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3.1

Publishable summary

CROSS TRAP (Coherently-enhanced Raman One-beam Standoff Spectroscopic Racing of
Airborne Pollutants) in an FP7 STREP project within the Future and Emerging Technologies Open
Scheme. The project is coordinated by Photonics Institute, TU Wien (Prof. Andrius Baltuska,
baltuska@tuwien.ac.at) and includes the following contractors:








Politecnico di Milano
Menlo Systems GmbH
Covesion Ltd.
Light Conversion, Ltd
Ruprecht-Karls Univ. Heidelberg
Internation Laser Center of Moscow State Univ.
Bilkent Univ.

POLIMI,
MSG,
CL,
LC,
UHEI,
MSU,
BILU

Italy
Germany
UK
Lithuania
Germany
Russia
Turkey

The project website is www.crosstrap.eu.
Project CROSS TRAP tackles the ICT objective of photonic components and subsystems for
sensing for environment, well-being, safety and security. The project aims at developing a versatile
method and apparatus for standoff chemical identification of trace amounts of airborne pollutants,
such as biochemicals, bacterial threats and explosive materials that can be fingerprinted using their
characteristic vibrational Raman spectral signatures. The core idea of the proposal is to enable a
free-space scheme for coherent stimulated Raman scattering (SRS) in the direction almost exactly
reversed with respect to an outgoing laser excitation, so that the probe beam can be arbitrarily
pointed in any unobstructed direction and an enhanced backward propagating signal detected at the
laser source using a LIDAR-type apparatus.

Plasma
Optically clear
ambience
Pollutants

Strong-field
fs pulse
Top: Photon transitions emitting an SRS signal.
Right: Schematic of the CROSS TRAP approach
combining two ultrafast lasers: an intense
femtosecond laser for inducing a backward lightwave
and a two-color laser for SRS probing

Excitation
Coherently
enhanced
Back-Scattering

The radical advantage, as compared to incoherent light probing techniques, lies in coherent
enhancement, which implies that light fields are phase-matched, i.e. added in phase, so that the
signal propagation is confined to very narrow solid angle and the signal magnitude is greatly
increased. In order to enable the generation of backward SRS signal, a backward propagating laser
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field must be supplied in the form of a reflected/re-scattered fraction of the incident beam or as a
beam generated through lasing in air.
The grand technological and scientific challenge in CROSS TRAP is to realize a free-space SRS
relying on the air itself as a medium emitting a back-propagating beam that facilitates phasematching. The emission of the laser-like backward beam is a product of a reversible interaction of
gas with a strong field of an ultrashort intense laser pulse that leaves in its wake a string of ionized
gas (plasma) called a light filament.
In the context of CROSS TRAP, such an artificially enhanced and remotely controlled backwardemitting process serves as an enabling mechanism for moving away from an incoherent wide-angle
signal harvesting in a LIDAR-type probing technique towards a coherent, and thereby stronger and
less-divergent, beam detection. In a broader sense, far beyond the scope of CROSS TRAP, the
ability to induce and control light reflection from an isotropic pure transparent gas would
undoubtedly trigger the development of new free-space techniques in the areas of remote sensing,
ranging, target illumination, chemical marking and, not unlikely, for eavesdropping on free space
optical communications.
The objectives of this project are:
-demonstration of a controlled atmospheric “back-emitter” by creating and optimizing
plasma filaments in air;
-development of a synchronized SRS detection and identification scheme employing a backpropagating beam geometry facilitated by the filament;
-development of a fully functioning prototype for a stand-off gas detection based on a laser
system with a dual frequency output (a femtosecond high-energy mid-IR pulse for filament
generation and a frequency-tunable narrowband UV pulse for SRS probing);
-feasibility demonstration of a scheme for filament excitation with a laser operating at an eyesafe infrared wavelength.
Among its most decisive achievements within the initial two years of the project, the CROSS TRAP
Team has developed several types of free-space UV emitters based on filamentation of high-energy
femtosecond pulses and has staged a model experiment proving the feasibility of SRS gas analysis
using two counter-propagating pulses from two different lasers. The main objective, pursued during
the final project period was to achieve an SRS stand-off detection using a free-space laser and to
integrate the whole laser and detection periphery into a single system conceptually shown in the
figure below.

Principle scheme of the remote sensing experiment using a backward propagating atmospheric laser.
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During the final year of the project, the synergetic effort of the CROSS TRAP Consortium resulted
in the following main achievements:
 Implementation of an integrated setup for free-space lasing and SRS probing. On the basis
of a high-energy femtosecond mid-IR parametric amplifier at TU Wien, we have developed a single
laser system consisting of a 4-µm arm used for filamentation and initiation of free space UV lasing
and a tunable narrowband UV OPA for species-selective SRS probing. The demonstrated mid-IR
pumping of the free-space UV laser with an eye-safe 4-µm wavelength clears the final milestone of
the project MS8. The two parametric amplifiers included in the laser system depicted below, were
developed by TU Wien in cooperation with LC. In the probe arm, the critically important step of
spectral compression during the near-IR to UV frequency compression was developed under the
lead of POLIMI, the inventor of this bandwidth narrowing technology.

Unified laser system for pumping a free-space filament laser and tunable-frequency probing of SRS response.

 Experimental realization of the backward SRS concept using a free-space filament laser.
Whereas the concept itself has been successfully tested with two pulses from solid-state lasers
earlier in the project, the final success of the entire CROSS TRAP enterprise was pinned on the
ability to demonstrate this method with a free-space, “atmospheric” lasing. Such experiments were
performed at TU Wien on the 20-Hz laser system presented above at a laboratory standoff distance.
The figure below illustrates the ability to detect a vibrational line of methane using the CROSS
TRAP method.
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Stimulated Raman Loss measurement in CH4 using a free-space laser pulse at 337 nm from nitrogen gas in the
filament afterglow and a tunable UV pulse from an OPA. Left: Raman signal dependence on the temporal
overlap between the atmospheric laser and OPA pulses. Right: Raman signal dependence on the frequency
detuning between the 337-nm atmospheric laser pulse and the OPA pulse showing the signal peak at the
methane resonance around 2917cm-1.
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These experiments represent a successful merger of all research lines pursued in the project. The
bulk of laser hardware used in the system is developed by TU Wien and LC; numerical simulations
were performed by MSU; the Raman response detection system was jointly developed by POLIMI,
UHEI and TU Wien. Despite the encouraging success of this milestone experiment, further research
will be necessary to continue the development of the CROSS TRAP method after the project, most
of all in order to extend the detection range and sensitivity. This requires a higher-energy mid-IR
laser that has already been built by the CROSS TRAP consortium for partner MSU and is currently
awaiting its installation. The new high-energy system is supposed to enable filamentation at
atmospheric pressure and result in significantly longer atmospheric laser pulses that would
dramatically boost the SRS signal for extended gas targets.
 Generation of population inversion in atmospheric nitrogen using picosecond optical
breakdown. In an external CROSS TRAP collaboration with the group of P. Polynkin at University
of Arizona, we were able to investigate the transient regime between the long electric discharge,
creating a hot plasma for pumping conventional nitrogen lasers, and femtosecond filamentation that
leaves a cold plasma insufficient to populate the lasing level of the 337-nm nitrogen transition. By
gaining access to a 12-J Nd:glass laser at the Lawrence-Livermore National Laboratory, we were
able to generate a much hotter plasma with stretched picosecond pulses that led to the generation of
clearly detectable 337-nm pulses. This study has extremely broad implications because it confirms
the ability to achieve atmospheric lasing in a single properly configured pump laser pulse. It also
proves that it is feasible for population inversion to outcompete multiple population loss channels in
air on the picosecond time scale.
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Generation of linearly-polarized 337-nm pulses with Joule-level picosecond pulses of the 1053-nm LLNL Comet laser.
Left: 337 nm line appearing next to the third harmonic spectrum of the fundamental laser frequency. Right: a
frequency-resolved streak camera image registering a picosecond delay of the 337-nm lasing. The delay with respect to
the pump pulse is due to picosecond plasma evolution and a gradual inversion buildup.

 Development of a 0.5-GHz-repetition-rate burst mode Yb-doped fiber amplifier. In the
initially proposed CROSS TRAP concept, the role of the probe laser was delegated to a burst-mode
amplifier capable of firing packets of pulses densely spaced in time and space to harvest
information on molecular excitations created by the back-propagating pulse from the filament. This
laser system consists of an Yb fiber oscillator developed by MSG and an Yb fiber amplifier
developed by BILU. The frequency conversion is implemented in cooperation with CL and
POLIMI. At the outset of the project, it was not clear that the SRS measurements will be conducted
7

in the UV range because of the frequency of the free-space laser. Because of the cascaded
frequency conversion required to reach UV from the fundamental frequency, this laser system
proved of little use to the implementation of the working prototype described above. However, the
burst mode amplifier has exhibited outstanding and unique capabilities that will for sure find broad
implementation in other fields, such as material processing, surgery and nonlinear spectroscopy.
The illustration of the potential of this novel laser system is given in the figure below which shows
a stark difference in the amount of collateral damage to human dentine obtained with the BILUMSG burst-mode amplifier and an amplifier operating in the conventional mode. BILU and MSG
are currently actively working on the commercialization of this laser system.

Human dentine samples processed using 25-pulse bursts at a 1-kHz burst repetition rate with 500-MHz intra-burst
(left), 100-MHz intra-burst (middle) repetition rates and a uniform repetition rate of 25 kHz (right). Average power,
processing time, pulse width, pulse energy (9 μJ), spot size are the same in each case.

The results of CROSS TRAP are going to be exploited by the SMEs involved in the Consortium.
The developments of two unique femtosecond laser systems will allow MSG and LC, who
specialize in fiber and solid-state amplifier and parametric amplifier technology, respectively, to
upgrade the performance of their commercially offered laser systems and potentially launch new
laser products. CL, who specialize in frequency conversion using periodically poled crystals, have
developed new crystal types for this project which can also be commercialized as standalone
products or parts of integrated frequency conversion systems. As a result of this research, TU Wien
has launched a spin-off SME, Amplight KG, with the aim to proliferate the high-energy eye-safe
mid-IR system developed in CROSS TRAP. The first such system, built in cooperation with LC,
has already been delivered to MSU on the commercial basis.
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3.2 Core of the report for the period: Project objectives, work progress
and achievements, project management

3.2.1 Project objectives for the period
The overall objective of the project is to develop a method and apparatus for standoff coherent
Raman spectroscopy (CRS) in air or gas. Several variants of CRStechniques are under
investigation. CARS was indicated as a method of choice in the DoW. As work on the project
progressed, the final choice of the technique targeted for implementation within the project life time
was set on stimulated Raman scattering (SRS), measuring the stimulated Raman loss/gain
(SRL/SRG). This CRS technique has the key advantage that it assures automatic phase matching
and it can be realized in the collinear or anti-collinear geometry. The consortium entered the final
project reporting period with the following important intermediate results obtained in the first two
years of the project:
a) During year 2, we demonstrated 337-nm lasing from pure nitrogen and 337 and 357-nm
lasing from a mixture of nitrogen and argon. Backward free space 337 nm emission with the
pulse energy of several microjoules was achieved in the latter scheme. WP1
b) Also, we demonstrated very intense coherent emission from nitrogen molecular cations at
391 nm and other, weaker vibronic transitions. WP1
c) Following the advice of the reviewers given after the first-year review meeting, the
Consortium had suspended plans for the development of a lower-energy 1-kHz 1-µm laser
and instead concentrated on the development of an eye-safe filamentation laser with a lower
repetition rate of 20 Hz. Backward lasing with the mid-IR filamentation laser, therefore, was
reported much earlier in the project than originally planned. WP4
d) The Consortium had succeeded in performing a proof-of-principle SRG/SRL demonstration
using a combination of solid-state lasers that mimicked the situation with the UV backward
pulse that would be emitted by a filament laser. The other laser emulated a frequency
tunable laser supplying the second frequency required in the scheme (either the probe or
pump frequency, depending on the choice of SRG or SRL configuration). WP2
e) The Consortium had demonstrated an early version of a femtosecond fiber amplifier that
was intended to be used in the probe arm of the CROSS TRAP apparatus. WP4
f) UV emission from nitrogen was also observed in the multiple filament regime WP1, T1.3
and was significantly enhanced using an adaptively shaped pulse train WP1, T1.4, but only
in the case of forward coherent emission from the molecular nitrogen cation.
After the second-year review meeting, the reviewers called on the Consortium to streamline the
effort for the remaining project period and undertake strategic decisions defining the experimental
configuration, in particular the type and wavelength of the free-space laser and, correspondently, the
configuration of the tunable probe laser.
Furthermore, the reviewers proposed a set of mandatory activities along which the Consortium was
requested to draft a roadmap and develop an implementation plan.
Before detailing the activities of the Team in individual work packages, we briefly comment on the
reviewers’ questions received after the previous reporting period. Exhaustive answers to these
questions were provided to the reviewers in the roadmap drafted by the CROSS TRAP team. The
9

purpose of a brief revision here is to show which instructions we were able to implement and which
ones we have failed to carry out.
How does the project intend to assess the most appropriate Raman measurement method to
be used in the final system?
As mentioned above, we have opted for SRL/SRG type of pump-probe measurement which was the
easiest to implement. Ultimately, we have achieved a successful demonstration of this technique
powered by a filament-induced ASE pulse.
What is the expected relevance of spectral compression in the final system?
Spectral compression was used in the probe arm of the successfully working 20-Hz prototype and
was necessary to narrow the spectrum (and thus enhance the spectral brightness and the SRS signal
level) of the tunable OPA arm of the system. It must be noted, however, that a bulk crystal and not a
PPLN had to be used for this purpose because of the UV frequency conversion, for which we do not
have a suitable spectral compression technology based on periodically poled crystals, due to the
onset of photorefractive damage at UV frequencies. The second reason to use a bulk BBO crystal
was the much higher energy handling capability.
Aside from the 20-Hz apparatus, spectral compression was also implemented for the frequency
doubling/tripling of the burst mode amplifier. However, as explained below, this laser could not be
meaningfully used in the SRS experiments.
Integration of the 1030/1060 –nm fiber amplifier in the entire system. Technically, integration
of the burst mode laser in the final experimental scheme did not pose a challenge because optical
synchronization of the 0.5-GHz laser was not needed—a simple electronic synchronization of the
burst pulse suffices. Correspondingly, we drew up a meticulous plan for this integration. However,
the idea of such an integration was finally abandoned in the face of the mounting evidence that it
would not deliver any improvement in comparison with the probe arm derived from the high-energy
20-Hz laser system itself. The reasons for abandoning the efforts lie partly in the experimental
findings about the nature of nitrogen lasing and partly in the limits of performance of the burst
mode amplifier. First, the pulses from the nitrogen laser were found to be significantly shorter than
1 ns, so that in a tight-focusing counter-propagating configuration the use of a burst with individual
pulses spaced apart by 0.5 ns would be as meaningful as just a single pulse. Because of the low
pulse energy from the burst-mode amplifier after a cascaded frequency conversion the available
pulse duration in the UV was very low. In the original CROSS TRAP concept, we anticipated that
the burst mode laser would work in the visible, which requires just a single efficient frequency
doubling with simultaneous spectral narrowing, After the working range of the CROSS TRAP
apparatus was defined to be in the UV, the energy of the burst-mode pulses became inadequately
low because they had to be additionally frequency-tripled. One more reason why the integration
attempts were destined to fail is the limited frequency tuning range that the burst laser offers for
frequency-tripled pulses. As a result, the burst laser was not integrated in the final system after a
detailed performance study of the rapid frequency tuning has been carried out. (cf. D4.3 for full
details).
Which model pollutants will be targeted? Despite a wide selection of targets with high Raman
cross-sections available within our tunability range (cf. the Roadmap), in the final experiments we
solely concentrated on methane as a model system. The main reason for it is the ease of handling
and absence of security precautions. In fact the experiments carried out on methane are completely
sufficient to extrapolate sensitivity results to many well-characterized systems, including explosives
the handling of which we have avoided.
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The research activities of the project are conducted in four work packages (WP1—4). Their
activities for the final reporting period are summarized in the individual reports submitted as
deliverables D1.3, D2.3, D3.3, and D4.3. In broader terms, these work packages cover the three
following research lines.
Line 1:

Engineering of enhanced atmospheric backscattering (WP1),

Line 2:

Characterization, integration, and
coherent Raman scattering (WP2),

Line 3:

Development of laser and pulse delivery systems (WP3 and WP4).

optimization

of

backward-enhanced

In the final part of the project, the main activities of all three research lines have effectively merged
for the demonstration of the SRL/SRG experiment with the use of a filament-induced free-space
laser.
The objective of WP1 is the development of an atmospheric backscatterer stimulated via nonlinear
optical interaction with an intense femtosecond driver pulse. The following research tasks are
planned for the reporting period (Months 25 — 40):
T1.3 Multifilament regime (TU WIEN). Here we continued activities with 4-µm laser pulses from
the OPA and 1-µm pulses from Yb:CaF2 systems. The most radical addition to the research method
came from the opportunity to perform experiments with a multijoule laser system at LNLL. These
experiments have allowed us to study nitrogen lasing properties at pulse energies significantly
higher than the 40-mJ level originally planned in the DoW and to successfully employ the idea of
collisional plasma heating that led to an efficient population inversion mechanism in atmospheric
nitrogen.
T1.4 Multipulse filamentation control (TU WIEN). Here, in a cooperation of TU Wien with
UHEI, we continued the study of coherent enhancement of cation emission using an adaptively
shaped pulse train at the wavelength of 1 µm.
The results of the activities in WP1 are summarized in the submitted deliverable D1.3 (Report on
High-Energy Filamentation).

The objective of WP2 is the implementation of coherent Raman detection. The main activities in
this WP were undertaken in
T2.6 Standoff SRS using filament enhanced backscattering (TU WIEN, POLIMI, UHEI). This
activity was performed using the principal CROSS TRAP laser system at TU Wien. The main
outcome of this activity, and essentially of the entire project, is the successful demonstration of gas
SRS detection using a pulse emitted by the 4-µm filament.
In addition, acting on the recommendation of the reviewers received after Year 2 of the project,
UHEI and POLIMI have conducted studies of adaptive pulse shaping in the mid-IR. For this
purpose, POLIMI built and installed at UHEI a special prototype long-wavelength OPA on which
UHEI applied a novel acousto-optic modulator. Unfortunately, such a modulator cannot be applied
to high energy pulses on the main 4-µm CROSS TRAP system because of the way the mid-IR pulse
is derived in the final parametric amplification stage, after which the pulse energy is too high for the
modulator.
Both the main effort on SRS detection and the pilot experiments with the acousto-optic shaper are
reported in Deliverable D2.3 (Standoff SRS)
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The objective of WP3 is the developments of a femtosecond pump laser for filamentation at TU
Wien. Two major tasks were performed here in the final year of the project. First, the team studied
the scalability of the picosecond pump laser driving the mid-IR. These studies were only partially
successful as the limitations of straightforward energy scaling with a single large-diameter laser
booster head became apparent. As a result of this investigation, we were able to work out a concept
of a multi-channel pump laser where each of the three channels is used to pump an appropriately
dimensioned OPCPA stage. The second major task in WP3 was to build a new 20-Hz mid-IR
OPCPA system which, according to the estimations, should deliver at least 40-50 mJ pulses at 4
m. The opportunity to fund the construction of such a system came from MSU who has obtained
start-up funding for a new high-energy laser laboratory and ordered a system to continue the
filamentation research initiated during project CROSS TRAP.
The activities in WP3 in the final year are summarized in Deliverable D3.3 (Eye-safe OPA).

The objective of WP4 was to develop a frequency-tunable burst-mode amplifier. This work was
performed by BILU, where the amplifier was assembled, in cooperation with MSG, who had
previously developed a 0.5-GHz seed oscillator for this purpose and delivered it to BILU. Further,
POLIMI and CL participated in developing, installing and testing a frequency conversion scheme
for that laser.
Two tasks were pursued in WP4 during the reporting period:
T4.5

Frequency tuning of fundamental frequency pulses.

T4.6

Spectral compression of the burst-mode Yb fiber source.

In addition to working directly on the fiber burst-mode laser, the frequency conversion scheme was
initially assembled and characterized using a solid-state Pharos amplifier built by LC. The full
report on the development of a rapidly frequency-tunable laser system and on the reasons why its
use in the final CROSS TRAP apparatus was not warranted is provided in Deliverable D4.3 (Rapid
broadband tuning).
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3.2.2 Work progress and achievements during the period
Here we provide a concise overview of the progress of the work in line with the structure of
Annex I to the Grant Agreement (Description of Work).
Progress in WP1 (“NLO Mirror”)
Please refer to Deliverable D1.3 for an extended version of the progress in WP1.
In the final year of the project, we have significantly deepened our understanding, on both the
experimental and theoretical levels, of how coherent UV emission from nitrogen molecules can be
obtained as a result of ultrashort pulse filamentation. Whilst the advantages of long-wavelength
excitation became apparent earlier in the project and were exploited by using the available 4-µm
parametric source, they also clearly identified the mammoth technical challenge of building a very
high energy parametric source. To circumvent the pulse energy shortage and to exploit additional
control parameters, such as pump pulse duration, the most important results on high-energy
filamentation were performed using a multi-Joule laser facility at LLNL. The most significant
output of two measuring campaigns at LLNL is a clear evidence for delayed population inversion
obtained by collisional excitation of nitrogen molecules by hot electron plasma. Irrefutable evidence
for the generation of picosecond 337-nm radiation was obtained and explained by extensive
numerical modeling to be the result of gradual population inversion buildup on a picosecond time
scale caused by the predominantly collisional heating of free electrons resulting from
photoionization. This deliverable provides exhaustive information on the developed numerical
model and experimental results of 337-nm generation triggered by Joule-class filamentation in air
and pure nitrogen. The remaining part of the report details new evidence for adaptive enhancement
of UV emission at the molecular cation transition at 391 nm and suggests distinctly different
possible scenarios for lasing action, including the opportunity for femtosecond bursts of laser
amplification without inversion during periodic re-phasing of rotational wave-packets of the ground
and excited states of the cation.
Very important progress was made in the development of a self-consistent numerical model capable
of seamlessly connecting photoionization in the presence of a strong laser field on the initial
femtosecond time scale to the long picosecond-nanosecond time scale during which the plasma
evolves freely in the presence of multiple plasma-chemical recombination and de-excitation
channels. The model was developed by Dr. D. Kartashov (TU Wien) in cooperation with Prof. M.
Shneider (Princeton U.) and applied numerically to the cases of femtosecond and picosecond
filamentation under the conditions of the corresponding experiments performed in WP1.
Based on the results of these numerical simulations, it became possible to predict the energy
distribution functions of the plasma electrons and explore pathways of electron heating (with field
and field-free) and of cascaded excitation of nitrogen molecules. Figure 1 shows the calculated
electron energy distributions and time-dependent population evolution of the 337-nm nitrogen laser
in air as a function of the pump laser wavelength. These and other modeling results show the clear
advantage of long-wavelength sources in the creation of hot electrons with energies of ~15 eV,
which are required for the collisional pumping of the nitrogen laser. It also shows, that in order to
use shorter laser wavelength for filament-induced nitrogen lasing, additional measures, such as
plasma heating, have to be taken to achieve population inversion.
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Fig. 1. Left: Calculated Energy distribution function of photo-electrons calculated by for different wavelengths of a laser
generating the filament. Right: Time dependence of the population inversion for different filamentation wavelengths.

The measurements performed at LNLL with the 1053-nm COMET laser, that has a huge energy
reserve for our purposes, have enabled us to investigate a long picosecond pulse regime under the
conditions of intensity clamping like in a traditional femtosecond filament. We observed the onset
of lasing after the pump pulse duration was gradually increased to a couple of picoseconds and
explain this phenomenon by a gradual buildup of plasma that becomes significantly hotter in the
field of the picosecond pulse than a decaying plasma left behind by a femtosecond ionizing pulse.
The sketch of the experimental setup for high-energy filamentation and a snapshot of the
picosecond discharge are shown in Fig. 2.

Fig. 2. Left: schematic of filamentation with the COMET laser. Right: spark in air by a 12 J, 10 ps pulse.

An example of the recorded UV part of spectrum is shown in the figure shown in the executive
summary (reproduced from Fig. B3 in D1.3). In this measurement, the pump pulse energy and
duration were 10 J and 10 ps, respectively. An interference filter with the bandwidth of 10nm and
the center wavelength of 340nm was used to reduce the background from the third harmonic. Even
though the third harmonic of the pump is severely attenuated by the filter, it is still the dominant
spectral feature, as its total energy is much higher compared to that of the 337nm nitrogen line.
The far-field divergence angle of the third harmonic beam, retrieved from photographs of
fluorescence on a paper screen, is about 1°, which is much larger than the diffractive divergence
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rate corresponding to the mm-scale diameter of the plasma channel inferred from photographic
images of the channel. That suggests that the channel is broken up into many individual filaments
and the third harmonic beam is highly spatially multimode. The 337nm beam was too weak to be
filtered out and imaged separately. However, by translating the spectrometer slit across the beam
and recording the amplitude of the 337nm line as a function of the transverse displacement, we
found that the divergence of the 337nm beam was also about 1°.
By fixing the peak power of the pulse and varying the pulse duration, we observe a
threshold-like behavior of the 377-nm emission, clearly indicating evolution of population inversion
in time (Fig. 3, left). Our numerical simulations, performed in accordance with the newly developed
model, corroborate this conclusion (Fig. 3, right)

time (ps)

Fig. 3. Left: Amplitude of the 337nm spectral line as a function of the FWHM width of the pump pulse at 1,053 nm.
The peak power of the pump pulse is kept constant at 1.1TW. Right: numerically simulated population evolution. Blue
line – time dependence of the electron temperature. Red line – time dependence of population inversion density.

In the above we have concerned ourselves with the emission from neutral nitrogen molecules. We
now briefly review the status of our research on coherent emission from molecular cations. In the
project report for year 2 we demonstrated a new effect of a coherent forward-directed UV emission
generation from femtosecond filaments is nitrogen. The UV emission, consisting of very narrow
spectral lines at 358, 391 and 428 nm and corresponding to well-known N2+ transitions (Fig. 4, left),
was linearly polarized along the laser polarization and was observed from sparks in nitrogen and air
ignited by tightly focused femtosecond laser radiation at 4 m wavelength. Independently, this
phenomenon was observed also by the group from China who used tightly focused femtosecond
laser radiation at 2 m wavelength. It turned out to be a very universal observation with respect to
the wavelength of a high intensity laser creating a spark or a filament in nitrogen, because it was
observed also in experiments with two-color spark created by high intensity 800 nm pulse and its
second harmonic, as well as in our experiments with femtosecond filamentation in nitrogen by 1030
nm laser pulses. We have shown also that the intensity of this UV emission can be dramatically
enhanced when methods of adaptive control over the filamentation pulse are applied and dynamical
alignment of nitrogen molecules is induced.
To get insight into physics of this very intriguing phenomenon, we have carried out series of
frequency-time-resolved experiments both with single pulse near-IR filaments and with filaments
generated by near-IR pulse trains. The schematic of the experimental setup is sketched in Fig. 4,
right
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Fig. 4. Left: Diagram of optical transitions in the nitrogen molecular cation Right: Experimental setup for
time-resolved UV-emission measurements from a single filament.

Although the behavior of the observed emission resembles that of a laser-like amplifier, the timeresolved data prove that the coherent UV emission decays over many picoseconds, well outside the
temporal overlap with the resonant field of the supercontinuum pulse (Fig. 5). The emitted signal is
strongly modulated in time with the periodicities corresponding to the rotational revivals of both the
ground and the excited ionic states, whereas its carrier frequency is modulated by the rotational
revivals of neutral nitrogen molecules. This complex ringing tail structure provides a strong hint
about the importance of rotational excitations in N2+ and suggests the first possible candidate for the
explanation of the physical mechanism behind this emission. This is the four-wave-mixing (FWM)
scenario on non-instantaneous cubic nonlinearity in rovibrationally excited molecules.

a)

b)

Fig. 5. a) Experimentally measured DFG XFROG trace between 1030 nm reference femtosecond pulse and output
continuum in the vicinity of 391 nm wavelength. b) Cross-correlation function retrieved from the XFROG trace. The
blue and green lines show the cross-correlation for two different gas pressures. The magenta line shows the results of
simulations with FWM with non-instantaneous cubic nonlinearity.
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Cross-correlation intensity

In a cooperation between TU Wien and UHEI we once again performed a series of measurements
with shaped pulse trains, this time simultaneously performing a time-gating experiment to
temporally resolve the appearance of the UV emission. Figure 6 shows that the 391-nm pulse is
emitted after the second prominent peak that is roughly delayed by a half rotational revival from the
first prominent peak in the pulse train. Interestingly, the UV emission does not overlap exactly with
the second peak but is visibly delayed with respect to it. Whereas we are not able to come up with
the full model of this phenomenon at this time, we believe that the plausible explanation of this
emission mechanism is a laser action “without inversion”. This implies that while there is no
statistical inversion between the populations of the ground and excited ionic states, there are brief
femtosecond time intervals in time during which the system appears inverted due to the spatial
occupancies of these states that continuously evolve with the rotational dynamics of the nitrogen
molecular ion.
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Fig. 6. Gray shaded plot – cross-correlation from SFG XFROG trace between the reference pulse and the optimal pulse
train propagating through the cell under vacuum; blue line – the same for the train propagating through the cell filled
with 5 bars of nitrogen; red line - cross-correlation from DFG XFROG trace between the reference pulse and 391 nm
emission. Note that the 391-nm pulse is clearly delayed with respect to the second most intense peak of the pump pulse.

The explanation of this possible “inversion-free” mechanism of emission is given in Fig. 7 that
shows appearance of optical gain in a non-inverted nitrogen system with rotational excitation. The
ratio R stands for the ratio of population fractions in the ground (X) and in the excited (B) states of
the cation. Instances of gain are achieved when the difference between the aligned fractions
becomes briefly negative.
Despite being incredibly interesting and stimulating for further research in the area, the results
obtained from the cation emission cannot be directly used in the current CROSS TRAP apparatus
because we were not able to observe coherent cation emission signals in the backward direction.
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Fig. 7. Gain (Upper panel -gain without inversion for R=1/2 (67% population in the ground X and 33% in
the B-state correspondingly), lower panel - for R=3/4 (57% population in the ground X and 43% in the Bstate correspondingly).
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Progress in WP2 (Standoff CRS detection)
A comprehensive account of the performed activities in WP2 is submitted in deliverable D2.3.
Here we concentrate on the most realistic method of choice and architecture of the final CROSS
TRAP apparatus.
The main experimental objective of the CROSS TRAP project is to achieve remote sensing of a
gaseous sample via backward SRS with a Raman pump generated by lasing in the atmosphere. The
conceptual architecture of the system is shown in Fig. 8: It requires the combination of the
backward propagating, remotely pumped atmospheric N2 laser (acting as a Raman pump beam)
with a synchronized, narrowband tunable laser beam sent in the forward direction (acting as a
Stokes beam). When the frequency difference between the pump and Stokes matches the Raman
resonance of the molecule to be detected, then the backward propagating Raman pump beam
experiences SRL, enabling molecular fingerprinting. For spectral resolution, both pump and Stokes
need to be narrowband and at least one needs to be broadly tunable in order to address different
resonances. Since the atmospheric probe laser is already narrowband and at a fixed frequency (337
nm), we need to generate a tunable synchronized narrowband UV Stokes pulse. In our setup, the
filament is initiated by a high-power mid-IR (4 m) OPCPA driven by a femtosecond pump, while
the tunable Stokes is obtained by nonlinear frequency conversion of the laser pulses generated by
the same laser system that drives the mid-IR OPCPA.

Fig. 8. Architecture of the system for backward SRS experiment using as probe the atmospheric N2 laser.

The 4 m OPCPA has been described in detail in the previous report and a recap is given in D2.3.
Here we present the experimental setup for the tunable Stokes beam generation, shown in Fig. 9.
We use the fourth harmonic of the uncompressed signal pulses of the OPCPA centered at 1460 nm.
The spectrum of the signal wave extends from 1420 nm to 1520 nm, which gives a tunability of the
fourth harmonics from 355 nm to 380 nm. This corresponds to a Raman shift with respect to the
337 nm radiation ranging from 1500 cm-1 to 3350 cm-1. In order to boost the energy of the Stokes
pulses a two stage OPA based on a 4-mm-thick type I BBO and a 10-mm-thick type I LBO crystal,
pumped by a frequency-doubled fraction of the output of picosecond Nd:YAG laser system, was
constructed. The OPA is seeded by the second harmonic of the OPCPA signal pulses which is
spectrally filtered by using a 1700 nm transmission grating and 3-mm slit separated by a distance of
1.5 m. Due to the spectral filtering of the seed, the bandwidth of the amplified pulses is in the order
of 1.5 nm FWHM, which after frequency doubling results in 0.7 nm FWHM UV Stokes pulses.
Typical spectra of the output of the OPA and its second harmonics together with the 337 nm lasing
from a filament are presented in Fig. 11, left panel. The two-stage OPA produces 0.9 mJ pulses
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which are frequency doubled in a 15 mm-thick BBO crystal. Energy of the generated UV pulses is
in the order of 0.2 mJ while measurements of cross-correlation function with 200 fs pulses from the
Yb:CaF2 CPA system reveal 7.4 ps pulse duration (Fig. 10, right panel).
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Fig. 9. Scheme of backward SRS experiment using as probe the atmospheric N2 laser. DL – delay line, DM –
dichroic mirror, DG – diffraction grating, BS – beam splitter, IF – interference filter, PD – photodiode, GTP – GlanTaylor polarizer.
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Fig. 10. Left panel: spectra of the OPA (red line) and its second harmonic (violet line) together with the spectrum of
the filament N2 laser (blue line) . Right panel: cross-correlation of the UV pulse with a 200 fs IR pulse.

One challenge of the setup is the spatial separation of forward propagating IR beam (the 4 m
filament igniter) and backward propagating UV light (the filament laser). Since it was difficult to
identify suitable beam splitters, we decided to use a pair of CaF2 Brewster prisms separated by a
distance of 7 cm. Because of the small distance between the prisms introduced for the 4-µm pulses,
pulse spreading and spatial chirp effects are negligible. On the other hand, because of the different
index of refraction for 4-µm (n = 1.40964) and 337-nm (n = 1.44814) light, back propagating UV
pulses are deflected in such a way, that they bypass the apex of the second prism. Furthermore,
because of the narrow bandwidth of the backward propagating UV light an uncompensated
divergence (angular chirp) after the propagating only through a single prism is negligible.
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Due to the low repetition rate of the laser system (20 Hz) and the energy fluctuations of the
atmospheric laser, it was necessary to adopt a balanced scheme for the detection of the SRS signal.
A part of the probe beam was reflected with a beam splitter (DM5 in Fig. 9) before the gas cell
(reference beam), while the transmitted through the cell beam (probe beam) was picked by another
dichroic mirror (DM4 in Fig. 9) which is transparent for the Stokes radiation. Both the reference
and the probe pulses were sent into photodiodes PD2 and PD3 respectively, as shown in Fig. 9.
We have developed a setup allowing high precision measurement of the probe and reference
pulse energies, according to the scheme proposed by Schriever et al. In order to detect SRL in
CH4, the pump-Stokes frequency detuning had to be adjusted to match the 2917 cm-1 1 band. The
nitrogen laser emits at 337 nm and its bandwidth was determined to be <2 cm-1 by a single CzernyTurner monochromator. The OPA wavelength was tuned to 748 nm, with the corresponding second
harmonic centred at 374 nm. The spectral width of the Stokes pulses was measured to be 0.7 nm
(~50 cm-1) FWHM, using a spectrometer with 0.3 nm resolution. The rather broad bandwidth of the
Stokes pulses is determined by the limited spectral selectivity of the diffraction grating based filter
described in the previous section. Spectra of pump and Stokes pulse are reported in Fig. 11.
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Fig 11. Spectra of pump and Stokes pulses.

Having set the proper detuning between pump and Stokes pulses, we recorded the SRL signal in a
gas cell filled with 6 bar of CH4. The maximum SRL signal was measured to be 610-3, which is a
factor of 3 higher than in the preliminary experiments reported in the Year 2 Periodic Report. By
changing the pump-Stokes delay, as shown in Fig. 12, we are now in a position to determine the
duration of the N2 filament laser pulse, which was found to be 360 ps. For a filament N2 laser the
pulse length is determined by either the lifetime of the excited N2 (in the case of a very short
filament) or by both the lifetime and the length of a filament (if the length of a filament is close to
or longer than a product of the pulse duration and the speed of light). In our particular conditions,
the 360 ps pulse duration is consistent with a filament length, determined visually, between 10 and
20 cm.
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Fig 12. Dependence of SRL signal in CH4 (6 bars pressure) on the delay between the Stokes and pump pulses. Dots
are experimental data accumulated over 1000 successful shots. Black solid line is Gaussian fit to the experimental
data.

The dependence of the SRL signal on pump-Stokes frequency detuning was characterized in Fig.
13 by simultaneously tuning the OPA and the second harmonic crystals. As expected the
measured spectrum peaks at around 2915 cm-1. The bandwidth of the measured response is in the
order of 0.5 nm and is determined by the spectral width of the Stokes pulse. In order to verify
that the measured SRL signal is not influenced by the variation of the pulse energy during OPA
tuning, in parallel we have recorded a pump-probe signal in Coumarin500 and observed, as
expected, a nearly constant signal upon Stokes pulse tuning.
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Fig 13. SRL spectrum measured in CH4 at 6 bar pressure; dots represent experimental points obtained by averaging
over 2000 successful shots. Black solid line is the result of fitting with a Lorentzian function.

In order to determine the sensitivity of our apparatus, we have recorded the SRL signal as a function of
CH4 pressure (Fig. 14). The measurement revealed a linear concentration dependence that is characteristic
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of SRS. From the figure it can also be seen that the lowest detectable pressure at the present conditions is
in the order of 1 bar, indicating that, for realistic detection of atmospheric contaminants, the sensitivity
should be significantly improved. One way to improve sensitivity is a substantial increase of Stokes pulse
energy. For this, one needs to build a different type of OPA, which is based on narrowband seed
amplification (possibly of parametric superfluorescence) while keeping the amplified pulse duration close
to that of the driving laser (70 ps). For this type of parametric amplifier a set of large aperture nonlinear
optical crystals (for example DKDP) is needed.
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Fig 14. SRL peak signal as a function of CH4 pressure; dots represent experimental points obtained by averaging
over 2000 successful shots. Black solid line is a linear fit.

Progress in WP3 (Development of the driver laser for remote lasing.)
Detailed information on these activities is provided in Deliverable D3.3.
Already during the second year of the project we were able to demonstrate significant advantages of
mid-IR filament initiation that provided a much hotter plasma than the NIR sources tried earlier and
proved the possibility of obtaining lasing in pure nitrogen as well as a dramatic efficiency
enhancement in the case of Bennett scheme nitrogen laser. However, one major drawback of the
mid-IR pump pulses with respect to its NIR counterparts was the demand for a much higher pulse
energy as the consequence of 2 scaling law of the critical power of self-focusing. This
circumstance forced us to study free-space lasing from gas in a gas cell, where the gas pressure
could be raised to several bars (~5 bar) to compensate the shortage of pulse energy that would be
required for filament formation under normal atmospheric pressure. The estimated pulse energy at 4
µm required to achieve filamentation in ambient air is about 40 mJ. Within the last reporting period
of the project, we have worked on various system upgrades and system prototyping. TU Wien
undertook limited investment (~50kEur) from its own resources to finance upgrades of the pump
laser and the OPCPA stages. Unfortunately, this level internal funding was not sufficient to reach
the desired output energy at 4 µm because of the difficulties with having just a single high-energy
picosecond pump laser head. Fortunately, at the final stage of the project, the mid-IR driver source
development progressed very rapidly because ILC MSU has funded purchases of critical OPCPA
component that it is installing in its own lab in Moscow. This report is organized as follows: first it
describes the study of the OPCPA energy upgrade undertaken on the TU Wien own OPCPA
system. Next, we present the OPCPA concept implemented in the system built by TU Wien and LC
for MSU. The latter system, at the time of writing, is awaiting its commissioning at the site in
Moscow.
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Figure 15 presents the concept of our hybrid OPCPA based on a combination of a
femtosecond CPA front end laser and an OPCPA pumped with picosecond pulses already presented
in the report for the previous year.

Fig.15. Concept of the hybrid CPA/OPCPA few-cycle mid-IR system.

As mentioned in the introduction to Sec. 3 of this report, TU Wien and LC have jointly developed a new
4-µm parametric system for MSU which is projected to deliver about 50 mJ sub-100-fs pulses at a
repetition rate of 20 Hz. The schematic of system interconnections is given in Fig. 16.

Fig. 16. Layout of the high-energy 20-Hz MID-IR OPCPA to be installed in Moscow

The flash-lamp pumped 100-ps 20-Hz Nd:YAG laser was ordered from EKSPLA. Differently from the
system developed over the years at TU Wien, this pump laser was designed from scratch to fit a single
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laser head. The photograph of the Nd:YAG laser, taken at the site of the manufacturer, is shown in
Fig. 17. Based on the knowledge obtained during the tests with Joule-class pump heads at TU Wien, we
have worked in close cooperation with EKSPLA to optimize the number and performance of the power
stages. As a result, the pump laser has three outputs, to match the number of OPCPA cascades, with the
output energy scaled progressively according to the demands of each cascade. Using this approach we
thus were able to significantly reduce the B-integral of the picosecond laser which would be the case if
the entire laser output would be first amplified in a single amplifier channel and subsequently divided
into three unequal arms. Another benefit of this approach is the ability to avoid the use of very
demanding and expensive Ø18 mm laser heads. Instead, the new pump laser has two mutually
compensating Ø12 mm heads which still ensure ~700 mJ pump energy at 1064 nm for the final KTA
OPCPA cascade.

Fig. 17. 3-Channel 20-Hz 100-ps pump laser built by EKSPLA

The remaining part of the system consist of a 10-W 1-kHz femtosecond DPSSL Yb amplifier (CPA) that
drives a femtosecond OPA, and a cascaded OPCPA that is pumped by the EKSPLA Nd laser (Fig. 16)
The CPA and Nd:YAG lasers are optically synchronized via a common oscillator (Flint, Light
Conversion). The femtosecond parts of the system (CPA+OPA) are shown in Fig.18.
The femtosecond part of the system was completely built and aligned in Vienna. Unfortunately,
there was not enough lab space to temporarily install the picosecond pump laser in Vienna. As a
compromise, OPCPA was preassembled at TU Wien. At the time of writing, the entire OPCPA system is
in transit to Moscow. The installation and testing of the system is scheduled for early July 2013.
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Fig. 18. Left: Femtosecond CPA and OPA at TU
Wien before shipment to MSU. Right: close-up on
the oscillator built by Light Conversion and the
regenerative amplifier developed at TU Wien.

Progress in WP4 (Fiber laser and frequency tuning)
The report on the development of the burst-mode fiber amplifier and the rapid frequency tuning is
provided in Deliverable D4.3. A concise summary of the main results achieved in WP4 is presented
below.
The general architecture of the burst-mode Yb fiber amplifier developed for CROSS TRAP project
is shown in Figure 19. The system consists of two polarization maintaining (PM) integrated fiber
amplifier arms, one for the high repetition rate signal centered around 1030 nm (to be referred to as
the 1030 arm from here on), and the other for that centered around 1060 nm (to be referred to as the
1060 arm from here on). The current design of the two amplifier arms is similar, such that the high
repetition rate pulses are stretched and then amplified with cascaded continuously pumped
preamplifiers up to the vicinity of 1 W. Thereafter a fiber-integrated acousto-optic modulator
(AOM) impresses the desired pulse burst mode to the signal. The system is operated at 1 kHz burst
repetition rate in accordance with the project requirements, leading to an effective repetition rate at
the tens-of-kHz level and to a strong reduction of the average power. The signal is then amplified
by two cascaded preamplifiers and finally by a power amplifier, which are all pumped by pulsed
sources synchronized with the signal burst. The main differences between the 1030 and 1060 arms
are the length of the stretch fiber, equal to 450 and 300 m, respectively, and the presence of an
additional third preamplifier for the 1060 branch. The main reason for this difference is the lower
Yb gain at this wavelength.
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Fig. 19. Schematic of the burst-mode amplifier

Two arbitrary waveform generators (AWG) and a field programmable gated array (FPGA) circuit
are used to drive the AOM and the pulsed pump diodes. The FPGA circuit is triggered by the
oscillator signal and in turn it triggers the AWGs that drive the AOM and the pump diodes. In this
way, locking of the pump drive signals and of the AOM gate signal to the seed signal is obtained,
minimizing the jitter of the pulses inside the burst and facilitating an homogenous energy
distribution within the burst. To further improve the uniformity of the pulse energies inside the
burst avoiding gain depletion effects, a pre-compensation technique was used that involves a
complex ramp-shaped gate signal to be applied to the AOM.
A free-space backward-pumped configuration was used in the power amplifier since allowing for
the shortest fiber length. Such length needs in fact to be as short as possible for suppression of ASE,
which is inherently present in the low effective repetition rate regime. The pump capacity of the
power amplifier was increased in the third year of the project by tripling the number of 25-W
diodes. This power boost allowed the pump energy to be stored in the gain fiber for a shorter time
period, thus favoring ASE suppression. The ASE formation is anyway monitored in the system by
means of an external AOM (see Fig. 19).
Performance with a 500-MHz Oscillator
The amplifier system was integrated with the 500-MHz Menlo oscillator that has two linearly
polarized output channels, the one centered at 1030 nm and the other at 1060 nm, whose spectra are
reported in Fig. 20. In a regime close to the upper energy limit, the 1030 arm was able to amplify
50-ns-long bursts to an overall energy of 550 µJ while the 1060 arm stopped at approximately half
of this value, i.e. 275 µJ. Since each burst contains ~25 pulses, this yields average amplified pulse
energies of 22 µJ and 11 µJ for the 1030 and 1060 arms, respectively. The amplified pulse trains are
shown in Fig. 21. The slow AOM response (rise and fall times of ~8 ns) as compared to the 2 ns
period of the oscillator signal impaired the homogeneity of the pulse energy distribution inside the
burst, giving rise to energies of ~28 µJ and ~18 µJ in the central part of the burst from the 1030 and
1060 amplification arms, respectively. The amplified output spectra for the two arms are given in
Fig. 22 (a) and (b), respectively. Due to the high amplification level, a consistent shift of the
spectrum was actually observed at the output of the 1060 nm arm (Fig. 22 (b)) as compared to the
input (inset on the same panel).

27

Fig. 20. Seed signal spectra generated by the 500-MHz oscillator in the 1030 (a) and 1060 (b) arm.

Fig. 21. Amplified 50-ns pulse bursts of total energy (a) 550 µJ from the 1030 arm, (b) 275 µJ
from the 1060 arm. Bursts contain ~25 pulses each.

By reducing the burst duration to 40 ns it was possible to further increase the energy of the pulses,
with an average energy of 30 µJ over 20 pulses and a maximum pulse energy of 50 µJ at 1030 nm.

Fig. 22. Amplified spectra for the 50-ns bursts: (a) 1030 arm – 550 µJ burst energy, (b) 1060 arm - 275 µJ
burst energy. Inset of panel (b): spectrum at the input of the power amplifier for the 1060 arm.

Performance hıghlıghts and pulse compressıon
The burst-mode amplifier system was also seeded with an in-house built 100-MHz all normal
dispersion (ANDI) oscillator. In this case, the energy of the burst was pushed close to the millijoule
level with 25-pulse bursts of 250 ns duration (see temporal profile in Fig. 23(a)), corresponding to
an individual pulse energy above 30 µJ. Due to the longer repetition period of the oscillator a better
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uniformity was obtained, with a minimum rms energy fluctuation of 2 % for bursts of 11 pulses (see
Fig. 23(b)), each one exhibiting energy in excess of 50 µJ.

Fig. 23. Amplified bursts with the 100-MHz oscillator as a seed: (a) 250-ns burst with energy
level close to 1 mJ; (b) highly uniform 110-ns burst with total energy above 500 µJ and pulse
energy above 50 µJ.

The pulses from the amplifier system were compressed by means of an external grating compressor
(1500 lines/mm) with a throughput of 60-70%. In a first evolution phase of the amplifier system,
with a stretch fiber of 215 m and output pulse energies of 10-20 µJ, it was possible to achieve
compression down to ~400 fs, as inferred from autocorrelation measurements by assuming the
deconvolution factor of Gaussian pulses (Fig. 24(a)). After the second evolution step, with a 450-mlong stretch fiber and 40-µJ pulses, the autocorrelation trace showed the presence of a significant
pedestal due to residual TOD and self-phase modulation. Due to the highly structured temporal
shape (see autocorrelation in Fig. 24 (b)) a Picaso algorithm was used to estimate the pulse duration,
with a final value of ~2 ps, which is the signature of a highly nonlinear chirped pulse amplification
regime.

Fig. 24. (a) Autocorrelation trace for 20-µJ pulses after compression. Insets: (i) optical spectrum,
(ii) pulse shape obtained from numerical simulations. (b) Measured (blue solid curve) and
retrieved (red dashed curve) autocorrelation for 40-µJ pulses. Insets: (i) measured spectrum, (ii)
retrieved pulse shape using a PICASO algorithm
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Frequency doubling and tripling with the burst-mode laser
The frequency conversion set-up provided by POLIMI and previously tested on a femtosecond
Yb:KGW system from Light Conversion was externally added to the amplifier system to test the
frequency doubling and tripling capability in the burst-mode regime. The beam was collimated with
a 5:1 telescope to obtain a reduced beam diameter of ~0.25 mm. A conversion efficiency of 15 %
was obtained from the 1030 arm using 10-pulse bursts made up of 7.2 µJ pulses, corresponding to
an average power of 72 mW for FF and 11 mW for SH. As shown in Fig. 25, the second harmonic
spectrum could be tuned swiftly by more than 6 nm in the 512-520 nm range by adjusting the phase
matching angle of the BBO crystal.

Fig. 25. Spectrum and tunability of the SH signal obtained from the 1030 arm of the burst mode
laser system.

The 1060 arm of the amplifier was also tested for SHG and a maximum conversion efficiency of
25% was obtained with up to 32 mW of average green power when using 50-ns bursts containing
25 pulses. Actually, the maximum efficiency was obtained at a SH wavelength of 520 nm (see Fig.
26) due to the poor power spectral density of the FF pulse at the nominal 1060 nm wavelength. The
tunability was limited in this case to 3 nm. The reason for the higher SHG efficiency out of the 1060
arm is the higher peak power due to better pulse compression. The lower pulse energy leads in fact
to lower nonlinearity, shorter stretch fiber and consequently lower third order dispersion (TOD) in
the grating compressor. Third harmonic generation (see inset on the right side of Fig. 26) was also
attempted with this arm, but the efficiency was very low, less than 1 %.
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Fig. 26. Spectrum and tunability of the SHG signal obtained from the 1060 arm of the burst
mode laser system. Insets: Left is the SHG efficiency, right is the THG spectrum.

The low SHG efficiency in the burst-mode regime mainly stems from the highly
structured pulses that are created by the strongly nonlinear amplification process.
Although unsatisfactory, this result was not the only reason that prevented the
consortium from pursuing the original strategy for the generation of the Raman pump
pulses, which was indeed based on frequency doubling and spectral compression of the
output of a femtosecond burst-mode fiber amplifier. A second important reason was the
necessity of using a UV Raman pump to comply with the UV filament-ignited emission
of nitrogen: such region can’t be reached with the required energy levels for standoff
detection starting from an Ytterbium fiber-based system, due to the inherently lower
efficiency of THG with respect to SHG.

31

3.2.3 Project management during the period
There were no management issues arising from the Consortium partners. There has been no
change in the composition of the CROSS TRAP consortium.
Two official CROSS TRAP meetings attended by representatives of all Consortium members
were held within the reporting period:
The second year review meeting was held in Vienna on March 29, 2012.
The last periodic meeting (Month 30) was held in Munich on December 14, 2012.
The biggest management activity to date was the organization of the CROSS TRAP symposium
in Vienna that was held on the eve of the second review meeting on March 28, 2012. The
symposium gathered about 50 participants and featured 8 invited talks by renowned international
experts in the field.
Work package coordination proceeds via bilateral and trilateral conference calls and Skype
videoconferences. Exchange of scientific equipment and devices normally proceeds via
international shipments. Typically laser and mechanical components are shipped between LC and
TU WIEN, crystals from CL to POLIMI, fiber components from MSG to TU WIEN. Twice
within the last reporting period UHEI pulse shaping equipment was sent to Vienna for joint
measurement campaigns. POLIMI has built and installed a mid-IR parametric amplifier at UHEI
and a frequency conversion setup that it installed at BILU. MSG arranged two prolonged stays of
its 0.5-GHz seed oscillator at BLIU under a CARNET arrangement. The biggest complication
with international shipments was the sending of the new Mid-IR laser system constructed at TU
Wien to the system owner at MSU, because this process required us to obtain two export licenses
for the equipment to leave the EU.
In July 2012 we published a paid press release in a Public Service Review of European Science
and Technology (the pdf version of the two-page article is attached).
The tally of the person-months effort during the first two reporting periods is given in the table
on the next page. For most of the partners, the actual number of person-months consumed is very
close to the original project plan. One notable exception is BILU. This partner has a higher than
originally planned personnel effort and a correspondently reduced consumables spending. There
are several reasons explaining the higher personnel effort. The most important reason was the
change of the project strategy that required the burst-mode amplifier to be reconfigured for a
cascaded UV frequency conversion instead of a much easier, single-step generation of the second
harmonic envisaged in the original DoW. Therefore, the resultant personnel effort had to be
significantly increased to accommodate these changes.
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Person-month effort for personnel employed from the project funding.
Beneficiary
no.

Benefi-ciary
short name

1

TU WIEN

2

POLIMI

3

WP1

WP2

WP3

WP4

WP5

WP6

Total per
Beneficiary

Year 1

Year 2

Year 3

(projected)
4

18

6

2

65

18

19

13

25

2

1

60

22.4

19.2

14.9

MSG

22

1

1

24

5.2

13.6

7.53

4

CL

20

1

1

22

2.3

11.3

9.6

5

LC

2

1

55

14.5

19.68

15.6

6

UHEI

48

1

1

50

19

26

14.4

7

ILC MSU

20

1

1

60

22.5

20.21

17.3

8

BILKENT

48

1

1

50

13

36

36

115

15

9

386

111.9

139.78

128.33

Total

35

32

52

38

73

104

70
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3.3

Deliverables and milestones tables

Deliverables

TABLE 1. DELIVERABLES

Del.
no.

Deliverable name

Version

WP no.

Lead
beneficiary

Nature

Dissemination
level2

Delivery date
from Annex I
(proj month)

Actual /
Forecast
delivery
date
Dd/mm/yyy
y

1

Project website

2

Report on fs filament
characterization at
pulse energies 5 mJ

Status
No
submitted/

Contract
ual

Submitted

Yes/No

6

TU WIEN

R

PU

6

26/09/2010

Submitted

yes

1

1

TU WIEN

R

PU

12

15/03/2011

Submitted

yes

1

2

UHEI

R

PU

12

15/03/2011

Submitted

yes

D1.1
3

Report on forward
CARS using spectral
compression
D2.1

2

PU = Public
PP = Restricted to other programme participants (including the Commission Services).
RE = Restricted to a group specified by the consortium (including the Commission Services).
CO = Confidential, only for members of the consortium (including the Commission Services).
Make sure that you are using the correct following label when your project has classified deliverables.
EU restricted = Classified with the mention of the classification level restricted "EU Restricted"
EU confidential = Classified with the mention of the classification level confidential " EU Confidential "
EU secret = Classified with the mention of the classification level secret "EU Secret "
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Comments

4

Report on the
development and
characterization of an
Yb gain module with
CW laser diode
pump power ≥700 W

1

3

TU WIEN

R

PU

12

15/03/2011

Submitted

Yes

1

4

POLIMI

R

PU

12

15/03/2011

Submitted

Yes

1

All

TU WIEN

O

PU

24

28/03/2012

submitted

Yes

D3.1
5

Report on the
generation of tunable
picoseconds pulses
by spectral
compression
D4.1

6

Materials of
scientific workshop
D6.2

7

Report on the
laboratory scale (~10
m) backscatterer
D1.2

1

1

TU WIEN

R

PU

24

26/03/2012

Submitted

Yes

8

Report on
background
suppression in CARS
D2.2

1

2

POLIMI

R

PU

24

26/03/2012

Submitted

Yes

9

100-W sub 300-fs
multipass Yb
amplifier

1

2

TU WIEN

R

PU

24

26/03/2012

Submitted

Yes

1

4

BILKENT

R

PU

24

26/03/2012

Submitted

Yes

1

1

TU WIEN

R

PU

40

24/06/2013

Submitted

Yes

D3.2
10

High performance
fiber laser source
with novel pulse
burst characteristics
D4.2

7

Report on high-

35

energy filamentation
D1.3
8

Report on standoff
SRS D2.3

1

2

POLIMI

R

PU

40

24/06/2013

Submitted

Yes

9

Eye-safe OPA

1

2

TU WIEN

R

PU

40

24/06/2013

Submitted

Yes

1

4

POLIMI

R

PU

40

24/06/2013

Submitted

Yes

D3.3
Rapid broadband
tuning
D4.3
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Deliverable D5.3

Milestones

TABLE 2. MILESTONES
Milestone
no.

MS1

Milestone
name

Work
package
Lead
no
beneficiary

Forward

Delivery date
from Annex I
dd/mm/yyyy

Achieved
Yes/No

2

POLIMI

15/03/2011

Yes

4

POLIMI

15/03/2011

Yes

TU Wien 25/03/2012

Yes

TU Wien 25/03/2012

Yes

POLIMI

Yes

detected
CARS using
spectral
compression
MS2

Tunable
picoseconds
pulses

by

spectral
compression
MS3

Confirmation 1
of

back-

scattering
from a single
filament
MS4

Decision on 1
viability

of

multiplefilament
approach
MS5

Background

2

25/03/2012

suppression
in CARS
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Actual /
Forecast
achievement
date
dd/mm/yyyy

Comments

FP7-ICT-2009-C Project No. 244068 CROSSTRAP

MS6

A 100-mJ 1- 3

TU Wien 26/03/2012

Deliverable D5.3

Partial

Experimental

kHz

progress and

femtosecond

reviewers

Yb

suggest

driver

laser

is

different

developed

system
necessary.

MS7

A

burst 4

Bilkent

25/03/2012

Yes

TU Wien 30/12/2013

Yes

mode
femtosecond
Yb

fiber

laser

is

developed
MS8

Eye-safe

a

3

operation of
the
laser
system
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3.4

Deliverable D5.3

Explanation of the use of the resources

TABLE 3.1 PERSONNEL, SUBCONTRACTING AND OTHER MAJOR COST ITEMS FOR
BENEFICIARY 1 (TU WIEN) FOR THE 2ND PERIOD
Work
Packa
ge
1,3

3

Item
description
Personnel
direct costs

5
5

Other costs
Symposium
organization

1,3

Travel costs

Amount in € with 2
decimals

Explanations

64,819 Postdoc salaries for 12 person months (5
PM in WP1, Dr. D. Kartashov, and 7 PM
in WP3, Dr. S. Alisauskas)
Technician salary for 1 month in WP3 (Mr.
R. Maurer)
54 Bank account fees
13,773 Public Service ST 15
publication
5,907.11
Catering atsymposium
480.05
travel Costs for invited
speakerst
7,386.12
9,775
* Princeton NJ, (Model
discussions with Prof. M.
Shneider) 05.02.12-15.02.12
D. Kartashov 1,872.32€
* Berlin (Talk at HILAS’12)
18.03.12-22.03.12
911.79€
* San Jose (Talks at CLEO
2012)
06.05.12-12.05.12
1,994.40€
* Livermore (Experiments @
LLNL)
15.08.12-08.09.12
2,314.41€

Indirect costs

53,020

TOTAL COSTS3

141,441

Total costs have to be coherent with the costs claimed in Form C.
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S. Alisauskas

*Livermore, CA (Experiments
@ LLNL) 28.08.12-16.09.12
1,240.99€

A. Pugzlys

*Lausanne (Talk at Ultrafast
Phenomena)
08.07.1213.07.12
1,374.88€
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Deliverable D5.3

TABLE 3.2 PERSONNEL, SUBCONTRACTING AND OTHER MAJOR COST ITEMS FOR
BENEFICIARY 2 (POLIMI) FOR THE PERIOD
Work
Package
2,4

Item description

Amount in € with
2 decimals
Personnel direct 54541,54
costs

Consumables

30225,87

Investment

12380,31

Travel costs

5718,81

Total
direct
costs
102866,53
Indirect
costs
(overheads)
55905,08
TOTAL COSTS3 158771,61
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Explanations
PhD student (E. Molotokaite) and
researchers (M. Marangoni, G. Cerullo)
salaries for 14.9 person months (7.9 PM in
WP2 and 7 PM in WP4)
Optical components (crystals, mirrors,
filters, lenses) and electronic components
Depreciation
costs
for:
personal
computers, acousto-optic modulator,
optical cavity for gases, laser head, power
supply and controller
G. Cerullo: CROSS TRAP 24 month meeting
(Vienna , March 27-29, 2012) € 414.72
M. Marangoni: CROSS TRAP 24 month
meeting (Vienna , March 27-29, 2012) €
372.72
V. Kumar: Conference Econos 2012
(Aberdeen, July 8-12, 2012) € 504.85
V. Kumar: Conference ICORS (Bangalore,
India August 12-17, 2012) € 883.92
G. Cerullo: CROSS TRAP 30 month meeting
(Munich, December 13-14, 2012) € 625.48
E. Molotokaite: PhD Winter School AttoFEL
(Bormio, January 28-February 1, 2013) €
511.25
V. Kumar: Conference Focus on
Microscopy (Maastricht, March 25-27,
2013) € 477.12
V. Kumar: Conference Econos 2013
(Exeter, April 21-25, 2013) € 1408.75
M. Marangoni: Conference CLEO Europe
2013 (Munich, May 12-16, 2013) € 520
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Deliverable D5.3

TABLE 3.3 PERSONNEL, SUBCONTRACTING AND OTHER MAJOR COST ITEMS FOR
BENEFICIARY 3 (MSG) FOR THE PERIOD
Work
Package

Item description

Amount in €
with 2
decimals
40,619 €

WP 4

Personnel direct
costs

WP 5

Personnel direct
costs
Direct costs

Indirect costs

46,628 €

TOTAL COSTS3

124,343 €

WP 4

Explanations

7.2 Person months
H. Hoogland

Physicist working
on improvements
in fs laser, tuning
of wavelength,
compression of
pulses

2,369 €

0.33 Person months

34,727 €

Material costs to
built fs laser, travel
cost for attending
CLEO conference

Project
management
fs fiber laser
parts 1070 Euro,
Electronics parts
2217 Euro,
optical
components
12323
Euro, mechanical
components
2858 Euro, laser
didoes 2692
Euro,
compressor parts
7651 Euro, travel
cost M.
Engelbrecht
2916 Euro
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TABLE 3.4 PERSONNEL, SUBCONTRACTING AND OTHER MAJOR COST ITEMS FOR
BENEFICIARY 4 (CL) FOR THE PERIOD
Work
Package

Item description

4

Personnel costs

Amount in
€ with 2
decimals
50,012

5

Personnel costs

2,514

Corin Gawith 0.4MM

4

Other direct costs

5,726

Raw MgO:LN wafers

4

Other direct costs

2,279

Oven & control parts

4

Other direct costs

1,754

AR coatings

4

Other direct costs

2,689

Photolithography

5
5

Travel cost
Travel costs
Indirect
costs
(overheads)
TOTAL COSTS3

754
156
39,530

Travel year 2 review, Huw Major
Travel year 3 review, Corin Gawith

105,414
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Explanations

Staff 9.2MM
Huw Major 9.0MM,
Corin Gawith 0.2MM
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Deliverable D5.3

TABLE 3.5 PERSONNEL, SUBCONTRACTING AND OTHER MAJOR COST ITEMS FOR
BENEFICIARY 5 (LC) FOR THE 2ND PERIOD
Work
Package

Item description

Amount in
€ with 2
decimals

Explanations

3

Personnel
costs

direct 25,967

Salaries of company
personnel in WP3:
total 14.99 PM.
1.L.Giniūnas 0,14;
2.A.Varanavičius 0,29;
3.V.Čiapas 0,24;
4. J.Pocius 0,38;
5.J.Boskaitė 0,38;
6.G. Čyvas 0,76;
7.M.Bardauskas 0,76;
8.K.Jasionis 0,93;
9.O.Tchagapsova 1,15;
10.V.Kinderis 1,15;
11.P.Mišeikis 1,27;
12.V.Macedunski 1,02;
13.D.Dargis 0,76;
14.I.Mikulskas 0,43;
15.M.Barkauskas 0,76;
16.A.Dimavičius 0,76;
17.A.Rimšelienė 0,86;
18.R.Vaižmužytė 0,38;
19.R.Karkockas 0,24;
20.D.Mikalauskas 0,33;
21.V.Mikėnas 0,81;
22.D.Grigaitis 0,19;
23.D.Pagarielovienė 0,76
24. R. Danielius 0,24.

5

Personnel
costs

direct 1,279

3

Consumables

Salaries of company
personnel in WP5:
total 0.58 PM.
1.A.Varanavičius 0,24;
2. J.Boskaitė 0,34.
Components for development of laser
systems (optical and mechanical
components, detectors,). Major costs:
gratings -10263,26 Eur,
Pockels cells – 9625,45 Eur,
Faraday rotators – 3411,72 Eur.
A.Varanavicius trip to Vienna TU 201203-27-2012-03-30
to CROSSTRAP
second year review
meeting 640 Eur

57,599

Travel costs

640

Indirect
costs 51,290
(overheads)
TOTAL COSTS3 136,775
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TABLE 3.2 PERSONNEL, SUBCONTRACTING AND OTHER MAJOR COST ITEMS FOR
BENEFICIARY 3 (UHEI) FOR THE PERIOD
Work
Package
2,4

Item description

Personnel
costs
Consumables

Investment
Travel costs

direct

Amount in €
with 2
decimals

Explanations

70620,98 T. Buckup
H. Skenderovic
14,40 person months (WP2)
10050,31 Optical components (crystals, mirrors,
filters, lenses) and electronic
components, chemicals
430,25 Personal computers
8464,91 M. Motzkus: Stuttgart (Visit DLR)
M. Motzkus: Cross Trap 2. Review
Meeting, Wien, Austria
J. Möhring: Demonstration
experiment, Wien, Austria
J. Möhring: Joint research experiment
D. Starukhin: Demonstration
experiment, Wien, Austria (2 visits)
T.Buckup: Focus on Microscopy
Conference, Maastrich, Niederlande
T.Buckup: MicroCars Conference,
Wiesbaden, Deutschland
T.Buckup: CLEO/Europe-IQEC
Conference, München, Deutschland
T.Buckup: DPG Tagung, Hannover,
Deutschland

Total direct costs
89566,45
Indirect
costs
46609,84
(overheads)
TOTAL COST 136176,29
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TABLE 3.2 PERSONNEL, SUBCONTRACTING AND OTHER MAJOR COST ITEMS FOR
BENEFICIARY 7 (ILC MSU)
FOR THE PERIOD (01.02.2012 – 31.05.2013)
Work
Package
1, 2, 5

Item description

Personnel
costs

Amount in €
with 2
decimals

direct 81641.28

Explanations

Total 17.25 productive months
WP1: 13.28 productive months :
Prof. A.Zheltikov, Group Leader - 1.42
Dr. D.Sidorov-Biryukov, Sen. Researcher -2.3
Dr. E.Serebryannikov, Researcher -1.16
Dr. A.Fedotov, Senior Researcher - 0.7
Dr. A.Mitrofanov, Researcher - 1.06
Dr. I.Fedotov, Researcher - 1.42
Mr. A.Voronin, Jun.Researcher - 1.8
Mrs. L.Amitonova, Jun.Researcher, p.g.stud. -1.42
Mr. A.Lanin, Junior Researcher, p.g.stud. - 0.94
Mr. P.Zhokhov, Junior Researcher, p.g.stud. - 1.06

WP2: 2.43 productive months
Dr. A.Fedotov, Senior Researcher - 1.7,
Mr. A.Lanin, Junior Researcher, p.g.stud. -0.73

WP5: 1.54 productive months
Prof. A.Zheltikov, Group Leader - 0.54
Prof. V.Makarov - 1.0

Consumables

922.96

Electronic Circuit - 167.04
Diffraction Gratings - 755.92

Travel costs

4603.09

Total direct costs
87167.33
Indirect
costs
(overheads)
17433.47
TOTAL COSTS3 104600.80
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A.Zheltikov (10.03.2012 – 11.03.2011; Germany,
seminar on Standoff Detection, work on WP1 ) 469.56 €
A.Zheltikov (25.03.2012 – 29.03.2012; USA, seminar
on Standoff Detection, work on WP1; Austria,
CROSS-TRAP project meeting) - 1015.17 €
A.Fedotov (27.03.2012 – 30.03.2012; Austria,
CROSS-TRAP project meeting) – 593.82€
A.Zheltikov (27.06.2012 – 05.07.2012; Germany,
seminar on Nonlinear Standoff Spectroscopy,
work on WP2) – 1081.91 €
A.Zheltikov (07.08.2012 – 11.08.2012; Austria
Germany, , work on WP2) – 761.80 €
A.Zheltikov (13.12.2012 – 16.12.2012; Germany,
CROSS-TRAP project meeting) – 680.83 €
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Deliverable D5.3

TABLE 3.8 PERSONNEL, SUBCONTRACTING AND OTHER MAJOR COST ITEMS FOR
BENEFICIARY 8 (BILU) FOR THE 2ND PERIOD
Work
Package
4

Item description

Personnel
costs

Consumables
Travel costs

Amount in €
with 2
decimals

direct 108,772.80

6,210.07
355.62.

Total direct costs
Indirect
costs 69,203.
(overheads)
TOTAL COSTS3 184,542.
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Explanations

Post
Doctoral
Researchers:
Hamit Kalaycıoğlu, 16 months, WP4
Ihor Pavlov, 16 months, WP4
Parviz Elahi, 16 months, WP4
Optical components from Thorlabs

Project Meeting at Vienna, March 2829 2012

