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INTRODUCTION

Supercontinuum (SC) generation is a remarkable nonlinear phenomenon which
can be observed in transparent media during propagation and filamentation of
intense ultrashort laser pulses. SC can be described as an effect of extreme
spectral expansion (the input laser pulse spectrum can expand hundreds or
even thousands of times) caused by an intricate interplay of processes such
as beam self-focusing, self-phase modulation, chromatic dispersion, nonlinear
absorption, free electron plasma formation and more [1]. SC generation of
femtosecond pulses was first observed back in 1983 [2], through the years it
evolved together with our knowledge of nonlinear optics and with available
femtosecond lasers, and has become a versatile, low-cost, robust, efficient and
easy-maintenance source of broadband femtosecond coherent radiation in a
wide range of wavelengths.

There is a number of effects governing femtosecond filamentation and su-
percontinuum generation during the femtosecond pulse nonlinear propagation
in transparent solid-state media. Some of the most important effects are based
on the third order optical susceptibility of the media, for example the effect of
beam self-focusing. It stems from the optical Kerr effect which can be described
as the dependence of the medium refractive index on the radiation intensity:

n = ng + nol, (1)

where ng and ngy are the linear and nonlinear indexes of refraction, respec-
tively and I is the radiation intensity. The nonlinear refractive index is linked
to the third order optical susceptibility of the material:

LX@)(W;wvwa_w)v (2)

Ng =
4n3ce

where c is the speed of light in vacuum, ¢; is the vacuum permittivity and
x® (w;w,w, —w) is the third order nonlinear optical susceptibility.

Evidently, the nonlinear index of refraction is linearly proportional to the
third order optical susceptibility. Therefore, an intense Gaussian beam travel-
ling in a medium with a positive nonlinear refractive index, will self-focus - the
more intense central part of the beam will experience a larger refractive index
than the less-intense beam periphery. In other words, the material will act as
a convex lens. If the nonlinear refractive index is negative, the material will
act as a concave lens and the beam will self-defocus.

The self-focusing threshold is described by the critical power for self-focusing
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P.,.. It is defined as the power needed for the self-focusing effect to fully com-
pensate the diffractive spreading of the laser beam and for a Gaussian beam is
defined as follows:

3772
- 87T7”L()’I’L27

(3)

cr

where A is the radiation wavelength. When the beam power is greater than
P, the beam will self-focus at a distance described by the Marburger law [3]:

0.3672x
Zsf = — = ,
VI(P/P) /2 — 0.852]2 — 0.0219

(4)

where zp = mnow3 /A denotes the Rayleigh (diffraction) length of the input
Gaussian beam of a radius wo, taken at 1/e? intensity level. Although Eq. (4)
is generally derived in the case of continuous wave laser beams, it gives a fairly
accurate approximation of the nonlinear focus for femtosecond laser pulses as
well [4].

Another phenomenon determined by the nonlinear refractive index is pulse
self-phase modulation and it is sometimes referred to as a temporal analogue
for beam self-focusing. Time-dependent intensity causes the refractive index of
the medium to change in time which induces a nonlinear phase shift:

Out = il (1)2, (5)

where wy is the carrier frequency, I(t) is the time-varying intensity and z
is the propagation distance. The nonlinear phase shift accumulates together
with the increasing propagation distance. A time-dependent phase determines
the change of the instantaneous frequency, therefore one can write:

a¢nl(t) _ %nz aI(t)

ot c ot ’ (6)

dw(t, z) =

where ¢, (t) is the time-varying nonlinear phase. As can be seen, the phase
modulation of the pulse causes the pulse carrier frequency modulation, i. e.
the spectrum of the pulse is enriched with new frequency components and it
becomes broader. For a Gaussian pulse with a duration of ¢,, the change of
the instantaneous frequency can be described as:
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wotz 12
dw(t,z) = =2 0352 nzfoexp(—tj)7 (7)
P P

where I is the peak intensity. If the nonlinear index of refraction is positive,
the front of the pulse will experience a negative (Stokes) and the back of the
pulse - a positive (anti-Stokes) frequency shift, that is the front of the pulse
will be supplemented with red and the back of the pulse - with blue spectral
components. The opposite is true, if no < 0.

The formation of light filaments can be seen as a dynamic balance between
the cycles of self-focusing and defocusing [5]. Once the power of the wavepacket
exceeds the critical power of self-focusing, it should shrink into infinitesimally
small dimensions and reach spatial collapse while the intensity approaches in-
finity. However, in reality after reaching the sufficient intensity, which usually
happens when approaching the nonlinear focus, certain effects such as mul-
tiphoton absorption, free electron plasma generation and plasma absorption
restrict the light beam from collapse. Through the multiphoton absorption,
electrons are excited and transfer into the conduction band, thus forming free
electron plasma, characteristic of which is a negative nonlinear index of re-
fraction, and as a consequence, the beam is defocused. This effect is called
intensity clamping. Therefore, the most intense central part of the beam expe-
riences nonlinear losses and electron plasma defocusing. On the other hand, if
the power of the wavepacket still exceeds the P,,., the beam is able to self-focus
for the second time and the cycle continues.

The spatial structure of the femtosecond light filament is rather complex:
it consists of an intense central peak and a low-intensity, high-energy periph-
ery shaped as concentric rings around the filament core. During the nonlinear
propagation, only the central part of a filament interacts with the media while
the energy losses are replenished by the beam periphery, acting as an energy
reservoir. Only around 10% of the filament energy is located at the central peak
which, if blocked, self-reconstructs from the periphery. However, if the periph-
ery is blocked, the central peak readily experiences diffraction and dissipates.
Therefore, light filaments can be treated as conical beams [6].

Femtosecond filamentation and nonlinear propagation are closely inter-
twined with the phenomenon of supercontinuum generation. It has been shown
experimentally that the threshold power for SC generation is slightly above the
critical power for self-focusing. Spectral broadening during the SC genera-
tion is governed by a number of physical factors, one of which is the order of
multiphoton absorption:

K = <Uq/hw0> +1, (8)



where Uy is the energy band gap of the medium, and fwg is the incident
photon energy. The higher the order of multiphoton absorption, the higher
the intensity can be reached within the nonlinear focus before the intensity
clamping sets in and thus, the broader SC spectrum can be achieved [7, 8].
Consequently, the broadest SC spectra are demonstrated in wide band gap di-
electrics. On the other hand, if the order of multiphoton absorption is smaller
than 3, SC generation is not possible. Another interesting observation has been
made about the relationship between the medium band gap and the nonlin-
ear refractive index: the larger is the energy bandgap, the smaller is ny [9].
Finally, according to the numerical modeling results, the chromatic dispersion
of the medium is also an important characteristic when considering the width
and shape of SC spectrum. The influence of dispersion can be accounted for
by applying the model of effective three-wave mixing when SC generation is
considered as the generation of new frequencies caused by the incident optical
field scattering via nonlinear polarization [10,11]. To put it more simply, lower
material dispersion ensures the fulfillment of the phase matching conditions for
a broader range of frequencies.

Temporal and spectral SC generation dynamics also depend on the mate-
rial dispersion which can be described as the group velocity dispersion (GVD)
coefficient:

GVD =k, = 0%k/0w?|.,, (9)

where k = wong/c is the wavenumber. If the GVD is positive (or normal),
the red-shifted frequency components in the medium travel faster than the
blue-shifted ones. If the GVD is negative (or anomalous), the opposite is true.
Qualitatively three regimes of SC generation are distinguished depending on

the GVD coefficient for the pump wavelength: the normal, zero and anomalous
GVD.

In the case of normal GVD, SC generation dynamics are governed by tem-
poral pulse-splitting. Self-phase modulation ensures that new red-shifted fre-
quency components emerge at the front and blue-shifted components - at the
back of the pulse. The positive GVD of the material separates the red-shifted
and the blue-shifted components even further and causes pulse splitting at the
nonlinear focus after which two sub-pulses with different carrier frequencies
emerge. Therefore, in the time frame of the initial pulse, the formed sub-pulses
move in different directions. Pulse splitting event is followed by an abrupt
spectral broadening which is caused by the self-steepening of the fronts of the
sub-pulses. The self-steepening occurs due to different velocities between the
intense sub-pulse peak and the low intensity tail. This results in a remarkable
intensity gradient in the temporal pulse profile. The scale of self-steepening
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for the two sub-pulses is different which explains the asymmetric broadening of
the SC spectrum. Upon typical focusing conditions, an especially steep front is
formed at the back of the second sub-pulse which is responsible for the spectral
blue-shift. The spectral red-shift is less pronounced since the steepening of the
front of the first pulse is not as strong. Such explanation of SC generation dy-
namics in the normal GVD regime has been experimentally proven and seems

to be universal for various nonlinear media [12].

When the pump pulse wavelength falls into the anomalous GVD region of
the medium, a completely different SC generation scenario takes place. In this
case, the beam self-focusing, self-phase modulation and the anomalous GVD
of the material force the wavepacket to self-compress both in space and time,
leading to the formation of a light bullet [13]. Due to self-phase modulation, the
leading front of the pulse is supplemented with red-shifted spectral components
which, due to the anomalous GVD, move slower than the blue-shifted compo-
nents, which emerge at the trailing front of the pulse. Therefore, both red-
and blue-shifted components move towards the center of the pulse and tempo-
ral compression takes place. Numerical modeling has confirmed the described
spectral and spatiotemporal dynamics and the potential for self-compression of
the pulse to a single optical cycle [14-16].

Lastly, if the pump pulse wavelength coincides with the zero GVD of the
medium, the dynamics of SC generation shares characteristics from both nor-
mal and anomalous GVD regimes. SC spectra produced in the zero GVD
regime are rather symmetric, unlike those generated in the normal GVD case
which demonstrate a much larger blue-shift. In the temporal domain, the
zero GVD SC generation scenario includes pulse-splitting at the nonlinear fo-
cus, that is the temporal dynamics of the wave-packet resembles the case of
normal GVD. It has been shown that even a weakly anomalous GVD is not
able to ensure the compression of a spectrally broadened pulse and stop pulse-
splitting [17].

Supercontinuum generation has been known for quite some time as a com-
pact, versatile and efficient way of producing broadband femtosecond radiation
in the visible spectral region. However, with rapidly growing fields such as
development of OPCPA [18], vibrational spectroscopy [19,20], semiconductor
optoelectronics [21], frequency comb technology [22], gas detection [23], etc.,
recently there has been an increasing demand for broadband coherent fem-
tosecond radiation in the near and mid-infrared. Supercontinuum generation
in the infrared spectral region can easily meet the demand for such radiation.
However, the most popular media for SC generation in the visible and near-
infrared spectral range like sapphire, YAG and fused silica are not applicable
in the mid-infrared due to their absorption edge being in this region: fused si-
lica starts absorbing at 3.5 um and the absorption of sapphire and YAG starts
at around 5.2 pm [24]. Also, with longer pump wavelengths, SC spectra pro-
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duced in fluoride crystals, such as BaFy and CaFs become discontinuous and
show detached peaks [25,26]. Therefore, SC generation in the infrared requires
different materials with certain optical properties.

Recent experimental and theoretical investigations show that there is a
number of alternative materials such as narrow band gap dielectrics which
have the potential of being suitable for SC generation in the infrared spectral
range. It should be noted that in the scope of this dissertation narrow band
gap dielectrics are considered those whose energy band gap does not exceed
4.5 eV. Dielectric crystals whose band gap is greater than 4.5 €V are referred
to as wide band gap. Broadband SC generation spanning into the mid-infrared
has been demonstrated in fluoride [27], tellurite [28,29], lanthanum [30] and
chalcogenide [31] glasses. Furthermore, due to their increased transparency in
the mid-infrared spectral region and large values of nonlinear refractive index,
semiconductor crystals also emerge as attractive nonlinear media for mid-IR
SC generation. Up to date, experiments have been carried out in GaAs demon-
strating multi-octave femtosecond SC generation in the mid-IR with excellent
temporal compression to few-cycle duration [32-34]. Successful broadband fem-
tosecond SC generation spanning from the mid-IR to the visible spectral range
was also reported in polycrystalline semiconductor materials, such as ZnS and
ZnSe crystals [35-37]. However, from the abundance of the materials with at-
tractive properties for SC generation in the infrared, only a small amount were
thoroughly investigated so far.

The objective of the thesis

The objective of this dissertation is investigation of femtosecond filamentation
and supercontinuum generation in narrow energy band gap dielectric and semi-
conductor crystals in the near- and mid-infrared spectral range.

The main tasks of the thesis

¢ Development of a femtosecond mid-infrared light source based on differ-
ence frequency generation, delivering pulses in the 3-5 pm spectral range
which serve as a pump for supercontinuum generation in the nonlinear

materials of interest.

o Experimental study of supercontinuum generation in narrow band gap di-
electric crystals thallium bromoiodide (KRS-5), thallium bromochloride
(KRS-6) and strontium barium niobate (SBN) and semiconductor crys-
tals silicon and silicon carbide (6H-SiC) with femtosecond pump pulses
tunable in the 1.2-4.7 pum spectral range.

e Measurement of spatiotemporal intensity distributions at various stages
of femtosecond filament formation in bulk silicon.
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Investigation of the influence of color centers on supercontinuum gene-
ration in alkali halide crystals NaCl and KBr when pumping with mid-
infrared femtosecond laser pulses.

Practical and scientific novelty

A compact mid-infrared laser source based on difference frequency gene-
ration, providing 60-130 fs pulses of up to 11 uJ in the 3-5 pm spectral
region was developed which was used in femtosecond filamentation and
supercontinuum generation experiments.

A simple method for evaluation of material nonlinear refractive index
by measurement of nonlinear energy transmission during femtosecond
filamentation was proposed. Using this method ny of KRS-5, KRS-6 and
SBN crystals was evaluated.

It was demonstrated that narrow band gap dielectrics such as KRS-5,
KRS-6, SBN together with undoped semiconductor crystals like silicon
and 6H-SiC are suitable materials for efficient supercontinuum generation
in the infrared spectral range when pumped by near- and mid-infrared
femtosecond laser pulses.

It was shown that pulse splitting during supercontinuum generation in
silicon crystal with input pulse wavelength falling in the normal group
velocity dispersion region of the material is a universal physical charac-
teristic of femtosecond filamentation in undoped semiconductors as well
as in dielectrics.

It was demonstrated that ultrabroadband multi-octave infrared super-
continuum spectra generated in alkali metal halide crystals NaCl and
KBr are prone to a rapid narrowing due to color center formation which
effectively decreases the energy band gap.

Statements to be defended

. Broad infrared transmittance and high cubic nonlinearity of narrow band
gap dielectric (KRS-5, KRS-6, SBN) and semiconductor (silicon and 6H-
SiC) crystals ensure low energy threshold femtosecond supercontinuum
generation with more than an octave spanning spectra in the infrared.

. Energy transmission measurements of a light filament allows to pinpoint
the nonlinear focus formation at the back face of the medium that can
be used to evaluate the nonlinear refractive index of the material using
Marburger’s law.
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3. Color center formation in alkali metal halides NaCl and KBr results in
narrowing of the effective energy band gap of the material which leads to
supercontinuum spectral shrinking and decrease of energy transmittance.

4. Femtosecond filamentation in undoped semiconductor media with inci-
dent pulse wavelength falling into normal group velocity dispersion region
of the material results in splitting of the input pulse into two sub-pulses.

5. Undoped semiconductor and narrow band gap dielectric crystals exhibit
a fairly stable cut-off wavelength of supercontinuum spectrum and in-
creasing blue-shift with increasing the pump wavelength, indicating that
group velocity dispersion of the material and the order of multiphoton ab-
sorption are the main factors which define the extent of supercontinumm
spectrum in these materials.

Layout of the dissertation

The dissertation is prepared on the basis of a set of six scientific articles. The
Experimental Methods section is dedicated to descriptions of our built mid-IR
laser source (based on article Al) along with other laser sources, measure-
ment equipment and methods used in all of the performed experiments. Two
dissertation chapters are organized to consist of supercontinuum generation ex-
periments in narrow band gap dielectrics (Chapter 1, based on articles A2, A3
and A4) and in semiconductor crystals (Chapter 2, based on articles A5 and
AG).

Contribution of the author

The main co-authors of the results presented in this thesis in no particular
order are: dr. Rosvaldas Suminas, dr. Vytautas Jukna, dr. Nail Garejev,
dr. Gintaras Tamosauskas and prof. habil. dr. Audrius Dubietis. Detailed
contributions can be found in the Acknowledgements section. Contribution of
the author for the publications this thesis is based on is as follows:

Al - assembled the experimental setup of the OPA source (DFG and
OPA stage), performed experiments and carried out data analysis and
presentation for publishing.

A2 A3, A5 - performed experiments, carried out data analysis and pre-
sentation for publishing.

A4 - performed experiments.
A6 - performed experiments, carried out data analysis and presentation

for publishing, prepared the initial draft of the article.
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EXPERIMENTAL METHODS

This chapter describes the developed mid-IR femtosecond pulse source used in
the experiments of the thesis together with other laser sources, equipment and
measurement techniques. Also, main parameters of the pump laser pulses and
investigated nonlinear media are given at the end of the chapter. If needed,
more in-depth descriptions of the experimental methods can be found in the
reprinted publications.

A COMPACT FEMTOSECOND LASER SOURCE IN THE
MID-INFRARED

Firstly, in order to carry out femtosecond filamentation and supercontinuum
generation in the mid-infrared spectral range in various nonlinear media, a suit-
able femtosecond laser source is needed. Together with providing femtosecond
pulses in the mid-infrared spectral region, it also should be wavelength-tunable,
thus allowing to access different filamentation regimes according to the disper-
sive properties of the nonlinear materials that are being investigated.

Development of laser sources, which emit ultrashort pulses in the mid-
infrared spectral range is dictated by the emerging applications in ultra-
fast vibrational spectroscopy, mid-infrared nonlinear optics and strong-field
physics [38]. Generation of mid-infrared pulses with durations as short as
few optical cycles is exclusively based on the optical parametric amplification,
which supports large amplification bandwidths necessary to maintain short
pulse widths, see e.g. [39].

Technically simple, low cost and easily implementable setups for generation
of ultrashort mid-infrared pulses rely on using widely available amplified fem-
tosecond Ti:sapphire driving lasers. Several configurations that involve optical
parametric amplification, difference frequency generation (DFG), or both, have
been demonstrated so far. The first configuration is based on either collinear
or noncollinear optical parametric amplification in bulk and periodically poled
nonlinear crystals, extracting the idler wave, which lies in the mid-infrared
spectral range. Here the fundamental laser wavelength (800 nm) serves as a
pump, while the seed signal is provided by either supercontinuum (SC) ge-
neration in bulk dielectric media or using the idler pulses produced by the
near-infrared optical parametric amplifier (OPA). To this end, OPAs based on
nonlinear crystals which possess transparency and phase matching in the mid-
infrared, such as potassium titanyl phosphate (KTP) and potassium titanyl
arsenate (KTA) [40,41], potassium niobate (KNbOs) [40-45], lithium niobate
(LiNDbOs3) [41, 44-46], lithium iodate (LilO3) [47] and periodically poled stoi-
chiometric lithium tantalate [48] crystals were demonstrated to provide pulses
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with durations from sub-100 fs to few optical cycles in the 2-5 pm wavelength
range.

The second configuration employs DFG between the signal and idler pulses
from the near-infrared OPA (e.g. that based on commonly used BBO crystal),
see e.g. [49]. The third configuration uses DFG between broadband pulses from
second harmonic-pumped noncollinear OPA and the fundamental laser pulses,
providing few optical cycle pulses with stable carrier envelope phase, which are
subsequently amplified in a broadband OPA [38,50,51].

The experimental scheme of our mid-infrared laser source is depicted in
Fig. 1. The entire setup is driven by regeneratively amplified Ti:sapphire
system (Spitfire PRO, Newport-Spectra Physics), which delivers 100 fs pulses
at 800 nm with an energy up to 3 mJ at a repetition rate of 1 kHz. A fraction
of the laser energy (0.9 mJ) was used to pump a commercial BBO crystal-based
OPA (Topas-Prime, Light Conversion Ltd.), which provided the near-infrared
signal and idler pulses with energies in the range of 100-150 pJ and sub-100 fs
pulsewidths.

Ti:sapphire
laser —————

TOPAS-Prime

Figure 1: Schematic of the mid-infrared laser source. DFG - difference fre-
quency generation, VDF - variable density filter, DM - dielectric mirror.

The difference frequency generation between the o-polarized signal and e-
polarized idler pulses was performed in a 1 mm thick KTA crystal, cut for
type II phase matching (§ = 43, ¢ = 0), which provides broad conversion
bandwidth in the wavelength range of interest [52]. Proper timing between the
input signal and idler pulses entering the DFG crystal was set by adjusting the
temporal delay stage, hence compensating their temporal walk-off originating
in BBO OPA. The DFG stage delivered o-polarized pulses tunable in a 3-4.7 pm
spectral region and with pulsewidths ranging from 60 to 130 fs and energy of
up to 11 nJ. If needed, smaller energy of the DFG radiation was achieved by
translation of the variable density filter (NDL-25C-2, Thorlabs Inc.) placed in
the optical path of an idler wave.

It should be noted that our mid-IR femtosecond pulse source also had an
OPA stage, based on 1 mm LilOg3 crystal cut for type-I phase matching, pumped
by fundamental 800 nm, 0.7 mJ laser pulses. After the DFG stage, 3.5 ym
pulses were amplified up to 35 uJ and later self-compressed in a 4 mm thick
CaF5 plate down to 31 fs (or 2.7 optical cycles) with an energy throughput of
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93.5%. By tuning the wavelength of the nonlinear stages, we also demonstrated
lossless self-compression of 3 pum, 31 pJ and 70 fs pulses in 3 mm thick YAG
plate down to 31 fs (2.3 optical cycles) and self-compression of 4 pum, 14 pJ,
97 fs pulses down to 42 fs (3.2 optical cycles) in BaFy plate of 4 mm. How-
ever, the OPA and self-compression stages were not used in the experiments
of this dissertation, since the DFG stage provided pulses of sufficient energy
for femtosecond filamentation in the studied materials and the short durations
of the self-compressed pulses would have readily increased due to dispersion of
the optical elements of our setup.

EXPERIMENTAL EQUIPMENT

« BBO crystal-based optical parametric amplifier (Topas-Prime, Light Con-
version, Ltd.), providing 1.2-2.4 pm, sub-100 fs, 100-150 uJ pulses.

o Non-collinear optical parametric amplifier pumped by second harmonic
radiation of Ti:sapphire laser (Topas-White, Light Conversion Ltd.) pro-
vides 20-30 fs, 530-720 nm pulses of up to 30 uJ energy. The pulses were
used for gating in spatiotemporal imaging measurements, described in
Section 1.2.

e Home-built scanning prism spectrometer equipped with Si, Ge, PbSe and
InAsSb detectors (either one or two at a time) offering an effective detec-
tion range of 0,2-5,8 pm. High dynamic range is ensured by a rotating
wheel of neutral density filters after the end slit of the spectrometer.
This device was used for spectral measurements throughout all of the
experiments.

o Microbolometer camera (WinCamD-FIR2-16-HR, DataRay), pixel size
17 pm, 14-bit dynamic range. Used for beam measurements of both
input beams and light filaments in all of the experiments.

e DSLR camera (Nikon D7200) used for imaging the filament-induced
colour center traces in Section 2.1.

e CCD camera (Grasshopper 2, Point Grey), pixel size 4.4 pm, 14-bit dy-
namic range. Used for spatiotemporal imaging in Section 1.2.

o Spectrophotometer (Shimadzu UV-3101PC) with 190-3200 nm spectral
range and 0.1 nm resolution. Used for transmission measurements of the
samples in Section 1.1.

MEASUREMENT METHODS

A generalized schematic of the experiments is depicted in Fig 2. Part of the
infrared femtosecond pump radiation (either from the near-infrared OPA, or
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our developed mid-infrared source) of the chosen wavelength and energy is
reflected towards a reference energy detector by a reference plate. Further, the
transmitted radiation is focused by a plano-convex BaFs lens onto the entrance
face of the sample of the nonlinear medium. The focal length of the lense used
was chosen in a way that loose focusing conditions would be ensured. Upon
escaping the sample the beam is imaged onto a particular unit of diagnostic
equipment (slit of the spectrometer, microbolometric camera, energy detector,
etc.) via silver-coated parabolic mirrors arranged in a 4f-imaging geometry.

Figure 2: Generalized experimental scheme, RD - reference detector, RP -
reference plate, L - lens, S - sample, PM - parabolic mirror, NOPA - non-
collinear optical parametric amplifier.

Several techniques for spectral, temporal and energy measurements of light
filament were used throughout the experiments.

Firstly, in sections 1.1, 1.2 and 2.2 energy transmission measurements were
carried out in a following way. Two detectors were used for simultaneous mea-
surement of the pulse energy before and after the nonlinear propagation in the
sample. The input pulse energy was varied by automated translation of the
variable density filter.

Also in section 2.1 light pulses were characterized by implementing spa-
tiotemporal imaging, alternatively termed as three dimensional laser tomog-
raphy. A series of cross-correlation images were taken with a CCD camera
while varying the time delay between the object and the reference pulses thus
unveiling the spatiotemporal dynamics of a wave-packet during light filamen-
tation. Cross-correlation functions were measured in 20 pm-thick BBO crystal
using 27 fs 720 nm reference pulses from the NOPA source in order to ensure
appropriate sum frequency conversion bandwidth and temporal resolution.

Finally, a homebuilt intensity autocorrelator based on 20 pm-thick BBO
crystal was used for measuring the input pulse durations.

21



MAIN PARAMETERS OF LASER PULSES AND NONLINEAR MEDIA

Table 1: Summary of the main parameters of the input radiation and non-
linear media samples investigated in Chapter 1, L - thickness of the sample,
E, - energy bandgap, T - transmission, Ag - zero GVD wavelength, 7 -
pulse duration, A - pump wavelength, w - beam radius taken at 1/e? inten-
sity level.

Material ~ KRS-5 KRS-6 NaCl KBr SBN:61
(58% mol  (60% mol
TII) TICI)
L (mm) 2: 6 2: 6 5 5 5
E, (eV)  25@ 3.25(@ 9(e) 7.61(@) 3.4(e)
T (pm)  0.58-42(®)  0.42-27(@)  0.17-18(») (.2 0.45-
30.6() 5.5(@)
Ao (pm)  6.6(¢) - 2.76() 3.83(@) 1.96(®
no 98(c) 39(©) 4.35(9) 7.95(¢) 52.4(¢)
(x10716
em? /W)
A (um) 3.1; 3.6 3.1; 3.6 3.6 3.6 1.2, 2.0;
2.4
7 (fs) 60 60 60 60 85; 95
125
w (pm) 40; 70 40; 70 55 55 36; 54; 53

(@) The transmission range is taken from [24] and defined at 10% transmis-
sion level in a 1 mm thick sample.

) Data taken from [53].

(©) Evaluated according to the method provided in [54] with an updated
parameter K from [55].

(4:€) Data taken from [56,57].

This section provides a brief summary of input pulse and nonlinear media
parameters used throughout the experiments in a form of two separate tables
for two chapters of this dissertation, respectively. Also, the GVD plots of the
investigated materials are given at the end of the section.

GVD curves for KRS-5 (thallium bromoiodide, T1(Br, I)) and KRS-6 (thal-
lium bromochloride, TI(Cl, Br)) are depicted in Fig. 3. It should be noted
that there is a lack of knowledge on the dispersion of KRS-6. The available
dispersion equation for KRS-6 with a composition of 60 mol% TICI is based
on the Sellmeier coefficients reported many years ago, in 1948, which gives the
zero GVD wavelength of KRS-6 at 1.6 pm [62]. However, another KRS-6 GVD
(68 mol % of TICl) curve derived from newer measurements is available only
in the visible range [63]. If it is extended into the infrared, a stark difference
between the two GVD curves for KRS-6 can be observed, as seen from Fig. 3.
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Table 2: Summary of the main parameters of the input
radiation and nonlinear media samples investigated in
Chapter 2, L - thickness of the sample, E4- energy
bandgap, T - transmission, Ag - zero GVD wavelength,
7 - pulse duration, d - beam diameter taken at 1/e?

intensity level.

Material Si 6H-SiC

L (mm) 6.4 5

E, (eV) 1.124(¢) 2.6(¢)

T (pm) 1.1-6.5(2) 0.5-4()

Ao (pm) >23(¢) 2.1(5)

no (x10716 270 86"

cm? /W)

A (pm) 3.25;3.6;4.0; 1.3; 1.5; 1.7;
4.7 2.0; 2.2; 2.4

7 (fs) 60; 60; 125; &7; 95; 85;
110 95; 127; 125

d (pm) 60; 60; 68; 73 75; 85; 90;

105: 110; 125

(@) The transmission range is taken from [24] and de-
fined at 10% transmission level in a 1 mm thick sample.
(b=1) Data taken from [24,56-61].

Given this large mismatch, in our view the zero GVD wavelength of KRS-6 at
1.6 nm from the dispersion equation taken from [62] could not be considered

as reliable.

4001.6:um 6.6:um
KRS-5
€ 1 i
£ %91 |
@ |
3 . KRS-67 1
R 0=
\\
~
\\ ‘
-200 T T ——
2 4 6 8

Wavelength (um)

Figure 3: GVD of KRS-5 (solid, light blue line [57]) and two GVD curves for
KRS-6, (short-dashed, yellow line [63] and long-dashed dark blue line [62]).
Grey hollow circles together with dashed grey vertical lines denote zero GVD

wavelengths.
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Figure 4: GVD of KBr (solid light blue line), NaCl (long-dashed orange line)
[24], SBN for ordinary (short-dashed yellow line) and extraordinary (solid dark
blue line) polarization [53]. Grey hollow circles together with dashed grey

vertical lines denote zero GVD wavelengths.
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Figure 5: GVD curves of 6H-SiC (dashed dark blue line) [59] and Si (solid
yellow line) [58]. Grey hollow circle together with dashed grey vertical line

denote zero GVD wavelength.

NONLINEAR REFRACTIVE INDEX EVALUATION

Since there is a lack of knowledge about nonlinear optical properties of KRS-5,
KRS-6 (Section 1.1) and 6H-SiC (Section 2.2), we carried out the evaluation
of nonlinear refractive index of these materials. The evaluation procedure is
based on finding the energy (or power) at which the self-focusing distance (the
position of the nonlinear focus) is equal to the length of the nonlinear medium

(L) or, in other words, the nonlinear focus is formed at the back face of the
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medium. This can be achieved by measuring the energy transmission (7')
through the sample (the ratio of measured energy after and before the sample)
and by calculating the energy transmission derivative with respect to pump
pulse energy (FE), termed as fractional losses (dT/dFE). The basic principle of
the evaluation method is explained in Fig. 6 where a simplified view of energy
transmission and fractional losses dependence on the input pulse energy is
depicted in (a) and (b), respectively. Fig. 6 (c) illustrates how the beam self-
focuses when the geometrical focus of the lens is located at the front face of
the sample.
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Figure 6: Explanation of nonlinear refractive index evaluation: (a) energy
transmission and (b) fractional losses versus the input pulse energy and (c)
shows the position of nonlinear focus with increasing the input energy. The
brown rectangle represents the sample and the red dashed lines indicate the
position of the nonlinear focus.

At first, the input energy is small and the beam can only self-focus after
the sample, hence there are no nonlinear losses in the sample. In this case, the
output energy changes linearly together with the input energy and the energy
transmission is constant. This regime corresponds to sector (I) in Fig. 6 (b)
and (c). When increasing the input pulse energy, the nonlinear focus shifts
closer to the back face of the sample, hence the intensity at the back of the
sample increases and the nonlinear losses due to multiphoton and free-electron
plasma absorption come into play. With enough input energy there comes
a point when the nonlinear focus is formed exactly at the back face of the
sample (sector (II)) which is indicated by the extremum of fractional losses
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(since the beam diameter at the nonlinear focus is the smallest, the intensity
and nonlinear losses are the largest). With further increase of the input pulse
energy, the position of nonlinear focus moves towards the front face of the
sample and the energy transmission settles down (sector (III)).

Then, we can express the nonlinear refractive index from the formula of
critical power for self-focusing (Eq. 3):

3.7TTA?

= 10
87TTL0PCT ( )

n2

Since we know the exact self-focusing distance (z;; = L) and the corre-
sponding pulse power (P), P, can be found from the empirical Marburger law,
see Eq. 4 and after that the ns can be calculated from Eq. 10.

It should be noted that the extremum of fractional losses in Section 1.1 is
a minimum and in Section 2.2 it is a maximum due to an added minus sign
before dT/dE. However, the sign of fractional losses is not important for our ns
evaluation, since we need to find only an input pulse energy value corresponding
to the extremum, be it maximum or minimum.

Finally, for the sake of justifying the experimentally measured values, the
van Stryland analysis was employed for analytical calculation of ns [54]. In the
case of KRS-5 and KRS-6, an updated dimensionless parameter Ko = 7.33-10~°
was used [55].
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1. Femtosecond filamentation and supercontinuum generation in
narrow band gap dielectric crystals

Motivation

A widely used approach for SC generation in the mid-infrared wavelength range
relies on femtosecond filamentation at laser wavelengths falling into the region
of anomalous group velocity dispersion of wide-bandgap dielectric crystals and
glasses, yielding generation of multioctave SC with continuous spectral coverage
from the ultraviolet to the mid-infrared [64-71].

However, the most popular SC hosts such as fused silica, sapphire or YAG
are not as easily applicable in the mid-infrared due to their absorption band
laying in this spectral region. In addition, an explicit numerical study of SC ge-
neration in various nonlinear materials with mid-infrared laser pulses suggested
that the zero GVD wavelength may serve as a reasonably good indicator for
attainable redshift of the SC spectrum [72]. For what concerns this criterion,
the zero GVD points of the above mentioned materials are located in the near
infrared, at wavelengths generally shorter than 2 pm. Therefore, materials such
as narrow bandgap dielectric crystals [73] whose zero GVD points are located
in the mid-infrared (MIR), emerge as potentially efficient nonlinear media for
SC generation in this spectral range.

First of all, mixed thallous halides KRS-5 and KRS-6 stand out as promis-
ing nonlinear materials for this spectral range. KRS-5 and KRS-6 are well-
known infrared window materials [57], which also find applications in the mid-
infrared [74] and gamma-ray [75] spectroscopy, and astronomical instrumenta-
tion [76,77]). KRS-5 was recently considered for use in acousto-optics [78,79].
However, from the perspective of nonlinear optics, KRS-5 and KRS-6 appear
exotic, and to the best of our knowledge, these crystals were never consid-
ered as nonlinear optical materials. Secondly, recent numerical simulations
predicted that filamentation of femtosecond mid-infrared pulses in alkali metal
halides, which possess extremely broad mid-infrared transmittance and whose
zero GVD points are located deeply in the mid-infrared, are capable of pro-
ducing multi-octave SC spectra with remarkable red shifts [72]. However, no
experimental investigations of the femtosecond filamentation and SC genera-
tion in alkali halides NaCl and KBr have been conducted so far. Finally, dis-
ordered narrow band gap dielectrics with random quasi phase matching such
as strontium barium niobate (SBN), also promise interesting perspectives of
mid-infrared SC generation enriched with non-zero second-order nonlinearity
enabled broadband frequency generation [80].

This Chapter consists of three sections that are based on the supplied ar-
ticles A2, A3 and A4, respectively. The first section is dedicated to an experi-
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mental study of SC generation in mixed thallous halides: thallium bromoiodide
(KRS-5) and thallium chlorobromide (KRS-6) as produced by self-focusing of
60 fs pulses with central wavelengths of 3.1 ym and 3.6 pym, in single and mul-
tiple filamentation regimes. The second section reports on SC generation in
alkali halide crystals NaCl and KBr using 70 fs 3.6 um pump pulses, which
fall slightly above the zero GVD point of NaCl and slightly below that of KBr.
The third and last section is a short study of supercontinuum generation in
polycrystalline SBN with femtosecond near- and mid-infrared laser pulses with
carrier wavelengths falling into the range of normal, zero and anomalous GVD
of the crystal.

1.1. Supercontinuum generation in mixed thallous halides KRS-5 and KRS-6

This section is dedicated to the experimental study of SC generation in mixed
thallous halides in the mid-infrared. Mixed thallous halides KRS-5 and KRS-6
are dielectric crystals of cubic symmetry, which possess relatively small energy
band gaps and very broad infrared transparency, which extends into far in-
frared, see the parameters in Table 1 of Fxperimental Methods chapter. These
materials also exhibit a certain transparency in the visible spectral range:
Fig. 1.1 shows the measured transmittance in the visible and near-infrared
spectral ranges of 2 mm thick KRS-5 and KRS-6 samples, indicating the short
wave cut-off wavelengths of 550 nm and 400 nm for KRS-5 and KRS-6, respec-
tively.

80
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Figure 1.1: Measured transmittance of 2 mm thick KRS-5 and KRS-6 samples
in the visible and near-infrared spectral ranges. The inset shows a photo of the
used samples.

For a summary of the experimental setup and measurement equipment used
the reader is referred to the Experimental Methods chapter. The chosen input
wavelengths of 3.1 pm and 3.6 pm fall into the range of normal group velocity
dispersion of KRS-5, which has a zero GVD wavelength at 6.6 ym, as calcu-
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lated from the dispersion equation provided in Ref. [57]. It is expected that
the input wavelengths fall into the range of normal GVD of KRS-6 as well,
however, the exact value of its zero GVD point is not known with a reasonable
precision, for more information please see the Experimental Methods chapter.
The measurements of nonlinear transmission, which were used for evaluation
of the nonlinear refractive indexes, were performed by focusing the input beam
with BaF3 lens (f = 50 mm) onto the input face of 2 mm-thick samples of
KRS-5 and KRS-6. In the SC generation experiments, looser focusing of the
input beam (BaF5 lens, f = 100 mm) and longer samples of KRS-5 and KRS-6
(both of 6 mm thickness) were used.

Since the nonlinear optical properties of KRS-5 and KRS-6 are basically
unknown, first we carried out an experiment in order to evaluate the nonlinear
refractive indexes of these materials. The evaluation procedure is based on
measuring the energy transmission through the samples and is described in-
depth in the Nonlinear Refractive Index Evaluation section of the Experimental
Methods chapter. We measured the energy transmission of 2 mm-thick KRS-5
and KRS-6 samples at 3.1 um versus the input pulse energy, as illustrated in
Fig. 1.2 (a). Taking into account the incident photon energy of 0.4 €V and the
band gap values listed in Table 1, the measured nonlinear losses are associated
with 7 and 9 photon absorption in KRS-5 and KRS-6, respectively, and to some
extent with the absorption of free electron plasma via inverse Bremsstrahlung
effect [5].

The determined ng values ((105=+19) x 10716 cm? /W for KRS-5 and (54 +
10) x 10716 ¢cm? /W for KRS-6) are fairly close to those calculated analytically
(ng = 98x10716 ¢cm?/W for KRS-5 and ny = 39x10716cm?/W for KRS-6)
using the formalism described in Ref. [54]. In the case of KRS-6 the discrepancy
between the evaluated and theoretically calculated values could be attributed
to the lack of accurate Sellmeier equation in this spectral range. In order
to further experimentally justify the validity of our approach for estimation
of ny, we measured the nonlinear transmission of 3 mm-thick YAG sample,
whose nonlinear refractive index is known rather precisely: the value of ny=
6.2x107!¢ ¢cm? /W has been reported for the input wavelength of 1.06 ym [81].
The results for nonlinear transmission and fractional losses in YAG are added
to Fig. 1.2 for a comparison. Note a significantly increased input pulse energy
required to produce the nonlinear focus at the output face of 3 mm thick YAG
sample. Also notice generally smaller fraction of the absorbed energy, which is
formally due to 17-photon absorption, taking into account the band gap of YAG
of 6.5 eV. Our evaluation procedure yields ny value of (6.04-0.6) x 1076 cm? /W,
which almost perfectly coincides with that specified in literature, also bearing
in mind the general dispersion law of ns, which suggests a slight decrease of
nonlinear refractive index values with longer wavelengths.

The estimated large values of ny in KRS-5 and KRS-6 suggest remarkably
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Figure 1.2: (a) Normalized energy transmission of 2 mm-thick KRS-5 and KRS-
6 samples and 3 mm-thick YAG sample versus the energy of 60 fs, 3.1 gm input
pulses. (b) Fractional losses, whose minima indicate that the position of the
nonlinear focus is located at the output face of the sample.

low critical power for self-focusing in these materials: 0.58 MW in KRS-5 and
1.22 MW in KRS-6, respectively, with input pulses of 3.1 ym. In comparison,
critical power for self-focusing in YAG at this wavelength is more than by an
order of magnitude higher (13.1 MW). Indeed, the threshold energies for fila-
mentation and supercontinuum generation in 6 mm-thick KRS-5 and KRS-6
samples were found to be just few hundreds of nanojoules. Fig. 1.3(a)-(d) show
the SC spectra in KRS-5 recorded with different input pulse energies, result-
ing in single and multiple filamentation regimes, as verified by the near-field
intensity distributions of the output beams that are shown in the insets. SC
spectrum in KRS-5 produced by the 3.1 pm, 260 nJ input pulses, provides a
continuous wavelength coverage from 1.57 to 5.0 um (at the 5x10~* intensity
level) and exhibits a prominent double dip around 4.25 pm that is attributed
to absorption of atmospheric CO,, as illustrated in Fig. 1.3(a). The inset
shows the intensity distribution measured at the output face of the sample,
indicating a single filament with FWHM diameter of 27 pm, surrounded by
a characteristic ring-shaped periphery. As the input pulse energy is increased
to 390 nJ, the SC spectrum shows a stable short-wave cutoff at 1.57 pm due
to the intensity clamping effect and exhibits a slight broadening to 5.3 pm on
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the long-wavelength side, while maintaining a single filament, as illustrated
in Fig. 1.3(b). The SC spectra in the single filament regime demonstrate
smooth spectral features, and yield reasonably high spectral energy density:
2-30 pJ/nm in the 1.7-2.5 pm range, 50-100 pJ/nm in the 3.5-4.2 pm range
and >200 pJ/nm around the pump wavelength.
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Figure 1.3: Supercontinuum spectra in 6 mm thick KRS-5 (left panel) and
KRS-6 (right panel) samples as functions on the energy of 60 fs, 3.1 ym pump
pulses. The input pulse energies are indicated in the plots and the input pulse
spectra are depicted by dashed curves. Insets show filamentation profiles as
measured at the output face of the sample.

A further increase of the input pulse energy leads to multiple filamenta-
tion. With the input pulse energy of 870 nJ, multiple filaments emerge in the
form of a symmetric and well-reproducible pattern, as illustrated in the inset
of Fig. 1.3(c). The occurrence of such multi-filamentation pattern is attributed
to small ellipticity of the input beam [82]. The secondary filaments evolve as a
result of nucleation of annular rings surrounding the central filament and reside
along the major and minor axes of an ellipse. Even higher input pulse energy
(1.3 pd) leads to random distribution of the individual filaments, as shown in
the inset of Fig. 1.3(d). The regime of multiple filamentation produces slightly
broader SC spectra spanning wavelengths from 1.5 to 5.6 pm. However, in this
case, the SC spectra exhibit a significant intensity modulation, which is espe-
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cially well-pronounced on the short-wave side. Spectral modulation originates
from the filament refocusing [83] and in part due to beating between the SC
spectra produced by individual filaments. Interestingly, with the input pulse
energy of 1.3 uJ we also capture a detached narrow spectral peak centered at
1.03 pm, which is attributed to the third harmonic of the pump. A very simi-
lar trend of the spectral broadening and transition from the single to multiple
filamentation regimes versus the input pulse energy was recorded in KRS-6, as
shown Fig. 1.3(e)-(h). Due to lower values of ny, the SC spectra in KRS-6 were
generated with slightly higher input pulse energies. On the other hand, due
to larger bandgap of KRS-6, the measured SC spectra exhibit slightly shorter
cut-off wavelengths (1.37 pm) at the short-wavelength side, while the spectral
broadening toward long-wavelength side remained essentially identical.
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Figure 1.4: Supercontinuum spectra in 6 mm thick KRS-5 (left panel) and
KRS-6 (right panel) samples as functions on the energy of 60 fs, 3.6 ym pump
pulses. The input pulse energies are indicated in the plots and the input pulse
spectra are depicted by dashed curves. Insets show filamentation profiles as
measured at the output face of the sample.

The experiments performed with the longer wavelength (3.6 pm) input
pulses revealed very similar dynamics of the spectral broadening and filamen-
tation versus the input pulse energy in both materials, as illustrated in Fig. 1.4.
However, in the present case, in both samples a slightly larger spectral broad-
ening on the long-wavelength side of the SC was recorded: up to 5.5 pm and
slightly beyond 5.8 um (which is the limit of our spectrometer detection range)
in the regimes of single and multiple filamentation, respectively. Notice that in
addition to prominent CO2 absorption, a more shallow but clearly distinguish-
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able dips around 2.7 ym as due to absorption of water vapor emerge in the SC
spectra. Also note more intense third harmonic peaks at 1.2 ym in KRS-5 and
KRS-6, which emerge in the multiple filamentation regime.

Finally, in order to test the suitability of KRS-5 and KRS-6 for SC ge-
neration under real experimental settings, we examined the long-term repro-
ducibility of the SC spectra in these materials, which is important for the ma-
jor part of practical applications. Fig. 1.5 compares the reference SC spectra
with the spectra recorded after 1 and 2 hours of operation at 1 kHz repeti-
tion rate in KRS-5 and KRS-6 samples. The SC spectrum in KRS-5 shows an
excellent long-term reproducibility: no apparent changes in either SC spectral
shape or spectral intensity were detected over 2 hours of operation, as shown
in Fig. 1.5(a).
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Figure 1.5: Long-term reproducibility of SC spectra in (a) KRS-5 and (b)
KRS-6. The input pulse wavelength is 3.1 pum, the input pulse energies are
350 nJ and 500 nJ, respectively. Inset shows the side view of KRS-6 sample,
as illuminated by He-Ne laser beam.

In contrast, the SC spectrum in KRS-6 exhibits a slight but noticeable
shrinking on the short-wavelength side, which progresses with the exposure
time, whereas the part of the SC spectrum on the long-wavelength side remains
constant, as shown in Fig. 1.5(b). The observed spectral changes in KRS-6
could be attributed to filament-induced material modification under multiple
laser pulse exposure. The material modification was visualized by launching a
He-Ne laser beam along the path of the filament, showing a clearly detectable
scattering from the modified volume, as depicted in the inset of Fig. 1.5(b). On
the other hand, the time scale of the spectral changes suggests that degradation
of KRS-6, whatever is its origin, is relatively slow, so these detrimental effects
could be easily avoided by the translation of the sample.
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1.2. The influence of color centers on supercontinuum generation in NaCl and
KBr

In this section an investigation of supercontinuum generation with femtosecond
mid-infrared laser pulses in NaCl and KBr crystals pumped at the vicinity of
their zero GVD points is presented. The experimental setup along with mea-
surement equipment and methods can be found in the Ezperimental Methods
chapter. The nonlinear media used were uncoated NaCl and KBr samples of
5 mm thickness. NaCl and KBr are crystals with cubic symmetry and exhibit
remarkable transparency ranges from the UV to the far-infrared and relatively
large nonlinear indexes of refraction. The chosen pump wavelength of 3.6 pm
falls close to their zero GVD points: in NaCl, GVD is weakly anomalous, while
in KBr, GVD is weakly normal. The relevant optical parameters of these ma-
terials are presented in Table 1 of Ezperimental Methods chapter.

It is a well known fact that most of alkali metal halide crystals are prone to
formation of color centers that affect the SC spectrum to a certain degree, as ex-
perimentally demonstrated in LiF [26,84-87] and to some extent, in PbF5 [73].
The color centers are associated with electron trapping at a halide vacancy (F
centers) and two F' centers on adjacent sites (M centers, or the so-called F5 cen-
ters) [88]. Color centers are responsible for the occurrence of broad absorption
bands, whose peak wavelengths are located in the visible (F centers) and near
infrared (M centers). More specifically, broad absorption bands in NaCl are
centered at 460 nm (F centers) and at 725 nm (M centers) [89], while in KBr
the respective absorption bands associated with F and M centers are more red-
shifted and peak at 625 nm and 930 nm, respectively [90]. In addition to these,
ultraviolet absorption bands are observed as well, that are due to V centers as-
sociated mostly with hole traps by impurities in these materials. The process
of color center formation in NaCl and KBr crystals is very fast, taking place
on a microsecond time scale, as demonstrated by pump-probe measurements
in intense femtosecond UV irradiation conditions [89,90]. Rapid accumula-
tion of color centers was justified by a drop of transmission at selected probe
wavelengths, that eventually saturates after a few seconds at 1 kHz repetition
rate [88].

Fig. 1.6 shows the evolution of SC spectrum in NaCl (a) and KBr (b)
as a function of exposure time. First of all, in order to avoid the influence
of color center formation on SC generation, the samples were continuously
translated perpendicular to the pump beam direction during the measurement.
Ultrabroadband, multi-octave SC spectra were recorded in both NaCl and KBr
samples, pumped by 70 fs, 3.6 pm pulses with energies of 3.56 and 2.23 nJ,
respectively, after accounting for Fresnel reflections from the input face of the
samples. The input pulse energies correspond to the input powers of 51 MW
and 32 MW, which equals to 1.7 P, and 2.0 P, in NaCl and KBr, respectively.
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More specifically, the measured SC spectrum in NaCl covered the wavelength
range from 700 nm to 5.4 pm (at the 10™* intensity level) that corresponds
to 2.9 optical octaves. A slightly narrower SC spectrum, in the 0.85-5.4 pm
range, corresponding to 2.7 optical octaves was measured in KBr. Note the
distinct spectral dips around 2.7 and 4.25 nm that are absorption signatures
of atmospheric HoO and COs, respectively. These spectra further serve as
references for monitoring spectral modifications due to evolving color centers
in these materials when SC is generated in a static setup.

10°5 — scanned
— (a) ---20s
S f ! ——80s
. 1074 . : --= 5min
2
& .
> 1073
a
ko) 104
£

10”3

0.5 10 15 20 25 30 35 40 45 50 55 6.0
A(pm)

10°3 — scanned
— (b) ---20s
S ——80s
. 1073 --= 15 min
2
8
> 109
‘»
o 10%
S

109 14 ;

05 1.0 15 20 25 3.0 35 40 45 50 55 6.0
A(nm)

Figure 1.6: Evolutions of SC spectra in (a) NaCl and (b) KBr as functions of
exposure time as pumped by 3.6 um, 70 fs pulses.

Furthermore, in a static setup due to color center formation, the SC spec-
trum experiences a considerable shrinking along with a decrease of the spectral
intensity on both sides of the carrier wavelength, and spectral shrinking is par-
ticularly pronounced at the short-wavelength side. Note that dramatic spectral
changes emerge very quickly (within a few tens of seconds at 500 Hz repetition
rate). Thereafter color center-induced spectral dynamics settle down after 80 s
of exposure in NaCl, and the SC spectrum keeps its new shape with a markedly
reduced width (1.8-5.1 jm, as defined at the 10~* intensity level) for the rest
of the measurement time. A similar color center-induced narrowing of the SC
spectrum was observed in KBr, as illustrated in Fig. 1.6 (b). However, in the
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present case, the spectral dynamics are markedly slower: the shrinking of the
SC spectrum finally settles only after 15 min of exposure time.

Changes of the SC spectra correlate very well with the decrease of energy
transmittance, recorded for both material samples and shown in Fig. 1.7. Here
the energy transmittance is normalized to the transmittance levels measured
in the absence of color centers, i.e. by continuously translating the samples.
In other words, the unity transmittance was set with an account for Fresnel
reflection from the output face of the sample and energy losses that occur in
the filamentation process that are contributed by multiphoton absorption and
absorption of free electron plasma via inverse Bremsstrahlung effect. There-
fore the illustrated energy losses are contributed solely by linear and nonlinear
absorption of the color centers.
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Figure 1.7: Measured energy transmittance of (a) NaCl and (b) KBr sam-
ples, pumped by 3.6 pum, 70 fs pulses, together with two-exponential fits (solid
curves) in a static setup. The plots are normalized to the transmittance of the
samples in the abscence of color centers. Each data point represents an average
over 25 laser shots (the time interval of 50 ms) and for better data readability,
only every third data point is displayed.

Notice that the energy transmittance decreases very rapidly and color cen-
ters take an immediate effect on the SC spectral width. NaCl shows a prompt
drop of energy transmittance that is well fitted by two exponents with time
constants of 0.53 s and 5.1 s, as shown in Fig. 1.7(a). The energy transmit-
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tance after 20 s settles down to 60% of the initial transmittance value, which
thereafter remains constant for the rest of the measurement. The energy trans-
mittance of KBr sample settles to an almost identical final value, however, the
process is more extended in time (two-exponential decay with time constants
of 10.6 s and 282 s), see Fig. 1.7 (b). An established two-exponential decay
in both materials could be attributed to different speeds of formation of F (a
faster exponent) and M (a slower exponent) centers.

Finally, residual color centers are easily seen by the naked eye, as illustrated
in Fig. 1.8. Their specific colors: dark green in NaCl and blue in KBr, are due
to F center absorption bands in the visible range. Note that color centers
are formed only at the filament site, i.e., where intensity and nonlinear losses
due to multiphoton and free electron absorption are the highest, enabling to
trace precisely the filament path. The SC spectra in NaCl were simulated nu-
merically using a model which solves a unidirectional nonparaxial propagation
equation for the pulse envelope, see [4,91] for details, taking relevant material
parameters from Table 1 of the Faperimental Methods chapter and input pulse
parameters from the experiment. The effect of color centers was accounted for
by using a phenomenological approach, which considers them as evenly dis-
tributed impurities with an energy bandgap of 2.7 eV that corresponds to the
strongest absorption band centered at 460 nm due to F centers [89].

NaCl KBr

|I1mml ' “M b, il

Figure 1.8: Photographs of (a) NaCl and (b) KBr samples with filament-
induced color centers, which were produced by slightly varying the input pulse
energies (around the specified values for NaCl and KBr) and exposure times
(from a few tens of seconds to a few tens of minutes).

Beam direction

The numerically simulated SC spectra using different impurity densities,
which could be directly associated with accumulation of color centers while
increasing exposure time in the experiment, are presented in Fig. 1.9. The nu-
merical results demonstrate a marked narrowing of SC spectrum as the density
of the impurities increases. Of course, inclusion of color centers in the numerical
model in that way, is a very simple approximation, since color center-induced
modifications of relevant material properties, e.g., linear and nonlinear refrac-
tive indexes and dispersion were not considered. Nevertheless, even this simple
numerical approach gives a fair agreement with experimentally recorded spec-
tral dynamics. Therefore the following qualitative mechanism of how color
centers act on the width of SC spectrum could be unveiled. Since the absorp-
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tion band of color centers (F-centers, in the present case) does not overlap
with SC spectrum, they do not absorb the SC radiation directly. This suggests
that color centers absorb the input pulse energy via multiphoton absorption.
The observed shrinking of SC spectrum is then explained by reduction of the
effective material band gap through formation of color center absorption band,
which results in a decrease of clamping intensity and thus an increase of the
limiting filament diameter, which in turn yields a narrower SC spectrum [7].
Multiphoton absorption of color centers readily produces a larger number of free
electrons, which are then accelerated via inverse Bremsstrahlung and avalanche,
and thus participate in further production of color centers. This lasts until the
process reaches a certain equilibrium between the production and annihilation
of color centers.
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Figure 1.9: Numerically simulated SC spectra in NaCl with different impurity
densities pp that mimic the effect of color center absorption.

1.3. Supercontinuum generation in SBN crystal

This section is devoted to a short study of supercontinuum generation in stron-
tium barium niobate (SBN) crystal of 5 mm thickness with 1.2, 2.0 and 2.4 pm
femtosecond pump pulses and is based on a part of Article 4 publication. SBN
is a ferroelectric negative uniaxial crystal with an energy bandgap of 3.4 eV and
transparency in the 0.4-5.5 pm wavelength range. Also, as stated in the Table
1 of Experimental Methods chapter, the zero group velocity dispersion wave-
length of this material is at 1.96 um. Structurally SBN is a polydomain crystal
and consists of birefringent needle-like randomly distributed ferroelectric do-
mains whose widths vary between a few nanometers and a few micrometers and
whose lengths are of a few hundreds of micrometers [92]. Therefore, due to re-
laxed phase matching conditions, SBN is an interesting nonlinear material that
can be used for various nonlinear optical processes at multiple wavelengths,
including second- and third-harmonic generation without the need of angle or
temperature tuning [93].
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Large SBN ny (52.4 x 1076 cm?/W at 1064 nm [54]), implies very low
critical power for self-focusing. Indeed, the onset of filamentation was experi-
mentally detected with pump pulse energies less than 100 nJ and sub-MW peak
powers: 32 nJ (0.35 MW) at 1.2 pum, 54 nJ (0.53 MW) at 2.0 um, and 74 nJ
(0.56 MW) at 2.4 pm, as verified by the onset of spectral broadening and beam
filamentation. Figure 1.10 compares the SC spectra in polydomain SBN gener-
ated in the ranges of its normal (1.2 pm), zero (2.0 ym), and anomalous GVD
(2.4 pm). The pump pulse energies were set slightly above the threshold en-
ergies for filamentation, where blueshifted broadening of the spectra saturates
and no refocusing of the filament is observed. Smooth, more than an octave-
spanning SC spectra in the wavelength ranges of 0.8-1.81 pym, 1.04-2.5 ym, and
1.0-3.32 pum (defined at the 10~* intensity level) were obtained using pump
pulses of 1.2 pym, 2.0 pm, and 2.4 um, respectively. Fig. 1.11 shows the de-
pendence of SC blue-shift and material GVD on the pump wavelength. Longer
pump wavelength constitutes a higher order of multiphoton absorption, lower
material GVD and at the same time a larger SC blue-shift.
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Figure 1.10: SC spectra generated in SBN using pump pulses of 1.2 pm (red
curve), 2.0 pym (yellow curve) and 2.4 pum (blue curve). The energies of the
pump pulses are indicated at the top. The input spectra are depicted by dashed
curves.
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Figure 1.11: SC blue-shift and material GVD versus the wavelength of the
incident pulses in SBN. Coloured sections and text above the graphs represent
the order of multiphoton absorption.
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Figure 1.12 shows filamentation and SC generation dynamics as a function
of the input pulse energy in the cases of normal, zero, and anomalous GVD.
The energy ranges for each input wavelength were chosen to preserve a single
filament propagation regime and to avoid the occurrence of multiple filamen-
tation. With the increase of pump energy, the filament undergoes refocusing
which is indicated by a secondary boost of spectral broadening and the oc-
currence of interference pattern in the SC spectrum, very clearly visible with
1.2 pym and somewhat less pronounced with 2.0 pm and 2.4 gm pump pulses.
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Figure 1.12: Spectral broadening dynamics as functions of the pump pulse
energy in the cases of normal (1.2 ym), zero (2.0 pm) and anomalous (2.4 pm)

GVD.

To summarize the observed spectral dynamics presented in Fig. 1.12, the
spectral broadening versus the input pulse energy shows several interesting
features, which are quite general from the point of view of underlying physics.
First, an apparent shrinking of the SC spectra (especially well-pronounced
on the short-wavelength side) is observed before the filament refocusing takes
place in all investigated cases. This spectral shrinking is attributed to the
defocusing and absorption of free electron plasma that push a large portion
of the pulse energy out of the propagation axis after the first nonlinear focus
(see [94] for details). Second, each refocusing cycle in the cases of zero (2.0 ym)
and anomalous (2.4 pm) GVD is followed by the change of redshift. Such
spectral behavior was also observed in various nonlinear media (CaFs, LiF
single crystals and fused silica; see Ref. [69]), and was attributed to the periodic
breathing of the light bullet, i.e., the self-compressed pulse that emerges due to
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the interplay between self-phase modulation and anomalous GVD. The same
consideration applies also to the case of zero GVD, where the pulse splitting
takes place, and the spectrum of the trailing subpulse that is responsible for
the redshift, falls into the range of anomalous GVD of the crystal.

Summary of the results

First of all, in this chapter we evaluated the nonlinear indexes of refraction
of mixed thallous halides: thallium bromoiodide (KRS-5) and thallium chloro-
bromide (KRS-6) and demonstrated efficient SC generation in the mid-infrared
spectral range by filamentation of 60 fs pulses with carrier wavelengths of 3.1
and 3.6 um. Almost 2 octave spanning SC spectra, in the range of 1.5 to 5.5 ym
(defined at the 5x10~* intensity level), were produced in 6 mm-thick samples
of KRS-5 and KRS-6, see Fig.1.13 for the summary of SC spectra obtained in
the investigated materials in this Chapter. We demonstrated that filamentation
and SC generation is achieved with remarkably low input pulse energies (few
hundreds of nanojoules) owing to large values of na: (105+19) x 10716 ¢cm? /W
for KRS-5 and (54+10) x 10716 cm? /W for KRS-6, as evaluated from the mea-
surements of the nonlinear energy transmission. Long-term spectral measure-
ments revealed an excellent reproducibility of the SC spectrum in KRS-5, while
the SC spectrum in KRS-6 showed a slight shrinking at the short-wavelength
side due to filament-induced modification of the material, which takes place on
the time scale of an hour and therefore could be easily avoided by the transla-
tion of the sample.

Secondly, we experimentally studied SC generation in alkali halide crystals
NaCl and KBr pumped by femtosecond 3.6 pum, 60 fs laser pulses, in the absence
and in the presence of color centers. Almost three octave spanning SC spectra
were recorded in these materials in the absence of color centers (Fig.1.13), as
the samples were continuously translated during the measurement. In contrast,
in the static setup, color centers in both materials are produced in the matter
of seconds, resulting in a considerable reduction of the SC spectral widths and
energy transmittance. The narrowing of SC spectrum in NaCl was simulated
numerically using a simple phenomenological model which considered color
centers as impurities with an energy bandgap of 2.7 eV that corresponds to the
F-center absorption band centered at 460 nm.

Finally, we have also demonstrated that polydomain SBN serves as a suit-
able nonlinear medium for SC generation in the infrared spectral range. More
than an octave-spanning infrared SC spectra were produced with reasonably
low pump energies (powers), in the ranges of normal (1.2 pm), zero (2.0 um),
and anomalous (2.4 ym) GVD of the crystal.

Therefore, the results suggest that narrow band gap dielectrics such as
KRS-5, KRS-6 and SBN can serve as efficient nonlinear media for femtosec-
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Figure 1.13: Summary of the supercontinuum spectra generated in single fil-
ament regime in the investigated dielectric materials: KRS-5, KRS-6, NaCl,
KBr and SBN. Grey dots pinpoint the wavelength and the comments indicate
the energy and duration of the pump pulses. Spectral width in the case KRS-5
and KRS-6 was defined at 5x10™% intensity level while all the other spectral
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widths were defined at 10~% intensity level.

ond supercontinuum generation in the near- and mid-infrared spectral range.
Alkali metal halide crystals, such as NaCl and KBr also have potential for
ultrabroadband SC generation in this spectral region, although the samples
should be translated in order to avoid the undesirable effects of color center

formation.
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2. Supercontinuum generation in semiconductor crystals
Motivation

Bulk semiconductor crystals emerge as very attractive nonlinear media for su-
percontinuum generation in the mid-infrared. As compared to solid-state di-
electrics, semiconductors possess smaller bandgaps, but at the same time much
larger cubic nonlinearities (see Table 2.1), considerable free-carrier absorption,
etc., which eventually may suggest a different balance between the relevant
governing effects for filamentation and spectral broadening. The feasibility of
semiconductor materials to produce an appreciable spectral broadening and
SC generation in the mid-infrared was experimentally demonstrated with pi-
cosecond laser pulses more than 30 years ago [95]. Since optical parametric
amplification and frequency downconversion techniques have made femtosec-
ond and even few optical cycle pulses in the mid-infrared routinely available,
semiconductor crystals are currently receiving attention as interesting non-
linear materials for hosting filamentation phenomena. To date, femtosecond
filamentation, spectral broadening, and eventually SC generation was studied
in GaAs [32-34,96], ZnS [35,67], and ZnSe [35,37,97-99], unveiling filamenta-
tion scenarios that lead to pulse compression and multioctave SC generation,
which provides a broad coverage of mid-infrared wavelengths. On the other
hand, a number of widely-available bulk semiconductor crystals with attrac-
tive characteristics for SC generation in the infrared have not been thoroughly
investigated.

Table 2.1: Main parameters of 6H-SiC and silicon: E, is the energy bandgap,
T is the transmission range, ng and ns are linear and nonlinear refractive in-
dexes, respectively, g is the zero GVD wavelength, DT is the optical damage
threshold for femtosecond pulses. The bandgap and transmission parameters
together with damage thresholds for Si were taken from [24]. Linear refractive
index values are given for 2 um. 6H-SiC nonlinear refractive index value was
estimated using the van Stryland analysis at 2 um [54]. The references to other
parameter values are given in the table.

Material E; (eV) T (um) ng Ao ng DT
(pm)  (x10716  (J/em?)
cm? /W)

6H-SiC 2.6 0.5-4 2.5537(0); 2.1 89 0.60 [100]
2.5873(c)
[59]

Si 1.12 1.1-6.5 3.4401 >23 270 [60] 0.55
[58]
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Firstly, owing to cubic crystal symmetry and very large nonlinearity [60,
101], silicon is identified as one of the most important semiconductor materials
in the rapidly emerging field of nonlinear photonics for applications in the mid-
infrared spectral region [58,102,103]. More than octave-spanning femtosecond
SC generation was reported in various geometries and modifications of highly
nonlinear dispersion-engineered silicon waveguides, see, e.g., [104-106], and soli-
ton compression was observed in silicon photonic crystals [107]. However, the
investigations of nonlinear propagation of femtosecond laser pulses in bulk sil-
icon have been limited to the studies of plasma generation, free-carrier dy-
namics, energy deposition, and material modification effects with near-infrared
wavelengths, mostly in the regime of two-photon absorption [108-112].

Silicon carbide (SiC) is another semiconductor material with high potential
for hosting nonlinear interactions in this spectral region. In nonlinear pho-
tonics, SiC, as compared to silicon, has a considerable advantage due to its
more than twice larger bandgap and hence the reduced nonlinear absorption in
the near and mid-infrared spectral range. SiC can be grown in over 200 poly-
types with different optical parameters and crystalline structures. However,
the three commonly used and widely available polytypes are 3C-, 4H-, and
6H-SiC, with the former one being cubic, and the latter two hexagonal, uni-
axial crystals. More importantly, 4H-SiC and 6H-SiC possess relatively large
second-order nonlinearities [113]. More recently, dispersion of third-order non-
linearities has been calculated for the three SiC polytypes unveiling a large
nonlinear refractive index, comparable to that of silicon: the obtained values
were within the range from 0.5 to 6.3 x10~** ¢cm?/W in the 0.5-5 ym spec-
tral region [114]. Experiments exploiting large second and third order nonlin-
earities of SiC demonstrated spectral broadening [61] and optical parametric
oscillation [115] in waveguide and microresonator geometries, respectively, and
broadband difference frequency generation [59] and optical parametric ampli-
fication [116] in bulk.

This Chapter consists of two sections that are based on the supplied articles
A5 and A6, respectively. The first section reports on filamentation and SC
generation in a bulk undoped silicon sample with femtosecond laser pulses of
four different wavelengths: 3.25, 3.6, 4.0, and 4.7 ym. The second section
describes SC generation in 6H-SiC sample using femtosecond laser pulses of
various wavelengths in the near- and mid-infrared (1.3-2.4 pm).

2.1. Femtosecond filamentation and supercontinuum generation in bulk silicon

This section covers the investigation of filamentation and SC generation in a
bulk undoped silicon sample with femtosecond mid-infrared laser pulses. The
experimental setup and measurement methods employed in this work together
with the main silicon parameters are described in the Experimental Methods
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Figure 2.1: Supercontinuum spectra at the output of a 6.4 mm-thick silicon
sample, measured in the regimes of single (black solid curve) and multiple (gray
dashed curves) filamentation as pumped by (a) 3.25, (b) 3.6, (c) 4.0 and (d)
4.7 pm pulses. The input pulse spectra are depicted by dotted curves. Insets
show the near-field fluence profiles of single (top insets on each panel) and
multiple (bottom insets) filaments.

Figure 2.1 shows the SC spectra produced by filamentation of the pulses
with carrier wavelengths of (a) 3.25, (b) 3.6, (¢) 4.0, and (d) 4.7 pm. The
black solid curves show the SC spectra recorded with the input pulse energies
of 160, 170, 185, and 210 nJ, respectively, which were set to produce a stable
blueshifted cutoff and a single filament at the sample output avoiding the onset
of multifilamentation, as illustrated in the insets. The generation of broader
SC spectra with increasing the input wavelength confirms the general trend
of the increase of the spectral blueshift from the carrier wavelength with the
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higher order of multiphoton absorption (it increases from 3 to 5) [7]. The mea-
sured blueshifts of the SC spectra lie in the range of 2.5-2.7 pm and are almost
constant regardless of the input pulse wavelength, confirming that the main
factor that limits the SC cutoff on the short-wavelength side is the material
GVD [10]. This also explains why the SC spectra generated with shorter wave-
lengths (3.25 and 3.6 pm) are mainly redshifted. The broadest SC spectrum
covering the 2.5-5.8 pm wavelength range (at the 10~ intensity level), whose
width corresponds to 1.21 optical octaves, is produced with the input pulses at
4.7 nm. Also notice a distinct signature of atmospheric CO5 absorption around
4.25 nm that is clearly visible in all SC spectra.

The general trends of the spectral broadening were maintained in the mul-
tiple filamentation regime. The gray dashed curves depict the SC spectra
recorded with elevated input pulse energies (625 nJ at 3.25 pm, 900 nJ at
3.6 pm, 690 nJ at 4.0 pm, and 850 nJ at 4.7 pm). With the input wavelengths
of 3.25 and 3.6 pm, slightly broader SC spectra with larger redshifts were gener-
ated, whereas the SC spectra produced by longer wavelengths were essentially
of the same width, as produced by a single filament.

Figure 2.2 presents the spatiotemporal intensity distributions of the single
filaments with carrier wavelengths of 3.6 and 4.7 pm, which were measured by
varying the input pulse energy around the threshold values for filamentation (50
and 110 nJ, respectively). The intensity distributions were measured by apply-
ing spatiotemporal imaging, details of which can be found in the Ezperimental
Methods chapter. Since the sample length was fixed, energy variation allowed
to capture the spatiotemporal profiles of the wave packet virtually before and
after the nonlinear focus. The left column of Fig. 2.2 shows how the incident
spatially and temporally Gaussian-shaped pulse with a duration of 60 fs and a
central wavelength of 3.6 pm [Fig. 2.2(a)] shrinks in the spatial dimension due
to self-focusing, while approaching the nonlinear focus (the input pulse energy
45 nJ), as depicted in Fig. 2.2(b). At the same time, the pulse experiences
broadening in time due to material GVD (the calculated dispersion length of
60 fs pulse at 3.6 pm is 3 mm), as well as due to four-photon absorption that
acts mainly on the pulse top. Figure 2.2(c) presents the spatiotemporal in-
tensity distribution of the wave packet after it passes the nonlinear focus (the
input pulse energy 55 nJ), showing splitting of the pulse on the propagation axis
(r = 0) that is accompanied by formation of a ring-like structure in the central
part of the pulse, seen as elongated stripes parallel to the propagation axis if
projected in the r-t plane. The recorded transformations are very much in line
with spatiotemporal dynamics of femtosecond filaments in normally dispersive
dielectric materials, see, e.g., [83].

Qualitatively very similar spatiotemporal transformations were captured
with the input pulses with a duration of 106 fs and a central wavelength of
4.7 pm, whose spatiotemporal intensity distribution is shown in Fig. 2.2(d).
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The input pulse energies of 100 and 130 nJ were used for recording the repre-
sentative spatiotemporal intensity distributions of the wave packet before and
after the nonlinear focus, respectively. In the present case, the dispersive broad-
ening of the pulse before the nonlinear focus was much smaller due to longer
input pulse duration and lower material dispersion (the calculated dispersion
length of 106 fs pulse at 4.7 ym is 12 mm). On the other hand, the effects re-
lated to filament-induced plasma become more pronounced as the cross section
for inverse Bremsstrahlung scales as A% [117]. Before the nonlinear focus, the
wave packet develops a faint conical tail, seen as the V-shaped structure in the
r-t plane in Fig. 2.2(e) that is attributed to plasma absorption and defocusing
of the trailing part of the pulse. The conical tail persists also after the nonlin-
ear focus, where the pulse splitting occurs, as shown in Fig. 2.2(f). Notice that
these features are only barely detectable in Figs. 2.2(b) and (c).
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Figure 2.2: Spatiotemporal intensity distributions of the input (a, d) and out-
put wave packets at 3.6 ym (left column) and 4.7 pm (right column), recorded
with the input pulse energies slightly below ((b) 45 nJ, (e) 100 nJ) and slightly
above ((c) 55 nJ, (f) 130 nJ) filamentation thresholds.

Figure 2.3 shows the central cross sections of the spatiotemporal intensity
distributions of multiple filaments in the (a) 2-¢t and (b) y-t planes. Here
multiple filaments were produced by launching 60 fs, 3.6 pm pulses with an
energy of 900 nJ. The images show that multiple filamentation yields a complex
spatiotemporal profile, although some relevant details, such as pulse splitting in
the individual filaments can be easily resolved. The interactions between the
adjacent filaments result in an occurrence of skewed structures in the entire
space-time domain. These complex spatiotemporal intensity patterns suggest
that an extra spectral broadening that is measured in the regime of multiple
filamentation (see Fig. 2.1) is achieved at the cost of loss of spatial and temporal
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coherence. As a final note, we should mention that no optical damage of
the silicon sample was observed while performing the experiments at a 1 kHz
repetition rate.
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Figure 2.3: Central cross sections of the spatiotemporal intensity distributions
of multiple filaments in the (a) 2-t and (b) y-t planes, produced by self-focusing
of 60 fs, 900 nJ input pulses at 3.6 pum.

2.2. Femtosecond infrared supercontinuum generation in 6H-SiC crystal

This section reports the study of supercontinuum generation in 6H-SiC crystal
with femtosecond laser pulses tunable in 1.3-2.4 um spectral region. We also
measured the nonlinear energy transmission of the light filament in 6H-SiC
sample which was then used to estimate the nonlinear refractive index of the
material at 2 um.

The experiments were performed using an optical parametric amplifier
pumped by an amplified Ti:sapphire laser system. In the experiment either
signal or idler wave from the OPA was used, providing the tuning range of
the pump pulses from 1.2 to 2.4 pm. For a more in-depth description of the
experimental setup and measurement techniques used in this study the reader
is referred to the Ezperimental Methods chapter.

As seen from Table 2.1, 6H-SiC possesses a useful combination of linear
and nonlinear optical properties: a reasonable transparency range, large non-
linear refractive index and high optical damage threshold, that could be readily
exploited for observation of filamentation phenomena and SC generation in par-
ticular. First of all, considering the bandgap of 6H-SiC, three to five photon
absorption is expected in the range of available pump wavelengths, thus satis-
fying the threshold condition (K > 3 where K is the order of multiphoton ab-
sorption) for SC generation [7]. Secondly, if compared to YAG - one of the most
popular media for SC generation in the near to mid-IR range - the bandgap of
6H-SiC is a few times smaller, which as a general rule of thumb, indicates that
its optical damage threshold is significantly lower (damage threshold of YAG
is 3 J/cm? [118]). However, this is outweighed by the fact that the nonlinear
index of refraction of 6H-SiC is expected to be around 15 times larger than that
of YAG (ny = 6.2 x 10716 cm?/W [81] in the case of YAG), which suggests a
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much lower energy threshold for SC generation. Thirdly, the zero GVD wave-
length of 6H-SiC is at 2.1 pum allowing the access to femtosecond filamentation
in the anomalous GVD regime, characterized by simultaneous compression in
space and time and light-bullet formation [119], which in turn yields generation
of ultrabroadband, multioctave SC [64,120].

Energy (nJ)
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Energy (nJ)
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Figure 2.4: Measured dynamics of spectral broadening in 6H-SiC crystal
recorded with (a) 88 fs, 1.3 pm, (b) 93 fs, 2 um and (¢) 125 fs, 2.4 ym pump
pulses as functions of pulse energy. Logarithmic intensity scale is used in order
to highlight fine spectral features.

Figure 2.4 shows the dynamics of spectral broadening in 6H-SiC versus the
pump pulse energy measured using input pulses of three different wavelengths
(1.3, 2.0 and 2.4 pm), falling into the normal, zero and anomalous GVD of the
material. As can be seen from Fig. 2.4 (a), when pumped with 1.3 pm pulses,
spectral broadening starts at around 40 nJ although the SC spectral extent is
rather modest and is basically red-shifted, since spectral blue-shift is limited
by the order of multiphoton absorption. Around 80 nJ spectral modulation
occurs due to the light filament self-focusing for the second time.

In the case of 2.0 um pump pulses, an explosive spectral broadening is
observed above the threshold energy of 73 nJ, where a smooth SC spectrum
spanning almost the entire near-IR spectral region and extending into the mid-
infrared is produced. The low SC generation energy threshold is determined by
the large nonlinear refractive index of 6H-SiC, see Table 2.1. A fairly constant
width of the SC spectrum is maintained with further increase of the pump pulse
energy, until a second burst of spectral broadening is observed at approximately
180 nJ, accompanied by spectral modulation that indicates the refocusing of
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the filament. Qualitatively similar SC dynamics can be observed with input
pulses of 2.4 um (Fig. 2.4 (c)).

With the input pulses of 2.0 and 2.4 pum, below the SC generation threshold,
a faint but clearly distinguishable signal with a center wavelength around 1 pm
is observed, which is attributed to phase-mismatched second harmonic genera-
tion. Since 6H-SiC is a positive uniaxial crystal, the pump pulse polarization
was intentionally set to be ordinary to minimize second harmonic generation
in order to avoid spectral "contamination". It should be noted that at the OPA
output the signal (1.3 and 1.5 pm) and the idler (2.0 and 2.4 pm) waves are
of orthogonal polarizations due to type-II phase matching in the OPA crystal.
Therefore, the polarization of the idler wave was rotated by 90 degrees (by
means of a periscope) to be identical to that of the signal wave.
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Figure 2.5: Supercontinuum spectra generated in 6H-SiC using pump pulses
with energies of (a) 55 nJ, (b) 70 nJ, (c¢) 90 nJ, and (d) 180 nJ. The central
wavelengths of the pump pulses are indicated within the figures. The input
spectra are depicted by grey dashed curves.

Figure 2.5 presents the SC spectra measured with four different wavelengths:
1.3, 1.5, 2.0 and 2.4 pm, and using pump pulse energies of 55, 70, 90 and 180 nJ,
respectively, at which the spectral broadening saturates without filament refo-
cusing. Notice an apparent change of the width and the shape of SC spectra
from the red-shifted to symmetric and eventually to the blue-shifted, when
the pump wavelength is tuned from normal to anomalous GVD regions of the
nonlinear material (zero GVD wavelength is 2.1 pum). More specifically, with
1.3 pm pump pulses, the measured SC spectrum exhibits a red-shift and covers
the wavelength range from 0.85 to 2.13 um, as evaluated at the 10~ inten-
sity level, see Fig. 2.5(a). A slightly broader and symmetric SC spectrum in
the wavelength range of 0.87-2.40 ym was produced with 1.5 gm pump pulses,
as shown in Fig. 2.5(b). The broadest SC spectra with strongly pronounced
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blue-shifts were measured in the regions of near-zero and anomalous GVD,
with pump wavelenghts of 2.0 and 2.4 pm, as illustrated in Figs. 2.5(c) and
2.5(d), respectively. In the first case, the SC spectrum covers the 0.91-2.75 um
wavelength range, while in the latter case the SC spectrum extends from 0.92
to 3.21 pum and spans for 1.8 optical octaves. The shapes of all measured SC
spectra are smooth and do not contain any significant dips or detached peaks.
Also note the generally low energies of the pump pulses (varying from 55 to
180 nJ) required to achieve a fully evolved spectral broadening without the
onset of filament refocusing. The apparent increase of the pump pulse energy
with the wavelength follows fairly well the square wavelength dependence of
the critical power for self-focusing.

Additional information on the expansion of the SC spectrum is presented
in Figure 2.6, where the dependences of 6H-SiC GVD (a) and the measured
SC blue-shift (b), defined at the 10~* intensity level, on pump wavelength are
plotted. The increase of the spectral blue shift with the increase of the pump
wavelength could be attributed to a lower material GVD and a higher value
of the clamped intensity, as the order of multiphoton absorption gradually

increases from 3 at 1.3 ym to 5 at 2.4 pm [7].
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Figure 2.6: (a) GVD of 6H-SiC and (b) supercontinuum spectral blue-shift
versus the pump wavelength.

Finally, in order to obtain an experimental nonlinear refractive index value,
we have measured the energy transmission through 6H-SiC sample of 5 mm
thickness. The nonlinear refractive index evaluation procedure is described in
detail in the Nonlinear Refractive Index Evaluation section of the Experimental
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Methods chapter. The normalized energy transmission curve measured using
pump pulses at 2.0 pm, is depicted in Fig. 2.7(a). Figure 2.7(b), shows the
calculated fractional losses, with a peak at 66 nJ. Therefore, the value of the
nonlinear refractive index, ny = (97 £ 19) x 10716 cm? /W, at 2.0 ym pump
wavelength was found using the Marburger’s law [3]. The peak power of the
pump pulse was calculated using a Gaussian pump pulse duration of 93 fs
FWHM (see Fig. 2.7 (c) autocorrelation trace) and beam size was measured by
means of knife method showing a radius of 53 um at 1/e? intensity level at the
lens focus which coincided with the input face of the sample. The measured
ny value agrees well with the expected one provided in Table 1 and the small
discrepancy between the measured and calculated values could be attributed
to the margin of error.
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Figure 2.7: (a) Normalized energy transmission of a 5 mm-thick 6H-SiC sam-
ple versus the pump pulse energy. (b) Fractional losses, where the maximum
indicates that the nonlinear focus is positioned exactly at the output face of
the sample. (c) Measured intensity autocorrelation function of 2.0 pm pump
pulses.

Summary of the results

First of all, in bulk silicon, octave-spanning SC spectra were produced with the
input wavelengths of 4.0 and 4.7 pm, in the presence of four- and five-photon
absorption, respectively. It was also shown that free-carrier absorption does
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not alter the spatiotemporal filamentation dynamics, supporting the general
conclusion of [99] that nonlinear propagation of femtosecond pulses in silicon,
as opposed to the longer ones, is less affected by free carriers.

Secondly, we have shown the generation of smooth, more than an octave-
spanning supercontinuum spectra in 6H-SiC produced by femtosecond fila-
mentation of input pulses with wavelengths falling into the normal, zero and
anomalous GVD regions of the material. We also experimentally evaluated
the nonlinear index of refraction of 6H-SiC at 2.0 pm by measuring the non-
linear energy transmission and applying Marburger’s law. The obtained value
(ng = (97 £ 19) x 10716 ¢cm? /W) coincides fairly well with the theoretically
calculated one and is supported by the observed low energy thresholds for su-
percontinuum generation.

Finally, the study of supercontinuum generation in silicon and 6H-SiC crys-
tals revealed the key physical effects and the basic features of femtosecond
filamentation in semiconductors. Input pulse splitting into two sub-pulses was
observed during femtosecond filamentation in the range of normal GVD in
silicon. Also, the spectral measurements in both silicon and 6H-SiC samples
revealed the limiting factors that determine the spectral extent of supercontin-
uum - the order of multiphoton absorption and material GVD. The influence
of these two effects on supercontinuum spectral blue-shift is summarized in
Fig. 2.8.

Overall, our results suggest that both crystalline silicon and 6H-SiC are
attractive nonlinear materials that may readily serve for the generation of an
octave-spanning SC in the near- and mid-infrared.
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CONCLUSIONS

. Narrow band gap dielectric (KRS-5, KRS-6 and SBN) and semiconduc-
tor (silicon and 6H-SiC) crystals due to their broad infrared transmission
window and high cubic nonlinearity are excellent materials for low thresh-
old supercontinuum generation in the infrared producing spectral widths
of more than an octave as pumped by femtosecond near- and mid-infrared
pulses.

. Wide band gap dielectric crystals NaCl and KBr provide multi-octave
supercontinuum spectra (0.7-5.4 pm in NaCl and 0.85-5.4 pm in KBr,
at the 10™* intensity level) when pumped by mid-infrared femtosecond
pulses. However, due to formation of color centers which absorb in the
visible and ultraviolet, supercontinuum spectra shrink considerably and
become qualitatively similar (1.8-5.1 pm in NaCl and 1.9-4.85 pm in KBr)
to those generated in narrow band gap materials.

. Energy transmission measurements through the investigated material
samples reveal the onset of nonlinear losses and offer a simple method
for nonlinear refractive index evaluation. This method was used to deter-
mine the nonlinear refractive index values of KRS-5 (ng = (105 £+ 19) x
107 16em? /W), KRS-6 (ng = (544 10) x 10~ %cm? /W) both measured at
3.1 pum and 6H-SiC measured at 2 ym (no = (97 4 19) x 10716 cm? /W)
which coincided well with the calculated ones.

. Pulse splitting observed in the spatiotemporal intensity distributions dur-
ing femtosecond filamentation in bulk silicon confirmed that the supercon-
tinuum generation mechanism in normal group velocity dispersion regime
is universal and that the influence of free carriers in undoped semicon-
ductors during the propagation of intense femtosecond laser pulses is

insignificant.

. Measured supercontinuum spectra generated with various pump wave-
lengths in bulk silicon, 6H-SiC and SBN crystals show a stable cut-off
wavelength and increasing blue-shift with increasing pump wavelength
and indicate that the material group velocity dispersion and the order of
multi-photon absorption are the main limiting factors of spectral broad-
ening on the short-wavelength side both in narrow band gap dielectric
and undoped semiconductor crystals.
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SANTRAUKA LIETUVIU KALBA

Ivadas

Superkontinuumo generacija yra unikalus netiesinis reiskinys, stebimas
skaidriose terpése intensyviy ultratrumpuyjuy lazeriniy impulsy sklidimo ir
sviesos giju formavimosi metu. Superkontinuumo generacijos reiskinys gali buti
apibudinamas kaip ekstremalus spektro iSplitimas (pradinis impulsy spektras
gali iSplisti Simtus ar net tukstancius karty) [1], salygotas sudétingos saveikos
tarp efekty kaip pluosto fokusavimasis, impulso fazés moduliavimasis, disper-
sija, netiesiné sugertis, laisvyju elektrony plazmos formavimasis ir pan. Pirma
karta superkontinuumo generacija zadinant femtosekundiniais impulsais buvo
stebéta dar 1983 [2]. Bégant metams supratimas apie superkontinuumo gene-
racija evoliucionavo kartu su gilesnémis netiesinés optikos ziniomis bei tobulé-
janciais femtosekundiniais lazeriais ir Siuo metu superkontinuumo generacija
tapo itin universaliu, pigiu, patikimu, efektyviu bei paprastu budu generuoti
placiajuoste femtosekunding spinduliuote optiniame diapazone.
Femtosekundiniy Sviesos giju formavimasi bei superkontinuumo generacija
skaidriose kietakunése terpése lemia eilé fizikiniy reiskiniy. Daugelis ju yra
susije su medziagos treciosios eilés netiesiniu optiniu jautriu. Vienas tokiy
reigkiniy - pluosto fokusavimasis, atsirandantis dél optinio Kero efekto, kuris
yra apibudinamas medziagos luzio rodiklio priklausomybe nuo intensyvumo:

n =mng+ nal, (2.1)

¢ia ng ir ng atitinkamai yra tiesinis ir netiesinis luzio rodiklis, o I yra
spinduliuotés intensyvumas. Netiesinis luzio rodiklis yra susijes su medziagos
treciosios eilés netiesiniu optiniu jautriu:

3
ng = X(3)(w;w7w, —w), (2.2)

4n(2)ceo

¢ia ¢ yra Sviesos greitis vakuume, ¢y yra vakuumo dielektriné skvarba, o
X3 (w; w,w, —w) yra treciosios eilés netiesinis optinis jautris.

Kaip matyti, netiesinis luzio rodiklis yra tiesiogiai proporcingas treciosios
eilés netiesiniam optiniam jautriui. Dél Sios priezasties intensyvus Gauso pluos-
tas, sklindantis teigiamu netiesiniu luzio rodikliu pasizymincia terpe, pradés
fokusuotis - intensyvi centriné pluosto dalis patirs didesnj luzio rodiklj nei
maziau intensyvi pluosto periferija. Kitaip tariant, medziaga, kuria sklinda
pluostas, veiks kaip glaudziamasis lesis. Jeigu netiesinis luzio rodiklis bus
neigiamas, medziaga veiks kaip sklaidomasis lesis ir pluostas bus defokusuo-
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jamas.

Pluosto fokusavimosi slenkstis yra apibudinamas kritine fokusavimosi galia
P, - tokia galia, kuria pasiekus pluosto fokusavimasis pilnai kompensuoja
difrakcine lazerio pluosto skéstj. Gauso pluostui kritinés fokusavimosi galios
iSraiska yra tokia:

3,77\

r =
¢ 87‘(’110712 ’

(2.3)

¢ia A yra spinduliuotés bangos ilgis. Jei pluosto galia yra didesné uz P,,, jis
susifokusuos uz atstumo, kurj galima jvertinti naudojantis empirine Marburge-
rio formule [3]:

0,367z
VI(P/P.)72 = 0,852]2 — 0,0219

(2.4)

ZSfZ

¢ia zr = mnowd /X yra Reiléjaus (difrakcinis) ilgis Gauso pluostui, kurio
pradinis spindulys yra lygus wp, vertinant 1/e? intensyvumo lygyje. Nors Mar-
burgerio formulé yra empiriskai gauta nuolatinés veikos lazeriniams pluostams,
ji yra tinkama ir netiesinio zidinio nustatymui naudojant femtosekundinius la-
zerinius impulsus [5].

Dar vienas netiesinio luzio rodiklio nulemtas reiskinys yra impulso fazés
moduliavimasis, kartais vadinamas laikiniu pluosto fokusavimosi analogu.
Laike kintantis intensyvumas lemia medziagos luzio rodiklio laikinj kitima, dél
kurio atsiranda netiesinis fazés pokytis:

Pnl = %nﬂ(t)z, (2.5)

¢ia wo yra neslio daznis, z - sklidimo atstumas, o I(t) - laike kintantis
intensyvumas. Netiesinis fazés pokytis kaupiasi didéjant sklidimo atstumui, o
laike kintanti fazé lemia momentinio daznio pokytj, todél galima uzrasyti:

Opmlt) _ woz  OI(t)

ot c ot ’

dw(t,z) = (2.6)
¢ia ¢y (t) - laike kintanti netiesiné fazé. Matyti, jog fazés moduliacija sukelia
ir impulso neslio daznio moduliacija, vadinasi, impulso spektras yra papildomas
naujais spektriniais komponentais, t.y. jis tampa platesnis. Gauso impulsui,
kurio trukmé yra t,, momentinio daznio pokytis gali buti uzrasytas taip:
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wotz t?
dw(t,z) = -2 ;2 ngloeacp(—t—Q)7 (2.7)
P P

¢ia Iy yra smailinis intensyvumas. Jei medziagos netiesinis luzio rodiklis
yra teigiamas, tuomet impulso priekinis frontas patirs neigiama (Stokso), o
galinis frontas - teigiama (anti-Stokso) daznio pokytj, vadinasi, impulso prieki-
nis frontas pasipildys raudonaisiais, o galinis frontas - mélynaisiais spektriniais
komponentais. Jeigu no < 0, bus stebimas atvirkscias efektas.

Sviesos gijy formavimasis gali buti jsivaizduojamas kaip dinamiska pusiau-
svyra tarp pluosto fokusavimosi ir defokusavimosi cikly [5]. Teoriskai pirmuoju
artéjimu Bangy paketo galiai vir§ijus kritine fokusavimosi galia, jis turéty
sumazéti iki nykstamai mazy matmeny ir kolapsuoti, o intensyvumas turéty
artéti link begalybés. Kita vertus, realybéje, pasiekus tam tikrg intensyvuma, o
tai atsitinka artéjant link netiesinio zZidinio, reiskiniai, kaip daugiafotoné suger-
tis, laisvyju elektrony plazmos generacija bei plazmos sugertis, pradeda riboti
minimalius pluosto pasiekiamus matmenis ir neleidzia jam kolapsuoti. Vyks-
tant daugiafotonei sugerciai, elektronai yra suzadinami j laidumo juosta taip
formuodami laisvyjy elektrony plazma, kuri pasizymi neigiamu netiesiniu luzio
rodikliu ir defokusuoja pluosta. Sis reiskinys yra vadinamas intensyvumo ribo-
jimu. Taigi, intensyviausia centriné pluosto dalis patiria netiesinius nuostolius
bei laisvyjy elektrony plazmos defokusavima. Kita vertus, jeigu bangy paketo
galia vis dar virsija kritine fokusavimosi galia, pluostas ima fokusuotis i§ naujo
ir ciklas kartojasi.

Erdviné femtosekundiniy Sviesos gijy struktura yra pakankamai sudétinga:
Sviesos gija sudaro intensyvi centriné smailé, apsupta koncentriniy ziedy for-
mos mazo intensyvumo, didelés energijos periferijos. Vykstant netiesiniam
sklidimui, su medziaga saveikauja tik centriné Sviesos gijos smailé, o energi-
jos nuostoliai yra kompensuojami i$ pluosto periferijos, kuri atlieka energijos
rezervuaro funkcija. Tik apie 10% Sviesos gijos energijos yra sutelkta cen-
trinéje smailéje, kuria uzblokavus, ji atsikuria i$ pluosto periferijos. Kita ver-
tus, jeigu yra uzblokuojama periferija, centriné smailé difraguoja ir iSsisklaido.
Siuo pozitiriu, $viesos gijos gali biiti traktuojamos kaip kiiginiai pluostai [6].

Femtosekundiniy Sviesos giju formavimasis bei netiesinis sklidimas yra
glaudziai susije¢ su superkontinuumo generacija. Eksperimentiskai pademon-
struota, jog superkontinuumo generacijos slenkstiné galia yra Siek tiek didesné
uz kritine fokusavimosi galiag. Superkontinuumo generacijos metu stebimas
spektro plitimas priklauso nuo keleto fizikiniy parametry. Vienas i$ ju yra
daugiafotonés sugerties eilé:

K = (Uy/heo) +1, (2.8)
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¢ia Uy yra terpés draustinés juostos tarpas, o hwy yra j terpe krintanciy
fotony energija. Kuo didesné yra daugiafotonés sugerties eilé, tuo didesnis
intensyvumas gali buti pasiektas netiesiniame zidinyje pries pradedant reikstis
intensyvumo ribojimui ir tuo platesnis yra superkontinuumo spektras [7,8]. Dél
Sios priezasties placiausi superkontinuumo spektrai yra generuojami plataus
draustinés juostos tarpo dielektrikuose. Taciau jeigu daugiafotonés sugerties
eilé yra mazesné negu 3, superkontinuumo generacija nevyksta. Dar vienas jdo-
mus pastebéjimas sieja medziagos draustinés juostos tarpa bei netiesinj luzio
rodiklj: kuo didesnis draustinés juostos tarpas, tuo mazesnis netiesinis luzio
rodiklis [9]. Galiausiai, remiantis skaitinio modeliavimo rezultatais parodyta,
jog medziagos dispersija irgi yra svarbi charakteristika, nulemianti superkon-
tinuumo forma bei plotj. Medziagos dispersijos jtaka superkontinuumo ge-
neracijai galima jvertinti remiantis efektyvaus tribangio maiSymosi modeliu.
Tokiu atveju superkontinuumo generacija yra traktuojama kaip naujy dazniy
generacija, atsiradusi dél pradinio optinio lauko sklaidos per netiesing polia-
rizacija [10,11]. Paprasciau tariant, maZesné medziagos dispersija uztikrina
fazinio sinchronizmo salygy tenkinima platesniam dazniy diapazonui.

Laikiné bei spektriné superkontinuumo generacijos dinamika taip pat pri-
klauso ir nuo medziagos grupiniy grei¢iu dispersijos (GGD), kuri gali buti
iSreiksta taip:

GGD = ky = 0%k /0w? ., (2.9)

¢ia k = wono/c yra bangos skai¢ius, wy - neslio daznis. Jeigu medzia-
gos grupiniy greiciy dispersija yra teigiama (arba normalioji), raudonieji spek-
triniai komponentai medziaga sklinda grei¢iau uz mélynuosius. Jeigu GGD yra
neigiama (arba anomalioji), vyksta atvirscias efektas. Kokybiskai yra iSski-
riami trys superkontinuumo generacijos rezimai, priklausomai nuo medziagos
GGD koeficiento zadinanc¢iyjy impulsy centriniam bangos ilgiui: normaliosios,
nulinés bei anomaliosios GGD.

Normaliosios GGD atveju, superkontinuumo generacijos dinamika yra
lemiama impulsy laikinio skilimo. Dél fazés moduliavimosi nauji raudonieji
spektriniai komponentai atsiranda impulso priekyje, o mélynieji - gale.
Teigiama medziagos GGD dar labiau atskiria raudonuosius bei mélynuosius
komponentus, kol galiausiai netiesiniame zidinyje impulsas skyla j du sub-
impulsus su skirtingais neslio dazniais. Dél Sios priezasties, laikinéje pradinio
impulso atskaitos sistemoje, susiformave sub-impulsai juda priesingomis kryp-
timis. Impulso skilima lydi staigus spektrinis isplitimas, kurj lemia sub-impulsy
fronty statéjimas. Sub-impulsy fronto statéjima savo ruoztu sukelia skirtingi in-
tensyvios sub-impulsy virSuniy bei mazesnio intensyvumo fronty greiciai, kartu

salygojantys didziulj laikinj intensyvumo gradienta. Fronto statéjimo mastas

59



abiems sub-impulsams yra skirtingas, o tai paaiskina asimetrinj superkonti-
nuumo spektro plitimg. Esant tipinéms fokusavimo salygoms, ypac¢ status
frontas susiformuoja antrojo sub-impulso gale, kuris yra atsakingas uz spek-
tro plitima j mélynaja puse. Spektro plitimas j raudonaja puse yra maziau
iSreikstas dél mazesnio pirmojo sub-impulso priekinio fronto statéjimo. Toks
superkontinuumo generacijos normaliojoje GGD srityje dinamikos paaiskinimas
yra universalus ir jrodytas eksperimentiskai [12].

Zadinanéiojo impulso centriniam bangos ilgiui esant anomaliojoje medziagos
GGD srityje yra stebimas visai kitoks superkontinuumo generacijos scenarijus.
Siuo atveju, impulso fokusavimasis, fazés moduliavimasis bei medziagos anoma-
lioji GGD veikia bangy paketa taip, jog jis pradeda trauktis tiek erdvéje, tiek
ir laike - formuojasi Sviesos kulka [13]. Dél impulso fazés moduliavimosi prieki-
nis impulso frontas yra papildomas raudonaisiais spektriniais komponentais,
kurie dél anomaliosios medziagos GGD sklinda léciau uz mélynuosius spek-
trinius komponentus, atsirandancius galiniame impulso fronte. Vadinasi, tiek
raudonieji, tiek mélynieji komponentai juda link impulso centro ir vyksta im-
pulso laikiné savispuda. Skaitinis modeliavimas patvirtino aprasyta spektrine
bei erdvélaiking dinamika ir potencialia impulso savispuda iki vieno optinio
ciklo [14-16].

Galiausiai, jeigu zadinanc¢iyjy impulsy centrinis bangos ilgis sutampa su nu-
line medziagos GGD, superkontinuumo generacijos dinamika turi tiek norma-
liajai, tiek anomaliajai GGD sri¢iai budingy bruozy. Superkontinuumo spek-
trai, gauti nulinés GGD rezime, yra itin simetriski, o normaliosios GGD srities
atveju spektrai yra asimetriniai su didesniu plitimu j mélynaja puse. Laikinéje
plotméje superkontinuumo generacijos nulinés GGD rezimo metu stebimas im-
pulsy skilimas netiesiniame zidinyje, t.y. laikiné bangy paketo dinamika pri-
mena normaliosios GGD atveji. Buvo parodyta, jog net ir silpnai anomalios
GGD nepakanka uztikrinti spektriskai iSplitusio impulso savispudai ir sustab-
dyti impulso skilima [17].

Superkontinuumo generacija jau kurj laika yra zinoma kaip kompaktiskas,
universalus bei efektyvus budas generuoti plataus spektro femtosekundinius
impulsus regimojoje spektrinéje srityje. Kita vertus, sparciai vystantis tokioms
mokslo Sakoms kaip OPCPA (angl. Optical Parametric Chirped Pulse Am-
plifier - faziskai moduliuoty impulsy optinis parametrinis stiprintuvas) kuri-
mas [18], virpesiné spektroskopija [19, 20], puslaidininkiy optoelektronika [21],
daznio Suky technologijos [22], duju detekcija [23] ir pan., yra pastebimas vis
didéjantis artimosios bei viduriniosios infraraudonosios srities placiajuostés ko-
herentinés femtosekundinés spinduliuotés poreikis. Sj poreikj lengvai patenkinti
gali superkontinuumo generacija infraraudonojoje spektrinéje srityje. Taciau
pacios populiariausios medziagos, naudojamos superkontinuumo generacijai
regimojoje srityje, tokios kaip safyras, YAG ar lydytas kvarcas yra netinkamos

vidurinei infraraudonajai spektrinei sric¢iai dél Sioje srityje esancio sugerties
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krasto: lydytas kvarcas pradeda sugerti ties 3,5 pum, o safyras bei YAG -
mazdaug ties 5,2 pm. Taip pat zadinant superkontinuuma didesnio bangos
ilgio impulsais, superkontinuumo spektras fluoridy kristaluose (pvz. BaFs,
CaF5) praranda vientisuma, formuojasi atskiros spektrinés smailés [25,26]. Dél
Sios priezasties superkontinuumo generacijai infraraudonojoje spektro srityje
reikalingos kitokiomis optinémis savybémis pasizyminc¢ios medziagos.

Neseniai atlikti eksperimentiniai bei teoriniai tyrimai rodo, jog egzistuoja
itin plati alternatyviy medziagy, potencialiai tinkamy infraraudonojo superkon-
tinuumo generacijai, jvairové - tai siauro draustinés juostos tarpo dielektrikai.
Reikty pabrézti, jog sioje disertacijoje siauros draustinés juostos dielektrikais
laikomi tie, kuriy draustiné juosta yra ne didesné nei 4,5 eV. Jeigu draustiné
juosta virsija 4,5 eV, tokie kristalai yra laikomi placios draustinés juostos.
Plataus superkontinuumo, besitesiancio iki viduriniosios infraraudonosios spek-
trinés srities, generacija buvo pademonstruota fluoriduy [27], teluritu [28,29],
lantany [30] bei chalkogenidy [31] stikluose. Taip pat puslaidininkiniai krista-
lai, pasizymintys dideliu pralaidumu viduriniojoje infraraudonojoje srityje ir ne-
mazomis netiesinio luzio rodiklio vertémis, yra potencialiai tinkamos medziagos
vidurinés infraraudonosios srities superkontinuumo generacijai. Kelias optines
oktavas apimantis superkontinuumo spektras viduriniojoje infraraudonojoje sri-
tyje bei laikiné impulsy spuda iki keliy optiniy cikly buvo pademonstruota
GaAs kristale. Sékminga superkontinuumo generacija, apimanti nuo regimosios
iki viduriniosios infraraudonosios spektrinés srities taip pat parodyta ir puslai-
dininkiuose ZnS bei ZnSe, kurie pasizymi polikristaline struktura [32-34]. Kita
vertus, iS daugelio medziagy, pasizyminciy infraraudonojo superkontinuumo
generacijai tinkamomis savybémis, iki Siol nuosekliai istirta yra tik nedidelé
dalis.

Darbo tikslas

Sios disertacijos darbo tikslas yra femtosekundiniy sviesos giju formavimosi bei
superkontinuumo generacijos tyrimas siauros draustinés juostos dielektriniuose
bei puslaidininkiniuose kristaluose artimojoje bei viduriniojoje infraraudono-

joje spektrinéje srityje.

Sprendziami uzdaviniai

e Superkontinuumo generacijos eksperimentams skirto femtosekundinio
viduriniosios infraraudonosios spektrinés srities Sviesos saltinio, paremto

skirtuminio daznio generacija ir veikianc¢io 3-5 pm srityje, sukurimas.

o Superkontinuumo generacijos eksperimentinis tyrimas siauros draustineés
juostos dielektriniuose talio bromojodido (KRS-5), talio bromochlorido
(KRS-6) ir stroncio bario niobato (SBN) bei puslaidininkiniuose silicio
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ir silicio karbido (6H-SiC) kristaluose, zadinimui naudojant femtosekun-
dinius infraraudonuosius impulsus, kuriy centrinis bangos ilgis yra 1,2-

4,7 pm srityje.

Femtosekundiniy s$viesos gijy formavimosi erdvélaikiniy savybiy tyrimas
silicio kristale.

Spalviniy centry formavimosi jtakos superkontinuumo generacijai tyrimas
Sarminiy metaly halidy NaCl bei KBr kristaluose, zadinimui naudojant
viduriniosios infraraudonosios spektrinés srities femtosekundinius impul-
sus.

Mokslinis darbo naujumas

Sukurtas kompaktiskas femtosekundiniy viduriniosios infraraudonosios
spektrinés srities 60-130 fs trukmeés bei iki 11 puJ energijos impulsy Salti-
nis, paremtas skirtuminio daznio generacija, veikiantis 3-5 pm spektrinéje
srityje, kuris buvo naudojamas superkontinuumo generacijos bei Sviesos
gijy formavimosi tyrimuose.

Pasiulytas paprastas budas medziagos netiesinio luzio rodiklio jvertini-
mui, paremtas netiesinio energijos pralaidumo matavimu formuojantis
Sviesos gijoms. Remiantis Siuo budu eksperimentiskai nustatytas KRS-5,
KRS-6 bei 6H-SiC kristaly ns.

Parodyta, jog siauros draustinés juostos dielektrikai (KRS-5, KRS-6 ir
SBN) bei nelegiruoti puslaidininkiniai kristalai (silicis ir 6H-SiC) yra tin-
kamos terpés efektyviai infraraudonosios srities superkontinuumo genera-
cijai, kai zadinimui naudojami artimosios bei viduriniosios infraraudono-

sios spektrinés srities femtosekundiniai impulsai.

Pademonstruota, jog zadinimui naudojant impulsus, kuriy bangos ilgis
patenka | normaliaja terpés grupiniy greiciy dispersijos sritj, superkon-
tinuumo generacijos silicio kristale metu stebimas impulsy skilimas yra
universalus reiskinys, vykstantis susidarant Sviesos gijoms tiek nelegiruo-
tuose puslaidininkiuose, tiek ir dielektrikuose.

Pastebéta, jog keliy optiniy oktavy plocio superkontinuumo spektrai,
generuojami Sarminiy metaly halidy NaCl bei KBr kristaluose patiria
greita siauréjima dél spalviniy centry formavimosi, dél kuriy sugerties
siauréja efektyvus terpés draustinés energijos tarpas.

Ginamieji teiginiai
Dél didelio pralaidumo infraraudonojoje srityje bei didelio kubinio

netiesiskumo, siauros draustinés juostos dielektriniuose (KRS-5, KRS-
6 bei SBN) ir puslaidininkiniuose (silicio bei 6H-SiC) kristaluose gali buti
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generuojamas daugiau nei vienos optinés oktavos plocio infraraudonosios
spektrinés srities superkontinuumas, kurio generacijos slenkstis yra labai

zemas.

Energijos pralaidumo matavimas gali buti panaudotas tiksliam netiesinio
zidinio susiformavimo ant galinio terpés pavirSiaus nustatymui bei terpés

netiesinio luzio rodiklio jvertinimui remiantis Marburgerio formule.

Spalviniy centry formavimasis Sarminiy metaly haliduose NaCl ir KBr
sukelia efektyvios draustinés juostos siauréjima, kas savo ruoztu siaurina
superkontinuumo spektra bei mazina energijos pralaiduma.

Femtosekundiniy $viesos gijy formavimosi nelegiruotoje puslaidininkinéje
terpéje metu, kai zadinanciyjy impulsy bangos ilgis patenka j terpés nor-
maliosios grupiniy greiciy dispersijos sritj, stebimas pradinio impulso ski-
limas j du sub-impulsus.

Nelegiruotuose puslaidininkiniuose bei siauros draustinés juostos dielek-
triniuose kristaluose generuojamo superkontinuumo spektro nukirtimo
bangos ilgis beveik nekinta, o mélynasis poslinkis didéja augant zadi-
nanciyjy impulsy centriniam bangos ilgiui, is ko matyti, jog pagrindiniai
fizikiniai faktoriai, nulemiantys superkontinuumo spektro plitima j mé-
lynaja puse Siose medziagose, yra grupiniy greic¢iy dispersija bei dau-
giafotoneés sugerties eilé.
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Rezultaty apzvalga

Pirmiausia jvertinome talio bromojodido (KRS-5) bei talio chlorobromido
(KRS-6) netiesinj luzio rodiklj ir pademonstravome efektyvia superkontinuumo
generacija viduriniojoje infraraudonojoje spektrinéje srityje zadinant 60 fs truk-
meés impulsais, kuriy centrinis bangos ilgis buvo 3,1 ir 3,6 um. Beveik dvieju
optiniy oktavy ploc¢io superkontinuumo spektras, apimantis 1,5-5,5 um spek-
trinj ruoza (5x10~% intensyvumo lygyje) buvo gautas 6 mm storio KRS-5 bei
KRS-6 bandiniuose, kaip matyti i§ 1 pav. pateiktos superkontinuumo spek-
try, uzregistruoty tirtose dielektrinése medziagose, suvestinés. Taip pat paro-
déme, jog Sviesos gijy formavimosi ir superkontinuumo generacijos slenkstinés
energijos Siose medziagose yra itin mazos (keli Simtai nanodzauliy). Taip yra
dél dideliy ng veréiu: ng = (105 4 19) x 107¢ ¢cm?/W KRS-5 atveju bei
ng = (54 £10) x 10716 cm? /W KRS-6 atveju. Netiesinio luzio rodiklio vertés
buvo nustatytos pasinaudojant netiesinio energijos pralaidumo matavimais.
Taip pat buvo atlikti ilgalaikiai spektro matavimai, kurie parodé itin auksta
superkontinuumo spektro atsikartojamuma KRS-5 kristale. KRS-6 kristale dél
Sviesos gijos sukelty medziagos modifikacijy, superkontinuumo spektro mélyna-
sis krastas laikui bégant slinkosi j didesniyjy bangos ilgiy puse, taciau nezymus
spektro siauréjimas buvo pastebétas tik mazdaug po valandos, vadinasi, jo ga-
lima paprastai iSvengti transliuojant bandinj statmenai spinduliuotés sklidimo
krypciai.

Taip pat buvo atliktas eksperimentinis spalviniy centry formavimosi jtakos
superkontinuumo generacijai NaCl ir KBr kristaluose tyrimas zadinimui nau-
dojant 60 fs trukmeés 3,6 pm centrinio bangos ilgio impulsus. Beveik trijy op-
tiniy oktavy plocio superkontinuumo spektras buvo uzregistruotas bandinius
tolygiai transliuojant statmena spinduliuotés sklidimui kryptimi ir taip iSven-
giant spalviniy centry formavimosi (1 pav.). Jeigu bandiniai nebuvo jud-
inami, tuomet spalviniai centrai abiejose terpése pradéjo formuotis per ke-
lias desimtis sekundziy ir zenkliai susiaurino generuojamo superkontinuumo
spektra bei sumazino energijos pralaiduma. Superkontinuumo spektro siau-
réjimas dél spalviniy centry formavimosi NaCl kristale buvo pademonstruo-
tas ir pasitelkiant skaitinj modeliavima, kurio metu buvo taikomas paprastas
fenomenologinis modelis, traktuojantis spalvinius centrus kaip priemaisas su
2,7 eV draustinés juostos tarpu, atitinkanciu F-centry sugerties juostos centra,
ties 460 nm.

Toliau buvo pademonstruota kad polidomeninis SBN kristalas yra tinkama
netiesiné terpé superkontinuumo generacijai infraraudonojoje srityje. Daugiau
nei vienos optinés oktavos ploc¢io superkontinuumo spektrai buvo uzregistruoti
zadinant itin mazos energijos (desim¢iy nanodzauliy) impulsais, kuriy centriniai
bangos ilgiai pateko i normaliaja (1,2 pm), nuling (2,0 pum) bei anomaliaja
(2,4 pm) SBN grupiniy grei¢iy dispersijos sritj.
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90 nJ, 125 fs
90 nJ, 95 fs
SBN 60 nJ, 85 fs
aannQus———
02'23 ud, 60 fs, po 15 min
KBr 2:23 ), 60 fs, judinant
3.56 uJ, 60 fs, po 80 s
O —
NaCl 3:56 1, 60 fs, judinant
450 nJ, 60 fs o
KRS-6 520 nJ, 60 fs o
370 nJ, 60 fs
KRS-5 390 nJ, 60 fs
T T T T T T T T T
1 2 3 4 5
A (um)

Pav. 1: Tirtose dielektrinése medziagose (KRS-5, KRS-6, NaCl, KBr ir SBN)
uzregistruoty vieno filamento rezime gauty superkontinuumo spektry suvestiné.
Pilki tusciaviduriai apskritimai nurodo zadinanc¢iyjy impulsy bangos ilgj, o ko-
mentarai nurodo jy energija bei trukme. KRS-5 ir KRS-6 kristaly atveju spek-
tro plotis jvertintas 5x 1074, o kitais atvejais - 10~* intensyvumo lygyje.

Gauti rezultatai leidzia teigti, jog siauro draustinés juostos tarpo dielek-
trikai, tokie kaip KRS-5, KRS-6 ir SBN gali buti naudojami kaip efektyvios
netiesinés terpés superkontinuumo generacijai artimojoje bei viduriniojoje in-
fraraudonojoje spektrinéje srityje. Sarminiy metaly halidy kristalai, tokie kaip
NaCl ir KBr taip pat yra potencialiai tinkami itin plataus superkontinuumo
generacijai Siame spektriniame diapazone, taciau siekiant iSvengti nepagei-
daujamy spalviniy centry formavimosi efekty, sie bandiniai superkontinuumo
generacijos metu turéty buti transliuojami statmenai spinduliuotés sklidimo
krypciai.

Toliau buvo vykdomi infraraudonojo superkontinummo generacijos bei
sviesos gijy formavimosi tyrimai puslaidininkinése terpése. Vienos optinés ok-
tavos plocio superkontinuumo spektras buvo gautas silicio kristale zadinant
4,0 ir 4,7 pm femtosekundiniais impulsais, esant atitinkamai ketvirtosios bei
penktosios eilés daugiafotonei sugerciai. Taip pat buvo parodyta, jog laisvyjy
elektrony sugertis nedaro didelés jtakos erdvélaikinéms Sviesos giju formavimosi
savybéms, patvirtinant i§vada [99], jog netiesinis spinduliuotés sklidimas silicyje
femtosekundiniy impulsy atveju, yra maziau paveikiamas laisvyjy kruvininky
lyginant su ilgesnés trukmés impulsais.

Dar buvo pademonstruota vientiso, daugiau negu viena opting oktava
apimancio superkontinuumo generacija 6H-SiC kristale zadinimui naudojant
femtosekundinius impulsus, kuriy centriniai bangos ilgiai patenka j norma-
liaja, nuling bei anomaligja terpés GGD sriti. Taip pat atlikus netiesinio

65



energijos pralaidumo matavimus ties 2 pm ir pasinaudojus Marburgerio for-
mule buvo jvertintas 6H-SiC netiesinis luzio rodiklis. Gauta ny verté (ng =
(97 £ 19) x 10~ %cm? /W) paklaidos ribose sutampa su teoriskai apskai¢iuota
verte ir dera su stebétomis itin mazomis slenkstinés energijos vertémis super-
kontinuumo generacijai.
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Pav. 2: Superkontinuumo spektro mélynojo poslinkio ir terpés GGD priklau-
somybé nuo zadinanciosios spinduliuotés bangos ilgio (a) Si, (b) 6H-SiC atveju.
Nuspalvintos zonos ir uzrasai virs grafiko nurodo daugiafotonés sugerties eile
toje spektrinéje srityje.

Galiausiai, superkontinuumo generacijos tyrimai silicio bei 6H-SiC krista-
luose atskleidé pagrindines Sviesos gijy formavimosi nelegiruotuose puslaidi-
ninkiuose fizikines savybes. Silicio kristale, normaliosios GGD srityje vykstant
Sviesos gijy formavimuisi buvo stebimas pradinio impulso skilimas j du sub-
impulsus. Taip pat silicio bei 6H-SiC spektriniai matavimai atskleidé, jog pa-
grindiniai superkontinuumo plitima j mélynaja puse nelegiruotuose puslaidinin-
kiuose ribojantys faktoriai yra daugiafotonés sugerties eilé bei terpés grupiniy
grei¢iy dispersija. Siy dviejy fizikiniy efekty jtaka superkontinuumo spektro
meélynajam poslinkiui yra apibendrinta 2 pav.

Apibendrinant, tyrimy metu gauti rezultatai rodo, jog tiek Si, tiek 6H-
SiC kristalai yra puikios netiesinés terpés, tinkamos optinés oktavos plocio su-
perkontinuumo generacijai artimojoje bei viduriniojoje infraraudonojoje spek-
trinéje srityje.

66



Isvados

. Siauro draustinés juostos tarpo dielektriniai (KRS-5, KRS-6 ir SBN)
bei puslaidininkiniai (silicio ir 6H-SiC) kristalai, pasizymintys dideliu
pralaidumu infraraudonojoje spektrinéje srityje bei dideliu kubiniu
netiesiskumu, puikiai tinka infraraudonojo superkontinuumo generacijai.
Siose medziagose zadinimui naudojant artimosios ir viduriniosios infra-
raudonosios spektrinés srities femtosekundinius impulsus yra generuoja-
mas mazo energijos slenks¢io superkontinuumas, kurio spektrinis plotis
virsija viena opting oktava.

. Placios draustinés juostos dielektriniuose kristaluose NaCl ir KBr za-
dinimui naudojant femtosekundinius viduriniosios infraraudonosios spek-
trinés srities impulsus galima keliy optiniy oktavy plocio superkonti-
nuumo generacija (0,7-5,4 pm NaCl atveju ir 0,85-5,4 pum KBr atveju,
jivertinta 10~* intensyvumo lygyje). Kita vertus, dél spalviniy centry,
sugerianciy ultravioletine bei regimaja Sviesa, formavimosi, superkonti-
nuumo spektrai pradeda siauréti (siauresnis diapazonas apima 1,8-5,1 pum
NaCl atveju ir 1,9-4,85 pm KBr atveju) ir tampa kokybiskai panasus }

generuojamus siauros draustinés juostos dielektrinése terpése.

. Netiesinio pralaidumo matavimas susidarant Sviesos gijai gali buti panau-
dotas terpés netiesinio luzio rodiklio nustatymui. Remiantis siuo metodu
buvo jvertintas KRS-5 (no = (105 4 19) x 1076 cm?/W), KRS-6
(ng = (54 + 10) x 10716 ¢m? /W) bei 6H-SiC (ny = (97 £ 19) x 10716
cm? /W) kristaly netiesinis lizio rodiklis, o gautos vertés gerai sutapo su

apskaic¢iuotomis.

. Impulso skilimas j du sub-impulsus, stebétas erdvélaikiniuose in-
tensyvumo pasiskirstymuose susidarant Sviesos gijoms silicio kristale,
patvirtina superkontinuumo generacijos, zadinimo impulsy bangos il-
giams patenkant j terpés normaliosios grupiniy grei¢iy dispersijos sritj,
mechanizmo universalumg ir fakta, jog laisvyjy kruvininky jtaka didelio
intensyvumo femtosekundiniy impulsy sklidimui nelegiruotuose puslaidi-

ninkiuose néra zenkli.

. Ismatuoti superkontinuumo spektrai, generuoti zadinant jvairiy infra-
raudonosios spektrinés srities bangos ilgiy impulsais silicio, 6H-SiC bei
SBN kristaluose, pasizymi beveik pastoviu nukirtimo bangos ilgiu ir toly-
dziai didéjanc¢iu mélynuoju poslinkiu didinant zadinimo impulsy centrinj
bangos ilgj, is ko matyti, jog pagrindiniai fizikiniai faktoriai, nulemiantys
superkontinuumo spektro plitima j mélynaja puse tiek siauros draustinés
juostos dielektrikuose, tiek nelegiruotuose puslaidininkiuose yra terpés
grupiniy greiciy dispersija bei daugiafotonés sugerties eilé.
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Abstract.

We report on the experimental realization of a compact, Ti:sapphire laser-
pumped mid-infrared light source, which delivers sub-3 optical cycle pulses in
the 3 — 4 pm spectral range. The light source employs difference frequency
generation in KTA crystal by mixing the signal and idler waves from a commercial
near-infrared optical parametric amplifier and subsequent optical parametric
amplification in LilOg crystal. The amplified sub-100 fs mid-infrared pulses are
self-compressed down to sub-3 optical cycles by nonlinear propagation in few
mm-thick YAG, CaF2 and BaF; crystals featuring anomalous group velocity
dispersion in that spectral range. The self-compression is performed without the
onset of self-focusing effects, hence maintaining a homogenous beam profile with
energy throughput efficiency of above 90%, yielding the self-compressed pulses
with sub-30 pJ energy. Even larger self-compression factors (down to sub-2 optical
cycles) were achieved in the filamentation regime, simultaneously producing an
ultrabroadband supercontinuum, extending from the visible to the mid-infrared.

PACS numbers: 42.65.Jx, 42.65.Re, 42.65.Yj

Keywords: optical parametric amplification, difference frequency generation, pulse
compression, supercontinuum generation Submitted to: J. Opt.
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A compact, self-compression-based sub-3 optical cycle source in the 3 — 4 pm spectral range

1. Introduction

Development of laser sources, which emit ultrashort
pulses in the mid-infrared spectral range is dictated
by the emerging applications in ultrafast vibrational
spectroscopy, mid-infrared nonlinear optics and strong-
field physics [1]. Generation of mid-infrared pulses with
durations as short as few optical cycles is exclusively
based on the optical parametric amplification, which
supports large amplification bandwidths necessary to
maintain short pulse widths, see e.g. [2].

Technically simple, low cost and easily imple-
mentable setups for generation of ultrashort mid-
infrared pulses rely on using widely spread amplified
femtosecond Ti:sapphire driving lasers. Several config-
urations that involve optical parametric amplification,
difference frequency generation, or both, have been
demonstrated so far. The first configuration is based
on either collinear or noncollinear optical parametric
amplification in bulk and periodically poled nonlin-
ear crystals, extracting the idler wave, which lies in
the mid-infrared spectral range. Here the fundamen-
tal laser wavelength (800 nm) serves as a pump, while
the seed signal is provided by either supercontinuum
generation in bulk dielectric media or using the idler
pulses produced by the near-infrared optical paramet-
ric amplifier (OPA). To this end, optical parametric
amplifiers based on nonlinear crystals which possess
transparency and phase matching in the mid-infrared,
such as potassium titanyl phosphate (KTP) and potas-
sium titanyl arsenate (KTA) [3,4], potassium nio-
bate (KNbO3) [3-8], lithium niobate (LiNbO3) [4,7-9],
lithium iodate (LilO3) [10] and periodically poled sto-
ichiometric lithium tantalate (PPSLT) [11] crystals
were demonstrated to provide pulses with durations
from sub-100 fs to few optical cycles in the 2 —5 ym
wavelength range. The second configuration makes use
of difference frequency generation (DFG) between the
signal and idler pulses from the near-infrared optical
parametric amplifier (e.g. that based on commonly
used BBO crystal), see e.g. [12]. The third configura-
tion employs DFG between broadband pulses from sec-
ond harmonic pumped noncollinear optical parametric
amplifier and the fundamental laser pulses, providing
few optical cycle pulses with stable carrier envelope
phase, which are subsequently amplified in a broad-
band OPA [13-15].

Nonlinear propagation of intense mid-infrared
pulses in wide bandgap solid-state dielectric materials
featuring anomalous group velocity dispersion (GVD)
provides an efficient pulse self-compression mechanism,
resulting from the interplay between the self-phase
modulation and anomalous GVD, that could be readily
employed to broaden the pulse spectrum beyond
the OPA gain bandwidth and further shorten the
pulse duration. The numerical simulations suggest

2

that self-focusing and filamentation of femtosecond
mid-infrared pulses in dielectrics may lead to pulse
self-compression down to a single optical cycle [16].
Moreover, such filamentation regime leads to formation
of self-compressed quasistationary spatiotemporal light
bullets, as verified experimentally in various dielectric
materials, such as fused silica [17-19], sapphire [20],
CaF, and BaF, [21] and BBO [22], yielding the
shortest self-compressed pulsewidths of just sub-two
optical cycles for the input wavelengths around 2 pm.

However, fully evolved self-compressed light
bullets contain just a relatively small fraction of the
input pulse energy and exhibit dispersive broadening
as they leave the nonlinear medium and propagate in
the free space [20], and these features may appear
undesirable for a range of practical applications.
Therefore a more attractive realization of anomalous
GVD-induced self-compression mechanism relies upon
using a shorter nonlinear medium and a larger
input beam, extracting the self-compressed pulse
before the filamentation regime sets in [23]. Such
self-compression mechanism appears universal and
is demonstrated to work equally well with mid-
infrared optical parametric chirped pulse amplification
(OPCPA) systems providing tens-of-yJ pulses at high
repetition rate [24] and multimilijoule pulses with
multigagawatt peak power [25], by compressing the
output pulses to sub-3 optical cycles in few mm-thick
YAG crystal.

In this work, we demonstrate a simple and
compact Ti:sapphire laser-pumped mid-infrared light
source, which involves DFG between the signal
and idler pulses from a commercial near infrared
OPA, subsequent optical parametric amplification in
LilO3 crystal and self-compression by the nonlinear
propagation in dielectric crystals featuring anomalous
GVD, and which delivers sub-3 optical cycle pulses
with sub-30 pJ energy in the 3 — 4 pm spectral range.

2. Results and discussion

The experimental scheme is depicted in figure 1(a).
The entire setup is driven by regeneratively amplified
Ti:sapphire system (Spitfire PRO, Newport-Spectra
Physics), which delivers 100 fs pulses at 800 nm with
an energy up to 3 mJ at a repetition rate of 1 kHz.
A fraction of the laser energy (0.9 mJ) was used to
pump a commercial BBO crystal-based OPA (Topas-
C, Light Conversion Ltd.), which provided the near-
infrared signal at 1.30 pm and idler at 2.08 pm pulses,
with energies of 175 pJ and 115 pJ, and pulsewidths
of 75 fs and 85 fs, respectively.

The difference frequency generation between the
o-polarized signal and e-polarized idler pulses was
performed in a 1 mm-thick KTA crystal, cut for type
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Figure 1. (a) Layout of the experimental setup. PD, predelay;
DFG, difference frequency generator; DM, dichroic mirror;
OPA, optical parametric amplifier. (b) Spectra and (c) cross-
correlation functions of 60 fs pulse at 3.5 um after DFG (dashed
curve, open circles) and OPA (solid curve, full circles) stages.

II phase matching (# = 43°, ¢ = 0°), which provides
broad conversion bandwidth in the wavelength range
of interest [26]. Proper timing between the input
signal and idler pulses entering the DFG crystal was
set by inserting a 1 mm-thick BBO crystal (PD),
oriented out of phase matching, hence compensating
their temporal walk-off originating in BBO OPA.
The DFG stage delivered o-polarized 60 fs pulse
with a central wavelength of 3.5 pm and with a
FWHM spectral width of 280 nm and an energy of
11 pJ, as shown by dashed curves in figures 1(b)
and (c). Here the spectra were measured using a
home-built scanning prism spectrometer with PbSe
detector, whereas the cross-correlation measurements
were performed by the sum-frequency generation in a
thin (20 pm thickness) BBO crystal using 30 fs, 720
nm reference pulse from a second harmonic-pumped
noncollinear OPA (Topas-White, Light Conversion
Ltd.). The difference frequency pulse was almost
perfectly transform-limited, as verified by the zero-
phase Fourier transform of the spectrum.

Thereafter the difference frequency pulse at 3.5
pm was amplified in LilO3 OPA, which was pumped
by the e-polarized fundamental laser pulse at 800
nm. As an OPA we used 1 mm-thick LilOj3 crystal
cut for type I phase matching (§ = 21°), which
provides naturally broad amplification bandwidth due
to intrinsically small group velocity mismatch between
the o-polarized signal (at 3.5 um) and e-polarized idler

(at 1.04 pm) waves [10,13]. The pump and injected
signal beams were crossed at a very slight angle (0.7°),
so as to easily separate the pump, amplified signal
and idler beams without introducing additional optical
elements. With the pump pulse energy of 0.7 mJ (the
pump beam FWHM diameter of 1.6 mm, the estimated
pump intensity was 200 GW /cm?), the 3.5 um pulse
was amplified up to 35 pJ energy, simultaneously
producing the idler pulse at 1.04 pm with an energy
of 100 pJ, with the quantum efficiency of the OPA of
18%. Relatively low conversion efficiency of the OPA is
due to relatively short crystal length, that was chosen
to be shorter than the walk-off length between 800
nm and 3.5 pm pulses (the group velocity mismatch
between these two is 54 fs/mm). On the other hand,
the choice of the crystal length guaranteed that the
OPA did not introduce any noticeable distortions as
seen from a comparison of spectra and cross-correlation
functions of the 3.5 pm pulse after DFG and OPA
stages, presented in figures 1(b) and (c). No optical

damage or degradation of the crystal was observed with
the above parameters of the pump, as verified by stable
and robust day-long operation of the OPA.

0.5

44-4-20 240

x (mm)

Figure 2. (a) Layout of the self-compression setup. L, focusing
lens; CM, concave mirror. (b) The input beam profile before the
focusing lens. The output beam profiles after the collimating
mirror, in the cases of: (c) lossless self-compression (z = —6.5
mm), (d) filamentation (z = —1 mm).

The amplified 3.5 pm pulse was self-compressed
by the nonlinear propagation in 4 mm-thick CaF,
plate. In doing so, the OPA output beam of 1.3 mm
FWHM diameter was focused by plano-convex BaFy
lens (L) with a focal length of 100 mm onto CaFs
plate, which was mounted on a translation stage and
made movable along the beam propagation path, so
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allowing fine adjustment of the input beam diameter
and intensity, as depicted in figure 2(a). 3 mm-thick
anti-reflection coated ZnSe plate was placed before
the focusing lens so as to approximately compensate
for the group velocity dispersion introduced by BaFs
lens of 3.5 mm thickness. The outgoing beam was
then collimated by Ag-coated concave mirror (CM)
with the curvature radius of 200 mm and directed
to the measurement apparatus for characterization
of the temporal and spatial profiles, spectrum and
energy transmission. The temporal intensity profile
of the self-compressed pulse was characterized by
means of sum-frequency generation-based frequency-
resolved optical gating (SFG-FROG), the beam profile
was measured with the pyroelectric CCD camera
(WinCamD, model FIR2-16-HR), and the transmitted
energy was measured using the energy meter (Ophir)
with a pyroelectric detector (PE9-SH).

4

well as for diverging (z > 0) input beams, when CaF,
plate was located several mm on both sides from the
geometric focus.

Figure 4 shows the measured and retrieved SFG-
FROG traces, and compares the spectra and intensity
profiles of the input and self-compressed pulses at z =
—6.5 mm, just before the onset of beam filamentation.
The duration of the self-compressed pulse of 31 fs
is equivalent to 2.7 optical cycles and was retrieved
within grid size of 128 x 128 pixels and a reconstruction
error of 0.7%. Lossless self-compression yielded a
homogenous Gaussian-shaped beam profile of the self-
compressed pulse, as shown in figure 2(c), attesting
essentially one-dimensional dynamics of the nonlinear
propagation [27, 28], where self-compression of the
pulse stems from the sole interplay between the self-
phase modulation and anomalous GVD, without the
onset of any other nonlinear effects, such as self-
focusing, nonlinear absorption and generation of free

lossless filamentation lossless electron plasma. The measured short-term (over 5 min
self-compression self-compression interval) energy root-mean-square (rms) fluctuations
@ 50 of the self-compressed pulse were 1.7%. Very similar
£ . . S .
g self-compression dynamics, although yielding slightly
S 40 longer self-compressed pulse, was also measured for
g diverging input beam, as the CaF, plate was moved
S 30 further out of the geometric focus.
5
S
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The energy of the pulse at the input face of CaFs
plate was 29 pJ, as measured after beam steering
mirrors (not shown), ZnSe plate and focusing lens.
Figure 3 shows the retrieved pulsewidth and the
transmission of CaFy plate as functions of the sample
position z with respect to the geometric focus (z = 0
mm). Two distinct regimes of self-compression were
uncovered, which were distinguished by the absence
or presence of the nonlinear losses. A lossless self-
compression regime (with energy throughput efficiency
of 93.5% and the energy losses occurring just due to
Fresnel reflections from the input and output faces
of CaF, plate) was found for converging (z < 0) as

S self-compression of 60 fs, 3.5 pm pulses down
to 31 fs in 4 mm-thick CaF3 plate located at z = —6.5 mm: (a)
measured and (b) retrieved SFG-FROG traces, (c) spectrum and
(d) retrieved intensity profile and phase of the self-compressed
pulse. Dash-dotted curve in (c) shows the retrieved spectrum of
the self-compressed pulse. Dashed curves in (c) and (d) show
the spectrum, intensity profile and phase of the input pulse.

Approaching the geometric focus, the filamenta-
tion regime sets in, as indicated by rapidly decreas-
ing transmission in figure 3(b), as due to the mul-
tiphoton absorption and absorption by the free elec-
tron plasma. As a result, the input Gaussian beam is
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reshaped into a filament with characteristic intensity
distribution, consisting of an intense core and a ring-
shaped periphery, as shown in figure 2(d), which devel-
ops due to the interplay between self-focusing and mul-
tiphoton absorption [29]. In the filamentation regime,
the input pulse continues to self-compress; the maxi-
mum self-compression of the pulse down to 19 fs, that
equates to 1.6 optical cycles was measured when CaFy
plate was located 1 mm before the geometric focus,
where energy transmission decreased down to 66%. As
compared to the case of lossless self-compression, the
self-compressed peak contained just 33% of the trans-
mitted energy, while the rest of energy was located in
well-pronounced sidelobes, which developed due to spa-
tiotemporal reshaping of the entire wave packet. Large
sidelobes and even conditional pulse splitting are the
characteristic features of the self-compressed light bul-
let at the early stage of its formation (at short prop-
agation lengths) in the conditions of large anomalous
GVD [30].

The self-compression experiments were also per-
formed using YAG and BaF, plates, which produced
rather similar results, however yielding somewhat lower
self-compression factors. Nevertheless, these materials
were found more suitable for compressing the pulses at
3 and 4 pm, respectively, as will be shown below.

I (arb. u.)

5

spectrum obtained at the point of maximum self-
compression. The emergence of SC is indicated by
the occurrence of a distinct blue spot in the far
field, which is easily detected by visual means, while
the entire SC spectrum extends up to 5 pum and is
composed of two separate bands, as measured with a
home-built scanning prism spectrometer with Si, Ge
and PbSe detectors and illustrated in figure 5(a). A
particularly strong SC signal is detected around the
carrier wavelength in the 2—5 pm range. In the visible
range, SC spectrum features intense the so-called blue
peak centered at 410 nm, with an ultraviolet cut-off at
385 nm, as estimated at the 10~* intensity level. The
characteristic feature of the SC spectrum in CaFs is
the absence of the spectral components in between,
in line with the observations reported in [31]. The
SC spectrum also features a prominent peak centered
at 1.75 pm that is the second harmonic generated in
ZnSe, and a deep double dip around 4.25 pm as due to
strong absorption band of atmospheric CO5. A more
spectrally homogenous SC, as shown in figure 5(b),
was generated by replacing CaF, with BaF, plate of
the same length and keeping the same position of the
nonlinear medium with respect to the geometric focus.
The SC spectrum in BaF, features a broad blue peak
centered at 630 nm and provides a continuous spectral
coverage from 510 nm in the visible to beyond 5 pm
in the mid-infrared, which is the long-wave detection
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Figure 6. Lossless self-compression of 70 fs, 3 um pulses down
Figure 5. Axial supercontinuum spectra generated by — t© 23 fs in 3 mm-thick YAG plate located at z = —8 mm: (a)

filamentation of 3.5 pm pulses in (a) CaF and (b) BaFa,
both of 4 mm thickness. Dashed curves show the input pulse
spectrum. The ranges of spectrometer detectors (Si, Ge, PbSe)
are indicated by color bars on the top. The insets show the visual
appearances of the SC beams in the far field.

Filamentation in CaFy produced a broadband
supercontinuum (SC) emission, with the broadest SC

measured and (b) retrieved SFG-FROG traces, (c) spectrum and
(d) retrieved intensity profile and phase of the self-compressed
pulse. Dash-dotted curve in (c) shows the retrieved spectrum of
the self-compressed pulse. Dashed curves in (c) and (d) show
the spectrum and intensity profile of the input pulse.

Finally, we verified the potential of wavelength
tunability of the developed source and the possibility
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to perform lossless self-compression of the pulses at
other wavelengths. 70 fs pulses with an energy of
31 pJ were obtained after DFG and OPA stages as
the output wavelength was set at 3 um. Three-
fold self-compression of these pulses down to 23 fs
(2.3 optical cycles) was achieved in the lossless self-
compression regime in 3 mm-thick YAG plate, whose
input face was located 8 mm before the geometric focus
(2 = —8 mm). Figure 6 presents the measured and
retrieved SFG-FROG traces, spectrum and retrieved
temporal profile of the self-compressed pulse with
the center wavelength of 3 pm. The superimposed
dashed curves in figures 6(c) and (d) illustrate the
spectrum and retrieved temporal profile of the input
70 fs pulse. Somewhat longer, 97 fs pulses with an
energy of 14 pJ were generated as the DFG and OPA
output wavelength was tuned to 4 pm. The best
self-compression was achieved in 4 mm-thick BaFy
plate located at z = —3 mm, yielding the compressed
pulsewidth of 42 fs (not shown), which is equivalent
to 3.2 optical cycles. In the latter case, a generally
lower self-compression factor was in part attributed
to CO2 absorption, which considerably distorts the
spectrum of the self-compressed pulse before it reaches
the measurement setup.

3. Conclusions

In conclusion, we developed a simple and compact,
Ti:sapphire laser-pumped mid-infrared source, which
provides sub-3 optical cycle pulses with sub-30 puJ
energy in the 3 —4 pum spectral range. The developed
source employs difference frequency generation in KTA
crystal between the signal and idler waves from a
commercial near-infrared BBO OPA and subsequent
parametric amplification in LilO3 crystal, which
provides naturally broad amplification bandwidth.
Thereafter the parametrically amplified pulses are
self-compressed by the nonlinear propagation in wide
bandgap dielectric media featuring anomalous GVD. In
particular, we demonstrated lossless (with the energy
throughput of above 90%) self-compression of sub-
100 fs pulses down to sub-3 optical cycles in YAG,
CaF; and BaF, plates of few mm thickness due
to the interplay between the self-phase modulation
and anomalous GVD and without the onset of self-
focusing effects, as verified by the measurements of
the output beam profile. Pulse self-compression down
to sub-2 optical cycles was demonstrated at 3.5 pm
in the filamentation regime in CaF5, with the energy
throughput of 66%. The developed source perfectly fits
for diverse studies of ultrafast light-matter interactions
in the mid-infrared spectral range in dielectric (e.g.,
as demonstrated by ultrabroadband supercontinuum
generation in CaFy and BaF, in the present study),

source in the 3 — 4 pm spectral range

as well as in semiconductor media.
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Supercontinuum generation in mixed thallous halides

KRS-5 and KRS-6

Laser Research Center, Vilnius University, Saulétekio Avenue 10, LT-10223 Vilnius,
Lithuania

Abstract

We experimentally study supercontinuum generation in mixed thallous halides:
thallium bromoiodide (KRS-5) and thallium chlorobromide (KRS-6), as pumped
with mid-infrared femtosecond pulses. Almost 2 octave-wide supercontinuum
spectra spanning wavelengths from ~ 1.5 pm to more than 5.5 ym were pro-
duced by self-focusing of 60 fs pulses with central wavelengths of 3.1 um
and 3.6 pm in KRS-5 and KRS-6 samples of 6 mm thickness, in the single
and multiple filamentation regimes. Our measurements revealed remarkably
low energy thresholds (few hundreds of nanojoules) for supercontinuum gen-
eration in these materials due to very large values of nonlinear indexes of
refraction (ny = 10.5 x 10715 cm?/W for KRS-5 and ny = 5.4 x 107 cm?/W
for KRS-6), which were experimentally evaluated from the nonlinear prop-
agation dynamics. A combination of high nonlinearity and wide infrared
transparency range make KRS-5 and KRS-6 very attractive bulk materials
for SC generation in the mid-infrared spectral range.

Keywords: Supercontinuum generation, Femtosecond filamentation, Mixed
thallous halides, Nonlinear index of refraction

1. Introduction

Spectral superbroadening of intense femtosecond laser pulses in condensed
bulk media constitutes a simple, compact and alignment-insensitive tech-
nique for production of broadband coherent radiation, termed supercontin-
uum (SC) [1]. The emerging applications in many fields of modern ultrafast
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Preprint submitted to Optical Materials January 15, 2018

91



science demand achieving broadband radiation at various parts of the opti-
cal spectrum. The mid-infrared spectral range is of particular interest for
spectroscopic studies in the so-called molecular fingerprint region, develop-
ment of mid-infrared optical parametric chirped pulse amplifiers and pulse
compression techniques.

A widely used approach for SC generation in this wavelength range re-
lies on femtosecond filamentation at laser wavelengths falling into the region
of anomalous group velocity dispersion of wide-bandgap dielectric crystals
and glasses, yielding generation of multioctave SC with continuous spectral
coverage from the ultraviolet to the mid-infrared [2-9]. However, the most
widely used dielectric materials, such as fused silica, sapphire and YAG ex-
hibit rather limited transparency in the mid-infrared: fused silica transmits
the wavelengths up to 3.5 pum, whereas sapphire and YAG become strongly
absorbing for wavelengths greater than 5.2 pm [10]. SC generation in flu-
oride crystals, which possess wider transparency, such as CaFy and BaF,,
also faces problems with the discontinuity of the SC spectra, as the pump
wavelength is tuned further into the mid-infrared [11, 12].

Recent experimental studies suggested a number of alternative nonlin-
ear materials, which have a great potential for SC generation in the mid-
infrared. SC spectra with remarkable mid-infrared spectral coverage were
produced in fluoride [13], tellurite [14, 15], lanthanum [16] and chalcogenide
[17-19] glasses. Bulk semiconductor crystals also emerge as very attractive
nonlinear media for SC generation in the mid-infrared, in part due to much
larger cubic nonlinearities than in dielectrics and in part due to consider-
ably extended infrared transparency windows. In that regard, SC generation
was reported in gallium arsenide (GaAs) [20-22], zinc sulphide (ZnS) [5], and
zinc selenide (ZnSe) [23, 24] crystals. Recent numerical simulations predicted
that filamentation of femtosecond mid-infrared pulses in alkali metal halides,
which possess extremely broad mid-infrared transmittance and whose zero
GVD points are located deeply in the mid-infrared, are capable of producing
multi-octave SC spectra with remarkable red shifts [25].

In this paper we experimentally study SC generation in mixed thallous
halides: thallium bromoiodide (KRS-5) and thallium chlorobromide (KRS-
6) as produced by self-focusing of 60 fs pulses with central wavelengths of
3.1 pm and 3.6 pm, in single and multiple filamentation regimes. Based on
our experimental results, we identify KRS-5 and KRS-6 as excellent nonlinear
materials, which have a great potential for SC generation in the mid-infrared
spectral range.
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2. Materials and experimental details

Mixed thallous halides: thallium bromoiodide, T1(Br,I) (KRS-5) and
thallium chlorobromide, T1(Cl,Br) (KRS-6) are dielectric crystals of cubic
symmetry, which possess relatively small energy bandgaps and very broad
infrared transparency, which extends into far infrared, see Table 1. These
materials exhibit a certain transparency in the visible spectral range: Fig. 1
shows the measured transmittance in the visible and near-infrared spectral
ranges of 2 mm-thick KRS-5 and KRS-6 samples, indicating the short wave
cut-off wavelengths of 550 nm and 400 nm for KRS-5 and KRS-6, respec-
tively.

Table 1: Relevant linear and nonlinear parameters of mixed thallous halides. E, is the
energy bandgap from [26]; the transmission range is defined at 10% transmission level in 1
mm thick sample, data from [10]; ng is the linear refractive index at 3.1 ym; 3™ and ngl°
are the measured and calculated nonlinear refractive indexes, respectively, as evaluated in

the present study.

Material U, Transmittance ny ng Y ngle
eV pm x1071% em? /W x107% em?/W

KRS-5 25 0.58 — 42 2.386 10.5 9.8

KRS-6 3.25 0.42 — 27 2.194 5.4 3.9

KRS-5 and KRS-6 are well-known infrared window materials [27], which
also find applications in the mid-infrared [28] and gamma-ray [29] spec-
troscopy, and astronomical instrumentation [30, 31]. KRS-5 was recently
considered for use in acoustooptics [32, 33]. However, from the perspective
of nonlinear optics, KRS-5 and KRS-6 appear exotic, and to the best of our
knowledge, these crystals were never considered as nonlinear optical materi-
als.

In the experiment we used KRS-5 and KRS-6 samples manufactured by
Crystaltechno Ltd. (Russia), which are non-eutectic mixtures composed of 58
mol % thalium iodide (TII) and of 60 % thallium chloride (T1Cl), respectively.
The experiments were performed with an amplified Ti:sapphire laser system
(Spitfire-PRO, Newport-Spectra Physics) used to pump a commercial BBO
crystal-based optical parametric amplifier (Topas-Prime, Light Conversion
Ltd.), which provided 90 fs pulses tunable in the 1.1 — 2.5 um range. The

3
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Figure 1: Measured transmittance of 2 mm-thick KRS-5 and KRS-6 samples in the visible
and near infrared spectral ranges. The inset shows photos of these materials.

pulses in the 3 — 4 pm range were produced by the difference frequency
generation between the signal and idler outputs of the optical parametric
amplifier in a 1 mm-thick KTA crystal and had a duration of 60 fs, see [12]
for more details.

The chosen wavelengths fall into the range of normal group velocity dis-
persion (GVD) of KRS-5, which has a zero GVD wavelength at 6.6 pum,
as calculated from the dispersion equation provided in [27]. It is expected
that the input wavelengths fall into the range of normal GVD of KRS-6 as
well, however, the exact value of its zero GVD point is not known with a
reasonable precision, as there is a large mismatch between the GVD curves
calculated from the dispersion equations for the infrared [34] and visible [35]
wavelength ranges, which were derived for different molar compositions of
TICI.

The measurements of nonlinear transmission, which were used for eval-
uation of the nonlinear refractive indexes, were performed by focusing the
input beam of 1.9 mm FWHM diameter with BaF, lens (f = 450 mm) onto
the input face of 2 mm-thick samples of KRS-5 and KRS-6. The transmit-
ted energy was measured using the energy meter (Ophir) with a pyroelectric
detector (PE9-SH). In the SC generation experiments, looser focusing of the
input beam (BaFy lens, f = +100 mm) and longer samples of KRS-5 and
KRS-6 (both of 6 mm thickness) were used. The SC spectra were measured
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using a home-built scanning prism spectrometer with InAsSb detector, pro-
viding an effective detection range of 0.8 —5.8 um. The filament profiles were
measured by imaging the output face of the sample onto pyroelectric CCD
camera (WinCamD, model FIR2-16-HR).

3. Evaluation of the nonlinear refractive indexes

Since the nonlinear optical properties of KRS-5 and KRS-6 are basically
unknown, first we carried out an experiment in order to evaluate the nonlinear
refractive indexes of these materials. The evaluation procedure is based on
finding the self-focusing distance (the position of the nonlinear focus), which
for a collimated input Gaussian beam is expressed by the empirical equation
[36]:

0.367 zr
VI(P/P.)2 = 0.852]2 — 0.0219

where zp = mnow2/A denotes the Rayleigh (diffraction) length of the
input Gaussian beam of a radius wg, and P, is the critical power for self
focusing in the material:

(1)

st =

3772

cr —
87Tn0n2 '

(2)

where ng and ns are the linear and nonlinear refractive indexes, respec-
tively, and A is the laser wavelength. Although Eq.(1) is generally derived
in the case of continuous wave laser beams, it gives a fairly accurate ap-
proximation of the nonlinear focus of femtosecond laser pulses as well [37].
Having zg¢, P., is then found from Eq.(1) and the value of ny is calculated
from Eq.(2).

For that purpose we measured the nonlinear transmission of 2 mm-thick
KRS-5 and KRS-6 samples at 3.1 pum versus the input pulse energy, as il-
lustrated in Fig. 2(a). Taking into account the incident photon energy of
0.4 eV and the bandgap values listed in Table 1, the measured nonlinear
losses are associated with 7 and 9 photon absorption in KRS-5 and KRS-6,
respectively, and to some extent with the absorption of free electron plasma
via inverse Bremsstrahlung effect [38].

The position of the nonlinear focus was derived from the calculated frac-
tional losses (dT'/dE), shown in Fig. 2(b). Since the nonlinear losses originate
from an increase of the beam intensity due to self-focusing and filamentation,
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Figure 2: (a) Normalized energy transmission of 2 mm-thick KRS-5 and KRS-6 samples
and 3 mm-thick YAG sample versus the energy of 60 fs, 3.1 ym input pulses. (b) Fractional
losses, whose minima indicate that the position of the nonlinear focus is located at the
output face of the sample.

the extremum of fractional losses provides a rather precise position of the
nonlinear focus [39]. In the present case (for a fixed sample thickness), the
minima of fractional losses provide the pulse energy and power (taking into
account Fresnel reflection from the input face of the sample) for which the
position of the nonlinear focus z¢ equals to the sample length (2 mm), or in
other words, the nonlinear focus is located at the output face of the sample.
Based on this assumption, the found ny values are 10.5 x 107 cm?/W and
5.4x1071% cm? /W for KRS-5 and KRS-6, respectively. The measured ny val-
ues are fairly close to those calculated analytically (ny = 9.8 x 1071 cm?/W
for KRS-5 and ny = 3.9 x 10715 ¢cm?/W for KRS-6) using the formalism de-
scribed in [40], with an updated dimensionless parameter K’ = 7.33 x 107°
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from [41].

In order to further experimentally justify the validity of our approach for
estimation of ngy, we measured the nonlinear transmission of 3 mm-thick YAG
sample, whose nonlinear refractive index is known rather precisely (ny =
6.2 x 10716 cm? /W) for the laser wavelength of 1.06 jum [42]. The results for
nonlinear transmission and fractional losses in YAG are added to Fig. 2 for
a comparison; notice a significantly increased input pulse energy required to
produce the nonlinear focus at the output face of 3 mm-thick YAG sample.
Also notice generally smaller fraction of the absorbed energy, which is due to
effectively 17-photon absorption, taking into account the bandgap of YAG of
6.5 eV. The above evaluation procedure yields ny value of 6.0 x 10716 cm? /W,
which almost perfectly coincides with that specified in the literature, and
bearing in mind the general dispersion law of ns, which suggests a slight
decrease of ny toward longer wavelengths.

4. Supercontinuum generation in KRS-5 and KRS-6

The estimated high values of ny in KRS-5 and KRS-6 suggest remarkably
low critical powers for self-focusing in these materials: 0.58 MW in KRS-
5 and 1.22 MW in KRS-6, respectively, assuming the laser wavelength of
3.1 pm, which are more than by an order of magnitude lower than in YAG
(13.1 MW). Indeed, the threshold energies for filamentation and supercon-
tinuum generation in 6 mm-thick KRS-5 and KRS-6 samples were found to
be just few hundreds of nanojoules.

Figures 3(a)-3(d) show the SC spectra in KRS-5 as recorded with different
input pulse energies, resulting in single and multiple filamentation regimes, as
verified by the near-field intensity distributions of the output beams shown in
the insets. The SC spectrum in KRS-5 as produced by the input pulses with
an energy of 260 nJ, provides a continuous wavelength coverage from 1.57
to 5.0 um (at the 5 x 107 intensity level) and exhibits a prominent double
dip around 4.25 pum that is attributed to absorption of atmospheric CO,, as
illustrated in Fig. 3(a). The inset shows the intensity distribution measured
at the output face of the sample, indicating a single filament with FWHM
diameter of 27 pm, surrounded by a characteristic ring-shaped periphery.
As the input pulse energy is increased to 390 nJ, the SC spectrum shows
a stable short-wave cut-off at 1.57 ym due to the intensity clamping effect
and exhibits a slight broadening to 5.3 pum on the long-wave side, while
maintaining a single filament, as illustrated in Fig. 3(b). The SC spectra
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in the single filament regime demonstrate smooth spectral shapes, and yield
reasonably high spectral energy density: 2 — 30 pJ/nm in the 1.7 — 2.5 um
range, 50 — 100 pJ/nm in the 3.5 — 4.2 ym range and > 200 pJ/nm around
the pump wavelength.
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Figure 3: Supercontinuum spectra in 6 mm-thick KRS-5 (left panel) and in KRS-6 (right
panel) samples as functions on the energy of the input 60 fs, 3.1 pm pulses. The input
pulse energies are indicated in the plots and the input pulse spectra are depicted by dashed
curves. Insets show filamentation patterns as measured at the output face of the sample.

A further increase of the input pulse energy leads to multiple filamenta-
tion. With the input pulse energy of 870 nJ, multiple filaments emerge in
the form of a symmetric and well-reproducible pattern, as illustrated in the
inset of Fig. 3(c). The occurrence of such multi-filamentation pattern is at-
tributed to small ellipticity of the input beam [43]. The secondary filaments
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Figure 4: Supercontinuum spectra in 6 mm-thick KRS-5 (left panel) and in KRS-6 (right
panel) samples as functions on the energy of the input 60 fs, 3.6 pym pulses. The input
pulse energies are indicated in the plots and the input pulse spectra are depicted by dashed
curves. Insets show filamentation patterns as measured at the output face of the sample.

evolve as a result of nucleation of annular rings surrounding the central fila-
ment and reside along the major and minor axes of an ellipse. Even higher
input pulse energy (1.3 wJ) leads to random distribution of the individual
filaments, as shown in the inset of Fig. 3(d). The regime of multiple fila-
mentation produces slightly broader SC spectra spanning wavelengths from
1.5 to 5.6 um. However, in this case, the SC spectra exhibit a significant
intensity modulation, which is especially well-pronounced on the short-wave
side. Spectral modulation originates from the filament refocusing [39] and
in part due to beating between the SC spectra produced by individual fila-
ments. Interestingly, with the input pulse energy of 1.3 uJ we capture also
a detached narrow spectral peak centered at 1.03 pum, which is attributed to
the third harmonic of the pump.

A very similar trend of the spectral broadening and transition from the
single to multiple filamentation regimes versus the input pulse energy was
recorded in KRS-6, as shown Figs. 3(e)-3(h). Due to lower ny, the SC spectra
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in KRS-6 were generated with slightly higher input pulse energies. On the
other hand, due to larger bandgap of KRS-6, the measured SC spectra exhibit
slightly shorter cut-off wavelengths (1.37 pm) at the short-wave side, while
the spectral broadening toward long-wave side remained essentially identical.
The experiments performed with the longer wavelength (3.6 pm) input
pulses revealed very similar dynamics of the spectral broadening and fila-
mentation versus the input pulse energy in both materials, as illustrated in
Fig. 4. However, in the present case, in both samples a slightly larger spec-
tral broadening on the long-wave side of the SC was recorded: up to 5.5 ym
and slightly beyond 5.8 pum (which is the limit of our detection apparatus)
in the regimes of single and multiple filamentation, respectively. Notice that
in addition to prominent COy absorption, smaller but clearly distinguishable
dips around 2.7 pum as due to absorption of water vapor emerge in the SC
spectra. Also notice a particularly intense third harmonic peaks at 1.2 pm
in KRS-5 and KRS-6, which emerge in the multiple filamentation regime.

10%
= — reference (a)
S 4 — —after1h
£ 105 ——after2h
2 402
.(7) 10 =
c
L
£ 10% .
T T T T
100<1 2 3 4 5
- — reference (b)
= {——after1h
£ 107 - after 2 h
E
.(7) 10 > |
c
2
£ 107
T T T T
1 2 3 4 5

Wavelength (um)

Figure 5: Long-term reproducibility of supercontinuum spectra in (a) KRS-5 and (b)
KRS-6. The input pulse wavelength is 3.1 pum, the input pulse energies are 350 nJ and
500 nJ, respectively. Inset shows the side view of KRS-6 sample, as illuminated by He-Ne
laser beam.

Finally, in order to test the suitability of KRS-5 and KRS-6 for SC gen-
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eration under real experimental settings, we examined the long-term repro-
ducibility of the SC spectra in these materials, which is of importance for
the most of practical applications. Figure 5 compares the reference SC spec-
tra with the SC spectra recorded after 1 hour and 2 hours of operation at
1 kHz repetition rate in KRS-5 and KRS-6 samples. The SC spectrum in
KRS-5 shows an excellent long-term reproducibility: no apparent changes in
either SC spectral shape or spectral intensity were detected over 2 hours of
operation, as shown in Fig 5(a).

In contrast, the SC spectrum in KRS-6 exhibits a slight but noticeable
shrinking on the short-wave side, which progresses with the exposure time,
whereas the part of the SC spectrum on the long-wave side remains un-
changed, as shown in Fig 5(b). The observed spectral changes in KRS-6
could be attributed to filament-induced material modification under multiple
laser pulse exposure. The material modification was visualized by launch-
ing a He-Ne laser beam along the path of the filament, showing a clearly
detectable scattering from the modified volume, as depicted in the inset of
Fig. 5(b). On the other hand, the time scale of the spectral changes suggests
that degradation of KRS-6, whatever is its origin, is relatively slow, so these
detrimental effects could be easily avoided by the translation of the sample.

5. Conclusions

In conclusion, we evaluated the nonlinear indexes of refraction of mixed
thallous halides: thallium bromoiodide (KRS-5) and thallium chlorobro-
mide (KRS-6) and demonstrated efficient SC generation in these materials
in the mid-infrared spectral range by self-focusing and filamentation of 60
fs pulses with carrier wavelengths of 3.1 and 3.6 pum. More specifically, al-
most 2 octave-spanning SC spectra, covering wavelength range from ~ 1.5
to ~ 5.5 pum, were produced in 6 mm-thick samples of KRS-5 and KRS-6.
We demonstrated that filamentation and SC generation in these materials is
achieved with remarkably low input pulse energies (few hundreds of nano-
joules) owing to large nonlinear refractive indexes: ny = 10.5 x 107 ¢cm?/W
for KRS-5 and ny = 5.4x 1071 cm? /W for KRS-6, as evaluated from the mea-
surements of the nonlinear transmission. Long-term spectral measurements
revealed an excellent reproducibility of the SC spectrum in KRS-5, while the
SC spectrum in KRS-6 showed slight shrinking at the short-wave side due
to filament-induced modification of the material, which takes place on the
time scale of an hour and therefore could be easily avoided by the trans-
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lation of the sample. Summarizing our experimental findings, we conclude
that mixed thallous halides KRS-5 and KRS-6 are very suitable nonlinear
materials for femtosecond SC generation in the mid-infrared spectral range.
Owing to large nonlinear index of refraction and broad infrared transparency
of KRS-5 and KRS-6, we expect that using even longer pump wavelengths,
femtosecond filamentation in the range of anomalous GVD of these mate-
rials might produce ultrabroadband and multioctave SC spectra extending
into the far-infrared.
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Supercontinuum generation in the absence and in the
presence of color centers in NaCl and KBr
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Laser Research Center, Vilnius University, Saulétekio Avenue 10, LT-10223 Vilnius,
Lithuania

Abstract

We study supercontinuum generation with femtosecond mid-infrared laser pulses
in NaCl and KBr crystals when pumped at the vicinity of their zero group ve-
locity dispersion points. Almost three octave-spanning SC spectra (covering the
0.7 — 5.4 pm and 0.85 — 5.4 pm ranges in 5 mm-thick NaCl and KBr samples,
respectively) were produced by filamentation of 70 fs, 3.6 um input pulses in
continuously translated samples. In the static setup, we show that rapid for-
mation of persistent color centers (within a few seconds at 500 Hz repetition
rate) inside these materials results in a marked decrease (by 40%) of the over-
all energy transmittance and in significant narrowing of SC spectra. We also
demonstrate that the effect of color centers on the SC spectrum could be ad-
equately simulated numerically using a simple phenomenological model which
considers color centers as impurities with a certain energy bandgap.

1. Introduction

Supercontinuum (SC) generation through filamentation of femtosecond laser
pulses in bulk solid-state media represents a simple, efficient and well-established
technique for the production of coherent broadband radiation at various parts
of the optical spectrum [1]. SC generation in the mid-infrared spectral range
currently attracts a great deal of scientific and technological interest. This
interest is inspired by the time-resolved spectroscopy in the molecular fingerprint
region and in particular, by the applications in the emerging field of ultrafast
mid-infrared nonlinear optics, offering an easy way for production of few optical
cycle pulses, which could be further shaped and/or parametrically amplified up
to very high peak powers, see e.g. [2, 3]. To date, the ultrabroad, multioctave SC
spectra spanning the wavelengths from the UV to the MIR have been produced
with mid-infrared pumping in a number of popular wide-bandgap dielectric
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materials: oxides, such as YAG, sapphire and fused silica, and alkali metal
fluorides, such as CaFq, BaF, and LiF [4, 5, 6, 7, 8, 9, 10].

Proper choice of the nonlinear medium is an important issue concerning the
generation of broadband radiation within a desired wavelength range, as the
physical factors that define the width of the SC spectrum are tightly linked to
relevant optical parameters of the material. It is well established that the order
of the multiphoton absorption (that is the ratio of the material bandgap and the
incident photon energy) [11] and chromatic dispersion [12] define the attainable
blue-shift of the SC spectrum in a given nonlinear material. On the other hand,
an explicit numerical study of SC generation in various nonlinear materials with
mid-infrared laser pulses suggested that the zero GVD wavelength may serve as
a reasonably good indicator for attainable red-shift of the SC spectrum [13].

For what concerns the latter criterion, the zero GVD points of the above
mentioned materials are located in the near infrared, at wavelengths generally
shorter that 2 ym. Therefore, the materials whose zero GVD points are located
in the MIR, e.g. soft glasses [14, 15, 16, 17], semiconductors [18, 19, 20, 21,
22, 23] and narrow bandgap dielectric crystals [24, 25] emerge as very efficient
nonlinear media for SC generation in the mid-infrared. In further search of
other suitable materials, the numerical simulations of filamentation and spectral
broadening in alkali halide crystals identified them as attractive candidates. To
this end, the simulations with pump pulses having carrier wavelengths slightly
above their zero GVD points, predict that multioctave SC spectra with very
large red shifts reaching into the far-infrared could be potentially achieved [13].

In this paper we report on filamentation and multioctave SC generation in
sodium chloride (NaCl) and potassium bromide (KBr) crystals using 70 fs pulses
with a carrier wavelength of 3.6 pm, which falls slightly above the zero GVD
point of NaCl and slightly below that of KBr. We demonstrate that these alkali
metal halide crystals produce multioctave SC in the infrared, however they are
prone to color center formation, which markedly modifies the shape and the
width of the SC spectra.

2. Materials and methods

The experimental setup is depicted in Fig. 1. The mid-infrared input pulses
with a central wavelength of 3.6 pm and 70 fs duration at 500 Hz repetition rate
were produced by the difference frequency generation (DFG) between the signal
(1309 nm) and idler (2057 nm) outputs of the Ti:sapphire laser-pumped optical
parametric amplifier OPA (Topas-Prime, Light Conversion Ltd.) in a 1 mm-
thick KTA crystal. DFG was performed in a slightly non-collinear geometry (the
external beam crossing angle 0.3°), to easily remove the residual signal and idler
components. The mid-infrared beam was focused with a BaFs lens L (f = +100
mm) into the focal spot of 55 pm FWHM diameter located 2 mm inside the
nonlinear medium. The input pulse energy was varied by adjusting the energy
of the signal wave by means of a neutral metal-coated variable density filter
VDF (NDL-25C-2, Thorlabs Inc.) and was set to produce a single filament
at the output of the nonlinear medium. This was verified by monitoring the
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Table 1: Relevant linear and nonlinear optical parameters of NaCl and KBr. Uy is the
bandgap, no and g are the linear refractive index and the GVD coefficient at 3.6 um, respec-
tively, Ao is the zero GVD wavelength calculated from the dispersion equations given in [26].
ng is the nonlinear refractive index; data from [27, 28].

Material NaCl KBr
Transmittance (pm) 0.17 — 18 0.2 —30.6
Uy (V) 9.0 7.6

no 1.523 1.536

ng (x10716 cm?/W) 4.35 7.95

Ao (yim) 2.76 3.83

g (fs?/mm) —34 +5

near-field intensity profile of the output beam with a micro-bolometric camera
MBC (WinCamD, FIR2-16-HR). The spectral measurements were performed
using a home-built scanning prism spectrometer with Si and InAsSb detectors,
providing an effective detection range of 0.2 — 5.8 pym. In these measurements,
the output face of the nonlinear medium was imaged by means of Ag-coated
parabolic mirrors (PM) onto the input slit of the spectrometer, so effectively
coupling the axial portion of the SC radiation along with a fraction of conical
emission. The energy measurements were performed with a pyroelectric detector
(D).

Diagnostics

Figure 1: Schematic of the experimental setup. OPA: optical parametric amplifier, DFG:
difference frequency generation, NaCl, KBr: crystal samples; arrows indicate the direction of
translation, DM: dichroic mirror, PM: parabolic mirrors, VDF: variable density filter, L: focus-
ing lens, MBC: micro-bolometric camera, A: iris aperture, P: thin YAG plate, RD: reference
detector.

The nonlinear media used were uncoated NaCl and KBr samples of 5 mm
thickness. The relevant optical parameters of these materials are presented in
Table 1. NaCl and KBr are crystals with cubic symmetry and exhibit remarkable
transparency ranges from the UV to the far-infrared and relatively large nonlin-
ear indexes of refraction. The chosen pump wavelength of 3.6 pm falls close to
their zero GVD points: in NaCl, GVD is slightly anomalous (g = —34 fs?/mm),
while in KBr, GVD is slightly normal (g = +5 fs?/mm).

3. Results

Ultrabroadband, multi-octave SC spectra were recorded in NaCl and KBr
samples of 5 mm thickness, pumped by 70 fs, 3.6 um pulses having energies of
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3.56 and 2.23 uJ, respectively, after accounting for a Fresnel reflection from the
input faces of the samples, and illustrated in Fig. 2. These input pulse energies
convert to the input powers of 51 MW and 32 MW, which correspond to 1.7
P.; and 2.0 P, in NaCl and KBr, respectively, where P., = 3.77A2/8mngns is
the critical power for self-focusing calculated from the data provided in Table 1.
During spectral scan, the samples were continuously translated (perpendicular
to the pump beam direction) to avoid the influence of color center formation.
More specifically, the measured SC spectrum in NaCl covered the wavelength
range from 700 nm to 5.4 um (at the 10~ intensity level) that corresponds to
2.9 optical octaves. A slightly narrower SC spectrum, in the 0.85—5.4 um range,
corresponding to 2.7 optical octaves was measured in KBr. Note distinct spectral
dips around 2.7 and 4.25 pm that are absorption signatures of atmospheric HoO
and COq, respectively. Signatures of HoO and COs absorption could be removed
in, e.g., nitrogen atmosphere, which also would be useful to extend the longevity
of uncoated NaCl and KBr crystals, and especially their surfaces that degrade
with time due to interaction with atmospheric humidity. These spectra further
serve as references for monitoring spectral modifications due to evolving color
centers in these materials when SC was generated in a static setup.

10%4

10%

10

Intensity (arb. u.)

10°% .‘i"ﬂ w
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Figure 2: Supercontinuum spectra in NaCl (black curve) and KBr (red curve) produced by
filamentation of 70 fs, 3.6 pm pulses and recorded while continuously translating the samples.
The input pulse energies were 3.56 and 2.23 pJ, respectively. The input pulse spectrum is
shown by a dashed curve.

Indeed, it is well known that most of alkali metal halide crystals are prone
to formation of color centers that affect the SC spectrum to a certain degree, as
experimentally demonstrated in LiF [8, 29, 30, 31, 32] and to some extent, in
PbF3 [25]. In alkali halides, color centers are products of self-trapped exciton
decay, and the mechanism of their formation is known fairly well. After non-
linear ionization through multiphoton absorption that generates electrons and
holes, the process starts from exciton creation, that is followed by self-trapping
of the exciton and ends up with its decay, resulting in an occurrence of color
centers [33]. The color centers are associated with electron trapping at a halide
vacancy (F centers) and two F centers on adjacent sites (M centers, or the so-
called Fy centers) [34]. Color centers are responsible for the occurrence of broad
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absorption bands, whose peak wavelengths are located in the visible (F centers)
and near infrared (M centers). More specifically, broad absorption bands in
NaCl are centered at 460 nm (F centers) and at 725 nm (M centers) [35], while
in KBr the respective absorption bands associated with F and M centers are
more red-shifted and peak at 625 nm and 930 nm, respectively [36]. In addition
to these, ultraviolet absorption bands are observed as well, that are due to V
centers associated mostly with hole traps by impurities in these materials. The
process of color center formation NaCl and KBr crystals is very fast, taking place
on a us time scale, as demonstrated in the conditions of intense femtosecond UV
irradiation by pump-probe measurements [35, 36]. Rapid accumulation of color
centers was justified by a drop of transmission at selected probe wavelengths,
that eventually saturates after a few seconds at 1 kHz repetition rate [34].
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Figure 3: Evolutions of SC spectra in (a) NaCl, (b) KBr as functions of exposure time.

Figure 3(a) shows the evolution of SC spectrum in NaCl as a function of
exposure time. Due to color center formation, the SC spectrum experiences a
considerable shrinking along with a decrease of the spectral intensity on both
sides of the carrier wavelength, and spectral shrinking is particularly pronounced
at the short-wavelength side. Note that dramatic spectral changes emerge very
quickly (within few tens of seconds at 500 Hz repetition rate). Thereafter color
center-induced spectral dynamics settle down after 80 s of exposure, and the
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SC spectrum keeps its new shape with a markedly reduced width (1.8 — 5.1 um,
as defined at the 10™* intensity level) for the rest of the measurement time. A
similar color center-induced narrowing of the SC spectrum was observed in KBr,
as illustrated in Fig. 3(b). However, in the present case, the spectral dynamics
are markedly slower: the shrinking of the SC spectrum finally settles just after
15 minutes of exposure time.

Changes of the SC spectra correlate very well with decrease of energy trans-
mittances, recorded for both material samples and shown in Fig. 4. Here the
energy transmittances are normalized to the transmittance levels which were
measured in the absence of color centers, i.e. by continuously translating the
samples. In other words, the unity transmittance was set with an account for
Fresnel reflection from the output face of the sample and energy losses that
occur in the filamentation process that are contributed by multiphoton absorp-
tion and absorption of free electron plasma via inverse Bremsstrahlung effect.
Therefore the illustrated energy losses are contributed solely by linear and non-
linear absorption of the color centers. Notice that the energy transmittance
decreases very rapidly and color centers take an immediate effect on the SC
spectral width.
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Figure 4: Measured energy transmittances (full circles) and their two-exponential fits (solid
curves) for (a) NaCl and (b) KBr samples in a static setup. The plots are normalized to the
sample transmittances in the absence of color centers.
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NaCl shows a prompt drop of energy transmittance that is well fitted by
two exponents with time constants of 0.53 s and 5.1 s, as shown in Fig. 4 (a).
The energy transmittance after 20 seconds settles down to 60% of the initial
transmittance value, which thereafter remains constant for rest of the measure-
ment. The energy transmittance of KBr sample settles to an almost identical
final value, however, the process is more extended in time (two-exponential de-
cay with time constants of 10.6 s and 282 s), see Fig. 4(b). An established
two-exponential decay in both materials could be attributed to different speeds
of formation of F (a faster exponent) and M (a slower exponent) centers.

Finally, residual color centers are easily seen by a naked eye, as illustrated in
Fig. 5. Their specific colors: moss-green in NaCl and ink-blue in KBr, are due
to F center absorption bands in the visible range. Note that color centers are
formed only at the filament site, i.e., where intensity and nonlinear losses due
to multiphoton and free electron absorption are the highest, enablig to trace
precisely the filament path.

NaCl KBr

I i

[1mm 0o [1mm

»

Beam direction

Figure 5: Photographs of (a) NaCl and (b) KBr samples with filament-induced color centers,
which were produced by slightly varying the input pulse energies (around the specified values
for NaCl and KBr) and exposure times (from a few tens of seconds to a few tens of minutes).

The SC spectra in NaCl were simulated numerically using a model which
solves a unidirectional nonparaxial propagation equation for the pulse envelope,
see [37] and [38] for details, taking relevant material parameters from Table 1
and input pulse parameters from the experiment. The effect of color centers
was accounted for using a phenomenological approach, which considers them as
evenly distributed impurities with an energy bandgap of 2.7 eV that corresponds
to the strongest absorption band centered at 460 nm due to F centers [35]. The
numerically simulated SC spectra using different impurity concentrations, which
could be directly associated with accumulation of color centers while increasing
exposure time in the experiment, are presented in Fig. 6.

The numerical results demonstrate a marked narrowing of SC spectrum as
the density of the impurities increases. Of course, inclusion of color centers in
the numerical model in that way, is a very simple approximation, since color
center-induced modifications of relevant material properties, e.g., linear and
nonlinear refractive indexes and dispersion were not considered. Nevertheless,
even this simple numerical approach gives a fair agreement with experimentally
recorded spectral dynamics. Therefore the following qualitative mechanism how
color centers act on the width of SC spectrum could be unveiled. Since the
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Figure 6: Numerically simulated SC spectra in NaCl with different impurity densities pr that
mimic the effect of color center absorption.

absorption band of color centers (F-centers, in the present case) does not overlap
with SC spectrum, they do not absorb the SC radiation directly. This suggests
that color centers absorb the input pulse energy via multiphoton absorption.
The observed shrinking of SC spectrum is then explained by reduction of the
effective material bandgap through formation of color center absorption band,
which results in a decrease of clamping intensity and thus an increase of the
limiting filament diameter, which in turn yield a narrower SC spectrum [11].
Multiphoton absorption of color centers readily produces a larger number of free
electrons, which are then accelerated via inverse Bremsstrahlung and avalanche,
and thus participate in further production of color centers. This lasts until the
process reaches a certain equilibrium between the production and annihilation
of color centers.

4. Conclusions

In conclusion, we experimentally studied SC generation in NaCl and KBr
samples pumped by femtosecond mid-infrared laser pulses, in the absence and
in the presence of color centers. Almost three octave-spanning SC spectra were
recorded in these materials in the absence of color centers, as the samples were
continuously translated during the measurement. In contrast, in the static
setup, color centers in both materials are produced very quickly, resulting in
a considerable reduction of the SC spectral widths and energy transmittances.
The narrowing of SC spectrum in NaCl was simulated numerically using a sim-
ple phenomenological model of color centers, which considers them as impurities
with an energy bandgap of 2.7 eV that corresponds to the F-center absorption
band centered at 460 nm.

These results suggest that alkali metal halide crystals, such as NaCl and
KBr may serve as potentially attractive nonlinear materials for multi-octave SC
generation in the mid-infrared, however, a special care has to be taken to reduce
the effect of color centers, which evolve on a very fast time scale (the estimated

115



204

205

206

207

208

209

210

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

228

229

230

232

233

234

235

236

237

238

239

240

energy decay rates were few seconds at 500 Hz repetition rate). In particular,
these effects should be taken into account considering the nonlinear propagation
of very high power laser pulses with carrier wavelengths in the mid-infrared,
where e.g., NaCl is considered as an attractive material for self-compression due
to suitable nonlinear and dispersive properties [39].
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Abstract: We demonstrate that polycrystalline strontium barium niobate (SBN) serves as
an excellent nonlinear material for supercontinuum generation in the near- and mid-infrared,
as pumped by femtosecond pulses in the regions of its normal, zero and anomalous group
velocity dispersion. We also show that broadband, octave-spanning planar second harmonic
emission generated via random quasi phase matching usefully serves to precisely monitor
focusing/refocusing cycles of a filament and to determine position of the nonlinear focus in
particular, which was used to estimate the nonlinear index of refraction of the material applying
the Marburger‘s law. The measured n, values are remarkably large: 44 + 7 x 107'¢ cm?/W at
1.2 um, 81 23 x 1071 cm?/W at 2.0 ym and 100 + 15 x 1071 cm?/W at 2.4 um, and thus
imply very low energy (below 100 nJ) and power (below 1 MW) thresholds for filamentation and
SC generation in the infrared spectral range.

© 2020 Optical Society of America

1. Introduction

Random quasi phase matching in disordered materials with second-order nonlinearity opens
interesting perspectives in broadband frequency conversion of ultrashort light pulses [1]. A
possibility to phase match virtually any wavelength that falls into the transparency range of
these materials is provided by a natural disorder of orientations and grain-size distribution of
individual crystallites [2]. To this end, polycrystalline zinc-blende semiconductors, such as
ZnSe and ZnS, which are optically isotropic but possess second-order nonlinearity due to 43m
symmetry, emerge as very attractive nonlinear materials. The frequency conversion processes
in these materials become particularly efficient in the femtosecond filamentation regime due to
high achieved intensity and localization of the pump, yielding ultrabroadband, multiple octave-
spanning supercontinuum, whose short-wavelength side is remarkably extended by overlapping
harmonics spectra, right down to the transparency edge [3-9].

Polycrystalline strontium barium niobate (SBN) is another interesting nonlinear material that
can be used for various nonlinear optical processes at multiple wavelengths, including second
and third harmonic generation without the need of angle or temperature tuning [10]. SBN is
ferroelectric negative uniaxial crystal with an energy bandgap of 3.4 eV. The crystal is transparent
in the 0.45 — 5.5 um wavelength range [11] and has zero group velocity dispersion wavelength at
1.96 um [12]. In contrast to polycrystalline zinc-blende semiconductors, polycrystalline SBN
consists of birefringent needle-like randomly distributed ferroelectric domains whose widths vary
between a few nanometers and a few micrometers and whose lengths are of a few hundreds of
micrometers [13]. Broadband second and third harmonic generation in polycrystalline SBN was
widely studied regarding harmonic spatial patterns, speckle structure, statistics and polarization
properties [14-24]. Eventually, these studies resulted in practical applications, demonstrating
adjustment-insensitive techniques for characterization of ultrashort light pulses [25-27]. However,
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the nonlinear effects related to the third-order nonlinearity in SBN have not been explicitly
addressed so far.

In this Paper we study filamentation and supercontinuum generation in polycrystalline SBN
with femtosecond near and mid-infrared laser pulses, whose carrier wavelengths fall into the
ranges of normal, zero and anomalous group velocity dispersion (GVD) of the crystal. We
show that planar second harmonic generation usefully serves to visualize and monitor precisely
filamentation dynamics, allowing to accurately establish the position of nonlinear focus and to
determine the nonlinear index of refraction using Marburger‘s law.

2. Material properties and experimental setup

The experiment was performed using near-infrared femtosecond pulses from a commercial
optical parametric amplifier (Topas-C, Light Conversion), which was pumped by an amplified
Ti:sapphire laser system (Spitfire-PRO, Newport-Spectra Physics) at a 500 Hz repetition rate.
The experimental setup is schematically depicted in Fig. 1(a). The beam was focused using a
f = +100 mm BaF, lens (L) into the front face of undoped unpoled polycrystalline SBN:61
(Srg.61Bag 39Nb20¢) sample with dimensions of 5 X 5 X 5 mm.

(a)

planar SH
propagation direction image acquisition

Fig. 1. (a) Experimental setup, see text for details. (b) Orientation of the crystal,
its principal axes and pump polarization with respect to propagation direction. (c)
Acquisition of planar SH images.

The input pulse energy was adjusted using a variable neutral density filter (VF) and measured
with a calibrated PbSe photodetector using a reflection from a metallic filter (MF). The output
spectra were recorded with a 4f system consisting of a pair of silver-coated parabolic mirrors
PM,; and PM,, which were used to image the output face of the crystal onto the entrance slit
of a home built scanning prism spectrometer (SPS) with Ge and InAsSb photodetectors, which
allowed to perform spectral measurements in the 0.6 — 5.8 um wavelength region.

In our study we used three different incident wavelengths of 1.2 um, 2.0 ym and 2.4 ym,
which fall into the normal, zero and anomalous GVD regions of the material, respectively. The
focal spot sizes of the input beams and corresponding pulse durations were slightly different
for the three chosen wavelengths and are listed in Table 1, which also presents the respective
refraction indices and GVD coefficients of the crystal. The crystal orientation with respect to
the propagation direction of the beam is depicted in Fig. 1(b). In this configuration, the input
pulse with a wavelength of 1.2 um (the signal wave of the optical parametric amplifier) had an
extraordinary polarization, while the input pulses with wavelengths of 2.0 um and 2.4 um (the
idler waves) had ordinary polarizations. Such crystal orientation ensured that second harmonic
(SH) is emitted in the direction perpendicular to the incident beam [17]. Images of planar SH
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Table 1. Summary of relevant input beam/pulse and material parameters. 4, is the
pump wavelength, 7 is the pulse width, wy is the 1/ €2 radius of the focal spot at the
crystal input, n is the refractive index (note different polarizations), g is the GVD

coefficient.
Ap (um) 1.2 2.0 2.4
polarization e o 0
7 (fs) 85 95 125
wo (um) 36 54 53
no 2.216 2.211 2.198
g (fs?/mm) +243 -14 -180

radiation were taken using a Nikon D7200 DSLR camera mounted above the polished top side of
SBN crystal, as schematically illustrated in Fig. 1(c).

3. Results and discussion

Large nonlinear index of refraction of SBN crystal, n, = 52.4 x 1071% cm?/W at 1064 nm [28], im-
plies very low (0.14 MW) critical power for self-focusing at that wavelength; Pe; = 3.774% /87ngns.
Indeed, the onset of filamentation was experimentally detected with pump pulse energies less
than 100 nJ and sub-MW peak powers: 32 nJ (0.35 MW) at 1.2 um, 54 nJ (0.53 MW) at
2.0 um and 74 nJ (0.56 MW) at 2.4 um, as verified by the onset of spectral broadening and
beam filamentation; the latter was visualized by the emergence of intense spot in the planar SH
emission from the filament site.

—60nd —90nJ —90nJ
. 1OUF T T T , \ T T |
S ! f I
o 107 ! ' / \ 4
(:“, |’ ! AL '.
= 10% ! \| 1 ) : ! ]
2 | " \
2 10° ! I ! | 1
< T P \
10* A ! L 1 .
0.8 1.2 1.6 2.0 24 2.8 3.2

Wavelength (um)

Fig. 2. Supercontinuum spectra generated in SBN using pump pulses with carrier
wavelengths of 1.2 um (black curve), 2.0 um (red curve) and 2.4 pum (blue curve). The
energies of the pump pulses are indicated on the top. The input spectra are depicted by
dashed curves.

Figure 2 compares the SC spectra in polycrystalline SBN generated in the ranges of its normal,
zero and anomalous GVD. The pump pulse energies were set slightly above the threshold energies
for filamentation, where blue-shifted broadenings of the spectra saturate and no refocusing of the
filament is observed. Smooth, more than an octave-spanning SC spectra in the wavelength ranges
of 0.8 — 1.81 um, 1.04 — 2.5 ym and 1.0 — 3.32 um (defined at the 10~ intensity level) were
obtained using pump pulses with carrier wavelengths of 1.2 um, 2.0 ym and 2.4 um, respectively.
These results affirm the general consideration that nonlinear polycrystalline materials as well as
single crystals with a narrow energy bandgap, such as silicon and mixed thallous halides, usefully
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serve for the generation of infrared SC, see e.g. [29] for a review and [30-32] for more recent
results.

10°

10"

10°

E (nJ)

E (nJ)

E (nJ)

012345
z (mm)

Fig. 3. (a,c,e) Composite images of SH traces and (b,d,f) related dynamics of spectral
broadening as functions of the pump pulse energy in the cases of normal (1.2 pm), zero
(2.0 um) and anomalous (2.4 um) GVD.

Figure 3 shows filamentation and SC generation dynamics in more detail by collation of the
images of SH traces and related spectral evolutions as functions of the input pulse energy in
the cases of normal, zero and anomalous GVD. The energy ranges for each input wavelength
were chosen to preserve a single filament propagation regime and to avoid the occurrence of
multiple filamentation. Planar SH generation in pollycrystaline SBN is a well known phenomenon
occurring due to the random distribution of the needle-like domains, which provides a continuous
set of reciprocal grating vectors that satisfy the phase matching conditions for a wide range of
spectral components [10, 17]. The series of SH images depicted in Figs. 3(a), 3(c) and 3(e)
reveal that such broadband SH emission closely follows the intensity distribution along the light
filament and can be readily used to monitor filamentation dynamics similarly to a more common
method of filament visualization based on filament-induced luminescence observed in various
single crystals, see e.g. [33-35].

It is very clear that the occurrence of intense planar SH emission manifests the onset of
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filamentation, which is also justified by an explosive broadening of the spectrum. The most
intense part of the SH trace maps the position of the nonlinear focus, which first appears at the
end of the sample and thereafter shifts toward its input face as the energy of the pump pulse
increases. The intensity variation along the SH trace also nicely captures filament refocusing at
elevated pump pulse energy, which is indicated by the emergence of a secondary intensity peak in
the SH trace which correlates with a secondary boost of spectral broadening and the occurrence
of interference pattern in the SC spectrum, very clearly visible with 1.2 um and somewhat less
pronounced with 2.0 um and 2.4 um pump pulses.

To summarize the observed spectral dynamics presented in Fig. 3, the spectral broadening
versus the input pulse energy shows several interesting features, which are quite general from the
point of view of underlying physics. First, an apparent shrinking of the SC spectra (especially
well-pronounced on the short wavelength side) is observed before the filament refocusing takes
place in all investigated cases. This spectral shrinking is attributed to the defocusing and
absorption of free electron plasma that push a large portion of the pulse energy out of the
propagation axis after the first nonlinear focus, see [35] for details. Second, each refocusing cycle
in the cases of zero (2.0 um) and anomalous (2.4 um) GVD precedes the constant red shift. Such
spectral behavior was also observed in various nonlinear media (CaF, and LiF single crystals
and fused silica, see [36]), and was attributed to the periodic breathing of the light bullet, i.e.
the self-compressed pulse that emerges due to the interplay between self-phase modulation and
anomalous GVD. The same consideration applies also to the case of zero GVD, where the pulse
splitting takes place, and the spectrum of the trailing sub-pulse that is responsible for the red
shift, falls into the range of anomalous GVD of the crystal.

Notice that no SH emission in the direction of filament propagation is detected, except in
the case of 2.4 um pumping, see Fig. 3(f), where a very weak SH emission centered at 1.2 ym
is observed before the spectral broadening starts. Almost identical SC spectra and spectral
dynamics versus the pump pulse energy (not shown here) were recorded with ordinarily polarized
pump pulse at 1.2 um and extraordinarily polarized pump pulses at 2.0 um and 2.4 um, i.e.
when the crystal was rotated by 90° in the plane perpendicular to the beam propagation direction,
setting needle-like domains vertically; please refer to Fig. 1(b).
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Fig. 4. Photographs of representative SH traces and SH spectra recorded with a fiber
spectrometer using (a) 1.2 um, 85 nJ and (b) 2.4 um, 408 nJ pump pulses.
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The SH traces produced by filamentation of the pulses with central wavelengths of 1.2 um,
2.0 ym and 2.4 um appear in different colors. Figure 4 compares the spectra of planar SH
emissions produced by filamentation of 1.2 ym and 2.4 um pulses and measured with a fiber
spectrometer (Ocean Optics QE65000). Figure 4(a) shows the recorded SH spectrum produced
with the pump wavelength of 1.2 um. The SH spectrum spans the wavelength range from 480 to
800 nm and represents an almost exact replica of the entire SC spectrum with the peak spectral
intensity at 600 nm, which is the second harmonic of the pump. With the pump wavelength
of 2.4 um, the SH spectrum covers the wavelength range from 460 nm to 970 nm, which is
the long-wave detection limit of the spectrometer, see Fig. 4(b), attesting that such broadband
SH emission is produced by frequency doubling of the blue-shifted part of the SC spectrum.
An interesting variation of color along the SH trace indicates the propagation distances at
which the particular spectral components of the SC have the highest intensities. This feature
is particularly well pronounced in the case of 2.0 um pumping, see Fig. 2(c). These spectral
measurements demonstrate extremely wide, an octave-spanning conversion bandwidth of SH
generation provided by random quasi phase matching.

Series of SH emission traces shown in Figs. 3(a), 3(c) and 3(e) were further exploited in
order to determine the nonlinear refractive index of the material. In doing so, each SH trace was
converted into greyscale and integrated along the height of the image. The position of the first
intensity maximum (that appears closest to the input face of the crystal) was considered to be the
nonlinear focal point. Thereafter the retrieved datasets of positions of the nonlinear foci versus
the pump energy (power) for each pump wavelength were fitted using Marburger*s empirical
formula for the position of nonlinear focus [37]:

0.367 zr

of = ) (1)
o VI(P/Ps)/? —0.852]2 - 0.0219

where zg = nnow% /A is the Rayleigh (diffraction) length of the input Gaussian beam with a
radius wy, P is the power of the pump and P, is the critical power for self-focusing.

The results for the pump wavelengths of 1.2 ym, 2.0 ym and 2.4 ym are summarized in
Fig. 5, which shows the retrieved positions of experimental nonlinear foci versus the pump pulse
energy and power and the respective best fits using Eq.(1). The fitting procedure was performed
taking the radii of input beams and pulse durations from Table 1. However, the best fits were
obtained using the radii of the input beams as additional free parameters, yielding 1/¢* beam
radii of 26 yum, 43 pym and 44 pm for the input beams with carrier wavelengths of 1.2 um,
2.0 um and 2.4 um, respectively. These systematically smaller beam sizes may be attributed to
a slightly elliptical shapes of the input beams and unknown amounts of the chirp of the input
pulses, which both could slightly alter the position of the nonlinear focus [38]. The best fits
yielded the following values of nonlinear refractive indexes: 44 + 7 x 10716 cm?/W at 1.2 um,
81 +23 x 10716 cm?/W at 2.0 um and 100 + 15 x 10716 cm?/W at 2.4 um.

The obtained n; value at 1.2 um compares favorably with the previously reported value of
52.4 x 10710 cm?/W at 1064 nm [28], however, much larger n, values obtained at 2.0 ym and
2.4 um look quite surprising. Indeed, these large values appear in stark contrast with what
can be expected from a general dispersion law of n,, suggesting the maximum n; value around
the edge of two photon absorption (~ 730 nm for SBN) and gradual decrease of ny toward
longer wavelengths [28]. This result can not be explained by the contribution of the cascaded
nonlinearity due to phase-mismatched SH generation, as the wavevector mismatch for any type
of possible three-wave interaction, see [18], for the wavelengths of interest is always positive,
so suggesting that the contribution of the cascaded nonlinearity to effective n is negative. On
the other hand, these large n, values are confirmed by very low beam powers for filamentation
and SC generation thresholds determined experimentally for pump wavelengths of 2.0 yum and
2.4 um.
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Fig. 5. (a) The positions of the nonlinear foci versus the pump pulse energy (dots) and
the best fits using Marburger‘s formula (curves) for the pump wavelengths of 1.2 um
(black), 2.0 um (red) and 2.4 um (blue). (b) the same data represented in terms of a
peak power and used for estimation of n5.

4. Conclusions

In conclusion, we demonstrated that SBN crystal serves as an efficient nonlinear medium
for SC generation in the infrared spectral range. More than an octave-spanning infrared SC
spectra were produced with reasonably low pump energies (powers), in the ranges of normal,
zero and anomalous GVD of the crystal. We also show that random quasi phase matching in
polycrystalline SBN provides an extremely broad, octave-spanning bandwidth for planar SH
generation. Moreover, we demonstrate that broadband planar SH emission precisely maps the
intensity distribution along the filament of light, and so could be used to visualize the entire
self-focusing and filamentation dynamics. This feature was exploited for determination of the
nonlinear index of refraction of SBN at 1.2 ym, 2.0 um and 2.4 um.
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We experimentally study filamentation and supercon-
tinuum generation in bulk silicon crystal using fem-
tosecond mid-infrared pulses with carrier wavelengths
in the range of 3.25 — 4.7 ym, in the presence of three,
four and five photon absorption. Spectral measure-
ments show a fairly stable blue-shifted cut-off in the
2.5 — 2.7 ym range and gradual increase of the long-
wave extent with increasing wavelength of the incident
pulses, eventually yielding an octave-spanning super-
continuum, covering the wavelength range from 2.5 to
5.8 ym with the input pulses at 4.7 ym. The recorded
spatiotemporal intensity distributions of a single fila-
ment revealed pulse splitting after the nonlinear focus,
in line with the pulse splitting-based filamentation sce-
nario inherent to normally dispersive dielectric nonlin-
ear media.

© 2019 Optical Society of America

http:/dx.doi.org/10.1364/20.XX. XXXXXX

Since its discovery in 1995 [1], femtosecond filamentation in
bulk transparent materials attracts a great deal of fundamental
and practical interest. Femtosecond filamentation is a univer-
sal phenomenon that shares common features regardless of the
physical state (solid, liquid or gas) of the nonlinear medium. The
underlying physics of femtosecond filamentation is generally
complex, as it involves an intricate coupling between spatial and
temporal effects: self-focusing, self-phase modulation, multipho-
ton absorption/ionization, generation of free electron plasma,
diffraction and material dispersion [2]. As a result, in the space
domain, the beam reshapes into a narrow light string, that is
able to propagate over extended distances. In the time domain,
the pulse undergoes either splitting if the material group ve-
locity dispersion (GVD) is normal or compression in the range
of anomalous GVD. These temporal transformations result in
pulse front steepening, which in turn gives rise to a dramatic
broadening of the spectrum, termed supercontinuum (SC) gener-
ation [3]. So far, most of the knowledge on the topic comes from
the studies of filamentation in transparent dielectric materials
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[2]. As compared to solid-state dielectrics, semiconductors pos-
sess smaller bandgaps, but at the same time much larger cubic
nonlinearities, considerable free carrier absorption, etc., which
eventually may suggest a different balance between the relevant
governing effects leading to filamentation and spectral broad-
ening. The feasibility of semiconductor materials to produce
an appreciable spectral broadening and SC generation in the
mid-infrared was experimentally demonstrated with picosecond
laser pulses more than 30 years ago [4]. By virtue of the optical
parametric amplification and frequency down-conversion tech-
niques, which made femtosecond and even few optical cycle
pulses in the mid-infrared routinely available, semiconductor
crystals are currently receiving attention as interesting nonlinear
materials for hosting filamentation phenomena. To date, fem-
tosecond filamentation, spectral broadening, and eventually SC
generation was studied in bulk semiconductor crystals, such as
GaAs [5-8], ZnS [9, 10] and ZnSe [10-14], unveiling filamenta-
tion scenarios that lead to pulse compression and multioctave
SC generation, that provides a broad coverage of mid-infrared
wavelengths.

Owing to cubic crystal symmetry and very large nonlinearity
[15, 16], silicon is identified as one of the most important semi-
conductor materials in the rapidly emerging field of nonlinear
photonics for applications in the mid-infrared spectral region
[17-19]. More than octave-spanning femtosecond SC genera-
tion was reported in various geometries and modifications of
highly nonlinear dispersion-engineered silicon waveguides, see
e.g. [20-22] and soliton compression was observed in silicon
photonic crystals [23]. However, the investigations of nonlinear
propagation of femtosecond laser pulses in bulk silicon have
been limited to the studies of plasma generation, free carrier
dynamics, energy deposition and material modification effects
with near-infrared wavelengths, mostly in the regime of two
photon absorption [24-28].

In this Letter, we report on filamentation and supercontin-
uum generation in bulk undoped silicon sample with femtosec-
ond mid-infrared laser pulses. Relevant filamentation param-
eters: energy thresholds, dependence of the SC spectral width
on the incident wavelength and spatiotemporal intensity distri-
butions showing pulse splitting, have been measured with the
incident wavelengths of 3.25, 3.6, 4.0 and 4.7 ym in the regimes
of single and multiple filamentation.

The experimental setup is schematically depicted in Fig. 1.
The mid-infrared pulses were produced by the difference fre-
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Fig. 1. Schematic of the experimental setup. See text for de-
tails.

quency generation (DFG) between the signal and idler outputs
of the Ti:sapphire laser-pumped optical parametric amplifier
OPA (Topas-Prime, Light Conversion Ltd.) in a 1 mm-thick KTA
crystal. The residual signal and idler radiation was filtered out
by a dichroic mirror (DM), and the DFG beam was focused with
a BaF; lens L (f = +100 mm) into the focal spot of 70 — 85 ym
FWHM diameter (depending on the wavelength), which was
located on the input face of an uncoated silicon sample (Si) of
6.4 mm thickness. The pulse energy was varied using a vari-
able density metal-coated filter VDF (NDL-25C-2, Thorlabs Inc.),
which was inserted in the path of the idler wave. The nonlinear
transmittance measurements were performed with calibrated
detectors D1 (PbSe) and D2 (pyroelectric), used to simultane-
ously monitor the incident (taken as a reflection from thin ZnSe
plate, RP) and transmitted energies, respectively. The intensity
profile of the output beam was measured by imaging the out-
put face of the sample with 4x magnification by means of a
pair of Ag-coated parabolic mirrors (PM) in a 4f configuration
onto a micro-bolometric camera MBC (WinCamD, FIR2-16-HR,
pixel size 17 um). The spectral measurements were performed
using a home-built scanning prism spectrometer with InAsSb
detector, providing an effective detection range of 0.8 — 5.8 ym.
The spatiotemporal profiles of the filament were measured by
means of spatiotemporal imaging technique based on recording
spatially resolved cross-correlation function via sum-frequency
generation between the object pulse and a 27 fs reference pulse
at0.72 ym from a second harmonic (SHG) pumped non-collinear
optical parametric amplifier NOPA (Topas-White, Light Conver-
sion Ltd.). For this purpose we used type I phase matching BBO
crystal of 20 um thickness, which provided phase matching and
reasonable transparency for the mid-infrared wavelengths of
interest [29]. The spatiotemporal intensity distribution of the fil-
ament was reconstructed by merging a series of cross-correlation
images recorded by varying the time delay between the object
and the reference pulses. The central wavelengths of the in-
put pulses were chosen so as to access filamentation regimes in
the presence of three (3.25 ym), four (3.6 and 4.0 ym) and five
(4.7 pm) photon absorption, respectively, see Table 1. The mea-
sured durations of the input pulses at these wavelengths were
57, 60,126 and 106 fs, respectively. Almost twice longer pulses at
the latter two wavelengths were caused by the increased group
velocity mismatch between interacting pulses in the DFG crystal.

Figure 2 shows the measured nonlinear transmittance of
a 6.4 mm-thick silicon sample versus the input pulse energy
for the chosen input pulse wavelengths of 3.25, 3.6, 4.0 and
4.7 ym. Beside multiphoton absorption, the nonlinear losses are
also contributed by the absorption of free carriers via inverse
Bremsstrahlung that in turn increases the density of the free car-
riers via avalanche ionization and is most efficient in the vicinity
of the nonlinear focus. Initial free carriers may also contribute

Table 1. Relevant linear and nonlinear parameters of silicon at
the wavelengths of interest. 11y and g are the linear refractive
index and the GVD coefficient, respectively; data from [17].

K = (Eg/hwp) + 1 is the order of multiphoton absorption,
where Eg = 1.12 eV is the bandgap of silicon and hiwy is the
photon energy. X and n, are the multiphoton absorption
coefficient and the nonlinear refractive index, respectively;
data from [15]. Por = 0.15A2/ngn; is the critical power for
self-focusing.

A (pm) 3.25 3.60 4.00 4.70
1y 3.441 3438 3436 3433
g (fs?/mm) +494 +444 +398 +337
K 3 4 4 5
K 2 x 35 x 3 x 8 «x
(em2K-3/GWK-1) 103 104 105 107
1y (x1071 270 270 270 270
cm?/W)
Per (MW) 0.17 0.21 0.26 0.36
2=3.25 um 2=3.60 um
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Fig. 2. Experimentally measured nonlinear transmittance and
evaluated fractional losses (bottom row) of a 6.4 mm thick
silicon sample versus the input pulse energy. The energies
corresponding to distinct maxima of fractional losses indicate
filamentation thresholds.

to the nonlinear losses, however, in undoped silicon at room
temperature their concentration is very low, 9.7 x 107? em—3
[30], and thus their effect on the energy losses is expected to be
negligibly small. Superimposed on the transmittance plots are
the evaluated fractional losses (—dT/dE), where T and E are the
transmittance and pulse energy, respectively. As the rate of the
nonlinear absorption peaks at the nonlinear focus of the beam,
where the highest intensity is achieved, the distinct maxima of
the fractional losses indicate that the nonlinear focus is located
right at the output face of the sample, so readily providing the
threshold energies for filament formation. Owing to large non-
linear index of refraction, 1, = 2.7 x 10~ cm? /W, which is
constant in the wavelength range of interest [15], the measured
filamentation thresholds were remarkably low: 55 nJ at the inci-
dent wavelength of 3.25 ym, 50 nJ at 3.6 #m, 85 nJ at 4.0 ym and
110 nJ at 4.7 um. Here and later in text the input pulse energies
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Fig. 3. SC spectra at the output of a 6.4 mm-thick silicon sam-
ple, measured in the regimes of single (black solid curves) and
multiple (gray dashed curves) filamentation. The input pulse
spectra are depicted by dotted curves. Insets show the near-
field fluence profiles of single (top insets on each panel) and
multiple (bottom insets) filaments.

are given by subtracting Fresnel losses from the front face of the
sample.

Figure 3 shows the SC spectra produced by filamentation of
the pulses with carrier wavelengths of 3.25, 3.6, 4.0 and 4.7 ym.
The black solid curves show the SC spectra recorded with the
input pulse energies of 160, 170, 185 and 210 nJ, respectively,
which were set to produce a stable blue-shifted cut-off and a sin-
gle filament at the sample output, as illustrated in the insets. The
generation of broader SC spectra with increasing the input wave-
length confirms the general trend of the increase of the spectral
blue shift from the carrier wavelength with increasing the order
of multiphoton absorption from 3 to 5 [31]. The measured blue-
shifts of the SC spectra lie in the range of 2.5 — 2.7 ym and are
almost regardless of the input pulse wavelength, so confirming
that the main factor that limits the SC cut-off on the short-wave
side is the material GVD [32]. This also explains why the SC
spectra generated with shorter wavelengths (3.25 and 3.6 ym)
are basically red-shifted. Therefore these results suggest that the
spectral extent of the SC in semiconductor crystals is defined
by the same limiting factors as in dielectrics. The broadest SC
spectrum covering the 2.5 — 5.8 ym wavelength range (at the
10~* intensity level), whose width corresponds to more than
an optical octave, is produced with the input pulses at 4.7 ym.
Also notice a distinct signature of atmospheric CO, absorption
around 4.25 um that is clearly visible in all SC spectra. The
general trends of the spectral broadening were maintained in
the multiple filamentation regime. The gray dashed curves de-
pict the SC spectra recorded with elevated input pulse energies
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(625 nJ at 3.25 ym, 900 nJ at 3.6 um, 690 nJ at 4.0 yum and 850
nJ at 4.7 ym). With the input wavelengths of 3.25 and 3.6 ym,
slightly broader SC spectra with larger red shifts were generated,
whereas the SC spectra produced by longer wavelengths were
essentially of the same width, as produced by a single filament.
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Fig. 4. Spatiotemporal intensity distributions of the input and
output wave packets at 3.6 ym (left column) and 4.7 ym (right
column), recorded with the input pulse energies slightly below
and slightly above filamentation thresholds.

Figure 4 presents the spatiotemporal intensity distributions of
the single filaments with carrier wavelengths of 3.6 and 4.7 ym,
which were measured by varying the input pulse energy around
the threshold values for filamentation (50 and 110 nJ, respec-
tively). Since the sample length was fixed, such energy varia-
tion allowed capturing the spatiotemporal profiles of the wave
packet virtually before and after the nonlinear focus. The left
column of Fig. 4 shows how the incident Gaussian-shaped (in
space and time) pulse with a duration of 60 fs and a central
wavelength of 3.6 ym [Fig. 4(a)] shrinks in the spatial dimension
due to self-focusing, while approaching the nonlinear focus (the
input pulse energy 45 nJ), as depicted in Fig 4(b). At the same
time, the pulse experiences broadening in time due to material
GVD (the calculated dispersion length of 60 fs pulse at 3.6 ym
is ~ 3 mm) as well as due to four photon absorption that acts
mainly on the pulse top. Figure 4(c) presents the spatiotempo-
ral intensity distribution of the wave packet after it passes the
nonlinear focus (the input pulse energy 55 nJ), showing splitting
of the pulse on the propagation axis (r = 0) that is accompanied
by formation of a ring-like structure in the central part of the
pulse, seen as elongated stripes parallel to the propagation axis
if projected in the r,t plane. The recorded transformations are
very much in line with spatiotemporal dynamics of femtosec-
ond filaments in normally dispersive dielectric materials, see e.g.
[33]. Qualitatively very similar spatiotemporal transformations
were captured with the input pulses having a duration of 106
fs and a central wavelength of 4.7 um, whose spatiotemporal
intensity distribution is shown in Fig. 4(d). The input pulse ener-
gies of 100 and 130 n] were used for recording the representative
spatiotemporal intensity distributions of the wave packet before
and after the nonlinear focus, respectively. In the present case,
the dispersive broadening of the pulse before the nonlinear focus
was much smaller due to longer input pulse duration and lower
material dispersion (the calculated dispersion length of 106 fs
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pulse at 4.7 ym is ~ 12 mm). On the other hand, the effects
related to filament-induced plasma become more pronounced
as the cross-section for inverse Bremsstrahlung scales as A2 [34].
Before the nonlinear focus, the wave packet develops a faint
conical tail, seen as V-shaped structure in the 7, plane in Fig. 4(e)
that is attributed to plasma absorption and defocusing of the
trailing part of the pulse. The conical tail persists also after the
nonlinear focus, where the pulse splitting occurs, as shown in
Fig. 4(f). Notice that these features are only barely detectable in
Figs. 4(b) and (c).
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Fig. 5. Central cross-sections of the spatiotemporal intensity
distributions of multiple filaments in the (a) x-t and (b) y-t
planes, produced by self-focusing of 60 fs, 900 n] input pulses
at 3.6 ym.

Figure 5 shows the central cross-sections of the spatiotempo-
ral intensity distributions of multiple filaments in the x,t and y,t
planes. Here multiple filaments were produced by launching
60 fs, 3.6 ym pulses with an energy of 900 nJ. The images show
that multiple filamentation yields a complex spatiotemporal
profile, although some relevant details, such as pulse splitting
in the individual filaments could be easily resolved. The inter-
actions between the adjacent filaments result in an occurrence
of skewed structures in the entire space-time domain. These
complex spatiotemporal intensity patterns suggest that an extra
spectral broadening that is measured in the regime of multiple
filamentation, see Fig. 3, is achieved at the cost of loss of spatial
and temporal coherence. As a final note, we should mention
that no optical damage of silicon sample was observed while
performing the experiments at 1 kHz repetition rate.

In conclusion, we detected that the energy thresholds to ob-
serve filamentation phenomena in bulk silicon with femtosec-
ond mid-infrared pulses, are generally below 100 nJ. Octave-
spanning SC spectra were produced with the input wavelengths
of 4.0 and 4.7 um, in the presence of four and five photon ab-
sorption, respectively. Our study revealed that the key physical
effects and the basic features of femtosecond filamentation in
semiconductors, such as pulse splitting in the range of normal
GVD, and the limiting factors that determine the SC spectral ex-
tent (the order of multiphoton absorption and material GVD) are
essentially identical to those in dielectrics. It was also shown that
free carrier absorption does not alter the filamentation dynam-
ics, so supporting the general conclusion of [15] that nonlinear
propagation of very short, femtosecond pulses in silicon is less
affected by free carriers. Overall, our results suggest that bulk sil-
icon is an attractive nonlinear material which may readily serve
for the generation of an octave-spanning SC in the mid-infrared.

This research was funded by the European Regional Devel-
opment Fund and the Research Council of Lithuania, grant No.
01.2.2-LMT-K-718.
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Abstract: We report on supercontinuum generation in silicon carbide (6H-SiC), pumped by
tunable femtosecond pulses in the wavelength range of 1.3 - 2.4 um, which cover the regions of
normal, zero, and anomalous group velocity dispersion of the material. More than an octave
spanning infrared supercontinuum spectra were measured, demonstrating almost constant blue
cut-offs around 0.9 um. Low energy thresholds for supercontinuum generation (depending on
the pump wavelengths, but generally below 200 nJ) were demonstrated due to large nonlinear
refractive index of the material (1, = 97 + 19 x 10716 cm?/W), which was experimentally evaluated
by measurement of the nonlinear transmission at 2.0 um.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Ultrashort, ultrabroadband laser pulses in the near- and mid-infrared spectral region are on demand
for applications in vibrational spectroscopy and for development of optical parametric chirped
pulse amplification and pulse compression techniques [1-5]. Femtosecond supercontinuum (SC)
generation in solid-state media is a unique nonlinear phenomenon which currently serves as a
robust and well-established technique for producing ultrabroadband coherent radiation in the
optical range [6,7]. Typically, supercontinuum generation is performed in wide-bandgap dielectric
crystals, out of these, sapphire and YAG serve as most common and most reliable nonlinear
materials [8,9]. For what concerns supercontinuum generation in sole infrared spectral range,
narrow-bandgap dielectric crystals such as mixed thallous halides (KRS-5 and KRS-6) [10-12],
and strontium barium niobate (SBN) [13] were shown to provide a viable alternative. More than
that, semiconductor crystals have emerged as promising nonlinear materials for that purpose due
to a combination of attractive optical properties such as large nonlinear index of refraction, wider
transparency into the mid-infrared and zero group velocity dispersion (GVD) wavelengths that
are shifted to the longer wavelengths compared to dielectrics. So far, supercontinuum generation
via femtosecond filamentation has been demonstrated in bulk semiconductor crystals such as ZnS,
ZnSe [14-18] and Si [19] where multioctave SC spectra extending from the near- to mid-infrared
range were produced.

Silicon carbide (SiC) is a semiconductor material with high potential for hosting nonlinear
interactions in this spectral region. In nonlinear photonics, SiC, as compared to silicon, has
a considerable advantage due to its more than twice larger bandgap and hence the reduced
nonlinear absorption in the near and mid-infrared spectral range. SiC can be grown in over
200 polytypes with different optical parameters and crystalline structures. However, the three
commonly used and widely available polytypes are 3C-, 4H-, and 6H-SiC, with the former one
being cubic, and the latter two hexagonal, uniaxial crystals. More importantly, 4H-SiC and
6H-SiC possess relatively large second-order nonlinearities [20]. More recently, dispersion
of third-order nonlinearities has been calculated for the three SiC polytypes unveiling a large
nonlinear refractive index, comparable to that of silicon: the obtained values were within the
range from 0.5 to 6.3 x10~'% cm?/W in the 0.5-5 um spectral region [21]. Experiments exploiting

#419234 https://doi.org/10.1364/0OSAC.419234
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large second and third order nonlinearities of SiC demonstrated spectral broadening [22] and
optical parametric oscillation [23] in waveguide and microresonator geometries, respectively, and
broadband difference frequency generation [24] and optical parametric amplification [25] in bulk.

In this paper we study supercontinuum generation in 6H-SiC with femtosecond wavelength
tunable laser pulses. We demonstrate that smooth supercontinuum spectra with fairly stable
cut-off wavelengths around 0.9 pum are generated when tuning the wavelength of pump pulses from
normal to anomalous GVD region of the crystal. We also measure the nonlinear transmission of
the light filament in 6H-SiC sample which is then used to estimate the nonlinear refractive index
of the material at 2 pm.

2. Experimental methods and parameters

The experiments were performed using an optical parametric amplifier (OPA, Topas-Prime, Light
Conversion) pumped by an amplified Ti:sapphire laser system (Spitfire-PRO, Newport-Spectra
Physics). In the experiment either signal or idler wave from the OPA was used, providing the
tuning range of the pump pulses from 1.2 to 2.4 um. The experimental setup is sketched in Fig. 1.
The pump pulses were loosely focused by a BaF; lens (L) with a focal length f = 100 mm onto
the front face of the 5 mm-thick 6H-SiC sample with the optical axis aligned perpendicular to the
propagation direction of the incident beam. Variable neutral density filter (VDF) allowed fine
tuning of the pump pulse energy at the entrance of the sample. The output face of the sample
was imaged onto the input slit of a home built scanning prism spectrometer (SPS) using a pair
of silver-coated parabolic mirrors positioned in a 4f imaging setup. The SPS was equipped
with Si and InAsSb detectors enabling an effective detection range of 0.2 - 5.8 um. For energy
transmission measurements, a fraction of the pump beam energy was reflected from a thin fused
silica plate (P) and directed to a PbSe detector (RD), which served as a reference, whereas the
output beam was directed into a pyroelectric detector (D).

Ti:sapphire

Spectrometer
F——=—
VDF L 6H-SIiC PM

Fig. 1. Schematic of the experiment: VDF - variable neutral density filter, P - fused silica
plate, RD - reference PbSe detector, L - lens, PM - parabolic mirror, D - pyroelectric detector.

Table 1 presents the relevant parameters of 6H-SiC crystal which are compared with other
nonlinear media used for supercontinuum generation in the near to mid-IR spectral range.
6H-SiC possesses a useful combination of linear and nonlinear optical properties: a reasonable
transparency range, large nonlinear refractive index and high optical damage threshold, that could
be readily exploited for observation of filamentation phenomena and SC generation in particular.
First of all, considering the bandgap of 6H-SiC, three to five photon absorption is expected
in the range of available pump wavelengths, thus satisfying the threshold condition (K > 3
where K is the order of multiphoton absorption) for SC generation [26]. Secondly, compared to
YAG, the bandgap of 6H-SiC is a few times smaller, which as a general rule of thumb, indicates
that its optical damage threshold is significantly (around five times) lower. However, this is
outweighed by the fact that the nonlinear index of refraction is expected to be around 15 times
larger than that of YAG, which suggests a much lower critical power for self-focusing and hence
the energy threshold for SC generation. Thirdly, the zero GVD wavelength of 6H-SiC is at 2.1 um
allowing the access to femtosecond filamentation in the anomalous GVD regime, characterized
by simultaneous compression in space and time and light-bullet formation [27], which in turn
yields generation of ultrabroadband, multioctave SC [28,29].
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Table 1. Main parameters of 6H-SiC and some other nonlinear media used for supercontinuum
generation in the near to mid-infrared: E4 is the energy bandgap, T is the transmission range, ng
and ny are linear and nonlinear refractive indexes, respectively, 1q is the zero GVD wavelength, DT
is the optical damage threshold for femtosecond pulses. The bandgap and transmission
parameters together with damage thresholds for Si and ZnSe were taken from [30]. Linear refractive
index values are given for 2 um. 6H-SiC and ZnSe nonlinear refractive index values were estimated
using the van Stryland analysis at 2 um [31]. The references to other parameter values are given in

the table.
Material  Eg (eV) T (um) no Ao (um)  np x 10710 (cm?/W) DT (J/cm?)
6H-SiC 2.6 0.5-4 2.5537(0); 2.5873(e) [24] 2.1 86 0.60 [32]
Si 1.12 1.1-6.5 3.4401 [33] >23 270 [34] 0.55
ZnSe 2.71 0.5-20 2.4318 [35] 48 74 0.53
YAG 6.5 0.21-5.2  1.8005 [36] 1.6 6.2[37] 3[38]

3. Results and discussion

Figure 2 shows the dynamics of spectral broadening versus the pump pulse energy measured using
93 fs pulses with a central wavelength of 2 um, which falls close to the zero GVD wavelength
of 6H-SiC. An explosive spectral broadening is observed above the threshold energy of 73 nJ,
where a smooth SC spectrum spanning almost the entire near-IR spectral region and extending
into the mid-infrared is produced. The low SC generation energy threshold is determined by
the large nonlinear refractive index of 6H-SiC, see Table 1. A fairly constant width of the SC
spectrum is maintained with further increase of the pump pulse energy, until a second burst of
spectral broadening is observed at approximately 180 nJ, accompanied by spectral modulation
that indicates the refocusing of the filament.

0
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Energy (nJ)

Fig. 2. Measured dynamics of spectral broadening in 6H-SiC crystal recorded with 93 fs,
2 um pump pulses as a function of pulse energy. Logarithmic intensity scale is used in order
to highlight fine spectral features.

Below the SC generation threshold, a faint but clearly distinguishable signal with a center
wavelength around 1 um is observed, which is attributed to phase-mismatched second harmonic
generation. Since 6H-SiC is a positive uniaxial crystal, the pump pulse polarization was
intentionally set to be ordinary to minimize second harmonic generation in order to avoid spectral
"contamination". It should be noted that at the OPA output the signal (1.3 and 1.5 um) and the
idler (2.0 and 2.4 um) waves are of orthogonal polarizations due to type-II phase matching in
the OPA crystal. Therefore, the polarization of the idler wave was rotated by 90 degrees (by
means of a periscope) to be identical to that of the signal wave (to be ordinarily polarized in
6H-SiC sample) in order to have the same SC pump polarization that suppresses second harmonic
generation with all used pump wavelengths.

Figure 3 presents the SC spectra measured with four different wavelengths: 1.3, 1.5, 2.0 and
2.4 um, and using pump pulse energies of 55, 70, 90 and 180 nJ, respectively, at which the spectral
broadening saturates without filament refocusing. Notice an apparent change of the width and the
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shape of SC spectra from the red-shifted to symmetric and eventually to the blue-shifted, when
the pump wavelength is tuned from normal to anomalous GVD regions of the nonlinear material
[the zero GVD wavelength is 2.1 um, see Fig. 4(a)]. More specifically, with 1.3 um pump pulses,
the measured SC spectrum exhibits a red-shift and covers the wavelength range from 0.85 to
2.13 um, as evaluated at the 10™* intensity level, see Fig. 3(a). A slightly broader and symmetric
SC spectrum in the wavelength range of 0.87-2.40 um was produced with 1.5 um pump pulses, as
shown in Fig. 3(b). The broadest SC spectra with strongly pronounced blue-shifts were measured
in the regions of near-zero and anomalous GVD, with pump wavelenghts of 2.0 and 2.4 um,
as illustrated in Figs. 3(c) and 3(d), respectively. In the first case, the SC spectrum covers the
0.91-2.75 wm wavelength range, while in the latter case the SC spectrum extends from 0.92 to
3.21 um and spans 1.8 optical octaves. The shapes of all measured SC spectra are smooth and do
not contain any significant dips or detached peaks. Also note the generally low energies of the
pump pulses (varying from 55 to 180 nJ) required to achieve a fully evolved spectral broadening
without the onset of filament refocusing. The apparent increase of the pump pulse energy with
the wavelength follows fairly well the square wavelength dependence of the critical power for
self-focusing.
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Fig. 3. Supercontinuum spectra generated in 6H-SiC using pump pulses with wavelengths
of (a) 1.3 um, (b) 1.5um, (c) 2.0 um, and (d) 2.4 um. The energies of the pump pulses are
indicated within the figures. The input spectra are depicted by grey dashed curves.

The results are summarized in Fig. 4. Figure 4(a) illustrates the GVD curve of 6H-SiC,
indicating the wavelengths at which the whole set of spectral measurements was performed.
Figure 4(b) shows the measured SC blue-shifts defined at the 10~* intensity level as a function
of the pump pulse wavelength. The increase of the spectral blue shift with the increase of the
pump wavelength could be attributed to a higher value of the clamped intensity, as the order of
multiphoton absorption gradually increases from 3 at 1.3 um to 5 at 2.4 um [26].

Finally, in order to obtain an experimental nonlinear refractive index value, we have measured
the energy transmission through 6H-SiC sample of 5 mm thickness. The transmission is affected
by the nonlinear losses (multiphoton absorption and absorption by the free electron plasma), which
increase significantly as the intensity of pump beam increases due to self-focusing, and which are
the largest at the nonlinear focus. Therefore, the peak of the fractional losses (-dT/dE) derived
from the transmission curve may be used to accurately determine the onset of filamentation,
see [10] for details. The normalized energy transmission curve measured using pump pulses
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Fig. 4. (2) GVD of 6H-SiC and (b) spectral blue-shift of the SC versus the pump wavelength.
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Fig. 5. (a) Normalized energy transmission of a 5 mm-thick 6H-SiC sample versus the pump
pulse energy. (b) Fractional losses, where the maximum indicates that the nonlinear focus is
positioned exactly at the output face of the sample. (c) Measured intensity autocorrelation
function of 2.0 um pump pulses.
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at 2.0 um, is depicted in Fig. 5(a). Figure 5(b), shows the calculated fractional losses, with a
peak at 66 nJ, indicating that the nonlinear focus is produced exactly at the output face of the
sample. In other words, this suggests that the self-focusing distance is equal to the length of
the sample (5 mm). Assuming the input parameters: the pulse duration of 93 fs at full width
at half maximum, see Fig. 5(c), and the beam radius of 53 um at the 1/ intensity level at the
entrance face of the sample, measured by means of a knife method, and using the Marburger’s
law [39], we found a nonlinear refractive index value of n, = 97 + 19 x 10716 cm?/W, at 2.0 pm.
The measured n, value agrees well with the expected one provided in Table 1 and the small
discrepancy between the measured and calculated values could be attributed to the margin of
eITOor.

4. Conclusion

In conclusion, we have shown that 6H-SiC crystal is an excellent nonlinear material for
supercontinuum generation in the near- to mid-infrared spectral region. We demonstrated the
generation of smooth, more than an octave-spanning SC spectra produced by femtosecond
filamentation in the normal, zero and anomalous GVD regions of the material. We also
experimentally evaluated the nonlinear index of refraction of 6H-SiC at 2.0 um by the measurement
of nonlinear transmission and applying the Marburger’s law. The obtained value (n, =
97 + 19 x 107'® cm?/W) coincides fairly well with the theoretically calculated one and is
supported by the observed low energy thresholds for supercontinuum generation.
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