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SHORT DESCRIPTION:
During the first 12 months of the project we have generated and characterized various types
of femtosecond filaments (laser beam self-confinement) as well as femtosecond pulse beams
confined inside a capillary (waveguide confinement). We present results obtained with
pulses of 4-7 mJ energy at several carrier wavelengths: the fundamental wavelength of an
Yb-doped laser around 1030 nm, the signal and idler waves (1.5 and 3.9 μm, respectively) of
an optical parametric amplifier (OPA) pumped by a 1-μm Nd/Yb-doped laser combination.
The main achievements, reported in this deliverable, are the first observation of efficient
lasing from a fs filament and pioneering studies of filamentation and spectral broadening
by intense infrared pulses.
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INTRODUCTION

The main objective of this work described in Task 1.1 of WP1 (see Description of Work) is to
identify potential scenarios for the generation of a backward-propagating laser pulse, either
obtained via a reflection from a plasma mirror or from a lasing action in a fs filament. The
idea to search for backward lasing from a filament was originally suggested to the meeting
of the CROSS TRAP consortium partners in December 2009, before the start of this EU
project, by Prof See Leang Chin (Universite Laval) who referred us to his earlier work on the
measurement of stimulated emission from atmospheric nitrogen.
The main achievements, reported in this deliverable, are the first observation of
efficient lasing from a fs filament and pioneering studies of filamentation and spectral
broadening by intense infrared pulses.
The experimental research reported here was conducted by the TU WIEN partner,
the theory work and modelling were performed by the ILC MSU partner.
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Part A: Experiments at 1030 nm

_ FEMTOSECOND YB DSSP 1030-nm SYSTEM

A1

We employed a unique high-intensity 1030-nm femtosecond system developed at TU WIEN
and based on a closed-loop cryogenically cooled, cw-pumped Yb3+,Na+:CaF2 regenerative
amplifier (CRA) that produces up to 7 mJ, sub-200 fs pulses at a kHz repetition rate.
The layout of the CRA cavity is presented in Fig. A1.1. An antireflection (AR)-coated
2%Yb3+,3%Na+:CaF2 slab with a length of ~4 mm and a height of 1.2 mm is sandwiched
using optical contact between two plates of artificial diamond (Diamond Materials GmbH)
which are In-soldered onto a copper heat sink. The crystal assembly is mounted inside a
cryogenic chamber and cooled to a temperature of 130 K with a closed-loop refrigerator
(CryoTiger). The isotropic crystal is pumped in a double-pass configuration (bottom of Fig.
1) with circularly polarized light from two 60 W diode laser bars (Jenoptik Laserdiode
GmbH) coupled to a set of micro-optics produced by the CROSS TRAP partner Light
Conversion,LC. A thin-film polarizer in front of each diode bar is used to block the
unabsorbed pump light, the polarization of which is rotated by 90° in two passes through a
quarter-wave plate. Because the overall quantum defect of our system is about 5%, the
crystal temperature increases only very modestly to 140 K under the full combined pump
power of both diodes.

Fig. A1.1 Schematics of cryogenically cooled Yb3+,Na+:CaF2 RA. M1, M2 and M3 are curved mirrors with
ROC -300 mm, -500 mm and -2500 mm respectively, LC– cryogenically cooled laser crystal chamber, L –
negative lens, f = -400 mm, DM – dichroic mirror, M – folding mirror, TFP – thin film polarizers, PC– Pockels
cell, λ/2 and λ/4 – half- and quarter-waveplates, LD –laser diode bars. The roundtrip time of the RA cavity is
13.3 ns. Bottom panel: Schematics of the double-pass pumping.

The amplified pulses were recompressed with a 95% throughput grating compressor
based on a pair of highly efficient 1740 lines/mm reflectance diffraction gratings
(Fraunhofer Institute for Applied Optics and Precision Engineering, Jena). The pulse
3
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duration inferred from frequency-resolved optical gating (FROG) (Fig. A1.2) is 195 fs,
whereas the calculated spectrum-limited pulse duration is ~130 fs. This suggests that a more
careful higher-order dispersion control is required to handle the rather broad bandwidth
obtained from the Yb3+,Na+:CaF2 amplifier. The maximum available energy of the
compressed pulse is above 6.5 mJ at a kHz repetition rate.

Fig. A1.2. Recompressed pulse measurement with SHG FROG for the output energy of 1 mJ. TL represents the
transform limited pulse

_ 1030-nm PULSES IN GAS-FILLED HOLLOW WAVEGUIDES

A2

One of the key challenges in ultrashort-pulse Yb technology is a relatively narrow
gain bandwidth of Yb-doped laser materials which, combined with a pronounced
gain narrowing during pulse amplification to a multi-mJ level, limits the shortest
pulse duration obtainable directly from the amplifier to about 200 fs. Therefore,
implementation of an additional nonlinear pulse shortening mechanism becomes
necessary for increase in the peak power of laser pulses which is one of the key
parameters in filamentation of a laser beam.
Self-phase modulation (SPM) induced spectral broadening in a gas-filled
hollow fiber is a well developed technique for the generation of few-optical-cycle
pulses at a sub-mJ energy [Nis96, Nis97]. We achieved encouraging results applying
this technique for millijoule-level pulse broadening and recompression obtained
with a novel broadband single-stage 1030-nm regenerative Yb:CaF2 amplifier
described in the previous section.
The experiments where performed with 200 fs, 6 mJ pulses at 0.5 kHz
repetition rate. Experimental setup is presented on Fig. A2.1. The output beam of a
near diffraction-limited quality was coupled into a 300-μm diameter, 1-m-long fused
silica hollow-core fiber mounted on a V-groove aluminum holder inside of a gas cell
fitted with 1-mm-thick Brewster windows. Prior to filling it with gas, the cell is
evacuated down to 10-2 mbar. At a low energy level, the throughput of the gas-filled
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hollow fiber was 70% and remained nearly constant up to the maximum gas
pressure used in the experiments (4 bar, Ne). With the increase of the input

Fig. A2.1. Layout of experimental setup. Inset shows the gain module of the Yb amplifier pumped with
two 50-W cw 977-nm diode bars.

pulse energy, the fiber throughput was reduced due to the influence of beam selffocusing and plasma formation at the fiber input. Nevertheless, it was possible to
achieve a throughput level of >60% for input pulse energies of 3 mJ and 6 mJ, for Ar
and Ne, respectively. A focusing lens with the focal length of f=150 cm was used to
couple the input beam into both the Ar-filled and Ne-filled, hollow-core fibers. In
order to optimize the coupling efficiency into the fundamental nonlinear waveguide
mode [Tem98], the capillary entrance was shifted behind the geometrical focus of
the lens, enabling a compromise between the waveguide throughput and the extent
of spectral broadening. The pulses after the capillary were compressed by a pair of
Brewster-angled prisms. In order to avoid accumulation of additional nonlinear
phase in air and in the prisms, the beam after the hollow-core fiber was collimated
at the diameters of ~1.5 cm and ~3 cm at the 1/e2 level in the case of Ar- and Nefilled fibers, respectively. The absence of noticeable nonlinear phase distortions in
the material of the prism compressor was verified by monitoring the pulse spectrum
before and after the prism compressor. The compressed pulses after the prisms pair
were measured using an SHG FROG apparatus with a 50-μm-thick I-type BBO
crystal.
Optimization of the pulse energy vs. spectral broadening was performed as
follows. First, the cell was filled with Ar to a pressure of 2 bar and the optical
throughput was optimized at a low pulse energy. Subsequently, the pulse energy
was gradually increased while the gas pressure was decreased for each respective
pulse energy level to prevent the generation of white light attributed to the onset of
filamentation in the Ar gas filling the capillary bore. Figure A2.2c shows an
extensive, nearly symmetrical spectral broadening at the Ar pressure of 0.9 bar and
5
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an output energy of 1.9 mJ (3 mJ at the input) achieved by optimizing the input
pulse chirp [Boh10] and the position of the fiber entrance with respect to the beam
focus. These pulses where compressed by a pair of 60° LAK16A prisms, separated
by ~70 cm, to 19.5 fs (15 fs Fourier spectrum limit, Fig. A2.2d). Corresponding
results of SHG FROG characterization are shown in Fig.A2.2a,b. At higher input
pulse energies, ionization of the gas became significant. Although the ionization
level could be reduced by stronger pulse pre-chirping, increasing the input pulse
duration caused degradation of the temporal structure and the splitting of the
compressed pulses.
To identify the key physical processes behind hollow-fiber-assisted pulse
compression in our experiments, we numerically solve an appropriate modification
of the generalized nonlinear Schrödinger equation (GNSE) [Bra00] jointly with the
equation for the electron-density dynamics, including photoionization and impact
ionization (see, e.g., [Ser09] for the details). The photoionization rate is calculated
with the Popov−Perelomov−Terentyev modification [Per66] of the Keldysh
formalism [Kel64]. We consider a hollow fiber filled with argon with a nonlinear
refractive index n2 = 1.1·10−19(p/patm) cm2W−1 (p is the pressure of the gas in the
hollow fiber and patm is the atmospheric pressure), ionization potential Up = 15.76
eV, and the initial density of neutral species ρ0 = 2.7⋅1019 p/patm cm−3. The gas
dispersion is included in the model through the Sellmeier formula for argon.
Results of simulations for the spectrum at the output of the hollow fiber
(shown by the dash−blue line in Fig. A2.2c) agree well with the measured spectra.

6
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Fig. A2.2. Compression to 20 fs of 3 mJ pulses
transmitted through the hollow fiber at 0.9 bar of
Ar: (a) measured and (b) reconstructed SHG FROG
traces, (c) spectral intensity (red line) and phase
(solid green line) after FROG trace reconstruction,
measured spectrum after the hollow fiber (black line)
and input pulse spectrum (gray filled line); (d)
reconstructed temporal intensity (black line) and
phase (solid green line), transform-limited pulse
(red filled line) and input laser pulse (blue line).
Results of simulations are shown by the dotted
lines.
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Fig. A2.3. Compression to 35 fs of 6 mJ pulses
transmitted through the hollow fiber at 4 bar of
Ne: (a) measured and (b) reconstructed SHG
FROG traces, (c) spectral intensity (red line) and
phase (solid green line) after FROG trace
reconstruction, measured spectrum after the
hollow fiber (black line) and input pulse spectrum
(gray filled line); (d) reconstructed temporal
intensity (black line) and phase (solid green line),
transform-limited pulse (red filled line) and input
laser pulse (blue line). Results of simulations are
shown by the dotted lines.

With a pulse-compressor stage mimicked by linear group delay compensation,
simulations also provide an excellent fit (dashed lines in Figs. A2.2c, 2d) for the
temporal envelope, as well as the temporal and spectral phase of the compressed
pulse. Our simulations confirm that experimentally observed spectral broadening of
laser pulses in the hollow fiber is dominated by SPM, with the corresponding
nonlinear length for the input pulse parameters, lnl ≈ 5.6 cm, being much shorter
than the fiber length. Dispersion effects are negligible, with a typical dispersion
length being much longer than the fiber length. Pulse self-steepening gives rise to a
noticeable asymmetry of output spectra. With shock-wave terms switched off in the
GNSE, the model failed to provide an accurate fit for the experimental spectra. For
input pulse energy of 3 mJ, ionization effects are quite weak, as indicated by a mild
ionization-induced blue-shift of the spectra at the fiber output in Fig. A2.2c. For this
energy, an on-axis ionization-induced phase shift of 1 rad is acquired by a laser
pulse within a typical propagation length of ≈ 15 m (here, ω0 is the central
−1
frequency of the laser field, ρ is the electron l p = 2 cω 0 (ρ c ρ ) density, and ρc is the
critical electron density). However, because of the high nonlinearity of ionization, a
small increase in the input pulse energy (by a factor of 1.3) makes the length lp
comparable to the fiber length. Namely this effect limits the input pulse energy in
the experiments with an Ar-filled fiber.
To find a way around this limitation, we examined pulse compression in the
case of Ne which has a higher Up of 21.56 eV. To compensate for a much lower
nonlinearity (the third-order nonlinear susceptibility of Ne is more than an order of
magnitude lower than that of Ar [Leh85]), the gas pressure inside the fiber was
increased to 4 bar. In this case we were able to apply the full available input energy
of 6 mJ obtaining ~4 mJ at the output, which corresponds to a 62 % energy
throughput. The spectrum of the output pulses is presented in Fig. A2.3c. The
spectral broadening of laser pulses in the Ne-filled fiber is much less efficient than in
the case of Ar. With a pair of large-aperture 69° fused-silica prisms, separated by 148
cm, the output of the Ne-filled fiber was compressed to 35 fs, which practically
coincides with Fourier-transform limit as shown in Fig. A2.3d. Numerical
7
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simulations for hollow-fiber-assisted pulse compression in the case of Ne
(dash−dotted curves in Figs. A2.3c, 3d) accurately reproduce the measurements,
confirming that an optimal regime was attained in which an SPM-dominated
spectral broadening produced a largely linear group delay. The efficiency of spectral
broadening can be further increased, as suggested by our simulations, by increasing
the Ne pressure inside the fiber, which was not possible in the present version of the
setup.
Simple scaling rules, verified by our numerical modeling, suggest that the
energy of compressed laser pulses can be further increased by enlarging the core
diameter of the hollow fiber. As a result, both the ionization effects and the risk of
fiber optical damage from high energy fluence on the capillary walls can be
reduced. With such a strategy for fiber optimization, the key limiting factor for the
P ≈ (u − u )λ (8 πn ) increase in the input pulse energy is the Kerr-effect-induced
energy transfer from the fundamental to higher order modes of a hollow fiber. This
nonlinear-optical mode coupling becomes significant above the critical peak power
[Tem98] , where λ is the radiation wavelength, and u0 and u1 are the eigenvalues of
the relevant waveguide modes. For the LP01 and LP02 modes, this formula yields Pc
≈ 20 GW for 0.9 bar of Ar and Pc ≈ 60 GW for 4 bar of Ne. The λ2 scaling of the
critical power Pc suggests that, for λ = 1030 nm, the permitted peak power can be
increased by a factor of 1.7 as compared to the 800-nm case. Consequently, for the
hollow-fiber pulse compression scheme, an Yb-based femtosecond CPA offers a
clear advantage over a Ti:sapphire CPA in terms of peak power scaling. For the
input peak power set exactly to Pc (12 mJ for 200-fs pulses at 4 bar), we find that the
spectral broadening of such pulses in a Ne-filled hollow fiber would be almost free
of ionization effects (in the sense that lp > lf) for a fiber core diameter ≥380 μm. This
regime should enable compression of 1030-nm laser pulses with energies in excess
of 10 mJ.
In these experiments we demonstrated for the first time an efficient hollowfiber-assisted pulse compression at a multi-millijoule energy level using a 200-fs
DPSS Yb-based CPA. Pulses as short as 20 fs in Ar with an ~2 mJ energy and 35 fs in
Ne with an ~4 mJ energy were produced. This system can compete with similar
energy level Ti:sapphire laser amplifiers over which, owing to direct diode
pumping, it holds the edge in terms of robustness, dependability, and simplicity.
Achieved almost 10-fold pulse compression allows increase in the peak power of
laser pulses from 30 GW to more than 100 GW, which substantially broadens the
range of parameter P/Pcr accessible in the filamentation experiments.
2
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Fig. A3.1. Experimental setup for fluorescence yield and filament imaging measurements

We started our experiments with filamentation of high power 1030 nm femtosecond
laser pulses from general investigation of filament length and fluorescence yield
from atmospheric gases under different focusing conditions and polarization states
of the laser beam. Our experimental setup is schematically presented in Fig. A3.1.
200 fs, 5.6 mJ, 0.5 kHz laser pulses where focused in air by different lenses
producing a bright spark or a filament. Lenses with focusing length of 25 cm, 50 cm,
75 cm, 100 cm and 120 cm where used. For the shortest focusing length no filament
formation but a bright spark in air was observed. The beam was focused through a
45° dichroic mirror which reflects less than 10% of fundamental wavelength but
>90% of UV light in the region 300-500 nm. A quarter waveplate was used before
the focusing lens to change the pulses polarization continuously from linear to
circular. While changing polarization, we kept the energy of the laser pulse
constant. Thus, the peak intensity of the pulse changed from the maximum value to
one half when polarization was changed from linear to circular. UV fluorescence
generated in the filament and propagating in backward direction was reflected by
the dichroic mirror and collected by a short focusing lens to the UV spectrometer.
The length of the filament was visualized by a high resolution digital photo camera
capturing a picture of the UV fluorescence from a side with up to 30 s exposure
time. The exposure time and a distance from the photo camera to the filament were
constant for each polarization measurements, but the exposure was changed
between different focusing lenses to adapt to different intensity of fluorescence
signal. Digital photos where processed after all to retrieve a dependence of the
filament length on the beam focusing and polarization from observed UV nitrogen
fluorescence.
Figure A3.2 shows a typical spectrum of fluorescence and a filament image.

9
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Fig. A3.2. Spectrum of backward fluorescence and photo of a filament generated with f=1m focusing lens.
Corresponding transitions between different vibrational levels are assigned.

Fig. A3.3. Dependence of fluorescence yield on beam polarization and focusing.

Clearly resolved lines at 337 nm, 357 nm and 380 nm corresponds to transitions in
the second positive band C3πu→B3πg of neutral nitrogen molecules. However, we
did not observe any characteristic lines of emission from the first negative band of
nitrogen molecular ion (390-470 nm) which was clearly seen in experiments with
high power Ti:Sapphire lasers [Tal99, Luo03, Luo04] and used for diagnostics of the
filament. Emission lines from the nitrogen molecular ion where not observed even
with the shortest focusing lens f=25 cm used in our experiment. The yield of
fluorescence at 337.1 nm as a function of the laser beam focusing and polarization is
presented on Fig. A3.3. As follows from this figure, for short focusing maximum of
fluorescence is observed when polarization in the laser pulse is close to circular.
Note that, as it was mentioned above, for f=25 cm focusing lens we did not observe
a filament, however with f=50 cm lens well confined spatial structure in the beam
after the focus was observed indicating formation of a filament. With 70 cm lens the
10
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fluorescence yield is weakly sensitive to the change of laser polarization. For longer
focusing, linear polarization becomes favorable for efficiency of the fluorescence and
deep minimum at certain ellipticity is observed.
For understanding of the results of spectral measurements for UV backward
fluorescence from the filament, we performed measurements of the filament length
using digital photos processing. The results of these measurements are presented on
Fig. A3.4. With f=25 cm focusing lens, the length of the spark is not sensitive to the
laser polarization. Nevertheless, the fluorescence signal for circular polarization is
substantially stronger than for linearly polarized pulses. Both probability of
ionization and critical power of self-focusing depend upon polarization in the laser
beam. Critical power of self-focusing increases with ellipticity whereas ionization
probability significantly decreases since it is very sensitive to the peak intensity.
Therefore general conclusions can be made about the process of filament or spark
formation when laser polarization changing from linear to circular. The amount of
laser energy involved in filamentation will be higher for circular polarization than
for linear. Concentration of plasma produced in the filament or spark should not
depend significantly on polarization because it is defined by a balance
between

Fig. A3.4. Distribution of fluorescence along the filament for different polarizations and focusing conditions.

plasma-induced beam defocusing and geometrical and self-focusing of the beam.
Hence, a diameter of the filament should be smaller for circularly polarized beam
11
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than for the linearly polarized one. In total, the amount of plasma produced by a
circularly polarized beam should be significantly less than amount produced by a
linearly polarized beam. The relation between the plasma parameters and
fluorescence of excited neutral nitrogen molecules was discussed in [Xu09].
Analyzing results of experiments on filamentation of high power Ti:Sapphire laser
pulses, authors suggest that the UV fluorescence is generated by reactions: N2+ + N2
⇒N4+, N4+ + e ⇒ N2(C3πu) + N2. Obviously, both these reactions directly depend
upon plasma amount in the filament. Thus reduction of fluorescence is expected
when laser polarization changes from linear to circular independently to focusing
used in our experiments. This expectation contradicts with the results obtained with
f=25 cm and f=50 cm focusing lenses. For longer focusing lenses intensity of UV
fluorescence for circular and linear polarizations is quite similar. However, the
length of a filament in this case is larger for circularly polarized laser beam than for
the linearly polarized one and splitting of the filament on sections is observed (Fig.
A3.4). The last results are in agreement with measurements from [Pet00]. A deep
minimum at certain value of ellipticity can be related with the dynamics of filament
formation in elliptically polarized beams. Further theoretical modeling and
numerical simulations are needed for understanding and rigorous explanation of
obtained results.
In these experiments we systematically investigated, for the first time to our
knowledge, influence of polarization in the laser beam on intensity of UV
fluorescence from nitrogen molecules in air and filament length under different
focusing conditions. These results are important for control and optimization of
plasma conditions in the filament for forthcoming experiments on filamentstimulated UV laser emission in air.

_ FILAMENTATION-ASSISTED BACKWARD-EMITTING N2 LASER

A4

Realization of the laser effect from atmospheric gases in the backward direction is
one of the key problems for success of our project. This is expected to immediately
provide a seed pulse for stand-off CARS diagnostic of atmosphere which is the main
goal of the project.
Possibility of stimulated amplification of UV emission from excited nitrogen
molecules in a filament produced in air by high power femtosecond Ti:Sapphire
laser pulses was demonstrated for the first time by [Luo03]. The mechanism of
creation of population inversion was assumed recombination of nitrogen molecular
ions with electrons. As prove of stimulated amplification, exponential fit to the
dependence of fluorescence yield on the filament length was demonstrated.
However, experiment was done with laser pulses whose peak power varied from
100 GW to 600 GW resulting in ratio of P/Pcr 30-200. The scaling of a filament length
12
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with change of the laser pulses energy is not straightforward under these
conditions. Moreover, the proposed alternative mechanism of nitrogen fluorescence
and time-resolved measurements from [Xu09] permit lasing from neutral nitrogen
under atmospheric conditions. Obviously, more investigations should be done to
confirm the capability of this approach for obtaining lasing from a filament in the
atmosphere.
Another approach to the solution of the problem of stimulated emission from
the filament is based on the model of well known discharge nitrogen laser which
can work at low nitrogen pressure and in atmospheric conditions. In a nitrogen
laser, population of the upper laser level occurs by electron impact. Electrons can be
produced by a discharge or a beam of sufficiently energetic electrons from
accelerator can be used. A theory of nitrogen laser is well developed [Ger65, Ali67,
Ric76] and processes which influence most population inversion are well
understood. The key parameters defining lasing conditions are the temperature and
concentration of electrons, speed of electron impact pumping and gas pressure. The
advantage of a filament in comparison with discharge or electron beam pumping
schemes is that it provides unprecedently high speed of pumping because electrons
are produced by gas ionization in the filament on femtosecond time scale. Also, low
thermal load accompanying filamentation allows lasing at high repetition rate under
atmosphere pressure conditions. However, the effect of intensity clamping in the
filament does not permit easy control over parameters of plasma. In the same time,
typical temperature of electrons in the filament is about a few eV which is not
sufficient for efficient excitation of nitrogen molecules to the upper lasing level.
Therefore, special efforts have to be taken to achieve control over plasma parameters
in the filament. Another problem on the way to effective lasing is a rather small
(~100 μm) size of a filament. This set the lower limit on the value of a gain in the
excited gas for stimulated emission to prevail over spontaneous processes. This far
not full list of difficulties makes the task of effective lasing from nitrogen in the
filament very challenging.

13
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Fig. A4.1. Potential curves of the nitrogen molecule providing IR emission (0.8-1.2 μm) in first positive band
and near UV emission in the second positive band. Left axis shows energies of excited metastable states in
atoms of noble gases.

In this part of the project we concentrated our efforts on proof of principles
experiments to demonstrate that effective lasing is indeed possible under
filamentation conditions. To go around the problem of insufficient temperature and
limited possibilities to control electrons in the filament plasma, we used the mixture
of nitrogen with different noble gases. The idea is sketched in Fig. A4.1. Excited
metastable atoms of noble gases are produced as a result of two-step kinetic process
in the filament plasma: three-body collisions A+ + 2A → A2+ + A and
A2+ + e → A* + A. Then the population inversion in nitrogen is achieved due to
second kind collisions A* + N2(X′Σg+) → A + N2(C3πu). This scheme was successfully
used before to improve energy characteristics of a nitrogen laser pumped by
electron beam [Byc76, Bas76]. Experimental setup is very similar to the one used for
fluorescence measurements in air and presented in Fig. A4.2. In these experiments,
we used 1030nm, 0.5 kHz, up to 5 mJ, 190 fs pulses. The beam was focused by f=1 m
focusing lens into the gas-cell with Brewster-angle CaF2 input windows. The beam
diameter in the focus measured by a CCD camera was 200 μm with 95% Gaussian
distribution.

14
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Fig. A4.2. Experimental setup: λ/2 – half-waveplate, P-polarizer, L1 – focusing lense, L2 and L3 – imaging
system, M2 – mirror transparent for 1030nm but reflecting some amount of UV light, A – adjustable aperture.

Fig. A4.3. Spectral intensity of 337 nm emission from mixture of N2 and Ar (black dotes), N2 and Ne (green
dotes), N2 and Kr (red dotes), as a function of buffer gas pressure for 400 mbar partial pressure of N2. Blue
dotes present the results for pure N2. Results of numerical simulations for population of lasing levels in
nitrogen are presented in the right panel.

The result of measurements of backward fluorescence at 337 nm wavelength
from the filament in the mixture of nitrogen with different noble gases is presented
in Fig. A4.3. As follows from this figure, dramatic increase of fluorescence yield is
observed when argon is used. This can be easily understood from the Fig. A4.1.
Energy of excited argon atoms is close to the maximum of N2(C3πu) state excitation
cross-section (~14 eV), whereas the excitation energy in Kr is too low and in Ne is
too high. We performed numerical simulations which include modeling of
filamentation of 1030 nm laser beam under conditions of our experiment and kinetic
equation for a dynamics of plasma after the filament coupled with rate equations for
population of different molecular nitrogen states. This simulations show that a very
efficient inversion of population between N2(C3πu) and N2(B3πg) is achieved in Ar-N2
mixture (Fig. A4.3 right panel). To prove the validity of our simulations,
15
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experimentally measured dependence of 337 nm fluorescence yield on partial
nitrogen pressure and temporal profiles of fluorescence signal measured with fast
photo-multiplier are presented on Fig. A4.4 and Fig. A4.5 together with the results
of simulations. As follows from these figures, agreement between experiment and
numerical simulations is very good.
Having the population inversion in the Ar-N2 mixture, the last step for lasing
achievement is to provide conditions of sufficiently high gain. This was done by
optimizing the proportion of gases in the mixture. Fig. A4.6 demonstrates the
spectrum of backward UV fluorescence from molecular nitrogen for the case when
lasing threshold was not achieved and when effective lasing was obtained. When
gases pressure conditions were optimized, the beginning of lasing at 357 nm
wavelength was also observed.

Fig. A4.4. Experimentally measured intensity of 337 nm line (left panel) and simulated population inversion
(right panel) as a function of nitrogen pressure for fixed total pressure N2 +Ar 2780 mbar.

Fig. A4.5. Time-dependence of UV emission from N2+Ar mixture for p(Ar)=2 bar and different partial
pressures of N2. Filled cyan line – third harmonic signal from pure Ar, reflected from the gas cell output (given
for time reference), blue – p(N2)=10 mbar, dark green - p(N2)=20 mbar, red - p(N2)=30 mbar, violet - p(N2)=40
mbar, brown - p(N2)=80 mbar, light green - p(N2)=160 mbar, black – p(N2)=700 mbar. Right panel present the
results of numerical simulations.
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The generated UV beam can be easily seen on a paper screen. The image of
UV lasing beam obtained by CCD camera with 2f-2f imaging from the input
window is presented on Fig.A4.7. We changed the energy in the laser pulse
producing the filament by polarization attenuator before the focusing lens and
determined the threshold energy for UV generation as 3.5 mJ. Also, we put an iris
before the focusing lens to optimize the beam focusing conditions and filament
length and stability. It was found that efficiency of UV lasing is very sensitive to
adjustment of the iris. The efficiency and stability of lasing become substantially
worse when the iris is fully opened or closed too much. The measured power of UV
lasing was 100 μW which results 200 nJ energy per UV pulse.
To measure the temporal profile of generated UV pulses we used a fast
photo-diode which has sub-ns response. Typical pulse generated at 337 nm is
presented on Fig. A4.7. The pulse duration is about 1 ns which is in a good
agreement with expected value ~2 ns for the pressure of nitrogen used in the
experiment. We used temporal measurements to obtain the dependence of UV laser
generation efficiency on partial pressures of nitrogen and argon. The results are
presented in Fig. A4.8. The threshold for lasing start was determined as 0.6 bar for
nitrogen pressure and 3.5 bar for argon pressure.

Fig. A4.6. Spectrum of fluorescence without amplification (left panel) and when lasing at 337 nm is achieved
(right panel). N2 pressure 1 bar, Ar pressure 5 bar. Under optimal conditions, lasing at 357nm line is about to
begin.

Fig. A4.7. Spatial profile of spontaneous fluorescence (left) and lasing beam (middle). Right panel presents
temporal profile of the generated UV pulse.
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Fig. A4.8. Dependence of the lasing pulse amplitude on partial nitrogen pressure (left) and partial argon
pressure (right).

In these experiments we demonstrated for the first time efficient stimulated
UV emission from the laser created filament in nitrogen-argon gas mixture. We
determined the conditions of optimal lasing, thresholds in laser pulse energy and
gases pressure, temporal and spatial profiles of generated UV emission. These
results proves the possibility of efficient backward laser effect under the filament
conditions and provide clear hints what should be done for the next steps toward
the efficient lasing in the real atmosphere conditions.
Part B: Filamentation in the eye-safe infrared region

_ FEMTOSECOND IR PARAMETRIC SYSTEM

B1

Development of high power mid-IR laser sources capable to produce filaments in
the atmosphere is a great of importance for practical applications of stand-off
filament-based sensing. Laser wavelengths longer than ∼1.4 μm belong to so called
“eye-safe” region of the electromagnetic spectrum, which is important for any field
applications where civilians might be affected by the laser radiation undergoing
filamentation. In this part of the project we developed a unique hybrid femtosecond
laser CPA and picosecond OPCPA system which delivers 60 fs, up to 20 mJ laser
pulses at 1.57 μm signal wave and 80 fs, up to 8 mJ pulses at 3.9 μm idler wave at 20
Hz repetition rate.
The sketch of this system is presented in Fig. B1.1. The front end of the
system is a home-built room-temperature 190-fs Yb:CaF2 CPA amplifier driving
three cascades of a white-light seeded parametric amplifier (fs KTP OPA) at the
repetition rate of 0.5 kHz. The pump laser for the OPCPA is a flash-lamp-pumped
Nd:YAG system based on a regenerative amplifier and a two booster amplifiers.
Both lasers are optically synchronized by a common Yb:KGW seed oscillator. A
volume Bragg grating with a 50-pm-wide reflection bandwidth at 1064 nm
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(OptiGrate Corp.), intercepts the beam at the input of the Yb amplifier stretcher and
directs the 1064-nm seed component into the Nd:YAG regenerative amplifier.

Fig. B1.1. Schematic layout of the mid-IR OPCPA

To limit further nonlinear pulse spectrum broadening in the Nd:YAG system, two
fused silica etalons are installed in the regenerative amplifier cavity. The 20-Hz Nd
system produces 60-ps pulses with energies above 200-mJ, however only up to
150 mJ of pump energy is currently used in the OPCPA because of the limited
aperture of the final KTA crystal. The OPCPA consists of two stages based on 10mm-long KTA crystals, which offer superior transparency around 4 μm. The finalstage crystal has uncoated Brewster-cut faces, which introduces losses for the signal
wave at 1.5 μm but prevents optical coating damage by the MIR pulse. The flattop
mode of the 1064-nm beam at the output of the ∅10 mm Nd:YAG rod in the pump
booster is reimaged, with the use of evacuated Brewster-windowed cells, onto the
two KTA crystals of the OPCPA stages resulting in ∅4 and 5 mm pump beam spots,
respectively, on the input crystal faces.
The OPCPA is seeded at the signal wavelength. Due to the signal and idler
phase conjugation, different design of the stretcher is necessary when the signal or
idler wavelengths are used in the experiments. In the experiments with 1.57 μm
signal wave, we used the positive-dispersion grating stretcher and negativedispersion grating compressor. In the experiments with 3.9 μm idler wave the signal
seed pulses are stretched in the negative-dispersion stretcher and the resultant idler
pulses are compressed using a (negative-dispersion) grating pair. A carefully
designed GRISM arrangement is used in the stretcher to pre-compensate the thirdorder dispersion because odd dispersion orders add up whereas the even orders
cancel out during the idler pulse compression.
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Figure B1.2 presents the results of the mid-IR pulse characterization by SHG
FROG. for 3.9 μm idler wave. Measured pulse duration is 83 fs (transform-limited
pulse duration 68 fs). Figure B1.3 presents the results of the mid-IR pulse
characterization by SHG FROG for 1.57 μm signal wave. Measured pulse profile in
this case practically coincides with transform-limited pulse and has duration is 74 fs.

Fig. B1.2. Measured and reconstructed SHG FROG trace for 3.9 μm pulse, spectrum and spectral phase,
reconstructed pulse shape and temporal phase.

Fig. B1.3. Measured and reconstructed SHG FROG trace for 1.57 μm pulse, spectrum and spectral phase,
reconstructed pulse shape and temporal phase

_ SIGNAL WAVE (1.5 μm) FILAMENTATION

B2

The first experiments on filamentation of multi-mJ, femtosecond 1.57 μm mid-IR
pulses where performed by the TU WIEN group recently [Muc09], pre-dating this
20
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EU project. During the first 12 months of the project, the ILC MSU partner worked
on the in-depth theory model to explain the striking and very promising features
revealed in the experiments.
In these experiments efficient IR pulse self-compression was demonstrated as
a result of nonlinear spatio-temporal dynamics in the filament. The most striking
feature of observed self-compression regime is its high energy efficiency (66%)
because the whole beam in the filament undergoes temporal compression. In
previous experiments on a pulse self-compression carried out with Ti:Sapphire laser
systems, spatial filtering with a diaphragm is typically needed for the selection of
the paraxial part of the beam, providing the highest efficiency of pulse compression.
This beam aperturing dramatically reduces the energy of compressed light pulses,
lowering energy conversion from the input pulse to the compressed output. In this
part of the project we analyse the spatiotemporal filamentation dynamics of
ultrashort laser pulses by numerically solving the field evolution equation using the
framework of the slowly evolving wave approximation (SEWA) [Bra97] modified
[Gei99, Gae00] to include ionization effects. The pulse propagation equation is
solved jointly with the equation for the electron density. Ionization includes direct
photoionization by the laser pulse with the rate calculated using the
Popov−Perelomov−Terentyev modification [Per66] of the Keldysh formula [Kel64],
and the impact ionization with cross section calculated through the Drude formula.

Fig. B2.1. Spatiotemporal maps of the field intensity (the color encodes the logarithm of the field intensity) in a
laser pulse with τ0 = 70 fs, E0 = 2.2 mJ, and λ0 = 1565 nm propagating in argon at p = 5 bar: z = 40.4 cm (a),
42.2 cm (b), 50.1 cm (c), 55.0 cm (d), 101.0 cm (e), and 154.0 cm (f).
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The spatiotemporal dynamics of an ultrashort laser pulse with the abovespecified parameters in high-pressure argon is illustrated by Figs. B2.1a – 1f. Behind
the nonlinear focus (zf = 42 cm for the chosen parameters), the central part of the
laser pulse and its trailing edge experience strong defocusing (Fig. B2.1b) due to a
negative lens created by the spatial profile of the electron density induced by the
leading edge of the laser pulse. Around z = 50 cm, a secondary focus arises on the
trailing edge of the pulse as a part of the standard short-pulse filamentation scenario
[Ber07, Cou07, Ber08a, Ber08b]. This refocusing gives rise to an intense selfcompressed wave, which is confined both spatially and temporally near the beam
axis on the back of the pulse (shown by a semicircle in Fig. B2.1d). The spatial
divergence of this part of the beam is suppressed by the joint effect of Kerr and
plasma nonlinearities, making this wave channel along the axis of the filament
(beam trajectory 1 in Fig. B2.2a). In spite of its high intensity, reaching 80 TW/cm2 at
z = 52 cm in the regime considered here, this self-compressed wave carries only
0.4% of the total laser field energy, with the remaining energy radiated in the form
of a rapidly diverging wave (shown by a circle in Fig. B2.1d), giving rise to off-axis
beam trajectories (beam trajectory 2 in Fig. B2.2a). Spatial filtering of the selfcompressed wave using a diaphragm with a pinhole diameter of 25 μm will thus
yield an ultrashort pulse with a pulse width of 5.8 fs, corresponding to 1.1 field
cycle, and an energy of 7.3 μJ, corresponding to energy conversion from the input
field to the compressed pulse output with an efficiency of only 0.33%.
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Fig. B2.2. (a) Dynamics of the laser beam in the filament. The compressed solitary wave forming on the trailing
edge of the pulse propagates along the z-axis (beam trajectory 1), while the diverging part of the beam
propagates along beam trajectory 2, making an angle α with beam trajectory 1. (b, c) Time−space maps of the
field intensity (on the logarithmic scale) at z = 52 cm (b) and 154 cm (c). The dashed horizontal line shows the
time zero, corresponding to the input pulse peak in the retarded reference frame. (d) Evolution of the field
intensity integrated over the beam. The input pulse parameters and the gas pressure as specified in Fig. B2.1.

We demonstrate further that the input-to-compressed output energy
conversion efficiency can be radically improved through a compensation of the
group delay between the self-compressed wave and the diverging part of the field.
To provide a qualitative insight into this approach, we introduce an angle α
between beam trajectories 1 and 2 in Fig. B2.2a, corresponding to the selfcompressed and diverging waves. Right behind the nonlinear focus, as can be seen
from Fig B2.2a, this angle is α ≈ 0.0043. The arrows in Figs. B2.2b and B2.2c show the
group delays of the self-compressed and diverging waves relative to time zero,
defined as the center of the input laser pulse in the retarded frame of reference (the
dashed line in Figs. B2.2b and B2.2c). At z = 52 cm (Fig. B2.2b), these group delays
are 43 fs and 24 fs. Assuming that the self-compressed and diverging waves
propagate exactly along beam trajectories 1 and 2 at the speed of light in vacuum,
we then find that the self-compressed wave will catch up with the diverging wave
at z = 154 cm, where both the self-compressed and diverging waves should have a
group delay τg ≈ 30 fs relative to the time-zero line.
This simple estimate provides a surprisingly accurate prediction for the
propagation path where the self-compressed wave becomes synchronized in time
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with the diverging wave. Indeed, as can be seen in Fig. B2.1f, at z = 154 cm, the
group delay between the self-compressed wave (shown by a semicircle) and the
diverging wave (shown by a circle) is reduced to a minimum, with both waves
having a group delay τg ≈ 30 fs (Fig. B2.2c). On a spatiotemporal map showing the
field intensity integrated over the beam as a function of the retarded time and the
propagation path (Fig. B2.2d), this type of pulse evolution scenario is represented by
a time profile that displays a gradual compression from z ≈ 50 cm to z ≈ 150 cm. This
dynamics yields a pulse with an FWHM pulse width of 24 fs (Fig. B2.3a) and an
energy of 1.5 mJ at the output of the filament (z ≈ 154 cm), corresponding to an
input-to-compressed-output energy conversion efficiency of about 70%.

a)

b)

Fig. B2.2. (a) Temporal envelope of the filamentation-compressed IR OPCPA pulse (circles) and temporal
profile of the simulated field intensity integrated over the beam (solid line). (b) The spectra of the IR OPCPA
pulse behind the filament: (circles) experiment, (solid line) simulations. The input pulse parameters and the gas
pressure as specified in Fig. B2.1.

In Figs. B2.3a and 3b, we compare predictions of our simulations with the
results of the experiment. As can be seen from this comparison, the model
adequately reproduces the main features in the measured spectra and temporal
pulse profiles.
In this part of the project we identify a promising scenario of filamentationassisted pulse compression where a compensation of the group delay between a
high-intensity, but low-energy self-compressed waveform localized near the
filament axis and a high-energy low-intensity off-axis component of the beam
enables an efficient pulse compression within the entire beam, leading to high
efficiencies of energy conversion from the input pulse to the compressed filament
output. This result is very important for increase in power of mid-IR pulses which is
especially crucial for filamentation experiments in this spectral range since the
critical power of self-focusing scales proportionally to square of the wavelength.
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_ IDLER WAVE (3.9 μm) FILAMENTATION

B3

In this part of the project we pushed the ability of laser beam filamentation further
to mid-IR spectral range and demonstrated for the first time filamentation at 3.9 μm,
i.e. within the mid-IR spectral range which is crucial for many applications of
atmospheric sensing and countermeasures. This is completely new spectral range
and parameters space for filamentation where new regimes and phenomena are
expected. In particular, we expect to utilize the high ponderomotive energy of midIR pulses as a source for electron heating in the filament plasma.
Figure B3.1 shows the measured with piroelectric camera spatial profile of
the filament generated in a 3m long Ar-filled gas cell under 4 bar pressure by 6 mJ,
80 fs pulse focused by R=4m mirror. At lower pressure, when filamentation does not
occur, or after vacuum cell, the beam occupies the whole screen on the camera. Also,
a photo of the supercontinuum on a paper screen in the visible-UV spectral range
generated by the filament is presented. This impressive spectral broadening from 4
μm to the visible and even UV demonstrates large potential of mid-IR filamentation
for generation of spectral supercontinuum which can be used as one of the tools for
the atmospheric spectroscopy [Woe97, Kas03].

Fig. B3.1. Spatial image of the filament after gas cell filled by N2 under 4 bar pressure. Filamentation occurs for
pressure above 2.5 bar for N2 and above 3.5 bar for Ar. The central part of the filament contains 60-70% of the
total transmitted energy.

Another interesting result we observed in our preliminary measurements is
the existence of two regimes of filamentation when nitrogen was used in the gas
cell. These two regimes occur at different chirp of the input pulse and result in
different spectral broadening as it is shown on Fig. B3.2. We performed numerical
simulations of our experiment to clarify physical mechanisms of spectral changes in
the filament. These simulations show that the strong peak on the red side of the
25
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spectrum in the second regime of filamentation has substantial contribution from
Raman excitation in nitrogen. It should be mentioned also that we observed almost
no visible continuum from the nitrogen-filled gas cell.

Fig. B3.2. Spectrum broadening in the filament created in 3m long cell filled by N2 using R=4m focusing
mirror for two regimes of filamentation: minimum input pulse duration (r1, red line) and optimum amount of
negative chirp (r2, blue line). Right panel shows the results of numerical simulations together with
experimentally measured spectra.

Fig. B3.3. Spectra of low level harmonics generated in filament in Ar (left panel). Single-shot picture of
interference between subsequent harmonics in the region of their spectral overlap (right panel).

We observed also generation of harmonics up to 13th in the filament. The
spectrum of each harmonic is significantly broadened such that there is a partial
overlap between subsequent harmonics. This leads to the appearance of interference
structures originating from carrier-envelope phase (CEP) fluctuations. One of
snapshots of this interference between 5th and 7th harmonics is presented in Fig.
B3.3. It is necessary to mention that we did not stabilize the CEP in these
measurements. Since we use the idler wave of our OPCPA system, CEP stability is
automatically preserved in OPA cascades. However, this stability is lost when we
switch to another pump source in the last OPCPA cascades. We observed a similar
phenomenon for some of higher harmonics as well. This new effect offers a unique
possibility for single-short CEP characterization and even reconstruction of the
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absolute CEP value from interference fringes between several subsequent
harmonics.
Preparing an experiment for detail measurements of harmonics generated in
the 3.9 μm filament, we discovered generation of 3rd and 5th harmonics in air directly
in the collimated ~1 cm in diameter 3.9 μm beam after the compressor. We
measured the dependence of harmonics signal on the propagation length in air for
the fundamental beam. In these measurements, we blocked the 3.9 μm beam at
different positions after the compressor by a glass plate absorbing on this
wavelength. Spectrum of the transmitted third harmonic was obtained placing ∅400
μm optical fiber directly in the harmonic beam. For spectral measurements of 5th
harmonics, focusing lens was used to collect light into ∅1mm optical fiber. The
results of measurements are presented on Fig. B3.4. Since refraction index of air for
third and fifth harmonics can be calculated from the Sellmeier equation with well
known coefficients, these results allow obtaining the value of refraction index at 3.9
μm where the Sellmeier equation is not known. Also, observed generation of third
harmonic in air might play an important role in the process of filamentation of 3.9
μm beam, since the process of third harmonic generation in the filament was shown
to be important for spectral supercontinuum generation and the value of the
intensity clamping in the filament [Ber05, Sku07].

Fig. B3.4. Layout of the 3rd and 5th harmonics measurements in air from collimated 3.9 μm beam. Dependence
of harmonics spectral intensity on the propagation distance of the fundamental beam in air.
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_ CONCLUSIONS

2

In this deliverable:


we demonstrated that a novel type of robust solid state laser based on a broadband Ybdoped crystal and pumped with cw laser diodes can be applied for generating
filaments in air and gas mixtures. By applying the external pulse compression
technique, we were able to bring this compact and robust laser system on the par with
few-cycle Ti:sapphire amplifiers that are notoriously complex and unsuitable for field
applications.



we performed detailed studies of filamentation in air using IR and, for the first time
ever, mid-IR multi-mJ femtosecond pulses.



we succeeded in obtaining efficient sub-μJ backward lasing from nitrogen gas from a
femtosecond filament. This is a very significant step forward toward obtaining
backward lasing from atmospheric air.



we succeeded in obtaining filamentation with ~6 mJ mid-IR (λ≈4 μm) pulses which is
very challenging because of the λ2 scaling of the critical power of self-focusing required
to enter the filamentation regime. This development is very significant both for eye-safe
potential operation for atmospheric sensing and the promise of ponderomotive heating
of the electrons in the filament plasma.
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