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Introduction

Ultraviolet radiation is historically interesting for ultrafast spectroscopy ex-
periments. Absorption of a UV photon for example can generate a structural
rearrangement in a DNA nucleobase, or a charge transfer in simple organic
donor-acceptor systems that are candidates for a new class of solar cells. The
lack of intense ultrashort UV laser pulses however has prevented the study of
these systems at the early stages of the process, namely a few femtoseconds
(fs) after excitation. Recently the generation of J-level, widely tuneable, ul-
trashort pulses in the UV spectral range has been demonstrated by resonant
dispersive wave emission (RDW) in hollow capillary fibres (HCF). In this pro-
cess an IR pulse seeds a HCF filled with noble gas. If the fibre core diameter,
the gas pressure and the input pulse parameters are properly designed, the neg-
ative dispersion introduced by the fibre compensates the positive dispersion
due to nonlinear effects. The pulse undergoes a higher-order soliton dynam-
ics and self-compresses during propagation in the fibre. As in the Cherenkov
effect, the soliton emits a radiation behind it, and a resonant peak in the ul-
traviolet arises from the supercontinuum spectrum. Although few cycle UV
pulses were predicted by numerical simulations, no direct measurement of this
time duration was performed so far.

The first aim of this thesis is to present the direct measurement of
the RDW temporal duration. At first RDW emission was reproduced,
demonstrating a high tunability of the central wavelength of the spectra in the
UV range with a bandwidth supporting 2 fs Fourier transformed limited time
duration, and a pulse energy at microjoule level. The fibre was then coupled
to an all-in-vacuum Self Diffraction Frequency Resolved Optical Gating setup
(SD-FROG) to perform the temporal characterization of the pulses. The time
duration of the UV pulses is demonstrated to be sub-3-fs in the whole tun-
able range. The second part of the thesis concerns the extension of
this technique to the generation of two UV pulses with controlled
relative delay in the same fibre. The idea was to seed the fibre with two
delayed replicas of the IR pulse, both of them undergoing a soliton dynamics
and RDW emission at the same time. The question that had to be tackled,
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iv CHAPTER 0. INTRODUCTION

was whether the plasma generated by the first soliton would have destroyed
the second soliton dynamics. Two delayed replicas of the IR input pulse were
generated exploiting an ultrastable inline interferometer (TWINS). The out-
put spectrum was measured in the UV range as a function of the group delay
between the two IR pulses. Relying on the measurement of the spectral fringes
in the RDW spectra, the generation of two UV pulses is demonstrated as well
as the control of the UV pulses relative delay. These results open new possi-
bilities in spectroscopic and interferometric applications. All the experimental
results of this thesis are supported by numerical simulations.

The thesis is structured as follows:

e In Chapter 1 an overview of the theoretical understanding and of the
experimental results on RDW emission and temporal characterization is
presented.

e Chapter 2 describes the experimental setups, and the numerical meth-
ods employed for the temporal characterization of the pulses and the
simulations.

e In Chapter 3 the results on the RDW generation and its temporal dura-
tion measurement are presented.

e The generation of two RDW in the same HCF with controlled relative
delay is demonstrated in Chapter 4.

e Chapter 5 contains the conclusions of this work and further perspectives.



Chapter 1

State of the art in ultraviolet
resonant dispersive wave emission

(UV-RDW)

An optical soliton is an intense laser pulse whose propagation properties are
determined by the interplay between a negative dispersion landscape and non-
linear effects. Under particular conditions, an optical soliton can emit a radia-
tion called Resonant Dispersive Wave (RDW). This phenomenon has a strong
analogy with the Cherenkov effect in particle physics, where a charged parti-
cle travelling at a velocity higher than the speed of light in the medium emits
optical radiation at a resonant wavelength. The emission of RDW in optical
fibres by a soliton has been firstly predicted by theoretical works [1, 2]. The
experimental demonstration has been initially achieved in optical fibres with
fused silica core, which enabled the formation of optical solitons with time
durations in the picoseconds (ps) regime [3, 4]. Afterwards, this phenomenon
has been extended to hollow core photonic crystal fibres (HC-PCF) and hol-
low capillary fibre (HCF) with a hollow core filled with noble gas [5, 6]. This
feature enabled both the generation of more intense optical pulses and the
emission of the RDW in the UV spectral region (UV-RDW), where the noble
gas was transparent. The advantage of the generation of a RDW in HCF with
respect to HC-PCF, is the possibility to have the same soliton dynamics with
pulse energy at J level, which was limited to the nJ level in HC-PCF, due
to the smaller core diameter. UV-RDW radiation has been also characterised
to be ultrashort. Indeed time durations of = 3fs were measured in HC-PCF
[8]. The aim of this thesis was to perform a direct temporal characterisation
of UV-RDW pulses generated in HCF with a similar time duration. As a
matter of fact previous measurements, with a different characterisation setup
or generation scheme, reported values equal or longer than 6 fs [9, 10]. The
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CHAPTER 1. STATE OF THE ART IN ULTRAVIOLET RESONANT
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motivation for this effort was the possible exploitation of these ultrashort UV
pulses for novel ultrafast application. One major example is the field of ul-
trafast UV spectroscopy, where optical sources of ultrashort high energy UV
pulses have been historically challenging to achieve.

This Chapter is devoted to present the state of the art in UV-RDW. In the
first section a theoretical framework explains the basic concepts on RDW emis-
sion. The following section presents the experimental works that demonstrated
UV-RDW in both HC-PCF and HCF. The third section reports the temporal
characterisations of UV-RDW that have been performed before this thesis.
The last section gives an overview on the possible ultrafast applications of
UV-RDW.

1.1 Theoretical framework

RDW emission in an optical fibre needs the interplay between different effects
such as pulse dispersion, the nonlinear phenomenon of self-phase modulation
and the confinement of the pulse propagation in the fibre itself. In this sec-
tion, after the presentation of these effects separately, the generation of RDW
in HCF is qualitatively explained. Afterwards a theoretical treatment of the
phenomenon based on Nonlinear Schrodinger equation is shown. The analyt-
ical solution, valid in the ps regime, is not complete for the fs regime, where
an accurate description of the RDW dynamics is currently available only by
numerical simulations, similar to the one employed in this thesis (cfr subsec-
tion 2:5). Some basic conditions for RDW emission are also presented at the
end of the section.

1.1.1 Dispersion and self-phase modulation

In the low intensity regime, where the laws of linear optics are valid, an optical
laser pulse can be described as the Fourier superposition of monochromatic
plane waves. The complex electric field is given by:
Z
e(t;z) = dl a(1)e'®t)Z ) = g(t;z)e " o (1.1)

where t and z are the temporal and spatial coordinates, ! is the angular fre-
quency, k is the wave vector, &(1) is the frequency dependent amplitude, a(t; z)
is the complex temporal envelope and g is the carrier angular frequency that
modulates the envelope. The electric field can be recovered calculating the real
part of its complex version, E(t;z) = Re(e(t;z)). The pulse envelope evolution
is dependent on the relations between the phase velocity of the monochromatic
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plane waves. Since in general the phase velocity varies with the optical fre-
quency, this results in the dispersion of the pulse during propagation, whence
the term "dispersive wave". This phenomenon can be completely described
by the dispersion relation, that is the dependence of the wave vector on the
angular frequency, here expanded around the carrier angular frequency:

ek 1 0%k 1 @3k

k(!):k(!o)+@—!!o(! !0)+§W!0(! !°)2+6W!0(! 1o)3+:: (1.2)

where %k = % is the inverse of the group velocity Vg4 at which all the pulse
'y

travels, and % = GV D is the group velocity dispersion. This last pa-
0

rameter quantiﬁeé the variation in group velocity at different frequencies, and
hence the tendency of the pulse to disperse and undergo a temporal broaden-
ing. In particular positive, or "normal", dispersion (GV D > 0) means that
the lower frequencies move faster than the higher frequencies, and the opposite
for the negative, or "anomalous", dispersion (GV D < 0). The wave vector in
equation 1.2 can also be expressed in terms of the refractive index n(1):

k(1) = —n(1) (1.3)

Oll-

where c is the speed of light in vacuum.

When the pulse has a high intensity 1 = %cn ojej?, where g is the vacuum
permittivity, and propagates in some medium with a high third order suscepti-
bility © such as noble gases, a new nonlinear phenomenon, called self-phase
modulation (SPM), becomes effective. It can be described as the dependence
of the refractive index on the instantaneous pulse intensity:

n(r;1(t) = n(1)+ nal(t) (1.4)

where N, is the positive nonlinear refractive index that is proportional to ©.
The dependence of the refractive index on the instantaneous pulse intensity
involve the generation of new frequencies during the pulse propagation. An
intuitive explanation for this phenomenon is sketched in Figure 1.1 for an ideal
pulse. In the pulse front, the phase velocity decreases with the rise of the pulse
intensity (and of the refractive index). Hence the field peaks move faster at
lower instantaneous intensity generating a stretching of the carrier wavelength
and its redshift. The opposite behaviour happens in the pulse tail, where the
more delayed field peaks move faster than the one with higher intensity, and
are responsible for a frequency blueshift.

The sarge Ire)sult can be derived mathematically. For pulses with small band-

' 1o

width (*_* << 1), inserting the dependence of the wave vector on the pulse
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Figure 1.1. Simple explanation of self-phase modulation. In the pulse front the
electric field peaks move faster at lower pulse intensity, where the nonlinear refractive
index component is lower. This cause a stretching of the carrier frequency and its
redshift. The opposite happens in the pulse back, where the field peaks move faster
in the pulse end than closer to its intensity peak. This provokes a compression and
a blueshift of the carrier frequency.

intensity (equations 1.3 and 1.4) into equation 1.1, the temporal phase can be

approximated by: .

(tL)= Iot+ 'T°n2|(t)|_ (1.5)

where L is the propagation length inside the nonlinear material. It can be
noticed that the temporal phase acquires an additional term that is modulated
by the intensity of the pulse itself, hence the term "self-phase modulation".
From equation 1.5, the instantaneous angular frequency can be obtained as:
!(t): @_: !0 hnz@l(t)
@t c @t
In the front side of the pulse, where the intensity has a positive slope, the
instantaneous frequency is lowered, while it is enhanced in the back side of the
pulse where the intensity is decreasing. This effect introduces a broadening
in the pulse spectrum. Moreover, it must be noticed that SPM intrinsically
introduces a positive dispersion in the pulse.

L (1.6)

1.1.2 Pulse propagation in Hollow Capillary Fibre (HCF)

When a laser beam propagates in an isotropic infinite medium, no constraints
are present on its spatial profile. However, when the beam propagation is con-
fined in an optical fibre, only a discrete number of normal modes are allowed,
whose solutions are determined by the cylindrical symmetry of the fibre struc-
ture. In a dielectric waveguide as the HCF, the propagating modes can be
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Transverse Electric (T Egp), Transverse Magnetic (T Moy ), or Hybrid modes
(HEnm )[41]. In general the propagating pulse is in a superposition of several
of these modes. The electric and magnetic fields solutions are based on the
Bessel function J,,. They have also a small component parallel to the propaga-
tion direction, differently from electromagnetic waves travelling in free space.
A representation of the electric field lines of some possible propagation modes
is shown in Figure 1.2. In this thesis, the pulse propagation in the HCF refers
to the HE1; mode, since it is the more likely mode to be excited when a gaus-
sian beam, with propagation direction parallel to the fibre axis, is focused at
the fibre entrance. This mode has the same field orientation in all the fibre
section, as shown in Figure 1.2(c).

The temporal evolution of a pulse propagating in the fibre is no longer deter-
mined only by the dispersion relation in the medium, k(!), as in equation 1.1,
but depends also on the geometrical properties of the fibre itself. A linear wave
in a HCF can be described as e(t;z) €'l (/)2 ') %Z, where (1) determines
the dispersive behavior of the wave (as K(1) in the isotropic medium), while
the attenuation constant (1) describes the intensity losses during propaga-
tion in the fibre. These two constants can be calculated for straight waveguides

as in [6, 41]: r

1 uz_c2

(!) E nSas anzm!z (17)
2u2 2

(1) “5nRe( 1) (18)

where Ngas is the refractive index in the noble gas that fills the fibre core
and can be expressed as in equation 1.4, Uny is the mth root in the equation
Jn 1(Upm) =0, ais the fibre core radius, and , is a complex value depending
on the cladding refractive index , that can be approximated by itself for a
HE,n mode and a fused silica cladding.
A peculiar feature of pulse propagation in gas-filled HCF is that an anomalous
dispersion can be designed, choosing a small enough core radius. The GVD
can be calculated from equation 1.7, and takes the form:

@(!) i@ !2@ (!) uﬁmc
@12 21c@! or azls
where is the linear electric susceptibility of the noble gas (ng,s = 1+ ), that
is approximately proportional to the gas pressure. It must be noticed that a
negative dispersion can be achieved lowering the core radius a. Moreover, in
the same fibre, the dispersion can change from negative to positive increasing
the pulse frequency.

The main difference between a classic optical fibre with a glass core and a

GV Dfibre (!) = (19)
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Figure 1.2: Electric field lines in a HCF section for dilérent normal mode solutions.
a) Transverse Electric (TEp1), b) Transverse Magnetic (TMg1), ¢) Hybrid mode
(HE 11), d) Hybrid mode (HE 7). a is the core radius. In the lower line the radial
intensity profile is shown, which depend on the Bessel functiond, 1(uymr=a) =0,
wherer is the radial coordinate. Modified from [41].

HCF, is that in the latter the energy attenuation during pulse propagation is
much higher. This is due to the jump in the refractive index from the hollow
core to the glass cladding, that determines a partial refraction at grazing angle.
From equation 1.8, the losses length can be calculated as the fibre length at
which the intensity 1(z) = lpe * has a 1=e drop:

1253

L A
s 2u2_¢?Re( 5)

(1.10)
Lioss exhibits a strong dependence on the core radius a, and considerable energy
losses can occur if a is chosen too small. This must be taken into account when
a is desired as low as possible to enhance the anomalous dispersion effect
(GV Dfipre < 0in equation 1.9).

1.1.3 Pulse self-compression and RDW emission in HCF

HCFs have been used for decades as standard pulse compressors [21]. Figure
1.3(a) shows how these systems work. A laser pulse seeds a HCF filled with
noble gas, and spectral broadening occurs due to SPM. After the fibre, chirped
mirrors are employed to add an anomalous dispersion and compensate for
the positive chirp acquired by SPM. In this way a nearly Fourier transform
limited (FTL) pulse is achieved, that is a pulse where all the frequencies are
in phase in the pulse intensity peak, and supports the shortest time duration.
Since the spectrum is broadened by SPM, the larger bandwidth allows for the
compression of the pulse to a shorter FTL time duration.

The dispersion experienced by the pulse during propagation in the fibre can be
designed varying both the gas pressure and the fibre core radius, as shown in

6
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equation 1.9. When the core radius is reduced enough, the dispersion becomes
anomalous and it can compensate for the positive dispersion due to SPM. If a
short, sufficiently intense, IR pulse seeds the fibre, it evolves following a higher-
order soliton dynamics (see next subsection for definition). SPM is responsible
for both spectral broadening and positive chirp of the new frequencies, which is
compensated by the negative dispersion inside the fibre. The new frequencies
shift toward the pulse peak, and the pulse self-compresses, further enhancing
the SPM effect. In this way extremely short pulses can be achieved, with
time duration below the optical cycle of the seeding pulse. If the spectrum
broadens over the frequency where GVD becomes positive, the soliton can
emit a phase matched radiation behind it, namely the RDW, and a resonant
peak in the UV arises from the supercontinuum. Figures 1.3(b,c,d) show the
scheme of pulse self-compression and RDW emission, and the pulse spectral
and temporal evolution during propagation in the HCF.

1.1.4 Soliton and RDW solutions to Nonlinear Schrodinger
equation

To describe the 1D propagation of an intense pulse in a HCF filled with noble
gas, Maxwell equations can be manipulated to obtain a single equation for the
pulse evolution, namely the Nonlinear Schrodinger equation (NLSE) [3]. The
NLSE is derived under general approximations as the absence of free carriers,
non magnetic medium and low optical losses in the gas. Other approximations
are small nonlinear induced electric polarisation Py, /Z @ JEJ?E with respect
to linear induced electric polarisation P = ¢ E, constant optical polarisation
during pulse propagation, and the Slowly Varying Envelope Approximation
(SVEA). SVEA assumes that the pulse temporal envelope (a(t; z) in equation
1.1) has relevant variations on a time scale much longer that the carrier period,
so that the pulse can be assumed as almost monochromatic, and the nonlin-
earity can couple only to the envelope and not to the carrier. In the Near-IR
this approximation is valid for pulses longer than 100 fs. Since the pulses of
interest in this thesis are much shorter ( 10fs), also the self-steepening ef-
fect is omitted in the following equations to simplify the discussion, that is
necessarily qualitative since a full theory for few fs pulses is missing. Within
all these approximations, NLSE is valid for Near-IR pulses with time duration
longer than 5 ps. The Raman-induced frequency shift is not considered since
it is not present for the propagation of a pulse in noble gases. Moreover no
fibre losses are assumed in the following. NLSE describes the pulse envelope
evolution during propagation along the fibre axis z, in the temporal frame of
reference of the moving pulse =1t Zz=vg, and can be written as:

7
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Figure 1.3: a) Scheme of a standard pulse compression in HCF. b) Scheme of pulse
self-compression and RDW emission in HCF. Modified from [6]. c¢) Simulated soli-
ton dynamics and RDW emission in the spectral domain. SPM and RDW arrows
highlight spectral broadening due to self-phase modulation and resonant dispersive
wave emission. Simulation performed in the experimental conditions of [6] with He-
lium pressure equal to 3 bars. The employed simulation code was developed by
[39]. d) Same dynamics in the temporal domain, centred in the input pulse frame of
reference. Self-compression and RDW arrows shows the pulse self-compression and
resonant dispersive wave emission.
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i@_a _2
@z 2
where @ = a( ;z) is the normalised field envelope in the frame of reference of
the pulse so that jaj? is the optical power, , = % is the GV D in the fibre
evaluated at the carrier angular frequency 1y (see equation 1.9), = %
is a parameter that quantifies the nonlinear behaviour in the noble gas and
depends on the nonlinear refractive index Ny, the speed of light ¢, and the
effective mode area Aerr  3a? [6], where a here is the fibre core radius. The
envelope evolution during propagation in the fibre, described by the first term
in equation 1.11, is determined by pulse dispersion, expressed by the second
term, and the SPM, described by the third term. Here the dispersion relation
is limited to the second order ( ), since it is assumed to dominate the higher
orders dispersion. The NLSE takes the name from the Schrédinger equation in
quantum mechanics, to which is formally identical if the nonlinear term jaj?
is considered as the potential.

If the GVD is negative in equation 1.11 ( 2 = j 2j), a soliton solution can
propagate in the fibre [2, 3]

2
$+ jaj2a =0 (1.11)

asol( ;z) = apsech — g2 (1.12)
0

f 2
where ¢ = %2} and Ko = % both depend on the only free parameter, the
0

soliton amplitude ag. It must be noticed that the soliton envelope amplitude
remains constant during propagation in the fibre z direction. It is only mod-
ulated by a phase term proportional to the wave vector Kgg.

When the pulse intensity is very low and the nonlinear term is negligible,
equation 1.11 can be written as:

Qa ,0% . ;0%

— —— 1———=0 1.1

Gz 2082 '60° (113)
where also the third order dispersion 3 = % has been considered. This

equation supports linear or "dispersive" waves as solutions:

ajn ( ;z) /£ elkin Oz ) (1.14)

where kin () = 5 2 + 373 is the dispersion relation and = 1 14 is the

angular frequency difference from the carrier angular frequency.
If equation 1.11 is perturbed with a small third order dispersion 3, it can be
written as [2]:

_@a 2 0% +

3

3
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In this case the soliton solution 1.12 remains valid to the zeroth order, as
well as a weak dispersive wave solution 1.14. An energy transfer from the
intense soliton to a "resonant" dispersive wave can occur at a frequency where
the following phase matching condition is fulfilled:

k50| = klin () (116)

The NLSE equation can be rewritten in a convenient way to better understand
the underlying physics. If an adimensional envelope u( ;z) = a( ;z)=ap and
an adimensional time axis T = = g are chosen, equation 1.11 can be expressed
as:

QU sgn(2)@%u 1 .
+ uu=0 1.1
"oz 2, @12 Ly (L.17)
where sgn( o) returns the sign of 5, Lp = J#'i is the dispersion length and

Ly, = —z is the nonlinear length. Lp and Ly quantify the fibre lengths
within which dispersive effects and SPM take place respectively.
The soliton order parameter can then be defined as:
r
Lp

N= — 1.18
™ (1.18)

If N = 1 the dispersion and the SPM effect are balanced, and the soliton
solution 1.12 is valid. In this case the spectral broadening does not occur and
the soliton maintains it temporal profile. If N > 1, also higher-order soliton
solutions are excited [3]. The soliton undergoes spectral broadening and self-
compression.

A useful quantity is the fission length:

P
Lfiss = LD I—NL (119)

It determines a rough estimate of the fibre length within which the higher-order
soliton reaches its maximum compression [6].

10
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1.1.5 Conditions for RDW emission

The fibre length L and core radius a, the dispersion landscape determined by
the noble gas nature and its gas pressure, and the input pulse parameters, must
be all balanced in the correct way for soliton dynamics and RDW emission to
take place. These are the conditions that must be fulfilled to generate a RDW
in the UV range from a short input Near-IR pulse, as in the experiments of
this thesis:

1. <0

2. L > Lyiss

3. Lfiss < Lioss
4. 3>0

5. N < Npax

e Condition 1 requests that a negative dispersion at the input carrier fre-
quency for the soliton solution to be accessible, as described in the pre-
vious subsection.

e Condition 2 asks for a fibre longer than the fission length (equation 1.19),
for the soliton dynamics to take place within the fibre.

e Condition 3 imposes that the HCF losses are not dominant before the
soliton reaches its maximum self-compression and emits the RDW.

e Condition 4 requests a positive third order dispersion for the RDW to
be generated at a higher frequency than the input carrier frequency. A
negative third order dispersion 3 < 0 would lead to a redshifted RDW
[4].

e Condition 5 demands the soliton order to be lower than a maximum
value, beyond which either modulational instability, ionization or self-
focusing are triggered [6]. In practice, this sets a limits to the maxima
pulse peak power and gas pressure which can be employed in an experi-
ment.

The RDW frequency can be estimated from the phase matching condition 1.16
in the approximation of low soliton intensity and small third order dispersion
(@5 2<<j ,®), and results in:

3 2 ag 3
TeDw !0 + S 1+ 9J Ozjg (120)
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oo
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Figure 1.4: Graphical method to predict the frequency at which RDW is emitted. A
tangent to the dispersive curve is drawn at the carrier frequency of the input pulse
and describes the dispersion relation for the soliton (blue line). It is shifted upward
by a value that quantifies the SPM eléct, proportional to the pulse intensity, on the
refractive index (blue dashed line). The RDW is emitted at the frequency where
the soliton dispersive relation crosses the dispersive curve of the linear waves (green
dashed line). IS=intensity shift

It is important to notice that this formula predicts that a higher soliton inten-
sity (1 / a3) determines a blueshift of the emitted RDW, as it is experimentally
observed. The RDW frequency can be predicted also with a graphical method,
shown in Figure 1.4. A tangent is drawn to the dispersion curve at the soliton
carrier frequency. This line is shifted upward by the nonlinear wave vector
component Kso that is proportional to the increase of the refractive index due
SPM. This straight line describes the dispersion relation for the frequency com-
ponents of the solitons that have all the same group velocity since the soliton
has null dispersion by definition. The RDW is emitted at the frequency where
the resulting line intersects the dispersion curve of the linear waves. It can
be noticed the negative curvature at the carrier frequency that describes the
anomalous dispersion, and the positive curvature at the RDW frequency that
is emitted in the normal dispersion region.

1.2 Experimental demonstration of UV-RDW in
Hollow Core Photonic Crystal Fibre (HC-
PCF) and HCF

The first experimental demonstration of a RDW emission in the UV spectral
region was achieved in HC-PCF [5]. The main advantage of HC-PCF with
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respect to a solid core fibre was the transparency to UV radiation of the noble
gas that filled the fibre. This property, in addition to the higher transmittiv-
ity, enabled also to avoid the optical damage of the core itself. Moreover the
noble gas allowed to neglect the Raman-induced frequency shift of the soliton,
typical of propagation in fused silica, and simplify the study of the nonlineari-
ties. In this experiment the fibre was 20 cm long, with an inner core diameter
2a 30 m, and was filled with argon. It was seeded directly with the output
of a Ti:Sa laser (30 fs, 800 nm). This technique allowed for the generation of
RDW with central wavelength (CWL) tunable in the DUV from 200 to 320
nm. The CWL could be changed varying both the argon pressure and the
input pulse energy. In particular an increase in the gas pressure determined
a rise in the CWL, while an increase in the input pulse energy determined
a blueshift of the RDW, as shown in Figure 1.5 (a)(b). A high conversion
efficiency, up to 8 % of the input IR energy, was reported in this work. The
UV-RDW pulse energy was measured to be  10(nJ.

More recently, UV-RDW emission was demonstrated in HCF [6]. The improve-
ment with respect to HC-PCF lies in the possibility to have the same soliton
dynamics in a fibre with larger core radius. This corresponds to the coupling
of more energetic pulses into the fibre before triggering undesired effects as
gas ionisation (input energy 100 J instead of 1 J ). Moreover a larger
core radius allows for lower losses in a HCF (see equation 1.8). In this work
a 3 m long fibre was employed, with core diameter 2a = 250 m, and filled
with helium. The input pulse was delivered by a Ti:Sa laser and compressed
with a standard HCF system to a time duration of 10 fs, before seeding the
second HCF. A RDW spectral tunability from 120 to 350 nm of the CWL was
achieved changing the gas pressure from 0.23 to 4 bar. Figure 1.5 (¢) shows
the tunability of the RDW spectra which was obtained with this system. The
RDW energy was measured between 1 J (CWL at 120 nm) and 16 J (CWL
at 220 nm), with a maximum conversion efficiency of 15 %. This represented
an improvement of the UV-RDW energy of some order of magnitude with re-
spect to previous works performed with HC-PCF.

The UV-RDW emission in HCF was demonstrated also with a decreasing pres-
sure profile in the fibre, such that the pulse was delivered directly in vacuum
[28]. This configuration allows to avoid UV-RDW temporal broadening due to
dispersion in noble gas after its emission, and its employment in applications
where the shortest time duration is required.
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Figure 1.5: a) UV-RDW tunability in HC-PCF when the argon pressure is varied
and an input pulse energy of 1.5J is fixed. Lower-right, sketch of the pulse spatial
profile in the HC-PCF inner core. b) UV-RDW tunability when the total output
energy is scanned and an argon pressure of 9.9 bar is fixed. a) and b) refers to
experiments in HC-PCF of [5]. ¢) UV-RDW tunability in HCF in the experiments

of [6].
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1.3 Temporal characterization of UV-RDW gen-
erated in HC-PCF and HCF

The first direct characterization of UV-RDW generated in HC-PCF was per-
formed by [8]. In this work, a kagomé-type anti resonant PCF was employed,
with a length of 7.5 cm and a core diameter of 33 m. The fibre was used in
the decreasing pressure gradient configuration with argon as noble gas. With
this setup the RDW was tunable from 225 nm to 300 nm. The UV-RDW
pulses were characterized with an all in vacuum Cross-correlation Frequency
Resolved Optical Gating setup (XFROG). In this technique both the DUV
pulse and a delayed narrowband IR reference pulse are focused in a thin non-
linear crystal in a noncollinear geometry. The frequency difference signal is
measured at the variation of the delay between the DUV pulse and the refer-
ence IR pulse. Knowing the IR pulse temporal profile, this technique allows
for the reconstruction of the DUV pulse temporal profile. The choice to per-
form the measurement in vacuum was taken to avoid the dispersion from air
and the relative temporal broadening of the UV-RDW pulses. In this way
UV-RDW pulses as short as  3fs were measured. The solution to perform
the measurement in vacuum was adopted also in this thesis for the temporal
characterization of UV-RDW pulses generated in HCF, whose results will be
presented in Chapter 3.

Before this thesis, the temporal measurement of UV-RDW emitted in HCF
was performed by two works. In the first one [9], a HCF was integrated in
a time resolved photoelectron imaging setup. The HCF, 50 cm long, with
150 m inner core diameter, with ~ 350mbar argon pressure at the input, was
exploited in the pressure gradient configuration. It was seeded with 10 fs IR
pulses (800 nm) with 90 J pulse energy. These parameters were very sim-
ilar to the one employed in this thesis (see subsection 2.1.2), but the nature
of the noble gas was different (argon instead of neon). The UV-RDW were
emitted at 250 and 280 nm. To temporally characterize these pulses, a DUV
pump- IR probe setup was built exploiting a replica of the 10 fs IR pulse that
also seeded the HCF'. The photoelectron emitted by ionization of 1,3-butadiene
molecule were measured at the variation of the delay between the pump and
the probe. The ionization process occurred when 1 DUV photon and 3 IR
photons were absorbed. An instrumental response function (IRF), defined as
the time duration of the cross correlation between the pump and the probe
pulses, was measured to be of 11 fs, and allowed to estimate a UV-RDW time
duration of  6fs.

The second experiment [10] adopted a completely different approach. A HCF,
35 cm long, with 100 m inner core diameter, was filled in static pressure (same
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pressure in all the fibre length) with argon. The UV-RDW were emitted at
384 and 430 nm. The dispersion acquired by the UV pulses during propaga-
tion both in air and in the fibre output window was compensated with chirped
mirrors designed for this UV range. These mirrors allowed also for the spectral
separation of the UV pulses from the supercontinuum. The pulses were tempo-
rally characterised with a Self-Diffraction Frequency Resolved Optical Gating
setup (SD-FROG), similar to the one employed in this thesis (see section 2.2),
but in air instead of in vacuum. In this experiment the UV-RDW pulses were
measured to have a time duration of 9.6 fs at 384 nm and 9.4 fs at 430 nm.
These two temporal characterisations of UV-RDW emitted in HCF measured
a time duration  6fs. In the numerical simulation presented in [28] how-
ever, pulses as short as  3Fs were predicted if a short HCF had been used
in the decreasing pressure gradient configuration. This expectation motivated
the temporal characterisation of the UV-RDW pulses, generated in HCF, pre-
sented in this thesis.

1.4 Ultrafast applications of UV-RDW

The UV-RDW pulses emitted in HCF have the remarkable properties of wide
wavelength tunability, ultrashort time duration, and pulse energy at J level.
These features can be exploited in many different fields, such as laser lithogra-
phy, confocal microscopy, or photobiology [5|. The new application that will
be discussed in this section, however, is UV ultrafast spectroscopy.

The peculiar feature of UV radiation is its ability to photoexcite a wide va-
riety of molecules without ionizing them. The molecule excitation can then
give rise to several chemical processes. Some examples are the ring opening of
thiophenone when pumped with a UV pulse centred at 265 nm [11], or alkyl
iodides dissociation mediated by conical intersection after an absorption of a
photon with wavelength around 277 nm [12|. After excitation, a molecule can
undergo a structural rearrangement with a certain probability, or relax the
exceeding energy with its vibrations, as in the case of furan pumped at 200
nm [13]. The first molecular dynamics happen on the fs time scale and can
be studied with ultrafast pump-probe techniques, such as transient absorption
or time resolved photoelectron spectroscopy. The previous examples were all
studied with an IRF of 50 fs. When this temporal resolution is lowered,
reducing the time durations both of the UV pump and of the probe pulse, new
faster dynamics can be studied that could not be resolved before. UV pulses
can be combined with other extremely short probe pulses such as attosecond

pulses. The main limitation to the IRF then becomes the temporal duration
of the UV pulses.
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Within this framework, many effort have been devoted to achieve ultrashort
UV pulses with enough pulse energy for spectroscopic experiments. UV pulses
with time durations 10 fs have been demonstrated by four wave mixing in
gas-filled capillaries [14] and broadband sum-frequency generation [15|. The
first sub-3 fs pulses in the UV were obtained by third harmonic generation
in noble gases [16, 17|. The main limitation of this technique is the low con-
version efficiency and the fact that the UV wavelength is fixed by the funda-
mental wavelength. The genearation of UV-RDW in HC-PCF offers a wide
tunability of the CWL, and pulse duration 3 fs as discussed in the previous
sections. The pulse energy in the nJ range however is not enough for typical
spectroscopic experiments which require pulse energies in the J range. This
limitation has been overcome by the generation of UV-RDW in HCF where
typically pulses are generated with microjoule-energy, still maintaining the
wide tunability of the CWL. Moreover the aim of this thesis is also to demon-
strate that sub-3 fs pulses can be generated with this technique (see results in
Chapter 3).

Recently UV-RDW generated in HCF have been exploited for the first time
in an ultrafast spectroscopy experiment [9]. The DUV pump-IR probe setup
described in the previous section for the temporal characterisation of UV-
RDW, has been employed also for the study of photochemical dynamics in a
N-methylpyrrolidine molecule. An IRF=11 fs was achieved and was mainly
limited by the time duration of the IR pulse. An IRF 3 fs is expected by
the combination of UV-RDW with an attosecond probe pulse. The problem
that may arise when such a broadband pump and probe pulses are used is
that the UV pulse can excite more than one electronic level, and the probe
can mix these states in the measured signal, which becomes more difficult to
be interpreted.

A technique called 2D spectroscopy has been proposed to overcome this lim-
itation [18], and it has been also demonstrated for UV pump pulses [19]. It
requires a stable interferometer between two replicas of the pump pulse. This
method allows for the assignement of the pump wavelengths which have gen-
erated the signal at a certain energy.

The aim of this thesis was to demonstrate a stable interferometer between two
UV-RDW pulses and investigate the limits and possibilities for its exploitation
in 2D spectroscopy and other experiments. These results will be presented in
Chapter 4.
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Chapter 2

Materials and methods

This Chapter describes in detail all the experimental optical implementation
and the numerical methods needed both to measure the RDW temporal dura-
tion and to demonstrate the generation of two RDW with controlled relative
delay, whose results are presented respectively in Chapter 3 and 4. The first
two sections will describe the setups for the RDW emission in hollow capillary
fibre and its time duration measurement. These will be followed by a section
on the numerical methods employed to estimate the temporal duration of the
RDW from the experimental results. After these, the changes in the optical
setup to allow the generation of a couple of RDW with controlled relative delay
will be presented. The last section describes the model and the assumptions
of the numerical simulations employed to support all the experimental results
of this thesis.

2.1 Setup for UV-RDW emission in HCF

As shown in previous works, RDW emission in PCF and HCF needs an ul-
trashort IR pulse at the input of the fibre for the soliton dynamics to take
place [6, 20]. In this thesis a standard HCF compressor was chosen, as a well
established method, to reduce the time duration of the pulse delivered by the
laser system [21]. For the RDW emission a second HCF was seeded with the
resulting pulse. Since the interest of this work was on the characterisation
of the UV pulses generated by RDW emission, a method to separate the UV
pulses from the supercontinuum was developed.
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Figure 2.1: Setup for pulse pre-compression. CM: chirped mirror; HWP: half wave
plate; POL.: reflective polarising film; F: spherical mirror; ABS: active beam stabil-
ising mirror.

2.1.1 Input pulse pre-compression

The IR pulses employed in the experiments of this thesis were delivered by a
commercial Titanium:Sapphire laser (Coherent, Astrella). This system gener-
ates nearly Fourier transform limited (FTL) 35 fs pulses centred at 800 nm,
with 7 mJ pulse energy, at a repetition rate of 1 KHz. After a reflection and a
transmission on two beamsplitters to drive other experiments, the pulse energy
available for this work was 3 mJ. The beam dimension (two times the beam
waist in amplitude) was measured to be of 9 mm.

In Figure 2.1 the pre-compression setup is shown. A battery of chirp mir-
rors was added to the optical path to compensate for the positive dispersion
acquired by the pulses before the coupling into the HCF. A combined system
of a half wave plate (HWP) and a reflective polarising film was used to control
the energy at the input of the fibre. The transmission efficiency of the pair
of optical elements was measured to be 76%. This solution was useful during
the alignment procedure, where the power was initially lowered, to avoid the
burning of the fibre entrance, and then progressively increased up to the work-
ing value. The beam was then focused at the input of a standard HCF, 1 m
long, with 320 m inner diameter, filled with 1.9 bar of neon. The beam focus
dimension was of 210 m. The maximum pulse energy available to seed the
HCF was 1.4 mJ. To keep the gas pressure inside the HCF and allow the trans-
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Figure 2.2: Laser spectrum at the input of the fibre and output spectrum after
spectral broadening by self-phase modulation in 1.9 bar of neon.

mission of the beam at the same time, two fused silica windows were placed at
the input and output of the fibre system. These windows were chosen of 0.5
mm thickness, and placed at Brewster angle to minimise the losses of beam
power due to reflection. Moreover the windows were placed at a distance of 60
cm from the fibre edges, to be traversed by a larger beam size. This expedient
allowed both to reduce undesired Kerr effects in the material and to avoid
the burning of the windows themselves. As previously mentioned, an optimal
beam focus dimension was estimated to be of 210 m (65% of the core diam-
eter) to maximise the coupling of the fundamental mode into the fibre. This
focus dimension was obtained with a telescope composed of a diverging mirror
(F=-2000 mm) followed by a focusing mirror (F=+1500 mm) at a distance
of 450 mm. An active beam stabilizing mirror was added along the focusing
path, to maintain the focus position fixed at the input of the fibre even in
presence of thermal fluctuations. This solution ensured, during the day, the
stability of the beam at the output of the fibre that seeded the second HCF for
RDW generation. No other stabilisation system was required for the second
part of the setup that will be presented in the next subsection. During propa-
gation inside the HCF filled with neon, the pulse spectrum was broadened by
self-phase modulation (SPM). In Figure 2.2 the comparison between the IR
spectra at the input and at the output of the fibre is shown. The FTL time
duration varied from 33.2 fs to 6.3 fs . At the fibre output a collimating mirror
was placed at the distance of 1250 mm from the fibre output, to stop the diver-
gence of the beam and to prepare it for coupling into the second HCF. After
collimation the beam size was measured to be of 3 mm. The pulse energy at
the end of this pre-compression stage was of 770 30 J, with the variability
depending on the environmental conditions and laser performance.
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2.1.2 RDW emission

The setup for RDW emission in a second HCF exploited the broadband IR
pulse delivered by the first pre-compression stage. Figure 2.3 shows the setup
built for RDW emission and its spectral characterisation at the output of the
fibre. As SPM in the first HCF introduces positive dispersion, a battery of
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Figure 2.3: Setup for RDW emission and its spectral characterisation. CM: chirped
mirror; SiO2: 1 mm fused silica; HWP: half wave plate; Si: silicon window (po-
lariser); FM: mirror installed on a flip mount; SH FROG: Second Harmonic FROG;

MM: motorised mirror; Al: aluminium mirror; W: fused silica wedge; SPC UV: spec-

trometer for the UV range.

chirped mirrors was added to compensate for it. The optimal compression of
the IR pulse at the input of the second HCF is important to more efficiently
trigger the nonlinear processes. Moreover a 1 mm glass window was inserted
in the optical path to finely adjust the dispersion. As in the pre-compression
stage, a combination of a HWP and a polariser was introduced to regulate
the pulse energy at the input of the fibre. This gave an additional degree of
freedom to control the RDW emission phenomenon. Due to the broadband
IR spectrum, the HWP was chosen with a high transmittivity in the large
spectral range (B. Halle, 500-900 nm). A reflection at Brewster angle on a
silicon window was employed as a polariser, for its low reflectivity of the p-
polarisation at 800 nm (0.002%, as presented in the next subsection), ensuring
a high polarisation extinction ratio.

A pick-off mirror, mounted on a flip mount, could be inserted to deflect the
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Figure 2.4: Characterisation of the IR pulse at the input of the second HCF by
SH-FROG. a) Experimental trace; b) Reconstructed trace; ¢) Reconstructed spec-
trum and spectral phase and comparison with experimentally measured spectrum;
d) Reconstructed pulse time profile, FTL time profile and comparison with FTL
time profile calculated from measured spectrum.

beam toward a standard Second Harmonic Frequency Resolved Optical Gat-
ing apparatus (SH-FROG), for the temporal characterisation of the IR pulse.
This technique allows for the retrieval of the pulse spectrum and spectral phase
from the measurement of a second harmonic signal emitted by a thin nonlin-
ear crystal [22]. This signal is sent to a spectrometer and an interferogram is
recorded at the variation of the delay between two replicas of the input beam
that interact in the nonlinear crystal. Figure 2.4 shows the SH-FROG mea-
surement results for the shortest achievable IR pulse obtained with the optimal
dispersion compensation. The retrieved spectrum in Figure 2.4(c) is compared
with the independently measured one. Both spectra exhibit oscillations in the
intensity profile that are typical of spectra broadened by SPM in HCF [21].
They can be described as interference fringes, as confirmed by the presence
of a less intense delayed peak in the Fourier transform limited intensity pro-
file of the pulse in Figure 2.4(d). This feature is reflected in the retrieved
pulse intensity profile, that is composed by a less intense pre-pulse, followed
by the main pulse. Nevertheless non ideal pulse post-compressions leading to
the generation of pre/post pulses does not necessarily inhibit RDW emission
in a second HCF [20]. In our work the well known ambiguity of SH-FROG
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technique on the access of the spectral phase sign was overcome by multiple
FROG measurements at the variation of the dispersion in the optical path (by
addition of glass thickness), and forcing a monotonic increase of the retrieved
group delay dispersion (GDD) with the insertion of dispersing material. The
main pulse was characterised to have a time duration of 10.0 fs, and to be
preceded by a pre-pulse.

The beam was then focused at the input of the second HCF to trigger the
soliton dynamics and RDW emission. The fibre had a length of 60 cm, and an
inner diameter of 150 m. Differently from the pre-compressor stage, where
the HCF was rigid, a stretchable capillary was chosen as a second HCF |6, 23].
This technology enables a wider flexibility in the design of the fibre parameters,
since it overcomes the limitation on its maximum length. Moreover the input
and the output of the fibre were hosted by separated cells and connected only
by the capillary itself. This enabled to separately control the gas pressure or
the vacuum in the two cells, and to work in different pressure configurations.
The first one employed in this thesis was the static pressure configuration,
where both the input and the output of the HCF were set at the same pres-
sure. The second one was the pressure gradient configuration, that in this
work consisted on the regulation of a gas pressure at the fibre input, and the
evacuation of the output cell, to deliver the RDW directly in vacuum. In this
case a rotative pump was employed to ensure a vacuum level of 10 ? mbar in
the output cell. As in the first HCF, the gas chosen to enhance the nonlinear
processes in the fibre was neon, with a pressure range between 1.8 and 4.6 bar
in the static pressure configuration and between 3 and 6 bar in the pressure
gradient configuration. The input and the output cells were equipped with
two fused silica windows to allow the entrance and the exit of the beam. The
windows had a thickness of 1 mm and a clear aperture of 15 mm. They were
placed orthogonally with respect to the optical path and fixed to the cells with
a mechanical drilled screw pushing each window against an o-ring in contact
with the cell extremity. This choice was made to allow a stronger resistance
to the gas pressure up to 6.5 bar (with a safety factor of 2, [24]).

Before the second HCF, the maximum pulse energy available to drive RDW
emission was 330 15 J, that could be continuously reduced by rotating the
polarisation with the HWP before the polariser. A couple of motorised mir-
rors were exploited to finely control the alignment of the beam trajectory with
respect to the fibre axis. A convergent spherical mirror (F=+450 mm) was
mounted on the second motorised mount. In this way a focus size of 100 m
was reached. The mount was also equipped with a manual translational stage
to optimise the focus position with respect to the fibre input. This last proce-
dure was performed with the input cell already filled with the operational gas
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a)

Figure 2.5: a) Photograph of the experimental setup for RDW emission. The laser
colour before the coupling in the second fibre was orange (top left, scattered by some
mirror surface). After propagation in the fibre, a supercontinuum was generated by
self-phase modulation, and was dispersed by a prism that revealed all the colours
contained in the white beam (top right). b) Input cell. ¢) Output cell.

pressure, as pressure variations are responsible for changes in the self-focusing
effect and consequently in the beam focus position. This expedient reduced
the degradation of the input of the capillary due to the beam high intensity,
and the same capillary could work for more than 60 days before the need of
changing it for burning.
While propagating inside the HCF the IR pulse undergoes at the same time
self-compression and supercontinuum generation, that are followed by RDW
emission. Visually on the optical table this corresponded to a change in the
laser colour from orange to white. A photograph of the HCF where RDW
emission takes place is shown in Figure 2.5, where the laser beam is orange
before the input of the fibre and at the output is dispersed by a prism on a
white screen revealing all the colours present in the supercontinuum.

At the output of the HCF the beam was then sent to a spectrometer to
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measure the RDW spectrum in the UV range. As a first deflection of the
beam a UV enhanced aluminium mirror (Thorlabs) was employed instead of
the usual silver mirror, for its higher reflectivity in the UV range. The RDW
was then separated from the supercontinuum spectrum with a system that
will be described in the following subsection, that ensured the transmission
only of the UV wavelength where the RDW was generated. After it, a pair
of reflections on two fused silica wedges were exploited to attenuate the beam
intensity before the detection, to avoid the saturation of the spectrometer. To
measure the RDW spectrum, a spectrometer optimised for the UV range was
used (Avantes, AvaSpec-ULS4096CL-EVO). The spectrum could be recorded
in the wavelength range between 175 and 437 nm.

2.1.3 Separation of UV from supercontinuum

In this thesis, an effort was devoted to the isolation of the RDW radiation in
the UV from the supercontinuum spectrum that typically contained at least
10 times more spectral energy. The motivation for this separation was two-
fold. The first was the interest in the measurement of the RDW time profile,
whose methods will be presented in the following sections. The second one
was the possibility to exploit RDW pulses in ultrafast applications, where the
spectrum has to be confined in the UV range.

For this purpose, reflections at Brewster angle on silicon windows were ex-
ploited. Figure 2.6(a) shows the reflectivity of s and p polarisation at different
wavelengths, considering a reflection at Brewster angle for 800 nm (74.9 ).
The reflectivity curves are obtained from the complex refractive index of sil-
icon [25, 26, 27|, applying Fresnel equations. In principle, forcing the p po-
larisation of the beam with the HWP, it should be possible to have a high
reflectivity only in the UV range. Before the fibre input, a good IR extinction
was experimentally demonstrated with a pair of reflections on two silicon win-
dows (R=0.15%). After propagation in the fibre however, the supercontinuum
had a reflectivity increased by 10 times (R=1.5%), and its spectral power was
bigger than the one in the RDW region. Moreover at the fibre output a small
ellipticity of the polarisation was detected, explaining the appearance of a s-
polarised component that was not extinguished by the silicon window. The
change of the polarisation, from perfectly linear to slightly elliptical, can be
explained with small variations from the perfect cylindrical shape of the fibre
core, that induce a mix between orthogonal polarisations during propagation
inside the fibre [3].

Considering this behaviour of the polarisation at the fibre output, a new ge-
ometry of reflections on silicon windows was designed. Figure 2.6(b) shows the
solution that was implemented. A first reflection on a vertical silicon window
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Figure 2.6: a) Theoretical reflectivity of s and p polarisation after reflection on a
silicon window at Brewster angle for 800 nm. b) Scheme of the solution found to
separate UV from supercontinuum with two reflections on silicon windows.

assured the extinction of the p-polarisation of the supercontinuum. A second
reflection at Brewster angle was performed on a silicon window with its sur-
face tilted with respect to the optical table plane. The idea was to force the
remained s-polarised component of the supercontinuum to become p-polarised
for the second reflection, and hence absorbed. An aluminium mirror parallel
to the second silicon window was employed to correct the beam propagation
direction. Figure 2.7 shows the spectrum acquired after the reflections on
these silicon windows, and the theoretical reflectivity. The RDW spectrum in
the UV range arose from the supercontinuum component that was strongly
attenuated.

2.2 Setup for UV-RDW temporal characterisa-
tion

The technique for the temporal characterisation of the RDW radiation was
chosen considering the properties of the pulses to be measured. These pulses
were generated with an extremely broadband spectrum in the UV range (50
nm bandwidth for spectra centered at 250 nm), and they were expected to
be nearly transform limited from numerical simulations [28]. The SH-FROG,
employed in subsection 2.1.2 for the IR pulse temporal characterisation, could
not be exploited because of the lack of nonlinear media with a suitable phase
matching bandwidth for second harmonic generation at the UV wavelengths.
The setup that was implemented was a Self-Diffraction Frequency Resolved
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Figure 2.7: RDW spectrum in the UV range after cleaning from the supercontinuum
components. The product between the reflectivities of the s-polarisation and of the
p-polarisation of the silicon windows at Brewster angle for 800 nm is shown as a
dashed orange line.

Optical Gating (SD-FROG) |29, 30], whose signal spectrum is centred at the
same wavelength of the pulse spectrum. The measurement was performed all
in vacuum to avoid dispersion from air that is particularly critical in the UV
range (GVD = 118 fs?=m at 250 nm). For the same reason, any transmission
through a dispersive material before the interaction crystal was avoided. In this
section, after the description of the principle of SD-FROG, the optical setup
and the measurement procedure are presented. The temporal characterisation
of the pulses needs the combination of this experimental technique and of a
proper reconstruction algorithm, which will be discussed in section 2.3.

2.2.1 Principle of Self-Dildaction Frequency Resolved Op-
tical Gating (SD-FROG)

The technique exploits a thin @ crystal for the generation of a nonlinear
signal. Figure 2.8(a) shows the scheme of the measurement. Two replicas of
the same pulse are delayed one respect to the other and are focused in the
nonlinear crystal. When they are temporally overlapped, a diffraction pattern
is generated. The first order of diffraction is collected and recorded by a
spectrometer. The measurement consists in the acquisition of the spectrum
while varying the delay between the two replicas.

To better understand the generation of the diffraction pattern, a mathematical
description is useful. The complex electric field of the two replicas can be

described as: _
ei(r;t) = a(t)e'C ot ki) (2.1)
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Figure 2.8: a) SD-FROG scheme. Two delayed replicas of the pulse interact in the
nonlinear crystal. When they are temporally overlapped, a transient grating is re-
sponsible for the generation of a dilfaction pattern. The first order of dilfaction
represents the SD-FROG signal. Modified from [30]. b) Photograph of the typical
diltaction pattern emerging from the nonlinear crystal when the signal was gener-
ated. The blue colour is due to the fluorescence of the UV beam on a white optical
paper.

e(r;t)= a(t  )e'ltot k2D (2.2)

where a(t) is the complex envelope, is the delay between the two replicas,
k-, are the wave vectors, and 1y is the central angular frequency. As in [30],
the signal field corresponding to the first order of diffraction (upper arrow in
Figure 2.8(a)), can be described as:

esg(t; ) e3(t  Jey(t) ai(t  a(peller B kN (23)

where * means the complex conjugate operation. It is important to notice that
since the nonlinear crystal has a @ nature, the signal is proportional to the
electric field to the third power. Moreover, the two beams are not collinear,
and the electric field of the first beam creates a spatial intensity pattern with
the electric field of the second beam in the crystal. This pattern is seen by
the third electric field (belonging to one of the two beam) as a grating that
is responsible for the creation of the diffraction pattern in the emitted signal.
This effect is called transient grating since its existence is possible only during
the temporal overlap of the two replicas.
The recorded spectrum intensity is expressed as the square modulus of the
signal in the frequency domain, calculated with a Fourier transform of the
signal in the temporal domain:
Z 2
I(r; )= dt egq(t; )e ™ (2.4)
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The SD-FROG technique presents an intrinsic phase mismatch effect in the
signal generation due to its non-collinear geometry. For small crossing angles
between the two replicas it can be estimated by [35]:

N (2.5)

where K is the difference between the wave vector of the signal and the projec-

tion on it of the wave vector of the fundamental beam, L is the crystal length,
is the crossing angle between the two replicas, is the radiation wavelength

and n is the refractive index of the nonlinear medium at this wavelength.

2.2.2 Setup

In Figure 2.9 the SD-FROG experimental setup is presented. The main part
of the setup was hosted by a vacuum chamber. The fibre was used in the pres-
sure gradient configuration (see subsection 2.1.2), with the output cell directly
connected to the chamber through a bellow. This solution allowed to deliver
the RDW pulse directly in vacuum and to perform its temporal characterisa-
tion without the acquisition of additional dispersion. A vacuum level in the
chamber of 1 mbar was kept by a rotative pump.

The intensity of the beam emitted by the HCF could be reduced by an iris
placed at the entrance of the chamber. The divergence of the beam was inter-
rupted by a collimating aluminium mirror (F=+500 mm). More generally, UV
enhanced aluminium mirrors (Thorlabs) were used in all the SD-FROG setup
instead of silver mirrors, for their higher reflectivity at the UV wavelengths.
To isolate the RDW radiation in the UV range from the supercontinuum, the
couple of reflections on silicon windows with the geometry explained in subsec-
tion 2.1.3 was employed. Before the optical elements for the RDW temporal
characterisation, a pick-off mirror could be inserted to independently acquire
the pulse spectrum. In this optical path, at first the beam passed through a
2 mm thick CaF, window, that separated the vacuum chamber from the air
pressure outside. It was then reflected on two fused silica wedges, to attenuate
its intensity and avoid the saturation of the spectrometer. Two reflections on
a plane mirror and a convergent mirror (F=+100 mm) were then employed to
focus the beam at the entrance of the spectrometer.

In the arm for the temporal characterisation, two delayed replicas of the pulse
were created by a reflection of the beam on two D-shape mirrors. To control
the delay between the two replicas, one D-shape mirror was mounted on a
piezo stage (Piezosystem Jena), that ensured a delay resolution of 0.2 fs. Ad-
ditionally, the same mirror was equipped with a manual translational stage,
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Neon
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Figure 2.9: SD-FROG experimental setup. The HCF was used in the pressure
gradient configuration. Its output cell was connected to a vacuum chamber through
a bellow. Ir: iris; F: focusing mirror; Si: silicon window; PM: pick-oOmirror; W:
fused silica wedge; SPC UV: spectrometer for the UV range; DMs: D-shape mirrors;
50 m CaFy: calcium fluoride nonlinear crystal; S: slit. All the mirrors employed in
the setup were UV enhanced aluminium mirrors.
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for a quick achievement of the temporal overlap between the two replicas dur-
ing the measurement preparation (see next subsection). The two replicas were
then focused with a short focal convergent mirror (F=+75 mm). The two
beams crossed in the focal plane with an angle of =1:5. A L=50 m CaF,
crystal (Foctek) was chosen as the nonlinear crystal to generate the SD-FROG
signal. It was placed in the focal plane to optimise the pulses intensity in the
interaction region. The extremely small thickness of the crystal was important
to reduce the dispersion acquired by the pulse while crossing the medium (2.6
fs? after 25 m propagation in CaF, at 300 nm). The D-shape mirror that
was not mounted on the translational stage, was hosted by a motorised mount,
to find the optimal spatial overlap of the focuses of the two replicas in the in-
teraction crystal. The diffraction pattern emerging from the nonlinear crystal
was collimated by a CaF; lens (F=-100 mm). The beam was then reflected by
a plane mirror to centre the clear aperture of the CaF, windows at the exit of
the vacuum chamber. A slit was employed to select only one of the first orders
of diffraction out of the diffraction pattern. This signal was then focused at
the entrance of the spectrometer as in the arm for the spectrum measurement.
The phase mismatch of the generated SD-FROG signal in these experimental
conditions can be calculated with equation 2.5. Considering a SD-FROG sig-
nal of a RDW centred at = 300 nm, with a typical spectral bandwidth of
50 nm, the phase mismatch results in kL =1:1 0:1 rad. This variation in
the phase mismatch along the spectrum bandwidth could be responsible for a
spectral distortion of the generated signal.

2.2.3 Measurement procedure

The complexity of this measurement arose from the fact that the main part
of the setup was in vacuum and few optical elements were remotely accessi-
ble. Before the proper measurement, a preparatory procedure was performed
to ensure the conditions for the generation and collection of the SD-FROG
signal.

In this first part, the RDW was generated with the fibre in the static pressure
configuration (with the output window mounted) to avoid noble gas waste-
fulness. The aim was to find the spatial and temporal overlap of the two
replicas in the interaction region of the crystal. For the spatial overlap, a
50 m pinhole was placed in the crystal plane, to force the foci of the two
replicas to pass in the same position. The manual mounts of the D-shape
mirrors were employed for this alignment procedure. Once both beams passed
through the aperture, they were collected and focused in the spectrometer to
find the temporal overlap. The interference fringes in the spectrum were used
to estimate the delay between the two optical paths, that was reduced acting
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on the delay stages below one of the D-shape mirrors. The temporal overlap
corresponded to the disappearance of the fringes in the spectrum. Afterwards
the pinhole was replaced by the nonlinear crystal to generate the diffraction
pattern. Figure 2.8(b) shows the typical diffraction pattern obtained in this
stage. The intensity of the beam was then lowered closing partially the iris at
the entrance of the chamber, until only the first order of diffraction was visi-
ble on an optical paper. This expedient helped reduce the distortions of the
SD-FROG signal by higher order nonlinearities during the real measurement.
The last mirror in the chamber guaranteed the passage of all the first orders
of diffraction through the CaF, window clear aperture.

After a first signal was found, the real measurement was fulfilled. The out-
put cell of the fibre was connected to the vacuum chamber with the bellow.
The rotative pump was activated to lower the pressure in the chamber to 1
mbar. At this point the input cell of the fibre was filled with neon and the
RDW was generated in the pressure gradient configuration. Usually the SD-
FROG signal immediately emerged from the chamber window, and it was only
optimised with the motorised D-shape mirror. The first order of diffraction
was selected with a slit to stop the other orders of diffraction and focused in
the spectrometer. A spectrogram was recorded with an automated computer
program, which acquired the signal spectrum at the variation of the delay
between the two replicas, with a delay step of 0.2 fs. After each SD-FROG
trace acquisition, an independent spectrum of the RDW was acquired in the
same experimental condition. For this measurement, the optical path was de-
viated by the pick-off mirror, to skip the optical elements for the temporal
characterisation.

2.3 Numerical methods for temporal character-
isation

This section presents three numerical methods which were employed to obtain
the temporal characterisation of the pulses from the experimental SD-FROG
traces. The first one, relying on the Fourier transform limited pulse approxima-
tion, provided only a first estimation of the pulse time duration. Afterwards,
a standard retrieval algorithm, namely the Principal Component Generalized
Projections Algorithm (PCGPA), was employed. In principle, this algorithm
should provide a complete temporal characterisation of the pulse. For the
measurements of extremely short pulses however, the SD-FROG technique
presents intrinsic experimental limitations, such as the variation of the phase
mismatch along the signal bandwidth already mentioned in subsection 2.2.1,
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and the time-sweep effect that will be presented in subsection 2.3.4. A further
algorithm was considered, which could take into account some of these exper-
imental nonidealities. This method is called Differential Evolution algorithm
(DE), and it could account for the spectral response function of the SD-FROG
setup. At the end of this section, all the experimental errors considered for
the estimation of the pulse time duration uncertainty are presented.

2.3.1 Fourier transform limited pulse approximation

If the measured pulse has small higher order dispersions, its time duration can
be inferred directly from the SD-FROG trace. For a pulse with flat spectral
phase for example, a cut of the trace at its central frequency provides a Gaus-
sian temporal profile whose FWHM time duration is a factor 1.22 wider than
the duration of the real pulse [31]. The same factor applies if the integral of
the trace along the frequency axis is considered instead of only a cut at the
carrier frequency. This can be easily demonstrated assuming a Gaussian en-
velope in equations 2.1 and 2.2, after analytically calculating the spectrogram
expression in 2.4 and integrating it along the frequency domain.

In this thesis, this method was numerically demonstrated to be relevant also
for a Gaussian pulse with a linear chirp, with the retrieved time duration
consistent with the simulated one within a 2% error. As will be presented
in Chapter 3, the measured SD-FROG traces were compatible with a nearly
transformed limited pulse with only a small quadratic spectral phase. For this
reason, this extremely simple method could give a first estimation of the RDW
time duration.

2.3.2 Principal Component Generalized Projections Al-
gorithm (PCGPA)

To retrieve a full temporal characterisation of the pulse from the measured
SD-FROG trace, an inversion algorithm must be applied to the 2D map. The
principle of PCGPA, the first algorithm employed in this thesis, is presented
here. It follows the original scheme of Kane’s work published in 1999 [32].
Nowadays it is a standard algorithm which can be applied to all FROG ge-
ometries (as the SH-FROG for the characterisation of the pulse at the input
of the second HCF, Figure 2.4 ).

PCGPA is a blind algorithm. This means that the SD-FROG signal is not
expressed anymore with the physical constraint of the nonlinear process, that
is proportional to the square of the electric field of one beam multiplied for
the complex conjugate of the other replicas field (equation 2.3). Instead the
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signal is written as the product of two generic pulses:
esig (t; ) P (t)G (t ) (2-6)

where P(t) is called the pulse, and G(t- ) the gate. The aim is to find the best
P(t) and G(t- ) that reproduce the measured SD-FROG trace by equation
(2.4). Only at a later stage, the respect for the physical constraint of G(t- )
is verified.

In the following, the algorithm sequence is explained. At first the measured
FROG trace is prepared for the algorithm. The delay axis is extended by
a time tey covered with null values, and the resulting trace is interpolated
by a square matrix of dimension N. The parameters tey and N are chosen
to control the delay and frequency axes resolutions, which must respect the
Nyquist limit to resolve the finest features of the pulse in the temporal and
spectral domain [33]. The parameter N must also be limited to avoid excessive
slowing down of the algorithm. tex and IN are the only two free parameters
that can be modified to improve the algorithm convergence. At this point
two initial guesses for P(t) and G(t- ) are randomly generated as arrays of
complex numbers of dimension N. The outer product between the pulse and
the complex conjugate of the gate is calculated:

O=P® G(t ) (2.7)

This matrix has a one-to-one correspondence with the discretized version of
the signal (equation 2.6). This last matrix is recovered rotating the elements of
each row of the outer product by the number of the row minus one. Equation
2.7 constitutes a constraint in the search for the best solution, since only a
subset of square matrix can be expressed as an outer product of two arrays.
Here this subset is named S;. Afterwards the signal egg(t; ) is converted to
its version in the frequency domain, egg(¥; ), applying a Fourier transform
on the time axis. The result can be expressed as a complex function:
R
el )= lgg(t: )& ) (2.8)

where the modulus is the square root of the retrieved SD-FROG trace, lsig(¥; ),
and ”(!; ) is an independent phase term. At this point a second constraint is
imposed, namely the intensity term lgg(¥; ) is replaced with the experimen-
tally measured one, lprog (¥; ). A new guess for the signal becomes:

egg(1: )= P Ieroc (1; )e" ) (2.9)

The subset of solutions with the intensity constraint 2.9 is called here S,. The
algorithm is based on the iterative projection of the partial solutions on the
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two subsets S; and S,, until the intersection points is reached, which consti-
tutes the solution of the problem. Hence the term "Generalized Projection"
in the algorithm acronym is clarified. The algorithm steps now deal with the
search for the new guesses for P(t) and G(t- ), before the cycle is closed with
a new calculation of the outer product 2.7. To accomplish this target, firstly
an inverse Fourier transform converts egig(!; ) into a signal in the temporal
domain egig (t; ). Then a new matrix with the outer product form, QO is re-
trieved with the inverse of the operation applied for the calculation of egjg (t; )
from O. In general O%is not in a perfect outer product form. The problem of
finding new guesses for P(t) and G(t- ) from OP%is analogous to the description
of the density matrix in quantum mechanics (QM) [34]. The density matrix

of a pure state J 1 can be expressed as the outer product =] i1h j. When
the state is entaélgled, can be diagonalized because it is Hermitian, and ex-
pressed as = ; pjJilhij, where jii is a set of orthonormal states, and p; is

the probability to find the state in jii. Returning to the PCGPA problem, the
final solution is found when O°can be expressed as a single outer product as

in the pure state case in QM. In general the algorithm tries to project O°to
the most probable outer product, that in the comparison with QM is the jii
with the highest p;. This is accomplished projecting O°on the old guesses for
P(t) and G(t- ), to find the new Pqt) and Gqt ):

PAt)= 0° OF P(1t) (2.10)
Gt )=0% 0° G(t ) (2.11)

where is a scalar product. When the algorithm reaches convergence, so that
PYt)= P(t) and G{t )= G(t ), the validity of equations 2.10 and 2.11

is straightforward. For example to find PO(t) one calculates:
PIY=0° 0T PH=P() G(t ) Gt ) P (1) P(t)=kP(t)

where the scalar product among complex conjugate arrays return a real con-
stant the is irrelevant after a normalisation step. The projection of the new
matrix O° on the most probable outer product explains the term "Principal
Component" in the PCGPA acronym. In this thesis the algorithm stopped
when a maximum number of iteration equal to 1000 was reached, that was
always enough for the convergence to a solution. In Figure 2.10 the summary
of the algorithm sequence is shown.

2.3.3 Dilérential Evolution algorithm (DE)

The main limitation of PCGPA is that it assumes a perfect measured trace,
with only a tolerance on some level of noise. In the SD-FROG measurement
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Figure 2.10: Scheme of the PCGPA sequence. Red and green arrows highlight
the projection of the intermediate solutions on the two subsetS; and S, whose
intersection point represents the final solution. The step of the projection on the
"Principal Component" is circled in orange.

presented in this thesis, the signal generation was affected by a change in
the phase mismatch at different wavelengths, as presented in subsection 2.2.1.
Moreover the spectrometer employed in the detection was not calibrated in
relative intensity at different wavelengths. The sum of these two effects re-
sulted in a distortion of the acquired traces in the frequency domain. The DE
algorithm allowed for the retrieval of both the pulse features and the spectral
efficiency curve R(1).

The principle of the DE algorithm is now presented. DE is a spectral phase
retrieval algorithm. This means that in the reconstruction, the independently
measured spectrum is fixed, and the algorithm optimises only the spectral
phase (). Since the pulse field in the time domain is completely defined by
it spectral intensity and phase, the retrieved trace lsig(!; ) can be calculated
as in subsection 2.2.1. The convergence of the algorithm is evaluated with a
goodness parameter G, defined as:

1 R
NM

s=1 r=1

®
I
—~cc<

leroc (s; 1) R(!s)lsig(!s; r) i (2.12)
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where the parameter N and M, are the number of resampling points of the
trace in the frequency and delay domain, and the spectral efficiency curve R(1)
is applied to the retrieved trace before comparing it with the experimental one,
and is defined as:

p

M

= | ROG(!S; r)lsig(!s; r)

e (2.13)
r=1 IS|g(-s, r)

that is the ratio of the measured and retrieved traces integrated in the delay
domain, weighted by the variance of the retrieved trace (the number of counts
in a Poisson distribution). The idea of evolutionary algorithm such as DE
is that an initial population of solutions, (1), evolves according to rules
that mimic the natural evolutionary laws, toward a better fitness between
the retrieved traces and the measured trace. In practice in DE an initial
population of members ), with i=1,...,D, is generated as arrays of dimension
N of random values in the ( ; ]range. To each member a relative goodness
G is associated, with lower values revealing a better fitness of the member to
the real solution. Afterwards three randomly chosen members undergo a so
called "mutation" process. They are firstly sorted with increasing goodness
( @; 0, .60 < GP < GO), Hence they generate a mutant according
to the law:

R(!) =

(M = @ 4 pand(1)( @ ©) (2.14)

where rand(1) is a random number in the range [0,1]. The difference in the
mutation laws explains the term "Differential" in the DE acronym. According
to this scheme, D new mutants are generated and associated one to each
population member. Afterwards an "offspring" population is generated from
each couple member-mutant, with a "crossover" among the two:

(0 - (m
P if rand(1) < x

© — ()
j j

(2.15)
else

where x is a parameter which determines the probability that in each point
j, the "offspring" member introduces the value of the mutant instead of the
original member value. In the earlier iteration of the algorithm the solution is
likely to stagnate in a oscillatory phase due to the overfitting of the phase on
the supporting points j. To avoid this behaviour, the number of supporting
point is initially set to Nx = 4 randomly chosen points. A phase interpolation
is performed on this supporting points with the spline-based regularisation
method [36]. After every Ng iteration, Nk is increased by a unit until the
maximum number of supporting points N is reached. After each "offspring"
generation, a "selection" is performed among both the initial members and
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Figure 2.11: Cycle of DE algorithm. The words highlighted in green are operations
that mimic a evolution of a natural population.

the offspring members, and only the D solutions with the lower goodness are
maintained. The new updated population undergoes a new iteration. The
algorithm stops by the fulfillment of either the decrease of the goodness of all
the population under a threshold value or by the achievement of the maximum
number of iteration. Figure 2.11 shows the scheme of the DE algorithm.

The number of free parameters, highlighted with bold letters in the text, is
much higher for DE than for PCGPA (ratio 5:2). This fact is responsible for a
slower exploration of the parameter space, and for a more difficult achievement
of the DE algorithm convergence. In practice in this thesis, only four SD-
FROG retrievals were performed with DE, to confirm the results obtained
with the more manageable PCGPA. Instead a systematic reconstruction of
all the measured traces with the PCGPA algorithm allowed for a statistical
analysis of the temporal characterisation results.

2.3.4 Time duration uncertainty

The main result on the temporal characterisation of RDW pulses was the
measurement of their time durations. To estimate the uncertainties on these
values, different sources of error were considered.

Two systematic errors were considered. The first was due to the broadening
of the UV pulse while travelling through the 50 m CaF; interaction crystal.
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After 25 m propagation a FTL pulse of 3 fs centred at 300 nm would broaden
to 3.5 fs due to dispersion. To estimate whether this effect could be detectable
by the experimental setup, some measurements were repeated with a 10 m
fused silica crystal, whose theoretical added dispersion was negligible. The
time durations estimated from these measurements were statically compatible
with those measured with 50 m CaF,. Hence this effect was not considered
a relevant source of error.

The second possible systematic error was due to the non-collinear geometry of
the two replicas entering in the nonlinear crystal. In the focus position, a wave
front of one replica swept different wave fronts of the other replica. This effect,
called time-sweep [35], is analogous to the introduction of an instrumental
response function in the temporal characterisation of the pulse. Its magnitude
can be calculated by the formula:

2D
sweep — “de (2.16)

where is the radiation wavelength, D and d are respectively the distance
of the two beams on the convergent mirror and their dimension, and c is the
speed of light. sweep 11 this thesis varied from 1.1 fs to 1.5 fs when  was
tuned from 250 nm to 350 nm. These values had to be deconvolved from
the time duration results obtained by the reconstructions to quantify their
overestimations sweep. These systematic errors, sweep, ranged between 0.2
fs and 0.5 fs when was changed from 250 nm to 350 nm.

The PCGPA retrievals presented two slightly different time durations obtained
from the Pulse and the Gate. After the retrieval of several SD-FROG traces
acquired in the same experimental condition, the mean of these uncertainties
have been summed in quadrature to  sweep to obtain the final error.

For the DE algorithm the retrieval of the same trace was performed 10 times
with different initial conditions. The standard deviation of the time durations
obtained from all the 10 reconstruction has been summed in quadrature to

sweep, and this was considered the final uncertainty.

2.4 Setup for the generation of two UV-RDW
with controlled relative delay

The aim of this experiment was to demonstrate whether seeding the HCF with
two delayed replicas of the IR pulse, two soliton dynamics and RDW emission
could occur at the same time. The goal was also to control the delay between
the two generated UV pulses. To realise this experiment, a system to gener-
ate two interferometrically stable IR pulses with controlled relative delay was
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searched. As a solution to this technological problem, an ultrastable inline in-
terferometer was employed. The technique is called Translating-Wedge-Based
Identical Pulses eNcoding System (TWINS), and offers an advantage with re-
spect to a conventional Michelson interferometer in terms of interferometric
stability. The principle of TWINS will be explained in the next subsection.
Afterwards, both the full experimental setup and the calibration of the TWINS
system will be presented.

2.4.1 Principle of ultrastable inline interferometer (TWINS)

The TWINS system was developed in 2012 for 2D spectroscopy experiments
[37]. Tt exploits a birefringent crystal, within which the group velocity of
the incoming pulse depends on its polarisation. In particular rotating the
pulse polarisation at 45 with respect to the optical axis of the material, the
two polarisation components separate of a group delay proportional to the
thickness of the crystal. This delay can be finely controlled employing two
birefringent wedges to regulate the material length crossed by the pulse. In
this way the insertion of a motorised wedge controls the delay between the two
replicas. A plate of the same birefringent material, but with perpendicular
optical axes, can be added in the optical path to compensate for the minimum
thickness introduced by the wedges. Thus the temporal overlap between the
two replicas can be found. Once the two orthogonal replicas are generated,
they are forced to have the same polarisation with a projection on a polariser.
Figure 2.12(a) shows a scheme of the TWINS working principle.

2.4.2 Setup

The setup for the RDW emission (Figure 2.3) was slightly modified for the
generation of two RDW with controlled relative delay. Figure 2.13 shows the
scheme of the setup employed for this new experiment where the main dif-
ference was the insertion of the TWINS system in the optical path. Firstly
the number of bounces of the beam on the chirp mirrors was increased to
compensate for the positive dispersion introduced by the new optical elements
added in the setup. A first HWP was employed to rotate the vertical polari-
sation of the beam by 45 before the entrance in the TWINS system. Crystals
of -BBO were chosen as birefringent material of the TWINS. Two wedges
of area 20x30 mm with an angle of 7 and a minimum thickness of 0.5 mm
were employed (Foctek). One wedge was mounted on a motorised translation
stage (SmarAct), that guaranteed a delay resolution below 0.1 fs. A 2 mm
thick plate of the same material of the wedges but with perpendicular optical
axes was added to guarantee the access to the temporal overlap between the
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Figure 2.12: a) Scheme of the TWINS working principle. The pulse polarisation is
rotated at 45 with respect to the optical axes of the birefringent material. The two
polarisation component splits of a group delay proportional to the thickness of the
crossed material, which can be finely controlled by the insertion of a birefringent
wedge. The two replicas are forced to have the same polarisation with a projection
on a polariser. Modified from [38]. b) Photograph of the experimental realisation of
the TWINS system in this thesis. One -BBO wedge was mounted on a motorised
translational stage to remotely control the delay between the two replicas. A 2 mm
plate of the same material but with orthogonal optical axes was added in the optical
path to find the temporal overlap among the two replicas. The two irises at the
TWINS edge guaranteed a day by day alignment of the system.

3.9 bar Neon
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Figure 2.13: Setup for the generation of two RDW with controlled relative delay. CM:
chirped mirror; HWP: half wave plate; Si: silicon window (polariser); FM: mirror
installed on a flip mount; SPC IR: spectrometer for the IR range; MM: motorised
mirror; W: fused silica wedge; Al: aluminium mirror; SPC UV: spectrometer for the
UV range.
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two replicas. Before insertion in the setup, the TWINS system was aligned
with a procedure similar to the one described in [38]. Figure 2.12(b) shows
a photograph of the TWINS system installed in the setup. A second HWP
was employed to rotate the polarisation again by 45, before the projection
on the polariser (silicon window at Brewster angle). The couple of HWPs
with the TWINS in the middle allowed for a more wide control of the two
IR replicas energies. Opportunely rotating the HWPs, it was possible both
to reduce the overall energy maintaining the two replicas identical and to un-
balance the relative energy of the two pulses. A mirror installed on a flip
mount allowed to deviate the optical path toward an IR spectrometer. In this
way the IR interferogram could be acquired while varying the delay between
the two replicas. Moreover this interferogram allowed for a calibration of the
conversion between the translation of the wedge by the motorised stage and
the group delay increase (see next subsection). At the input of the second
HCF the maximum available energy was 240 5 J, that was lower with re-
spect to the one of the original setup for the losses in the reflections on each

-BBO surface (R 5%) . This was the pulse energy at the temporal overlap
between the two replicas, where constructive interference occurred. At long
delays the maximum energy available by each replicas was one quarter, that
is 60 J. The HCF was chosen slightly longer (75 cm instead of 60 cm) to
compensate for the lower input energy available, and hence a longer expected
fission length. The neon pressure was set at 3.9 bar and the fibre was used in
the static pressure configuration. At the fibre output three reflections on fused
silica wedges were employed to attenuate the beam intensity before entering
in the UV spectrometer. A last convergent aluminium mirror (F=+150 mm)
was used to focus the beam into the spectrometer aperture. The measurement
consisted of the acquisition of an interferogram, where the spectra in the UV
range were recorded at the variation of the delay between the two IR pulses
at the input of the HCF.

2.4.3 IR interferogram and group delay calibration

Before each measurement of an interferogram in the UV range at the fibre
output, an interferogram of the input IR replicas was recorded. This proce-
dure allowed for a calibration between the insertion of the TWINS wedge of a
length X and the group delay between the two input replicas . Figure 2.14(a)
shows the interference pattern generated by the two IR pulses. To calibrate
the group delay added by the insertion of the wedge, a Fourier transform of
the interferogram (in the frequency domain) was performed together with a
calculation of the centre of mass of the delayed signal (Figure 2.14(b), red line).
It can be noticed that the group delay, represented by the centre of mass, did
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Figure 2.14: a) Uncalibrated IR interferogram acquired at the variation of the inser-
tion x of the birefringent wedge. b) Fourier transform in the frequency domain of
the interferogram for the calibration of the group delay. The centre of mass of the
delayed signal is shown with a red line. A linear t of this line was employed to ob-
tain an e ective calibration of the group delay with respect to the wedge insertion

X (dashed green line). c) Calibrated interferogram. d) Energy pro le at the input of

the HCF for RDW generation at the variation of the group delay between the two

replicas.
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Figure 2.15: SH-FROG of two IR pulses delayed of 150 fs with the TWINS system.
a) Experimental trace. b) Reconstructed trace. c) Retrieved spectral intensity and
phase and comparison with the measured spectrum of a single pulse. The interference
fringes in the retrieved spectrum due to the delay among the two replicas can be
seen. d) Retrieved time intensity pro le of the pulse and comparison with FTL pulse.
The two replicas maintained the expected delay set by the TWINS system.

not increase perfectly linearly with the translation of the wedge, but some
oscillations were present with a period equal to the IR cycle. To simplify the
analysis, a linear t of the centres of mass was employed to calculate an e ec-
tive calibration between the wedge insertiorx and the group delay (dashed
green line). Figure 2.14(c) shows the calibrated interferogram. Integrating
it in the wavelength domain, the energy dependence on the group delay was
found (Figure 2.14(d)). At very small delays, the energy strongly oscillated
because of the constructive and destructive interference e ects between the
two replicas. Some residual oscillations were present also at longer delays, due
to the non perfectly Gaussian shape of the IR spectrum (cfr Figure 2.2). Hence
the energy at the input of the second HCF changed while the delay between
the two IR replicas was scanned.

To further con rm the generation of two IR replicas, a SH-FROG of two pulses
with an expected relative delay of 150 fs was performed. The retrieval is shown
in Figure 2.15, and it con rmed the presence of two IR pulses and the correct
calibration of the delay.

45



CHAPTER 2. MATERIALS AND METHODS

2.5 Simulations of RDW emission

In this thesis, numerical simulations have been performed to validate all the
experimental results. They were ful lled with an open access platform called
Luna.jl , developed in recent years for the simulation of pulse propagation
in HCF and PCF [39]. The simulations were based on the Unidirectional
Pulse Propagation Equation (UPPE), which relies on the full Maxwell's equa-
tions, with the only approximation of negligible nonlinear e ects created by
the back-propagating radiation [40]. The optimisegbrop_capillary method of
the platform was exploited. This allows for 1D simulations that evolve both
in the pulse frequency domaint and in the propagation axis z. The other two
dimensions, namely the plane x-y, are taken into account by the projection of
the pulse on the normal modes of propagation in the cylindrical symmetry of
the HCF [41]. This method considers also a transfer of energy from one mode
to the others, due to the dependence of the nonlinear e ects on the overall
electric eld to which all the modes contribute [42]. In the simulations the
rst four modes where considered (fromHE ; to HE 14). It has also been
veri ed that an increase in the number of modes was unnecessary, since a neg-
ligible fraction of the pulse energy was transferred to the higher modes. The
ionisation rate of the noble gas by the intense pulsé ( 2 10 W=cn?) was
described with the Perelomov-Popov-Terent'ev theory [43].
The simulations were seeded with the IR experimental pulse reconstructed
with the SH-FROG (Figure 2.4). The energy measured at the bre output
was backpropagated for the theoretical losses of the bre to estimate the input
energy for the simulation. The spatial pro le of the beam focus was assumed to
be perfectly Gaussian and with the experimentally measured dimension (100
m, two times the beam waist in amplitude). The coupling of the beam into
the bre was calculated by the overlap of this spatial pro le with the bre
modes. The polarisation was assumed linear. The third harmonic generation
was switched o in the simulations because this e ect would have spectrally
overlapped with the RDW generation. Moreover it was veri ed that the third
harmonic signal intensity was negligible with respect to the RDW signal in-
tensity in these simulations.
In the simulation of the UV interferogram, the input pulses at the variation
of the delay have been numerically calculated from the reconstructed exper-
imental pulse, as the sum of two delayed complex elds in the time domain.
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Chapter 3

Generation of UV-RDW and
temporal characterisation with
SD-FROG

This Chapter presents the results on the spectral and temporal characterisation
of the UV-RDW pulses generated in HCF, with the setup described in section
2.1. A rst section will describe the spectral tunability, the Fourier transform
limit time duration (FTL) and the pulse energy obtained both in the static
pressure and the in pressure gradient con guration. The second section will
provide the temporal characterisation of the UV-RDW pulses performed with
the SD-FROG technique described in section 2.2 and 2.3.

3.1 Spectral tunability, Fourier transform limit
and pulse energy

3.1.1 Static pressure con guration

In the static pressure con guration a wide spectral tunability of UV-RDW
could be obtained. In Figure 3.1, the UV-RDW spectra measured changing the
neon pressure inside the bre are shown. The central wavelength (CWL) could
be tuned from 230 nm to 315 nm when the gas pressure was varied from 1.8 to
4.6 bar. The FTL time duration supported by these spectra ranged between
2.7 fs and 4.3 fs. Table 3.1 shows the list of FTL time durations relative to
each neon pressure and CWL. The pulse energy of the UV-RDW with spectrum
centered at 270 nm (P=3 bar) was measured after the separation of the DUV
pulse from the supercontinuum spectrum with three re ections on dichroic
mirrors (Layertech, 30 nm passband width). The measured UV-RDW energy
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Figure 3.1: Tunability of the UV-RDW spectra at the variation of the neon pressure
in the bre, in the static pressure con guration. The spectral intensities are normal-
ized in the plot.

Table 3.1: Fourier transform limit (FTL) time duration of the UV-RDW spectra at
the variation of the neon pressure in the bre, in the static pressure con guration.
Also the central wavelength (CWL) of the spectra is reported.

CWL (nm) 230| 245| 270| 285| 300| 315
FTL duration (fs) | 2.7 | 3.1 | 2.7 |43 | 4.0 | 34

corresponded tol:15J .

In the more redshifted spectra in Figure 3.1 (P=4.6 bar), a rapid oscillating
signal at 348 nm was observed. Even if its shape recalls a Fano resonance, its
origin could not be understood in this thesis.

3.1.2 Pressure gradient con guration

In the pressure gradient con guration, similar results of tunability were ob-
tained just increasing the gas pressure in the input cell. Figure 3.2 shows the
measured spectra, with CWL increasing from 257 nm to 352 nm when the
neon pressure was raised from 3 to 6 bar. The Fano-like resonance is more
evident in the spectra where the spectral energy density is higher at 348 nm.
For the spectra shown in Figure 3.2, also the energy of the IR pulse at the
input of the HCF was measured. It was reduced from 130J to 50J
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Figure 3.2: Tunability of the UV-RDW spectra at the variation of the neon pressure
at the input of the bre, in the pressure gradient con guration. The spectral inten-
sities are normalized in the plot.

Table 3.2: Pulse energy , FTL time duration and central wavelength (CWL) of the
UV-RDW spectra at the variation both of the neon pressure at the input of the bre
in the pressure gradient con guration and of the input energy.

CWL (nm)
FTL duration (fs) 21 (1.7 |17 | 1.7
UV-RDW energy (J ) | 2.0 |25 | 1.7 | 1.2

when the gas pressure was increased from 3 to 6 bar, to maintain a similar soli-
ton dynamics (similar soliton order N). The spectra in the pressure gradient
con guration supported FTL time duration shorter than in the static pressure
con gurations, with values ranging between 1.7 fs and 2.1 fs. The UV-RDW
pulse energies were measured after a separation of the DUV pulses from the
supercontinuum with re ections on silicon windows, as described in subsection
2.1.3. The UV-RDW energy at the output of the bre was calculated from
the measured one, backpropagating it for the re ectivity of all the optics in
the beam path. These values ranged from 1.2 to 2.5 . All the above infor-
mations relative to the spectra presented in Figure 3.2 are shown in detail in
Table 3.2.
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3.2 Temporal characterisation with SD-FROG

3.2.1 Experimental SD-FROG traces and preliminary anal-
ysis

The SD-FROG traces were acquired with the bre in the pressure gradient
con guration, to deliver the UV-RDW pulses directly in vacuum. The SD-
FROG traces were acquired on di erent days while varying the neon pressure
and the IR input energy. Figure 3.3 shows the four experimental traces relative
to working parameters of the spectra presented in subsection 3.1.2. The hor-
izontal axis shows the delay between the two pulse replicas interacting in the
nonlinear crystal, while the vertical axis displays the wavelengths. The traces
have all a small slope with respect to the vertical axis, which corresponds to
a linear chirp in the SD-FROG technique. It was possible to establish that
the UV-RDW pulses presented a positive dispersion, which is compatible with
their propagation in the normal dispersion landscape after their emission in-
side the bre. The original raw traces, shown in the Appendix A, presented
an oscillating signal superimposed to the SD-FROG signal. These oscillations
were attributed to the linear interference between the SD-FROG signal and a
more weak component of the fundamental beam that could not be perfectly
stopped with the spatial lter of the slit (see subsection 2.2.2). These oscilla-
tions were removed with a Fourier Iter before analysing the traces. Moreover
all the traces presented the Fano-like resonance at 348 nm, which was typical
also of the independently acquired spectra.

The right column of Figure 3.3 shows the integration of the traces along the
wavelength axis. With the Fourier Transform Limited Pulse Approximation
described in subsection 2.3.1, a preliminary value of the pulses' time dura-
tions could be obtained. This method suggested a UV-RDW time duration
ranging from 2.6 fs to 4.1 fs for the traces considered above. Even if these
are rough estimations, they are close to the time durations that have been
obtained with the retrievals of the SD-FROG traces, as will be presented in
the next subsections.

3.2.2 Reconstructions with PCGP and DE algorithms

In the following, a comparison between the reconstructions of the SD-FROG
traces with PCGPA and DE algorithm is presented.

The pulses retrieved with PCGPA, namely the Pulse and the Gate, had to
be manipulated to both represent the measured UV-RDW pulse. Indeed the
physical constraint of a SD-FROG signal considers one of the two delayed
replicas to the second power (equation 2.3). However PCGPA is a blind al-
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Figure 3.3: Experimental SD-FROG traces (left) and their integration along the
wavelength axis (right), at the variation both of the neon pressure at the input of
the bre and of the input energy. A rst estimation of the UV-RDW time duration
is provided with the Fourier Transform Limited Pulse Approximation method.
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gorithm which retrieves the Pulse and the Gate as two independent pulses,
so that one of them is the measured pulse retrieved to the second power. To
compare the Pulse and the Gate, the square root of one of them was calcu-
lated. The choice on which between Pulse and Gate to manipulate was done
on the basis of which of them had the shorter time duration with respect to
the other. In the following the names Pulse and Gate refers to the UV-RDW
pulses retrieved with PCGPA after this manipulation.

Figure 3.4 shows the retrieval of the experimental trace acquired with a pres-
sure of 5 bar of neon and 4% input energy. In addition to the experimental
and retrieved traces (Figure 3.4(a)(b)), the reconstructed spectra and spectral
phases of Pulse (blue lines) and Gate (red lines) are shown (Figure 3.4(c)),
as well as the relative temporal intensity pro les (Figure 3.4(d)). Before the
reconstruction a smoothing of the trace has been done along the frequency axis
to help the convergence of the algorithm. Although the reconstructed Pulse
and Gate should be in principle identical, some discrepancy among them can
be noticed , both in the spectral and temporal domain. This fact suggests
that the experimental trace has some missing information. Nevertheless the
temporal intensity pro les of Pulse and Gate in Figure 3.4(d) allowed to give

a second estimation of the pulse time duration. This value was calculated
as the mean between the FWHMs of the Pulse and Gate pro les, and is re-
ported in the Figure with its uncertainty. From Figure 3.4(c) it is evident that
the retrieved spectra have a smaller bandwidth with respect to the reference
spectrum (black line). This feature can be attributed already to a lack of
bandwidth in the experimental trace.

To overcome this limitation in the acquired traces, a DE algorithm was em-
ployed, which allowed to consider also a spectral e ciency curve in the gen-
eration and acquisition of the SD-FROG signal (see subsection 2.3.3). Figure
3.5 shows the reconstruction of the previous experimental trace with the DE
algorithm instead of PCGPA. Figure 3.5(c) shows the retrieved spectral phase
and the independently measured spectrum, which is xed during the recon-
struction. The shaded area shows the uncertainty in the spectral phase after
10 retrievals with di erent initial conditions. A bigger uncertainty is present

at the energies of the spectrum where the SD-FROG trace has no signal. How-
ever these uncertainties in the spectral phase are negligible in the evaluation
of the error on the temporal intensity pro le, as shown in Figure 3.5(d). This
corresponds to a robustness in the retrieved pulse temporal pro le. Moreover,
it can be noticed that the retrieved pulse temporal pro le is close to the FTL
time pro le. This observation justi es the employment of the FTL pulse ap-
proximation for the rst time duration estimation performed in the previous
subsection. The retrievals of the SD-FROG traces relative to the other exper-
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Figure 3.4: Retrieval with PCGPA of the SD-FROG trace acquired with 5 bar of neon
pressure at the input of the bre and 45 J input energy. a) Experimental trace;
b) Reconstructed trace; c) Reconstructed spectrum (solid blue line=Pulse, solid
red line=Gate) and spectral phase (dotted blue line=Pulse, dotted red line=Gate)
and comparison with the experimentally measured spectrum (solid black line); d)
Reconstructed pulse time pro le (blue line=Pulse, red line=Gate) and comparison
with FTL time pro le calculated from measured spectrum (dotted black line). The
mean and the uncertainty of the pulse duration calculated from Pulse and Gate is
shown.
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Figure 3.5: Retrieval with DE algorithm of the SD-FROG trace acquired with 5 bar
of neon pressure at the input of the bre and 45J input energy. a) Experimental
trace; b) Reconstructed trace; ¢) Reconstructed spectral phase (blue line) and exper-
imentally measured spectrum xed during the reconstruction (solid black line). The
dashed area correspond to the uncertainty after 10 reconstructions with di erent
initial parameters; d) Reconstructed pulse time pro le (blue line) and comparison
with FTL time pro le calculated from the measured spectrum (dotted black line).
The time durations both of the retrieved pulse and of the FTL pulse are shown.
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imental conditions of Table 3.2 are presented in Appendix B.

DE algorithm can give more accurate results in the retrieval of the pulse tem-
poral prole and in its time duration estimation, if compared with PCGPA.
For this reason the time duration results presented in the next subsection refer
to DE algorithm, and PCGPA results must be considered only as a reference.

3.2.3 UV-RDW time duration results and comparison
with numerical simulations

The temporal duration estimations of the UV-RDW pulses were provided with
the retrieval of the SD-FROG traces with the DE algorithm. Table 3.3 shows
the temporal duration results for the four experimental conditions considered
in subsection 3.1.2, together with the CWL of the spectra, the pulse energy
and a comparison with the time durations retrieved with PCGPA. These re-
sults show at the same time a wide tunability of the CWL, a pulse energy
at J level and a few cycle time duration of the UV-RDW pulses. In partic-
ular sub-3 fs were retrieved with DE algorithm, which is the more accurate
algorithm. PCGPA retrievals predict time durations longer by only 1 fs.
These temporal duration results on the UV-RDW generated in HCF must be
considered an improvement with respect to the other works in the literature,
which measured time durations equal or longer than 6 fs [9, 10].

To support the experimental results on the temporal characterisation of the
UV-RDW pulses, numerical simulations have been performed with the meth-
ods described in section 2.5. Figure 3.6 shows a comparison between the
temporal pro les of the UV-RDW retrieved with DE algorithm relative to the
results in Table 3.3, and the pulses obtained by numerical simulations in the
same experimental conditions (dashed black lines). Concerning the temporal
duration, the simulated pulses are in good agreement with the experimentally
measured ones. This correspondence further supports the measurements of
few cycle UV-RDW pulses presented in this thesis.
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