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Ultrashort Intense Pulse Propagator Applications: Light Strings, Higher
Harmonic Generation and Extreme NLO

Final Technical Report

Executive summary

Our optical carrier-resolved unidirectional Maxwell solver for propagating ultra-short pulsesin air
and condensed media continues to be employed to study extreme nonlinear optical effectsin such
media. Specific highlights include modification and extension of plasma channelsin air using ultra-
intense pulses with transverse Bessel and Airy beam profiles. A joint theory and experimental study
using Bessel beams to extend and Airy beams to extend and bend plasma channelsin air hasled to
wide exposure in both the scientific literature and in the news media. We are currently theoretically
investigating generation of generalized conical beam pulses which allow for independent control of
on-axisintensity and phase evolution. Asan example of such control, we have studied usage of
“polarization gating,” utilizing ahighly birefringent hollow-core fiber model, to achieve highly
efficient quasi-phase matching for third harmonic generation.

We continue to develop FDTD vector Maxwell solvers based on an adaptive space-time meshing
algorithm and are incorporating non-orthogonal meshes to remove staircase effects on near-fields
computed on abrupt material interfaces of arbitrary shape. Novel approaches have been devel oped
to accurately compute the far-field distribution from numerical near-fields and to accurately
compute tiny forces (nano-Newtons) on individual nanoparticles, quantum dots etc.
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Nonlinear Optics with Shaped Beams
Pulsed Airy beams and curved plasma channels.

There has been a lot of work done in the general area of Airy beams concentrated on their
exotic linear propagation properties. We were the first group to extend these studies into
the nonlinear regime. In our work published recently in Science, we have studied filaments
created in high-power, pulsed Airy beams. We have shown, in experiment and through a
large-scale numerical simulations, that
the bending properties of linear Airy
beams do indeed translate into bent
filaments and plasma channels. The
experimental set-up is depicted in the

Fig. 1. Experimental
setup. The continuous
wave visible laser beam
that we used as a spatial
reference has a much
smaller size than that of
the phase mask. The ref-
erence beam experiences

E Y F Z=15cm
“

 7=-20cm

Fig. 4. Near-field beam patterns at different locations along the propagation direction. (A to C)
Burn patterns on an aluminum foil for 5-m] pulses. No apparent satellite is formed in the
transverse plane during propagation. (D to F) Same as in (A) to (C) but for 10-m] pulses. The beam
undergoes a nonlinear reshaping, and a satellite spot appears that is indicated by the arrow in
image F. (G to 1) Numerically simulated near-field intensity profiles for 10-m] pulses. Both the
whisker-shaped ghost beam and the faint satellite are visible in (I).



figure on the right: A phase mask imposes a cubic phase profile on a Gaussian beam,
which then passes through a lens and subsequently forms an Airy beam profile around the
focal spot of the lens. The Airy profile is a two-dimensional direct product of Airy functions,
each for one transverse dimension. This is illustrated in the Figure at the bottom of this
page. The upper rows shows experimental “burn patters” left by the beam in an aluminum
foil. In the Panel F it can be seen that the nonlinear propagation resulted in reshaping of
the energy fluence profile, while the characteristic 2D Airy pattern remained preserved. A
very similar behavior has been observed in our numerical simulations depicted in the
lower row. This tells us that the model can be trusted to investigate also those properties
which are not directly observable in the experiment. In particular we were interested in the
shape of the plasma channels generated in the filament. So far all plasma channels
observed in femto-second filamentation were straight, although in principle a plasma
channel “fusion” should be possible in situation with multiple filaments and when two or
more filaments join into one along their propagation. Here we have the possibility that a
nontrivial plasma distribution is created in a single filament, provided that at least some
remnants of linear propagation properties of the Airy beam can survive the influence of
nonlinear interactions. And this is indeed what we have found. Some of our experimental
and simulation results are illustrated in the following Figure.
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Panel A depicts the measured geometry of the curved path of the Airy beam intensity
maximum, while Panel B shows the measured plasma density along this “trajectory.” The
bottom Panels are simulation results for the plasma (electron) number density,
demonstrating the bent character of the Airy beam plasma channel. At lower pulse
energies, the plasma channel essentially follows the parabolic trajectory of the airy beam
maximum. The non-linear propagation results only in a slight renormalization or
straightening of the parabola (indiscernible on this scale). At a higher power, plasma
channels still bend, but can bifurcate at places where the central lobe of the beam suffers
from a local self-focusing collapse. These are locations akin to repeated self-focusing
collapses and subsequent beam revivals in “standard” femtosecond filaments. We have
thus demonstrated, for the first time, that there is a potentially very useful interplay
between the linear and nonlinear properties of pulsed Airy beams.



Airy beam filamentation in water

Our previous studies of femtosecond filamentation dynamics in dispersive media,
including water, have shown that angularly resolved spectra, or far field spectra, present a
very useful tool to uncover the dynamics in the core of the filament. Specifically, it is
possible to judge, based on the “topology” or two-dimensional shape of the far-field
spectrum if a pulse splitting occurred. It is also possible to extract the daughter peak
velocities, or rate

at which the splitting happened. Often it is also possible to infer the asymmetry of the
splitting event, and namely to say which of the daughter pulses dominated. It was also
shown that each of the self-focusing and replenishment cycles gives rise to a contribution
in the far field. As a result, for a straight filament, characteristic X-shaped features of the
far-field spectra tend to overlap and produce interference patterns which in turn severely
impair the possibility to extract any quantitative information from the angular spectrum.
This is where Airy pulsed beams become interesting: As discussed above, the trajectory
along which the main intense lobe of the pulse propagates, even in the presence of non-
linearity, is a parabola. Thus if two self-focusing collapses occur at distinct loci along this
path, one can ask if it is possible that the conical emission and supercontinuum in general
will follow the tangent direction, and thus will separate in the far field. If this was the case,
far-field snapshots corresponding to different points along the propagation distance could
be distinguished. Then, the far-field spectra could give us a tool to probe if the subsequent
collapses followed the same scenario, or if the propagation distance matters. Such was
the motivation of our work published recently in Physical Review Letters, which is briefly
reviewed in what follows. The scheme of the experiment is shown in the Figure:
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v
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A pulsed Airy beam is formed within a
water cell in which edges can be
accurately placed to form obstacles for
light propagation, and thus select
portions of the radiative patterns to be
analyzed downstream on the exit from
the cell. There, the far field spectrum is
measured by an imaging spectrometer
and recorded by a digital camera. If an

fs pulses
Gaussian beam

FIG. 1. Schematic of the experiment. The dominant lobe of the
Airy beam pattern travels along a parabolic trajectory, as illus-
trated by the series of three intensity patterns in the bottom part
of the figure.

aperture is inserted in such a way that
only the center of the filament passes
through, the subsequent filamentation is
canceled due to the absence of the low-

intensity background which, as we have shown some years ago, feeds the filament core
formation. Then, in the radiation collected in the far field will reflect the self-focusing

collapse in the close vicinity of the screen. If on the other hand, and edge is inserted such
that the very central lobe of the beam is “killed”, we have a situation when the subsequent
filamentation is largely undisturbed because it forms of the low intensity background left
intact by the screen edge. This is depicted in the following Figure, which also shows digital
camera pictures of the far field.
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FIG. 2 (color online). Photographs of the forward emission patterns by bent filament. The insets illustrate how the emission
originating from different sections of the filament is isolated from the rest of the emission. (a) Complete emission pattern. (b) Emission
pattern from the beginning section of the filament. (c) Emission pattern from the end section of the filament.

800nm  633nm 532nm 800nm  633nm 532nm 800nm  633nm 532nm

FIG. 3 (color online). #-A spectral maps of the forward supercontinuum emission. (a) Complete emission pattern. (b) Emission from
the beginning section of the filament. (c¢) Emission from the end section of the filament. In figures (b) and (c), the best-fit curves based
on the effective three-wave mixing approach are shown with light blue and orange solid lines. Same best-fit curves are also shown in
the complete pattern (a).

It can be clearly seen that the conical emission produced at different locations along the
parabolic beam trajectory is directed along the tangent to this parabola. Thus, as indicated
above, it is indeed possible to separate, at least partially, the white-light generation
signatures originating in distinct spots. Now we can turn to the question if one can utilize
the far field spectra of the radiation shown above to say anything about the dynamics of
the Airy filament. The next Figure shows three different far field spectra:

The first panel is a total spectrum, and it clearly reveals a “superposition” of two patterns.
These are then separated, in the way described above, and recorded in isolation. Indeed,
the second and third panel do indicate that there is a difference in how the subsequent
collapse events occur. Based on our previous results concerning the filamentation
dynamics, and interpretation of far field spectral patterns we can say that the first picture
corresponds to a pulse splitting event in which the trailing daughter pulse dominates
strongly. The distance between the fundamental and high-frequency X-feature of the
spectrum then tells about the group velocity of the post-collapse light pulse. The third
panel, on the other hand, must be due to a pulse splitting event in which the leading pulse
dominates. We can thus come to an experimental conclusion that the subsequent
collapse events may be qualitatively different. This further refines the spatial
replenishment scenario put forward by the Tucson group years ago. However, these
observations also pose questions for which we do not have satisfactory answers at this
point. We have shown in multiple cases, that in straight-path filaments it is possible to use
the so-called Effective Three-Wave Mixing picture to characterize very accurately the loci
in the spectra along which the energy of newly formed radiation accumulates. These are
usually termed X-features because they are intimately connected with the conical nature
of the white-light radiation. In the above picture, the long X-feature arms are clearly visible
and sharply formed. However, our ETW analysis, illustrated by the fitting curves shown in
the figure is far from satisfactory. This indicates to us that while the overall filamentation
picture in the Airy beam follows the established scenario, the exotic nature of this
waveform has consequences that will require further detailed study and careful
mathematical analysis.



Nonlinear Optics With Bessel Beams.

The following sections highlight our results in the field of filamenation and high-harmonic
generation control using femtosecond pulses with carefully shaped beam profiles.

Generation of extended plasma channels in air using femtosecond
Bessel beams

Extending the longitudinal range of plasma channels created by ultrashort laser pulses in
atmosphere is important in practical applications of laser-induced plasma such as remote
spectroscopy and lightning control. Weakly focused femtosecond Gaussian beams that
are commonly used for generating plasma channels offer only a limited control. Increasing
the pulse energy in this case typically results in creation of multiple filaments and does not
appreciably extend the longitudinal range of filamentation. Bessel beams with their
extended linear foci intuitively appear to be better suited for generation of long plasma
channels. Building on this idea, we reported results on creating extended filaments in air
using femtosecond Bessel
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Fig. 4. a: Linear plasma density for temporally chirped femtosecond Bessel beams. Pulse into a |Onger plasma channel.
energy is 14.5m] in all cases. Different curves correspond to different pulse widths as

specified in the inset. b: Same for 500 fs-long pulse. Different curves correspond to three

different values of the pulse energy as specified in the inset. Units on the vertical axes of

both graphs are same as in Figs. 2(b) and 3(b).




Extended filamentation with temporally chirped femtosecond

Bessel-Gauss beams in air

We experimentally studied extended filamentation with temporally chirped femtosecond
Bessel-Gauss beams in air in the following setup:

Fs pulses,
1cm beam diameter

Axicon,
179249 apex angle
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<
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€

Fig. 1. Experimental setup. The aperture placed 4 m away from the axicon is used to isolate
light propagating along the beam axis in the far-field.

We found that the longitudinal extent of the plasma channels is maximized for a particular
duration of the chirped pulses as shown in the picture below. The next Figure shows that
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Fig. 3. Top: Linear plasma density along the filament for the fully compressed pulse and for
positively and negatively chirped pulses that maximize the longitudinal extent of the plasma
channel. Pulse energy is 14m] in all cases. Bottom: On-axis intensity of the Bessel-Gauss

beam in the linear propagation regime.
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Fig. 4. Longitudinal range of the plasma channel and the fraction of the input pulse energy
re-emitted by the beam along the beam axis, as functions of the FWHM pulselength. Top
figure: Positively chirped pulses. Bottom figure: Negatively chirped pulses. The maximum
fraction of the on-axis energy is over 10% and 7% for positively and negatively chirped

pulses, respectively.
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the effect was found to be related to the
emission of a strong on-axis component
along the beam axis that, under certain
conditions, attains sufficient energy to
initiate filamentation on its own. We
attributed the on-axis emission by the
femtosecond Bessel-Gauss beam to the
nonlinear four-wave mixing process in
which both signal and idler waves are
emitted along the beam axis. Using
plasma-assisted phase-matching
considerations, we derived a simple
formula that relates the pulse-length of the
chirped pulse that results in longest
filament, to the relevant experimental
parameters. Estimates based on this
formula are found to be in good
agreement with the experiments, and we
find a clear correlation between the extent
of filamentation and the intensity of the on-
axis emission by the femtosecond Bessel-
Gauss beam. The on-axis emission is
negligible for fully compressed pulses, but
it can become quite substantial (up to 10%
of the input pulse energy) when chirped
pulses are used. Under certain conditions,
the on-axis emission becomes sufficient
for generating its own plasma channel
thus resulting in extended filamentation.
This effect may offer means of remote
control over filament formation.



Phase matching with pulsed Bessel beams for high-order harmonic
generation

We proposed a novel approach to obtain phase-matched generation of high-order
harmonics based on the use of pulsed Bessel beams as pump pulses:

/

FIG. 1. (Color online) Bidimensional sketch of the generation of
a PBB by sending a Gaussian pulse into an axicon. The phase [ronts
acquire a tilt . The interference between the off-axis propagating
fronts creates the peculiar radial intensity distribution.

.___%z

By means of the “coherence map” technique, we showed that it is possible to maximize
the generation of a chosen harmonic of interest by properly adjusting the phase front tilt of
the pulsed Bessel beam to compensate the mismatch arising from material and plasma
dispersion and atomic phase. We demonstrated that by appropriate choice of the Pulsed
Bessel Beam (PBB) parameters it is possible to effectively phase match the HHG and
reach the absorption limit for any harmonic of interest as long as the pump pulse remains
below the critical ionization threshold , a result that can be reached only in very specific
operating conditions using Gaussian pulses, and without the limitations of a hollow
waveguide.
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FIG. 2. (Color online) Coherence length (in cm) for a Bessel FIG. 3. (Color online) Calculated power in the 61st harmonic
pump beam in helium phase matched with the 61st harmonic over generated in helium using a phase matched PBB pump. The inset
1 ¢cm of propagation from the beginning of the gas cell. The inset shows in detail the power growth in the first few microns compared
shows the radial vs local time coherence map along the PBB profile to that obtained with the Gaussian pump pulse with the same input

at z=6 mm (dashed line). energy and peak intensity.

Moreover, since the harmonic signal remains high over a reasonable distance of several
millimeters once it reaches the absorption limit, the experimental realization with a gas cell
should easily be feasible. This technique was studied in specific cases in He and Ar gases
but may be readily applied in other operating conditions, in particular to higher pump
intensities while remaining below the critical ionization limit . Our results within the
approximation of the coherence map technique give a strong indication of a new possible
approach for phase matching that deserves further attention.



Supercontinuum and third-harmonic generation accompanying
optical filamentation as first-order scattering processes

Through a comparative theoretic and simulation study, we demonstrated that the
supercontinuum generation and third-harmonic generation that accompany optical
filamentation in nonlinear dispersive bulk media can be described as first-order scattering
processes akin to the first Born approximation. In particular, for an incident ultrashort pulse
the angularly resolved spectrum of the transmitted pulse is shown to be accurately
determined using first-order scattering of the incident field from the nonlinearly modified
refractive index due to the optical flament. Thus, although an optical filament is a highly
nonlinear object, the accompanying supercontinuum generation and third-harmonic
generation are driven parametrically by the filament and have negligible back action upon
it. The following picture illustrates this result:
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The left hand side panel compares the spectrum as generated in water (anomalous GVD
regime) and simulated with the full model using the UPPE solver, with the First-Born
approximation. In the right-hand-side panel, a similar comparison is made for air, i.e. in the
normal GVD regime. As we can see, the First-Born theory gives an extremely accurate
picture of the angularly resolved white-light spectrum. We have thus shown that the first
Born approximation is accurate in both normal and anomalous GVD regimes, in a
condensed medium, and in air. It explains the spectral and angular distribution of both the
SC and the TH radiation. This is expected to hold in general for nonlinear dispersive bulk
media and in absence of resonance interactions.

Perturbative and non-perturbative aspects of optical filamentation in
bulk dielectric media

The field of optical filament formation from initial ultrashort laser pulses in bulk dielectric
media has now reached a high state of maturity, and has been studied in all three phases
of matter, including long distance propagation in air, also termed light string propagation,
water, and glass. From the earliest studies of light string propagation in air it was observed
that conical emission, namely colored light emission off-axis from the filament, was a
byproduct that accompanied the filamentation process. Since then several other
byproducts accompanying optical filamentation have been studied, namely, white light or



supercontinuum (SC) generation, third-harmonic (TH) generation, and X- and O-waves
(see illustration).
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Fig. 2. Supercontinuum and third-harmonic generation in air. The right panel shows angle-
integrated spectrum. The weak feature above the high-frequency background is due to third
harmonic generation. The angularly resolved spectrum on the left reveals angular separa-
tion between the supercontinuum and third harmonic radiation parts of the spectrum.

In our work published in a focus issue of Optics Express, we have brought these
manifestations of nonlinear optical dynamics under a single “roof.” We reviewed the theory
and simulation of the byproducts accompanying optical filamentation, and showed that a
unified approach is indeed possible. Employing the angularly resolved spectrum, or K -Q
spectrum, a notion that has been used to great effect in the area of nonlinear conical
waves, we demonstrated that a unified approach to the byproducts accompanying optical
filamentation can be achieved using the twin notions of the Effective Three-Wave-Mixing
(ETWM) picture of wave-mixing in the presence of filaments, which determines the locus
of phase-matched wave generation in the angularly resolved spectrum, and the first-Born
approximation to determine the profile of the angularly resolved spectrum. We have shown
that unlike the essentially non-perturbative core of the filament, several byproducts of
filamentation can be treated as perturbative effects that have negligible feed-back effects
on the filament itself. This should be of great utility for future studies of optimization of the
yield of a given byproduct.

Supercontinuum generation dependence on dimensionality of the
“diffraction space”

Planar glass-membrane fibers: Case of one-dimensional diffraction

Planar glass membrane fibers (PGMFs) are of current interest owing to the fact that they
combine the interesting dispersive properties of fibers with diffraction in one unbound
transverse dimension. We studied the supercontinuum (SC) spectra generated in PGMFs
and showed that the underlying dynamics has similarities to that in bulk medium. At the



same time, the rich dispersion properties of PGMFs open up new possibilities, including
SC spectral shapes that do not occur in natural bulk media. In all cases, the SC spectra in
PGMFs can be interpreted in detail using the effective-three-wave-mixing model originally

developed for bulk media.
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Fig. 1. (Color online) Angularly resolved (log scale) spec-
trum from a 600-nm-thick silica PGMF for a TE-polarized
pulse of 60 fs duration and center wavelength 800 nm,
resulting in an X-shaped spectrum. For comparison, the
right panel shows supercontinuum generated in water

The following Figure illustrates the similarity
in the shape of angularly resolved
supercontinuum spectra in a bulk material
(water) and in a glass-membrane which has
the thickness chosen such that the TE
mode propagates in a normal GVD regime.
In both cases we can observe characteristic
X-features well known from the bulk media.
Knowing the linear chromatic properties of
the medium, in this case of the planar glass
membrane waveguide, one can utilize the
Effective Three-Wave Mixing approach to
analyze the spectrum. This provides us with
the information about the parameters of the
pulse splitting event which was responsible

(\=527 nm, 80 fs, 4 uJ, 3 em distance). for the observed spectrum.

The next picture illustrates the similarity for
the case of anomalous GVD regime. Again,
the characteristic fish-like spectral form
occurs in both cases as expected for the
anomalous regime. The elliptic feature
represents the spectrally broadened
excitation wavelength which propagates in
the anomalous GVD regime and therefore
exhibits O-like texture, sometimes referred
to as an O-wave. The angularly wide portion
of the spectrum at high frequencies is a
conical emission which occurs in the normal
GVD range. Apart from the angular
resolution made possible by the availability
of diffractive dimension in the planar
waveguide, these two components of the
spectra, normal and anomalous are characteristic in supercontinuum generation in
microstructured fibers, where the normal-GVD component is termed the dispersive wave.
We can thus see that this case shares attributes of both the bulk and fiber supercontinuum
dynamics.
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Fig. 2. (Color online) Angularly resolved spectrum gener-
ated in a 1000-nm-thick silica PGMF for a TM-polarized
pulse of 30 fs duration and center wavelength 800 nm, re-
sulting in a fishlike-shaped spectrum. For comparison, a
similar spectrum generated in water (A=1300 nm, 80 fs,
8 ud, 1 cm distance) is shown in the right panel.

The important lesson learned from this study is that even “small amount of diffraction”
which occurs in a single effective dimension in a planar waveguide is sufficient to make
the supercontinuum generation dynamics practically equivalent to that in bulk media.
Thus, while these exotic fibers can be considered an intermediate case between the bulk
and “standard” microstructure fibers, from the point of view of white light generation we
have shown that they should be considered much closer to the bulk.



Microstructured fibers: Case of zero-dimensional diffraction

Naturally, the previous result for planar waveguides begs the question if the theory of
supercontinuum generation from bulk can be applied even to microstructured fibers with a
micron-size core, i.e. to a system where diffraction does not play a role. Traditionally, the
respective theories of supercontinua in fibers and in the bulk evolved without much
interaction between the respective research communities. It is therefore important to
explore the possibilities to draw to the two closer together. With this aim, we studied the
possibility of application of the ETWM
” = paradigm, originally developed for the
200mm ———"_ ", bulk media, to fibers. In particular, we

f T asked the question if the dispersive
]W‘“’ 175mm ,\}&"\ d > ek

—~| waves generated by soliton-like pulses

1/50$m\ . ""m\ in fibers, can be described in terms of
\ ) the ETWM scattering model. We have

found that this is indeed the case, and
even succeeded in obtaining an analytic
approximation, based on the bulk-
______'_"‘“_ N media supercontinuum approach, which
o describes the dispersive wave
component of fiber white light spectrum.
The above picture compares the full
simulation of such a spectra for
increasing propagation distances in a
micron-sized core of a fiber to the analytic formula shown in red. One can see that the
agreement is extremely good, which indicates that similar to bulk media, at least this
portion of the white light generation can be indeed described in terms of a perturbative
scattering process in which the generated light becomes completely decoupled from the
high-intensity of the driving pulse-core.
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Long-distance control of femtosecond filaments.

This section briefly summarizes our results on control of various aspects of femtosecond
light strings in gaseous media. For example, we show how achieving self-focusing
collapse at a chosen target distance is possible trough double-pulse interaction. Aspects
of the linear properties of high-power beams which can be used to affect multiple
filamentation regimes are also discussed.

Conditional femtosecond pulse collapse for white-light and plasma
delivery to a controlled distance

A great deal of effort has been going into control of filamentation and white-light
generation in highpower femtosecond pulses in gases, condensed media, and fibers alike.
For remote sensing applications the control of the filamentation-onset distance is of
paramount importance. Based on our simulation studies, we proposed a solution based on
“collision” of two, different-color pulses.

The idea is simple in principle: Suitable focusing and relative temporal delays are imposed
on two sub-critical pulses with different colors, such that the group velocity dispersion
causes them to “collide” in a predetermined distance. Together, pulses form a supercritical
waveform which succumbs to a self-focusing collapse. As a result, high intensity and
plasma are “delivered” accurately on the target.
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supercontinuum generation in general.

The following Figure illustrates the on-off
control of the remote filament through settings
of relative pulse delay. The left hand side axis
shows that free electrons are generated only
for a sharply defined range of delays — this
happens when both pulses “meet’” and have
sufficiently high intensity at the same time. The
axis on the right shows the location o the
created filament. The slope of the curve
indicates that the precise location can be
accurately controlled, and the next Figure
shows that the plasma channel is well
localized. Thus, one can generate plasma,
right at the distant surface of a target.

In summary, we have demonstrated that
spatial and temporal focusing can be
effectively combined with dual-pulse excitation
to achieve conditional collapse and,
consequently, filament formation at a
predetermined distance. The method thus
allows one to control accurately if and at what
distance plasma and white light are produced.
These results should be useful for both remote
sensing and control of filamentation and



The role of linear power partitioning in beam filamentation

One of the outstanding questions in the field of extreme power ultrashort pulses is control
of mutliple filament locations. While control of a single filament is difficult already, the
highly nonlinear dynamics manifest itself even more violently in wide-beam, high power
situations. A lot of work in the light-string community is devoted to the problem of at least
partial control.

Because it is clear that linear properties afford better opportunities to shape and design
the light beams than trying to manage them in the fully developed nonlinear regime, we
have posed a fundamental question, namely to what degree are the locations of multiple
filaments in a high-power pulse determined by the linear “preparation” of the beam?

In our previous work published in Physical Review Letters, we introduced the idea of weak
intensity background or reservoir in multi-filamentation regime and made a point that a
turbulent dynamics develops in which filaments are created and decay in a chaotic,
unpredictable fashion. Here we are interested if such a behavior can be beaten at least in
the initial stage.

Our results, based on analysis combined with numerical investigations, indeed showed
very clearly that the answer to the above question is affirmative. We have formulated the
so called linear partitioning paradigm, which says that the first filament formation loci are
only determined by the linear propagation properties of the initial beam. Roughly
speaking, if a purely linear propagation would result in occurrence of local energy
concentration in the transverse cross-section such that the power is locally super-critical,
this place will give rise to “first” filament in the nonlinear regime.

Picture on the left illustrates the linear-power partitioning prediction for location of three

filaments. On the right, a fully nonlinear simulations confirm the expectation. While the
fine-scale structure of the nonlinear beam is rather different from the linear one, the hot
spots shape is almost completely given by the linear propagation.

We have also shown that this is true not only in the CW regime, but also for ultra-short
pulses. Our results indicate that both, apertures and aberrations can be both utilized to
control the placement of hot spots in high power beams.



Dynamics of high-power femtosecond pulses.

This section summarizes our achievements in detailed understanding of the dynamics in
high-power optical pulses that underlines white light, harmonic generation, and
femtosecond filamentation. Techniques which can be applied to extract quantitative
information to characterize the nonlinear processes occurring within the filament “focal
volume” are studied together with ways to control spectral and temporal dynamics.

Spatio-temporal reshaping and X-Wave dynamics in optical filaments

In a joint theoretic-experimental work in collaboration with the Virtual institute of Nonlinear
Optics (P. diTrapani and D. Faccio group) we investigated the dynamics of femtosecond
filaments in condensed media. Water and ethanol were chosen as “model” media with the
aim to “map” in detail the temporal sequence of the processes within a filament core that
are responsible for phenomena such as white-light and conical emission.

We have tested the Effective Three-Wave Mixing paradigm developed previously by us,
and showed that it can be applied to real-world experiments. The central working tool of
this work was the angularly resolved far-field spectrum. We demonstrated that even a far-
field spectrum with a complicated structure can be interpreted in detail based on ETWM.
An example of such analysis is shown in the Figure. Based on the theory we developed,
we can “read” the experimental angular spectrum shown in the top panel: It reflects the
following sequence of events occurring within the tiny filament core. First a pump pulse
undergoes self-focusing followed by temporal pulse splitting which in turn creates the X-
shaped structure in the spectrum. Then, the cross-phase modulation reshapes the probe
pulse tuned around the Raman resonance for the given medium. This energy is
subsequently “scattered” into “conical rainbows”, the process being controlled by the
speed of temporal pulse splitting in the
pump. The ETWM theory then specifies
the expected location of energy
concentration in the angle-frequency
space, which are marked in the figure.
An important result of this work is also
a detailed comparison of the simulated
(bottom panel) and experimental (top)
far-field spectra. It is fair to say that
ours is to date the most accurate
comparison in the field of
filamentation in condensed media.
Clearly, the model simulated by our
Unidirectional Pulse Propagation
Equation solver captures spectral
structures over several orders of
magnitude and in an extremely wide
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Generation and control of extreme blue-shifted continuum peaks in
optical Kerr media

Control of filamentation and white-light generation is crucial for further progress in extreme
nonlinear optics. This motivated our work briefly described in what follows next. We
demonstrated tunable, extremely blue-shifted continuum in =1.055 micron ultrashort
laser pulse filamentation in S|I|ca Close to threshold the continuum appears as a single,

A a) isolated blue peak. The spectral position
of the main supercontinuum components

() ' ' ‘ ‘ ‘ ,:-”'/\ can be tuned, and a regime with

encompassing fundamental and second
harmonic is possible to achieve. At

higher energies, the continuum expands

P S /] inbandwidth starting from the blue peak.
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Consequently, we have demonstrated
means to control both the location, and
width of the newly generated spectral
components. This is illustrated in the
Figure, which shows how the central
FIG. 4. (Color online) Spectra measured for different positions Wave|ength of the blue peak in the
ul‘ l‘hc I'u.\'c_d .\‘\umplf‘ E&‘ill? |‘v.~apu:l) l? ‘lhc i‘npuf I\‘ncul.\'ing \|L‘l.].‘~'. ‘(;1) supercontinuum can be controlled via
49 ¢m, (b) 30 ¢m, (¢) 51 c¢m, (d) 52.5 cm, (e) 53 cm. and (f) 54 c¢cm. adjustment of the focal Iength.
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We explained this spectral dynamics and tunability in terms of X-wave generation and
intra-filament pulse splitting which may be controlled by modifying the input pulse focusing
conditions. These insights were gained through extensive numerical simulations supported
by our UPPE solver.

Our model faithfully captured the behavior of the extreme blue spectral peak. This is
documented in the following Figure which shows the behavior of the extreme-blue spectral
peak in the extended supercontinuum:

Here we can “target” the second- 0_
harmonic spectral range by simply o} 50 nm
adjusting the beam size through the i o7 P
focusing lens. In this way, a very much % '4:
desired supercontinuum can be created & |
which exhibits strong components at -
both fundamental and second harmonic, 8704 05 06 07 08 00 1 11 12
which in turn is important for frequency wavelength (um)
combs.
FIG. 7. (Color online) Numerically calculated on-axis spectra
o . |ati furth led th for two different input beam diameters: 5 mm green solid line and
ur simulations U.l't er revealed the 3.3 mm blue dashed line. The vertical lines indicate the 50 nm
temporal and spatial structure of the wavelength shift of the blue peak.

light carried by the blue peak we control.

It turns out that this part of the spectrum has properties favorable for compression, which
can be used in not only new wavelength generation but also in production of ultrashort
pulses. Our result thus will be of fundamental importance for optimizing energy transfer to
specific wavelengths and bandwidths according to specific needs, e.g., ultrashort pulse
generation, white light spectroscopy or optimized Carrier-Envelope-Offset monitoring in f -
2f setups.



Spontaneous emergence of pulses with constant carrier-envelope
phase in femtosecond filamentation

Extending the theme of control further, we investigated if filamentation can be actually
used as a tool to spontaneously create “ready-to-use” femtosecond pulses with desirable
properties. This work was motivated in part by our previous publication in Physical Review
Letters which identified the X-wave dynamics as the fundamental reason why filaments
“hold together” and can propagate over distances longer than corresponding to their size.
That work implied that if we could switch off the nonlinearity instantly, the filament would
nevertheless continue to exist for a significant distance. Here we take this further, and ask
if at the same time it is possible to “prepare” the resulting pulse in such a way that the
carrier-envelope phase is controlled.
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The picture on the left illustrates the mechanism of pulse splitting which creates two
daughter pulses. The leading pulse can exhibit a nearly constant Carrier-Envelope-Phase
(CEP). This is shown on the right, where we compare the CEP evolution in such a pulse to
that in a Gaussian pulse. We can see that it is possible to achieve a very slowly changing
CEP over a distance of several tens of centimeters. This is a very long distance, an order
of magnitude better that what can be obtained from a Gaussian pulse under optimal
conditions.

In summary, we have shown that pulses with constant CEP w(z) during propagation may
be created spontaneously in optical filaments. Clearly, the condition of y(z) constant is
not achievable with standard Gaussian-like pulses in dispersive media due to the
necessarily different phase and group velocities. On the contrary, the X-wave nature of the
filament pulses accounts for the varying group velocities that may in certain cases be
equal or very close to the carrier wave phase velocity.

The conditions for the observation of constant CEP pulses have been found both in gases
and highly-dispersive condensed media, thus highlighting the generality of this effect. The
propagation distance over which the CEP varies by less than 11/ 8 is typically an order of
magnitude greater than for a Gaussian pulse. In view of possible applications, it will be
important to understand if it is possible to generate the constant-CEP, propagating
waveforms without pedestals and satelite pulses. In particular, ways to eliminate the
trailing peak and/or reduce the pulse durations should be investigated in the future.



The role of magnetic dipole moments in Metamaterials

Metallic split ring resonators (SRR) arrays are a popular building block for metamaterials
and have attracted intensive attention in the last decade. Such arrays are sometimes
referred to as magnetic metamaterials due to the role played by magnetic dipoles in their
optical response. However, due to the difficulty in experimentally measuring nanoscale
magnetic dipoles the role of magnetic dipoles is unclear or even over emphasized in the
literature. The aim research carried out under Grant/Contract Number: FA9550-07-1-0010
was to clarify the role of magnetic dipoles by numerically computing their magnitude and
examining their relative contributions to the scattering cross section.

Using custom finite-difference time-domain (FDTD) code and a new near-to-far-field
transformation algorithm developed at the ACMS we numerically computed electric and
magnetic dipole moments of various SSR configurations and performed a quantitative
analysis of their relative contributions to the scattering cross section. We also studied the
role of magnetic dipoles and higher order multipoles in second harmonic generation.

Numerical modeling

Experimentally single- and multi- layered metallic single-slit SRR membranes have been
fabricated and their optical responses are usually studied by measuring their transmission
spectra at normal incidence. A magnetic dipole moment perpendicular to the membrane,
arising from a current circulating inside the SRR, is frequently mentioned as having a role
in the observed transmission spectrum and in the coupling between adjacent SRRs.
However direct experimental measurement of magnetic dipoles in these nanoscale
structures is difficult. Furthermore, rarely mentioned is the contribution from a magnetic
dipole parallel to the incident magnetic field arising from the strongly localized conduction
electrons near the metallic surfaces.

To numerically investigate the effects of magnetic
dipoles and to we developed a new near-to-far-field
transformation algorithm for FDTD based directly on
the polarization current of the metallic scatterer that
eliminates the numerical errors due to spatial offset
of the E and H fields. To study second-harmonic
radiation from individual SRRs, as schematically
shown in the Figure, we developed a new classical
electrodynamic theory to study the optical
nonlinearities of metallic nanoparticles. Our three
dimensional finite-difference time-domain approach,
even without an accurate treatment of the surface
electrons, qualitatively captures the dominant
Opposite Axes orientation  physical mechanisms of second-harmonic
generations from metallic nanoparticles.

Through detailed experiment-theory comparisons, we validate this classical theory as well
as the associated numerical algorithm. It was demonstrated that our theory not only
provides qualitative agreement with experiments but it also reproduces the overall strength
of the experimentally observed second-harmonic signals.

A practical outcome from our numerical simulations is a proposed experimental



configuration by which the strength of magnetic dipoles can be determined experimentally
by measuring the scattering cross section

along particular directions. The Figure shows s P — Single
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We also note that the electric dipole-dipole

interaction dominates the coupling between adjacent SRRs, and that the magnetic dipole-
dipole interaction is responsible for an increased resonance separation in the anti-
symmetric (opposite) configuration shown in the figure.
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