount of gas which had leaked from the cell into the
remaining chamber as a function of applied backpressure. Since the backpressure
was merely measured at the gas bottle without further control the pressure was
estimated to be within ±100 mbar of the displayed. For the pulse energy the uncer-
tainty was on the other hand estimated to be that of the detector, which was ±3%
for 266 nm light.

A pressure dependent third harmonic signal is clearly apparent in all gases. For
argon and nitrogen the signal features two local maxima. The conversion in argon
seems to be slightly higher, which is well-explained by the higher nonlinearity of
argon compared to that of nitrogen. Choosing backpressures below 500 mbar was
not possible with the available pressure reducer. However, when the gas bottle was
closed, while leaving the pump still venting the chamber, such that the pressure
inside the gas cell decreased below 0.5 bars the signal rose to a peak value of 420
nJ for argon and 300 nJ for nitrogen before dropping to 0 nJ once the chamber was
completely vented. Since the pressure for these two values was not measured these
points were omitted in the figure. However, the peak indicated that the optimum
generation pressure was somewhere in the regime of 0 to 0.5 bar for either gases.

When compared with the simulated curve for direct third harmonic generation in
argon shown in 4.6 the measured oscillating result clearly differed from the calculated
oscillations - both in period and the maximum signal envelope. There can be many
reasons for these deviations, since the code is a simple time-independent 1-D code,
which only considered the on axis response.

In particular the code did not take into account electric field alterations caused
by the interplay between self-focusing and defocusing effects of the pulse close to
the geometrical focus inside the gas cell. In the experiments the interplay led to a
formation of a self-guiding filament for the pulse. For 1 bar of argon the filament
ranged from roughly 2 cm before the cell to 1 cm after, such that it had a total
length of around 3.6 cm. Within the filament the pulse continuously self-focuses and
defocuses, which leads to a more or less constant intensity around the geometrical
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focus. The self-focusing is predominately caused by the optical Kerr effect, while the
defocusing is caused by plasma diffraction. The filament ends when the pulse power
has decreased sufficiently such that the diffraction caused by the plasma eventually
overtakes the self-focusing.

As the code did not take into account depletion of neither the fundamental field
nor the third harmonic, caused by absorption or by conversion into other frequen-
cies, it cannot be applied for THG in dense gases, where these effects becomes
stronger. Also, since higher gas concentration increases the probability of ioniza-
tion, the critical free electron density occurs at lower intensities for dense gases.
The decrease in obtainable intensity means, that the effects of the nonlinear re-
fractive index stops scaling as according to the simple theory. As a bare minimum
one in principle needs to simultaneously solve the propagation of the fundamental
electric field envelope between each step of propagation for the third harmonic field
envelope (equation (4.1) on page 21), to accurately determine the generated third
harmonic signal. This would require a considerable time-consuming overhaul of the
code, time that would probably be better spent on deriving a proper propagation
code from scratch. Nevertheless, the simulations did predict pressure dependent
phase-matching oscillations of the correct order of magnitude.

For the generation in neon the process was clearly still fairly phase matched
for all data points, since the generated signal was monotonically increasing for the
entire measurement.

During the capillary experiments a high pressure of argon was needed inside the
chamber, so the pump was turned off, while the pressure regulator was set to 1 bar.
However, the pressure gauge still displayed a pressure of around 37 mbar. Initially
this led us to believe that the pressure gauge was malfunctioning. However, a short
consultation with the manual revealed that the gauge was in fact a Pirani gauge. In a
Pirani gauge a metallic wire is connected to an electrical circuit, whenever a molecule
or an atom hits the wire energy is dissipated from the wire. The energy dissipated
from the wire causes it to cool, which changes the conductivity. The conductivity
is then interpreted as a given pressure, since the rate of collision is dependent on
pressure. Since the amount of dissipated energy per collision depends on the thermal
conductivity of the gas, the readout is dependent on gas type. Below roughly 1 mbar
the gauge response is linear and the gas type dependence is noncritical, such that
gauge displays more or less the correct pressure for all gases. However, above 1 mbar
the gauge response becomes nonlinear due to cascaded processes, so the displayed gas
pressure becomes highly gas type dependent. The gauge had only been calibrated
for nitrogen by the manufacturer, while the manual provided a set of data points
for conversion into other gases.

Part (a) figure 5.10 shows the tabulated conversion values for neon provided by
the manufacturer, along with a nonlinear fit in order to provide conversion for other
pressures. Part (b) of the same figure shows the conversion for argon. While part
(c) shows the estimated residual pressure in the vacuum chamber as a function of
the backpressure, after the nonlinearity of response for the pressure gauge had been
taking into account. Uncertainty bars have been omitted for the adjusted pressures,
because of the difficulties in determining them properly. In particular, the pressures
for argon are very imprecise.

Several ways of reducing the gas leakage from the gas cell was investigated
throughout the experimental work. Among these the most prominent try was to
construct a gas cell consisting of a 3 cm long solid rod with an outer diameter of
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(a) Nonlinear response for
neon.

(b) Nonlinear response for ar-
gon.

(c) Corrected residual gas
pressures as a function of
backpressure.

Figure 5.10: (a) Numerically estimation for the nonlinear response curve for neon of
the gauge. (b) Numerically estimation for the nonlinear response curve for argon of
the gauge. (c) The corrected residual gas pressure as a function of the backpressure
from the gas bottle for argon, neon and nitrogen.

15 mm and a 1 mm hole in the middle. A 4 cm long hollow capillary with an inner
diameter of 250µm was glued into this hole. A roughly 70 µm wide hole through
the cladding of the capillary was drilled with the laser prior to gluing it into the
rod. This gas cell was mounted into the mount described earlier. Part (a) of figure
5.11 shows a side view of the capillary. Part (b) and (c) of the same figure respec-
tively show the third harmonic signal and the leakage into the vacuum chamber as
functions of the backpressure for argon and nitrogen.

(a) (b) (c)

Figure 5.11: Results for an alternative gas cell. (a) Cross-sectional view of a
capillary with a hole drilled through the cladding, this capillary led the basis for the
alternative cell. (b) The third harmonic signal as a function of backpressure. (c)
The adjusted gas leakage as a function of backpressure.

One notices that the gas leak rate were much higher than before, which clearly
indicates that the entrance hole for plastic tube based gas cell was substantially
narrower than 250µm. One also notices that the overall throughput of third har-
monic signal is reduced almost tenfold. The reduction in throughput was probably
related to the higher gas leakage, which limited the focusing. However, the main rea-
son for the decreased signal was probably, that the holder supporting the capillary
was lacking angular alignment. Since time was limited coupling into the waveguide
was not optimized and a large part of the fundamental beam was not transmitted.
The therefore less intense generating field led to a lower amount of third harmonic
generated signal.
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5.4 The pulsed gas jet experiments

Figure 5.12: The setup for the pulsed gas jet experiments.

The second part of the experimental work involved a pulsed gas jet for low order
harmonic generation. Since such a jet already existed in the lab as part of a high
harmonic generation setup (shown in figure 5.12), this setup was therefore used for
this part.

A spherical mirror with a focal length of 50 cm was used to focus the IR
light pulses into the pulsed gas jet located inside a high vacuum chamber (10−5-
10−6 mbar). The jet consisted of a 6 mm long aluminum block with a 1 mm wide
hole through the center. Another hole from the backside of the block connected
the 1 mm hole with a high gas density chamber. A piezoelectric valve was used in
between the thin nozzle and the high gas density chamber.

The cell was mounted on a motorized 3-D translation stage, in order to optimize
the coupling of light into the jet. The valve was opened at a repetition rate of 1 kHz
synchronized with the laser by applying voltage to the piezoelectric material, which
when expanded sufficiently squeezed the sealing rubber ring such that gas could leak
from the back chamber into the cell, and thereby creating a gas jet[52].

60 cm after the jet the beam was refocused by a toroidal mirror with 30 cm focal
length. The exit CaF2 window for the chamber was located right behind the toroidal
mirror, so the focal plane of the refocused beam was well outside the chamber. The
converging third harmonic pulse was separated from the fundamental pulse right
after the vacuum chamber by a pair of band-pass mirrors and a Pellin Broca prism
in a similar way as in the part with a static gas cell.

In order to generate extreme ultraviolet (XUV) light through the process of high
harmonic generation[4, 5], the gas jet is normally operated with at relatively low
voltage, such that residual gas in the chamber is in the range of 3-4·10−3 mbar, which
corresponds to a pressure in the jet in the range of a couple of tens of mbar.

For these experiments with THG in a pulsed jet it was initially tested whether it
would be beneficial to turn off the turbo pumps and operate the jet at a considerably
higher pressure. However, even when the rest pressure in the chamber was merely
10−1 mbar a strong filament was generated. The generated third harmonic signal
was greatly reduced within the filament, due to strong absorption and the tight
focusing. The turbo pumps were therefore turned back on, and the jet operated at
pressures close to the ones used for high harmonic generation. The simultaneously
generated XUV light was a non-issue for the detection, due to the short attenuation
length of XUV light in the window.
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5.4.1 Results and discussions

Figure 5.13: Optimization of aperture size for the third harmonic generation in
argon, for a rest gas pressure of 5·10−3 mbar.

In order to maximize the third harmonic output the following parameters were
all optimized; pulse compression, pulse energy, delay between the gas valve and light
pulse, backing pressure of the gas bottle, and the overall alignment. As an example
of this optimization of pulse energies are shown in figure 5.13 at a backpressure of
5 bar and a rest gas pressure of 5 · 10−3 mbar. The pulse energy was adjusted by
aluminum apertures of various sizes.

Figure 5.14 shows the pressure dependence of THG for conditions which were
optimized for third harmonic generation for a rest gas pressure of 5 ·10−3 mbar. The
signal clearly scales almost quadratically with the rest gas pressure, and thus with
the generation pressure, under the reasonable assumption that the pressure inside
the jet is linearly proportional to the rest gas pressure. This corresponds to the case,
where the phase mismatch between the fundamental light and the generated signal is
nearly the same for all the different pressures, which causes the phase integral given
in (2.12) to be approximately constant. The measurement was stopped at 10−2 mbar
in order to prevent overloading of the turbo pump, although no limitations of the
signal caused by phase-matching had been observed.

Figure 5.14: Measurement of the pressure dependence on the third harmonic gen-
eration in a gas jet, along with a quadratic fit.
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5.5 The hollow capillary experiments

The final part of the experimental work for this thesis concentrated upon phase-
matched difference frequency generation of two-color fields inside a hollow capillary.
The hollow capillary was made from a 1 m long fused silica glass tube, with a hollow
core with a diameter of 250µm, the outer diameter of the tube was 1 mm.

The capillary was placed in a V-grooved mount inside the vacuum chamber
described in section 5.2. The chamber was vented and then refilled with various
gases. Unlike in the gas cell experiments the roughing pump for the setup was
turned off throughout these experiments, such that the entire capillary was kept at
a static pressure.

This experimental setup involved reflections from a substantial higher number
of surfaces, than the gas cell experiments, so the 50/50 beam splitter in front of the
setup was replaced with a mirror in order to increase the power.

5.5.1 The two-color interferometer

The two-color field consisted of the fundamental light pulses delivered by the laser,
and frequency doubled light pulses. The roughly 0.1 mJ frequency doubled pulses
were generated in a 0.7 mm thick KDP crystal using the entire 2.4 mJ IR pulse,
which corresponds to a conversion efficiency of roughly 4 %. The generated second
harmonic pulse should have a duration similar to that of the IR pulse, since the KDP
crystal was shorter than the phase-matching length for SHG, and comparable to the
theoretical walk-off length8. The spectral FWHM width of the second harmonic was
roughly 6 nm, which for a Gaussian pulse with a central wavelength of 400 nm would
correspond to a Fourier limited duration of roughly 40 fs. The SHG pulse was likely
not Fourier limited, but the duration was properly still in the range of tens of
femtoseconds.

Due to different group velocities of these two extremely short pulses, a fine
control of the timing between them was necessary in order for them to overlay in
time at the capillary. To handle this task a two-color interferometer was employed.

Figure 5.15 shows a schematic overview of the interferometer used for these ex-
periments. A dichroic mirror was used to generate the two arms of the interferometer
by transmitting the fundamental frequency light, while light at the second harmonic
frequency was reflected by the mirror. The length of the blue arm was controlled
by a translation stage mounted vertically. The translation stage could mechanically
be controlled by a micrometer screw with a precession of 1µm, while a piezomotorl
with a travel range of 20µm provided an additional fine control of the path length on
the nanometer scale. A periscope in the blue arm was used to turn the polarization
by 90o, such that once the two beams were recombined by a second beam splitter
they had parallel polarizations. A half-wave plate and a polarizer with an extinction
ratio of 50:1 in the IR path were used to precisely control the strength of the IR
light transmitted through the interferometer. The sub-micrometer precession in the
path length differences between the two pulses provided a sub-cycle control of the
temporal alignment for the two pulses.

8The propagation distance inside KDP for which the SHG light generated at the start of the
crystal still overlays in time with the fundamental pulse[26].

44



The experiment

Two-color interferometer
Vertical translation stage

DC AP

λ/2

POL

BS RM AP

BS

DC
AP
BS
λ/2
POL
RM

Aperture
Doubling crystal

Beam splitter
Halfwave plate
Polarizer
Rotated mirror

FM

FM Focusing mirror

Magnetic

DC

FS

SF

POL

SF

FS

Schott filter

Fiber spectrometer

Towards the hollow capillary

In

base plate

Figure 5.15: Overview of the two-color interferometer.

After spatial alignment of the interferometer rough temporal alignment between
the two pulses were found by frequency doubling the IR pulse in a second 50µm thin
KDP crystal after the interferometer, and then looking for interference between the
two blue pulses. The IR light was removed by a Schott glass filter, while a polarizer
rotated at 45o forced the two blue pulses to have the same polarization. The time
overlay was then observed by looking for spectral fringes of the two pulses with a
fiber coupled spectrometer. Once this was found, the time delay between the two
co-propagating blue pulses was optimized by adjusting the fringe pattern between
them. Figure 5.16 shows the optimized interference pattern between the two blue
pulses. The time delay between the IR and SHG pulses from the interferometer were
very slightly shifted from the delay between the two blue pulses, due to the finite
length of the second doubling crystal. However, this small deviation in the timing
inside the capillary was easily handled by the delay stage of the interferometer.

The throughput of the interferometer was 1.42 mJ for the red arm, and 0.08mJ
for the blue arm. After the interferometer a focusing mirror with focal length of
1 m and four additional folding mirrors, which were used to minimize spherical
aberrations of the focused beam, reduced the fundamental pulse energy to roughly
1.2 mJ at the entrance window for the vacuum chamber.

It was initially investigated if it would be beneficial to insert a Galilean
telescope[20] in front of the first doubling crystal in order to increase the amount
of generated blue light. However, this was dropped again, since a demagnification
of merely 2 times, led to a strong pulse degradation of the IR pulses, caused by an
increase in the nonlinear interactions of the more intense beam within the various
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Figure 5.16: Interference pattern between the two SHG pulses.

materials and air.

5.5.2 Aligning the hollow capillary

Aligning a hollow capillary is a non-trivial task in itself. The capillary was pre-
aligned from the back end with an ultra-stable helium neon (HeNe) laser. Once
in-coupling of the light from the helium neon laser was optimized, the mirrors be-
tween the interferometer and the normal entrance to the vacuum chamber were
aligned such that the HeNe beam was transmitted through the interferometer. An
additional aperture was inserted just in front of the vacuum chamber to help define
the optimum beam path. The HeNe laser was thereafter removed and the femtosec-
ond laser was sent towards the setup. The focal length of the focusing mirror was
selected such that the beam waist of the focused IR beam matched the theoretically
optimum size for coupling into the fundamental electric field mode of the capillary.
Since the focusing for both beams were conducted with the same mirror, the blue
beam was too small for optimum coupling into the fundamental mode. This meant
that higher order modes were excited by the blue. It also meant that coupling of the
blue beam was easier. The procedure for coupling was therefore to first optimize
the coupling of the blue beam with the two alignment mirrors after the focusing
mirror, and then using the last two mirrors in the red arm of the interferometer
two optimize coupling of the IR beam. Figure 5.17 shows the far field modes of
the transmitted beams for the IR beam and the beam from the HeNe laser. The
throughput of the capillary at a vacuum pressure of 10−1 mbar was 0.54 mJ for the
IR beam, and 0.02 mJ for the second harmonic beam. At one bar of argon or air
the optimized IR throughput had decreased to roughly 0.4 mJ. The blue beam was
attenuated a bit more due to higher reflections of the entrance and exit windows
of the chamber, since they were placed in Brewster angle for the IR beam which is
a different angle for than the Brewster angle for the 400 nm beam. Also the fact,
that the higher order modes have a higher attenuation coefficient inside the fiber[34]
played an important role in the stronger attenuation of the blue beam.

5.5.3 Results and discussions

The signal was detected in two ways; the first method was similar to the previous
experiments, where the beam was collimated by a curved silver mirror, and then
using a pair of band-pass mirrors and a Pellin Broca prism in order to measure the
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(a) (b)

Figure 5.17: (a) The far field transversal beam profile of the helium neon laser
beam transmitted through the fiber. (b) The far field transversal beam profile of
the IR beam transmitted through the fiber.

absolute strength of the third harmonic signal; the second method was to block the
entire beam directly after the chambers exit window, and then record the entire
reflected spectrum with a fiber spectrometer (AvaSpec-3648) with a solarization9

resistant fiber (Avantes FC-UV100-2-SR). The spectrometer had a spectral range
of 190 nm to 1100 nm with a resolution of 1.4 nm.

The temporal overlap inside the capillary was found by filling the capillary with
atmospheric pressure of air, sending in the blue and IR beams, and changing the de-
lay of the blue pulse, while carefully watching the output pulses for obvious changes.
Figure 5.18 shows how the blue pulse was spectrally changed by propagation inside
the capillary as a function of the delay between the two pulses. A spectral alter-
ation of the blue pulses was observable at four different delays. The first and also
strongest shift corresponds to the temporal overlap of the blue and red pulse. The
intense red pulse causes the blue pulse to feel a strongly time-dependent refractive
index, which leads to a spectral broadening and shift of the blue pulse.

The time-dependent refractive index is caused by interplay between several ef-
fects, such as cross-phase modulation10, the generation of free electrons and the
excitation of rotational wave-packets.

The cross-phase modulation leads to a blue-shift or a red-shift depending on
whether the blue pulse coincides with the rising or the falling slope of the IR pulse.
The blue pulse is additionally blue-shifted by the creation of free electrons, which
is likewise mainly driven by the intense IR pulse.

The main reason behind the apparent long cross-correlation signal, were however
probably due to the formation of rotational wave-packets. Prior to the IR pulse the
air is isotropic; however the intense IR causes the molecules to spatially align break-
ing the isotropy of the gas. Molecular alignment can either reduce or increase the
refractive index depending on the polarization of the light. Quantum mechanically
the alignment is described by the excitation of a number of rotational states |J〉.

9Long term UV transmission of normal silica based fibers is heavily decreased by the formation
of strongly UV absorbing intrinsic defects inside the silica core, these so-called color centers are
centered around 210 nm and 265 nm[53]. This effect is termed solarization.

10The two-color equivalent of self-phase modulation, where a time-dependent intense beam
causes a spectral change in weaker beam through the optical Kerr effect.
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Figure 5.18: Spectral alterations of the frequency of the second harmonic light
coming out of a capillary as a function of the delay between the IR and SHG pulses
sent into the capillary.

These rotational states have different angular frequencies ωJ given by[54]:

ωJ =
1

2
J(J + 1)ω1, (5.1)

where ω1 is the angular frequency of the lowest order excited state. Since the vari-
ous rotational states have different angular frequencies they dephase. The dephasing
occurs within a couple of hundreds of femtoseconds, after which the rotational align-
ment is lost.

Unless additional decoherence effects have happened all states rephase again at
a certain time and the alignment is regained. The realignment is called rotational
revival, and happens when the phase of the fundamental state has changed by a
integer number of 2π. For nitrogen and oxygen this happens about 8.4 ps and
11.2 ps after the aligning pulse respectively[54]. One can also have partial revival
for a number of rotational states at certain fractions of the full revival time.

The delayed spectral shifts of the blue were in good agreement with precisely
measured quarter-cycle revival times for nitrogen (∼2 ps) and oxygen (∼3 ps), as
well as half-cycle revival in nitrogen (∼4 ps).

The mean free path of air is roughly 64 nm at atmospheric pressure11. If the
molecules had been moving at the normal speed of sound they would have moved a
considerably shorter distance (about 2 nm in 6 ps) and decoherence due to collisions
would not be an issue. However, since the gas also was heated by the intense electric
field their velocities were likely several orders of magnitude higher than their normal
speed. The thereby higher collision rate would significantly decrease the coherence
time, and explain the lack of spectral changes in the blue beam at the theoretical
full cycle revival and later.

11Taken from [55].
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The interpretation that the latter spectral shifts were due rotational revival were
further supported by the lack of similar delayed shifts in the atomic gases of argon
and neon, while the first peak was still observable, however substantially narrower.

After the temporal overlap was found for air, the chamber was evacuated and
refilled with the desired pressure of argon; the position of the overlap was slightly
shifted with respect to the air overlap, due to the small difference for the vari-
ous group velocities in air and argon. In order to decrease the uncertainty in the
pressure for argon, the previously used Pirani pressure gauge was replaced by a
regular gas type independent Diaphragm gauge (ASG-2000-NW16). This type of
gauge measures the kinematic force exerted by the gas, and is therefore gas type
independent.

(a) (b)

Figure 5.19: (a) Full spectrum as a function of pressure without the blue pulse. (b)
Full spectrum as a function of pressure with the blue pulse.

Part (a) of figure 5.19 illustrates how the spectrum of the light transmitted
through the capillary depends on pressure when only the IR pulse was sent to-
wards the capillary. The total throughput was optimized each time the pressure
was changed; in particular the IR beam often required spatial realignment to opti-
mize the coupling. In good agreement with usual measurements of ultrashort pulse
propagation inside hollow capillaries [56, 57], the IR pulse was significantly spec-
trally broadened. The spectral broadening of the IR pulse was caused by interplay
between similar nonlinear effects12 which led to a broadening of the blue pulse de-
scribed above, with the obvious exception that molecular alignment did not play a
role in this case, since argon is an atomic gas. The broadening was more pronounced
at higher pressure, due to increased nonlinearities.

A weak third harmonic generated signal was also visible at all pressures. The
THG signal was slightly blue-shifted at higher pressures likely, due to a higher
concentration of free electrons.

Part (b) of the same figure shows the transmitted spectrum for the same pres-
sures with both the IR and the blue pulse present. As expected by phase-matching
considerations the generation of deep UV light was greatly enhanced by the pres-
ence of a 2ω field. By adding the blue beam an additional path to 3ω light was
added, namely the DFG process: 2ω + 2ω − ω → 3ω. The generated signal was

12In this case mainly self-phase modulation and generation of free electrons.
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centered around 260 nm at low pressures, while higher pressures caused it to be fur-
ther blue-shifted simultaneously with the shift of the blue. An optimum conversion
pressure is obtained between 200 and 500 mbar, while the conversion was limited
at higher pressures by the depletion of parts of the blue and IR beams, which were
phase-matched for UV generation.

Figure 5.20: The measured UV signal after removal of the IR and SH signal by the
band-pass mirror and prism.

Figure 5.20 shows the absolute energy measurements of the UV radiation after
separation of the blue and the IR pulses with the prism and the band-pass mirrors.
As the spectrum in part (b) of 5.19 shows, is the generated signal both significantly
broadened and slightly blue-shifted. This probably led to a decrease in the measured
pulse energy compared to the real pulse energy, simply due to the relative narrow
bandwidth of the separation mirrors.

The measurement in figure 5.20 shows four different locally optimized generation
pressures located around 120, 240, 320 and 360 mbar respectively. These closely
spaced generation pressures, could correspond to phase-matched generation from
the fundamental mode of the IR beam and capillary modes of different orders for the
multi-moded blue beam. It was not possible to determine the mode of the generated
beam in a simple way, since a significant amount of blue light was reflected by the
band-pass mirrors. The blue beam was therefore not filtered away before the prism,
which distorted the beam quality.

Figure 5.21 demonstrates the tunability of the transmitted spectrum. The figure
shows how the strength of the IR beam affects the transmitted spectrum for two
distinct blue pulse strengths, each measured at three different pressures. As previ-
ously described the IR beam was attenuated by rotating the half-waveplate in the
red arm of the interferometer. The input pulse energy for each data point was not
measured directly, but merely estimated by observing the strength of transmitted
IR pulse. The half-waveplate was rotated by hand over a range which corresponded
to a polarization change of 180o for each measurement. Since the rotation was done
manually the data points were not equidistantly spaced.
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(a) 279 mbar, 0.7 mm (b) 145 mbar, 1.3 mm.

(c) 531 mbar, 0.7 mm (d) 591 mbar, 1.3 mm.

(e) 992 mbar, 0.7 mm (f) 850 mbar, 1.3 mm.

Figure 5.21: Output spectrum from the capillary as a function of the intensity of the
input IR field measured at three distinct pressures for two different KDP crystals
with respective thicknesses of 0.7 mm and 1.3 mm.

In parts (b), (d) and (f) of the figure the strength of the blue pulse was in-
creased by replacing the 0.7 mm thin KDP frequency-doubling crystal in front of
the interferometer by a slightly thicker one (1.3 mm). The thicker crystal allowed
for generation of blue pulses with energies up till 20µJ, at the cost of longer and
spectrally narrower input blue pulses. The coupling efficiency of the blue pulse
remained the same, so 4 µJ pulses were transmitted through the capillary.

At low IR intensities the spectral broadening faded in all cases, which led to
a generation narrow bandwidth UV radiation usually centered around 270 nm. In-
creasing the IR intensity resulted in a blue-shift and spectral broadening of all pulses
inside the capillary, which clearly supports the interpretation that the IR pulse was
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the driving force for these nonlinear effects. White light generation covering the
entire range of the spectrometer was obtained with the thick crystal at high gas
pressures.

Figure 5.22 shows an enlargement of the spectral range from 190 nm to 450 nm for
part (a) figure 5.21. This measurement shows evidence of not only third harmonic
generation, but also signs of higher order harmonics by showing a weak fourth
harmonic signal. The fourth harmonic frequency light was likely caused by cascaded
nonlinearities, where the 3ω light is further upconverted through difference frequency
mixing with the other fields. The third-order processes which can lead to 4ω light
is:

ω + ω + 2ω → 4ω, 3ω + 3ω − 2ω → 4ω, 3ω + 2ω − ω → 4ω. (5.2)

Shorter wavelengths were likely to also be generated; however the spectrome-
ter did not support a measurement of these. Using a thin doubling crystal clearly
provides more controllability of the output, while a thicker one provides a stronger
output. Using the thick crystal likely also causes the generated signal to be more
chirped, increasing the requirement for temporal recompression. However the dura-
tion of the generated pulses was not measured in the presented work.

Figure 5.22: Zoom of figure 5.21 (a) to illustrate the IR intensity dependent output
spectrum for 190 nm to 450 nm.
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Chapter 6

Conclusions and outlook

The development in Attosecond Physics has been immense in the last decade. Con-
siderable advances in laser technology around the turn of the century along with
discovery of high harmonic generation in the late 1980’s created this new branch
of physics. These technologies, which allowed for diffraction-limited few-cycle near
infrared pulses and extreme ultraviolet light with sub-femtosecond duration, has
recently pushed the time-resolution in the study of atomic processes towards their
natural unit of time1[58]. The aim of this thesis was to add deep ultraviolet light
to the attosecond technology toolbox, in order to enable single photon attosecond-
resolved studies of surfaces and chemical processes.

The thesis was a divided into two parts: A theoretical investigation of the pos-
sibilities of generating DUV light by frequency upconversion of ultrashort pulses
delivered by a Ti:Sapphire laser, and an experimental part involving the experimen-
tal realizations of the theoretical ideas.

The theoretical part concentrated on the aspects of phase-matching. A numeri-
cal model was derived, which allowed for studies of how various parameters influence
the phase-matching conditions. The code was applied to the simple case of third har-
monic generation in a gas cell. These simulations revealed that optimum generation
conditions would likely be obtained in a high pressure loose focusing scheme, where
the phase-matching conditions should be optimized by fine-adjusting the pressure.

In the experimental part four experiments were designed, in order to evaluate
the different methods of generating deep ultraviolet light. The simplest solution
for generation third harmonic light, which involved focusing the laser into a static
pressure gas cell, showed the highest output with measured pulse energies as high
as 420 nJ. The generated pulse was likely significantly higher, since prior to the
energy measurements the pulse was recollimated by a silver coated mirror, reflected
by a pair of band-pass mirrors, and finally dispersed by a prism in order to separate
the fundamental frequencies. The normal reflectivity of silver mirrors in the deep
ultraviolet is around 25 %, so the total energy of the third harmonic pulses was
estimated to be above 2µJ. On the downside, the method lacked durability and
reproducibility. The entrance and exit holes of the gas cell, which were drilled in situ
by the laser itself, were at high cell pressures expanded severely within minutes. The
expanded holes led to a greatly increased gas leakage into the surrounding vacuum
chamber, which limited the generated third harmonic signal.

1The atomic unit of time.
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The second method involved using a pulsed gas jet rather than a steady-state gas
cell. The technique demonstrated promising results, with measured pulse energies
around 300 nJ, without showing any signs of limitations caused by phase-matching
issues. The method provided clear advantages of reproducibility over the static high
pressure gas cell, while maintaining similar conversion efficiencies. The setup used
for this part, was built with the generation of high harmonic pulses in mind, which
are efficiently generated at jet pressures around 20 mbar. So the setup was there-
fore not capable of handling the high pressures involved in efficient third harmonic
generation, which limited the highest possible generation pressure prior to phase-
matching limitations. Further development of this method would therefore involve
the design of a setup, which could support higher pressures in the jet, for example
by implementing a differential pumping scheme.

The third and fourth methods were based on hollow capillary schemes. The third
method was based on direct third harmonic generation inside a hollow capillary,
while the fourth method involved phase-matched difference frequency generation
of two-color fields as a pathway to deep ultraviolet light. The two-color field con-
sisted of fundamental frequency pulses delivered by the laser, and frequency doubled
pulses. The experimental complexity of dispersion of two-colored fields was handled
by the employment of an existing two-color interferometer, which was taken apart
and rebuilt to fit our requirements. The two-color interferometer provided a way of
obtaining spatial and temporal alignment between the two light pulses inside the
capillary.

As evident from figure 5.19 generation of ultraviolet radiation in a capillary
strongly benefits from the usage of two-color fields. The two-color scheme increased
the deep ultraviolet more than ten-fold, even though the added blue field was ten
times weaker than the infrared field. The absolute pulse energy measurements of
ultraviolet light was in the two-color experiments slightly weaker (∼ 200 nJ) than in
the gas cell and gas jet experiments. However, this was probable due to increased
spectral width of the generated light pulses, along with the narrow bandwidth of
the mirrors. As seen on figure 5.22 the bandwidth of 3ω light was as high as
50 nm under optimum generation conditions, while the separation mirrors only had
high reflectance for 261 -266 nm light. Assuming that the generated light has a
Gaussian spectral distribution centered around 260 nm with a spectral width of
50 nm, then the width supports deep ultraviolet pulses with durations down to 2 fs.
Finally the two-color capillary setup allowed for tunability of the center frequency
of the generated ultraviolet light by changing intensity of the generating IR field, as
demonstrated in figure 5.21.

6.1 Outlook

The current pulse separation method was mostly implemented as a fast way of re-
moving the fundamental pulses, in order to determine the energy of the ultraviolet
pulses. In order to make the setup useful for ultrafast applications a more sophis-
ticated non-dispersive method of pulse separation is needed. One solution is to use
the technique of a socalled Brewster reflector[59]. The idea of a Brewster reflector is
to place a silicon wafer at Brewster angle for the fundamental frequency2, which is
therefore coupled into the wafer. Since silicon has a strong absorption resonance in

2Which is 74.9o for 800 nm light.

54



Conclusions and outlook

the visible light, which makes the refractive index very wavelength dependent, the
ultraviolet light is instead reflected from the surface. The theoretical reflectance for
p polarized 266 nm light at an incidence angle of 74.9o is 0.44, while it is 0.63 for
160 nm light3. In order to avoid diffraction of the pulses from the silicon surface at
almost grazing incidence an extremely high surface quality is required.

Another important future perspective of the project would involve a temporal
characterization of the pulses. One method of doing this could be based on all
vacuum based autocorrelation measurement of the pulse by a pair of D-shaped
mirrors as a beam splitter. By mounting one of the mirrors on a piezo-controlled
translation stage the delay between the two pulses could be controlled, which would
allow for an autocorrelation measurement. In order to measure the autocorrelation
between the two pulse an interaction medium is required, this could for example be
a gas jet inside a magnetic bottle electron spectrometer, which conveniently exists
in the lab. One would then change the delay between the two pulses, and look for
an observable effect on the signal from the magnetic bottle electron spectrometer.

Finally the interferometer could probably use an update in order to simultaneous
couple the blue and the red light into the fundamental capillary mode. This could
for example be achieved by inserting thin focusing lenses in the two arms, and
thereby separately focus the beams. An alternative option could be to simply insert
an aperture in the blue arm, to reduce the beam size prior to the focusing mirror.

3The reflectance is calculated from the Fresnel equations.
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