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3.1 Publishable summary

CROSS TRAP (Coherentgnhanced Raman Oi#eam Standoff Spectroscopic Racing of
Airborne Pollutants) in an FP7 STREP project within the Future and Emerging Technologies Open
Scheme. The project is coandted by Photonics Institutd;U Wien (Prof. Andrius Baltuska,
baltuska@tuwien.acyand includes the following contractors:

9 Politecnico di Milano POLIMI, Italy

1 Menlo Systems GmbH MSG, Germany
1 Cove®n Ltd. CL, UK

9 Light Conversion, Ltd LC, Lithuania
1 RuprechtKarls Univ. Heidelberg UHEI, Germany
9 Internation Laser Center of Moscow State Univ. MSU, Russia

9 Bilkent Univ. BILU Turkey

The project website iwww.crosstrap.eu

Project CROSS TRAP tackles the ICT objective of photonic components and subsystems for
sensing for environment, wdbleing safety and security. The project aims at developing a versatile
method and apparatus for standoféghcal 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 proposalableéoae
free-space scheme for coherestimulated Raman scatteringRS) 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 enhahaeklward propagating signal detected at the
laser source using a LIDAB/pe apparatus.
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The radical advantage, as compared to incoherent light probing techniques, lies in coherent
enhancement, which implies that light fields are phaatched, i.e. added in phase, so that the
signal propagation is confined to very narrow solid angle and the signal magistggeatly
increasedIn order to enable the generation of backw&aR$ signal, a backward propagating laser
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field must be supplieth the form of a reflected/rscattered 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 spfieeSRS

relying on the air itself as a medium emigfima backpropagating beam that facilitatgghase
matching. The emission of the ladiékee 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 enhaneetiramotely controlled backward
emitting process serves as an enabling mechanism for moving away from an incoheramglade
signal harvesting in a LIDARype probing technique towasd coherent, and thereby stronger and
lessdivergent, beam detection. In a broader sense, far beyond the scope of CROSSHERAP,
ability to induce and control light reflection from an isotropic pure transparent gas would
undoubtely trigger the development of new frgpace 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:

-demonstat i on of a control-emdt tagrmosphercireaftibagk
plasma filaments in air;

-development of a synchronized SRS detection and identification scheme employing a back
propagating beam geometry facilitated by the filament;

-developmentof a fully functioning prototype for a stand-off gas detection based on a laser
system with a dual frequency output (a femtosecond higanergy mid-IR pulse for filament
generation and a frequencytunable narrowband UV pulse for SRS probing);

-feasibility demonstration of a scheme for filament excitation with a laser operating at an eye
safe infrared wavelength.

Among its most decisive achievements within the initial two years of the project, the CROSS TRAP
Team has developed several types of-fgace UVemitters based on filamentation of highergy
femtosecond pulses and has staged a model experiment proving the feasibility of SRS gas analysis
using two countepropagating pulses from two different lasers. The main objective, pursued during
the final poject period was to achieve an SRS staficdetection using a fregpace laser and to
integrate the whole laser and detection periphery into a single system conceptually shown in the
figure below.
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Principle scheme of the remote sensing experingngj@ backward propagating atmospheric laser.



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 freespace lasing and SRS probig. On the basis

of a highenergy femtosecond midR parametric amplifier at TU Wien, we have developed a single
laser system consisting of g4n arm used for flamentation and initiation of free space UV lasing
and a tunable narrowband UV OPA for spe@ekective SRS probing. The demonstrated-iRid
pumping of the frespace UV laser with an eygafe 4um wavelength clears tHaal milestone of

the project MS8. The two parametric amplifiers included in the laser system depicted below, were
developed byrU Wien in cooperation with LC. In the probe arm, the critically important step of
spectral compression during the néarto UV frequency compression was developed under the
lead of POLIMI, the inventor of this bandwidth narrowing technology.
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Unified laser system for pumping a frepace filament laser and tunaitequency probing of SRS response.

Experimental realization of the backward SRS concept using a fregpace filament laser.
Whereas the concept itself has been successfully tested withuisespgrom soliestate 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 fiee a ¢ e , Afat mospherico | asin
performed at TU Wien on the 28z 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 insQiding a freespacdaserpulse 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 thatmospheric laseand OPA pulses. Right: Raman signal dependence on the frequency
detuning between the 33¥m atmospheric lasepulse and the OPA pulse showing the signal peak at the
methane resonaneeound2917cm?.



These experiments represent a successful merger of all research lines pursued in the project. The
bulk of laser hardwarused 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, astiaech

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-aigirgy midiR

laser that has already been built by the CROSS TRARBartium for partner MSU and is currently
awaiting its installation. The new higinergy system is supposed to enable filamentation at
atmospheric pressure and result in significantly longenospheric lasepulses that would
dramatically boost the SR®)mal 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 tinensient 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 th@r837itrogen transition. By
gaining access to a 4PNd:glass laser at the Lawrerldgermore National Laboratory, we were
able to generate a much hotter plasma with stretched picosecond pulses that led to the generation of
clearly detectable 33@m pulses. This study has extremelpdd 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 picoscond time scale.
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Generation of linearlpolarized 337hm pulses with Joulevel picosecond pulses of the X@6BLLNL Comet laser.

Left: 337 nm line appearing next to the third harmonic spectrum of the fundamental laser frequency. Right: a
frequeng-resolved streak camera image registering a picosecond delay of-tira B3ihg. The delay with respect to

the pump pulse is due to picosecond plasma evolution and a gradual inversion buildup.

Development of a 0.8GHz-repetition-rate burst mode Yb-doped fiber amplifier. In the
initially proposed CROSS TRAP concept, the role of the probe laser was delegated tenzoderst
amplifier capable of firing packets of pulses densely spaced in time and space to harvest
information on molecular excitations credtby the baclpropagating pulse from the filament. This
laser systenconsists of an Yb fiber oscillator developed by MSG and an Yb fiber amplifier
developed byBILU. The frequency conversion is implemented in cooperation with CL and
POLIMI. At the outsebf the project, it was not cledéinatthe SRS measurements will be conducted
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in the UV range because of the frequency of the-$pse laser. Because of the cascaded
frequency conversion required to reach UV from the fundamental frequency, this lasen syst
proved of little use to the implementation of therking 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 pgeey, 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 BILU
MSG burstmode arplifier and an amplifier operating in the conventional mode. BILU and MSG
are currently actively working on the commercialization of this laser system.

500 MHz Burst 100 MHz Burst 25 kHz uniform rep. rate

— P

Human dentine samples processed usingp@Se bursts at a-kHz burst repetition rate with 500MHz intra-burst
(left), 100MHz intra-burst (middle) repetition rates and a uniform repetition rate of 25 kHz (right). Average power,
processing time, pulse width, pulse energy (9 1TJ), spo

The results of CROSS TRAP are goimglte 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 sokstate amplifierand parametric amplifietechnology, respectively, to
upgrade the perfmance 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 commerciatizethndalone
products or parts of integrated frequency conversion systesrs result of this research, TU Wien

has launched a spwff SME, Amplight KG, with the aim to proliferatide high-energy eyesake

mid-IR systemdeveloped in CROSS TRAP. The fimich system, built in cooperation with LC,

has already been delivered to MSU on the commercial basis.



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 staotdont
Raman spectroscopyCRS in air or gas. Several variants ofCRSechniques are under
investigation. CARS was indicated as a method of choice in the B@®Mvork on the project
progressed, the final choice of the technique targeted for implementation within the project life time
was set onstimulated Raman scattering (SRS), measuring dtimulated Raman loss/gain
(SRL/SRQ@. This CRS techniqubas the key advantadkat it assures automatic phase matching
andit can be realized in the collinear or actilinear geometry. The consortium entered the final
project reporting period with the following important intermediate results obtained in the first two
years of theroject:

a) During year 2, we demonstrat@37-nm lasing from pure nitrogen and 337 and 36ih
lasing from a mixture of nitrogen and argon. Backwiaee space 337 nm emission with the
pulse energy of several microjoules was achiendte latter schem&VvP1

b) Also, we demonstrated very intenseherent emission from nitrogen molecular cations at
391 nm and other, weaker vibronic transitiond?1

c) Following the advice of the reviewers given after the -fpesir review meeting, the
Consortium had suspended @dor the development of a lowenergy 1kHz 1-um laser
and instead concentrated on the development of asagdilamentation laser with a lower
repetition rate of 20 Hz. Backward lasing with the #iRdfilamentation laser, therefore, was
reported muclearlier in the project than originally plann&iP4

d) The Consortium had succeeded in performing a pobgirinciple SRG/SRL demonstration
using a combination of solistate lasers that mimicked the situation with the UV backward
pulse that would be emideby a filament laser. The othémser 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 demonstratad @arly 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 aa@dely shaped pulse train WP1, T1.4, but only
in the case of forward coherent emission from the molecular nitrogen cation.

After the secongear review meeting, the reviewers called on the Consortium to streamline the
effort for the remaining project ged andundertake strategic decisions defining the experimental
configuration, in particular the type and wavelength of thedpseee laser and, correspondently, the
configuration of the tunable probe laser.

Furthermore, the reviewers proposed a set afdatory 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
reviewer sdé quest i oemiaus repertng periadExhaustivee answerd te thgse
guestions were provided to the reviewers in the roadmap drafted by the CROSS TRAP team. The
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purpose of a brief revision here is to show which instructions we were able to implement and which
ones we havéiled to carry out.

How does the project intendto assess the most appropriate Raman measurement method to
be used in the final systern

As mentioned above, we have opted for SRL/SRG type of ganoipe measurement which was the
easiest to implement. Ultiately, we have achieved a successful demonstratidhiotechnique
powered by a filamerhduced ASE pulse.

What is the expected relevance of spectral compression in the final system

Spectral compression was used in the probe arm of the successflklpgv@d-Hz prototype and

was necessary to narrow the spectrum (and thus enhance the spectral brightness and the SRS signe
level) of the tunable OPA arm of the systdimust be noted, however, that a bulk crystal and not a
PPLN had to be used for thisrpose because of the UV frequency conversion, for which we do not
have a suitable spectral compression technology based on periodically poled,clystais the

onset of photorefractive damage at UV frequenclé®e second reason to use a bulk BBO clysta

was themuchhigher energyhandling capability

Aside from the 2€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 sed 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 0:6Hz lagr was not needéda 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 eviderice that
would not deliver any improvement in comparison with the probe arm derived from thert@gy

20-Hz laser system itself. The reasons for abandoning the efforts lie partly in the experimental
findings about the nature of nitrogen lasing and partlyha 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 tigHbcusing countepropagating configuration the use of a burst with individual
pulses spacedpart by 0.5 ns would be as meaningful as just a single pulse. Because of the low
pulse energy from the burstode amplifier after a cascaded frequency conversienavailable

pulse duration in the UV was very low. In the original CROSS TRAP concemnti@pated 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 energhebursimode pulses became inadequately
low because they had to be additionally frequetnipjed. One more reason why the integration
attempts were destined to fail is the limited frequency tuning range that the burst laser offers for
frequencytripled pulses. As a result, the burst lagasnot integrated in thénal 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 selectioof targets with high Raman
crosssections available within our tunability range (cf. the Roadmaphe 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 pretians. In factthe experiments carried out on methane are completely
sufficient to extrapolate sensitivity results to many wveblaracterized systems, including explosives

the handling of which we have avoided.
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The research activities of the project atenducted in four work packages (W&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 researchines.

Line 1: Engineering of enhanced atmospheric backscattering (WP1),

Line 2: Characterization, integration, and optimization of backward-enhanced
coherent Raman scattering WP2),

Line 3: Development of laser and pulse delivery systenfg/P3 and WP4).

In thefinal 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 filanterted freespace
laser.

The objective of WP1is the gvelopment of an atnspheric backscatterer stimulated via nonlinear
optical interaction with an intense femtosecond driver pulde following research tasks are
plamed for the reporting period (Months &5 40):

T1.3 Multiflament regime (TU WIEN. Here we continued activis with 4um laser pulses from

the OPA and 4um pulses from Yb:CaFsystems. 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 dyunitrogen lasing properties at pulse energies significantly
higher than the 4@nJ level originally planned in the DoW and to successfully employ the idea of
collisional plasma heating thétd to an efficient population inversion mechanism in atmospheric
nitrogen.

T1.4 Multipulse filamentation contro(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 pii

The results of thactivities in WPlare summarized in the submitted deliverable3 (Report on
High-Energy Filamentation).

The objective of WP2is the implementation afoherent Ramadetection. Tk main activities in
this WP were undertaken in

T2.6 Standoff SRSusing flament enhanced backscatterifi) WIEN, POLIMI, UHEI). This

activity was performedising 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 thed 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 imithéR. For this
purpose, POLIM built and installed at UHEI a special prototype lamgvelength OPA on which

UHEI applied a novel acoustaptic modulator. Unfortunately, such a modulator cannot be applied
to high energy pulses on the maiph CROSS TRAP systetvecause of the way theidrlR 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 aomtistshaper are
reported in Deliverabl®2.3 (Standoff SRS)
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The objective of WP3is the developments of famtosecond pump laser for filamentatiahTU

Wien. Two major tasks were performed here in the final year of the project. First, the team studied
the scalability of the picosecond pump lasevidg the midIR. These studies were only partially
successful as the limitations of straightforward energy scaling with a singlediargeter laser
booster head became apparent. As a result of this investigation, we were able to work out a concept
of a nulti-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 +dézvnaid-HIR

OPCPA system which, according to the estimations, should deliver at |e&86trd pulsesat 4

mm. The opportunity to fund the construction of such a system came from MSU who has obtained
startup funding for a new higenergy laser laboratory and ordered a system to continue the
filamentation research initiated during project CROSAP.

The activities in WP3 in the final year are summarized in DeliveiaBl8 (Eyesafe OPA)

The objective of WP4 was to develop a frequentynable bursmode amplifier. This work was
performed by BILU, where the amplifier was assembled, in cooperatith MSG, who had
previously developed a 0GHz seed oscillator for this purpose and delivered it to BILU. Further,
POLIMI and CL participated in developingstalling and testing a frequency conversion scheme
for that laser.

Two tasks were pursued WP4 during the reporting period:
T4.5 Frequency tuning of fundamental frequency pulses.
T4.6 Spectral compression of the bunsbde Yb fiber source.

In addition to working directly on the fiber bunisiode laser, the frequency conversion scheme was
initially assembled and characterized using a sttt Pharos amplifier built by LC. The full
report on the development of a rapidly frequehayable laser system and on the reasons why its
use in the final CROSS TRAP apparatus was not warranfgdvsled inDeliverableD4.3 (Rapid
broadband tuning).
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3.2.2 Work progress and achievements during the period

Here weprovide a concise overview of the progress of the workina Wwith the structure of
Annex| to the Grant Agreemer{Description of Work)

Progressin WP1(i NL O Mi)rr or o
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 coherentdifssion from nitrogen molecules can be
obtained as a result of ultrashort pulse filamentation. Whilst the advantages -a¥dvelgngth
excitation became apparent earlier in the project and were exploited by using the avgilable 4
parametric source, theaalso 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 resultsh-@mengy
filamentation were performed using a mudtule 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 moleculgsbt electron plasma. Irrefutable evidence

for the generation of picosecond 38 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 predmantly collisional heating of free electrons resulting from
photoionization. This deliverable provides exhaustive information on the developed numerical
model and experimental results of 331 generation triggered by Jowdkass filamentation in air
andpure 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 opportunityfdortosecond bursts of laser
amplification without inversion during periodic-phasing of rotational wavpackets of the ground

and excited states of the cation

Very important progress was made in the development of -e@atistent numerical model cédya

of seamlessly connectinghotoionization in the presence of a strong laser field on the initial
femtosecond time scale to the long picoseesadosecond time scale during which the plasma
evolves freelyin the presence of multiple plasrohemical recorination and dexcitation
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 rsponding 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 fieldfree) and 6 cascaded excitation of nitrogen moleculegyure 1 shows the calculated
electron energy distributions and tirdependent population evolution of the 38% nitrogen laser

in air as a function of the pump laser wavelength. These and other modeling seswutthe clear
advantage of longvavelength sources in the creation of hot electrons with energies of ~15 eV,
which arerequired for the collisional pumping of the nitrogen laser. It also shows, that in order to
use shorter laser wavelength for filamémuced nitrogen lasing, additional measures, such as
plasma heatinghave to be taken to achieve population inversion.
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Fig. 1. Left: Calculate&nergy distribution function of photelectrons calculated by for different wavelengths ofea las
generating the filament. Right: Time dependence of the population inversion for different filamentation wavelengths.

The measurements performed at LNLL with the 2868 COMET laser, that has a huge energy
reserve for our purposes, have enabled usuestigate 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 ths 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 hagtergy filamentation and anapshot of the
picosecond discharge are shown in Fig. 2.
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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 paxf spectrum is shown in the figure shown in thecexige
summary (reproduced from Fig. B3 in D1.3) 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 baokigiom 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 farfield divergere 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 mscale diameter of the plasma channel inferred from photographi
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
fillered out and imaged separately. However, by translatingpgbetrometer 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 pulgeattn, we observe a
thresholdlike behavior of the 37Am 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 conclusi¢Fig. 3, right)
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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 ebligion.
line & time dependence of the electron temperature. Red fime 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 resgla on coherent emission from molecular catidnshe
project report for year 2 we demonstrated a new effect of a coherent fatinected UV emission
generation from femtosecond filaments is nitrogen. The UV emission, consisting of very narrow
spectralines at 358, 391 and 428 nm and corresponding tekmellvn No* transitions (Fig4, left),
was linearly polarized along the laser polarization and was observed from sparks in nitrogen and air
ignited by tightly focused femtosecond laser radiation atmd wavelength. Independently, this
phenomenon was observed also by the group from China who used tightly focused femtosecond
laser radiation at &Bm wavelength. It turned out to be a very univerdadervation withrespecto
the wavelength of a high intaehslaser creating a spark or a filament in nitrogen, because it was
observed also in experiments with teolor spark created by high intensity 800 nm pulse and its
second harmonic, as well as in our experiments with femtosecond filamentation in ntydf@30
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 insght into physics of this very intriguing phenomenon, we have carried out series of
frequencytime-resolved experiments both with single pulse ARafilaments and with filaments
generated by nedR pulse trainsThe schematic of the experinmahsetup issketched 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 esios resembles that of a ladike amplifier, the time

resolved data prove that the coherent UV emission decays over many picoseconds, well outside the
temporal overlap with the resonant field of the supercontinuum pulseSfFithe 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 complexingdail structure provides a strong hint
about the importance of rotational excitations i &hd suggests the first possible candidate for the
explanation of the physical mechanism behind this emission. This is the/deemixing (FWM)

scenario on noimstantaneous cubic nonlinearity in rovibrationally excited molecules.
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Fig. 5. a) Experimentally measured DFG XFROG trace between 1030 nm reference femtosecond pulse and output
continuum in the vicinity of 391 nm wavelengtb) Crosscorrelation function retrieved from the XFROG trace. The

blue and green lines show the crossrelation for two different gas pressures. The magenta line shows the results of
simulations with FWM with noninstantaneous cubic nonlinearity.
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In a caperation between TU Wien and UHEI we once again performed a senesastirements

with shaped pulse trains, this time simultaneously performing a-gatieg experiment to
temporally resolve the appearance of the UV emission. Figure 6 shows that thm 3fllse 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 delayedharespect 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
emi ssion mechanism is a | aser action fAwithou
statstical inversion between the populations of the ground and excited ionic states, there are brief
femtosecond time intervals in time during whitte system appears inverted due to the spatial
occupancies of these states that continuously evolve with thgor@l dynamics of the nitrogen
molecular ion.
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Fig. 6. Gray shaded pldtcrosscorrelation from SFG XFROG trace between the reference pulse and the optimal pulse
train propagating through the cell under vacuum; blue lénthe same for the train progating through the cell filled
with 5 bars ofitrogen; red line- crosscorrelation from DFG XFROG trace between the reference pulse and 391 nm

emissionNote that the 394m pulse is clearly delayed with respect to the second most intense peak offtipelisem

The explanation of-ftdées mpPoecskamiliemAohvemsssehno
shows appearance of optical gain in a-imorerted nitrogen sysm with rotational excitationThe

ratio R stands for the ratio of population fracgan 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 ¢lag thee results
obtained from the cation emission cannot be directly used in the current CROSS TRAP apparatus
because we were not able to observe coherent aati@sionsignals in the backward direction.
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Fig. 7.Gain Upper panelgain withaut inversion for R=1/2 (67% population in the groundand 33% in

the Bstate correspondingly), lower pandior R=3/4 (57% population in the ground and 43% in the B
state correspondingly).

18



Progress in WR2 (Standoff CRS detection)
A comprehensive acoat of the performed activities in WR2submitted 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 ¢the CROSSTRAP project is to achieveemote sensing of a
gaseous sample via backward SRS with a Raman pump generated by lasing in the atmosphere. The
conceptual architecturef the system is shown in Fig.. & requires the combination of the
backward propagating, remotely pumped atmosph¥ésitaser (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 betetted, 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
resonaces. 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 highhower midIR (4 mm) OPCPA driven by éemtosecond pump, while

the tunable Stokes is obtained by nonlinear frequency conversion of the laser pulses generated by
the same laser system that drives the-lRiI©OPCPA.

. Weak Raman pump
m Y
High-power Mid-IR __N lasing -

Yblaser [ ] OPA 2 === — v ¢
Sample A7 T
A Mid-IR ignited filament
SH-pumped Detector: SRL ‘\
OPA
690-750nm High-power Stokes \M
345-375nm
. /
Spectral U
compressor
Optical

\_Chopper

Fig. 8. Architecture of the system fbackward SRS experimemsing asprobethe atmospheril; laser.

The 4mm OPCPA has been described in detail in the previepart and a recap is given in D2.3

Here we present the exjpeental setup for the tunable Stokes beam generation, shown if. Fig.

We use the fourth harmonic of the ongpressed 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 nmradiation ranging from 1500 crhto 3350 crit. In order to boost the energy of the Stokes
pulses a two stage OPA based orrartthick type | BBO and a Hehm-thick type |1 LBO crystal,
pumped by a frequenayoubled fraction of the output of picosecond Nd®Aaser system, was
constructed. The OPA is seeded by the second harmonic of the OPCPA signal pulseis which
spectrally filtered by using a 1700 nm transmission grating amth3slit separated by a distance of

1.5 m. Due to the spectral filtering of theesl, 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-stage OPA produces 0.9 mJ pulses
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which are frequency doubled in a 15 rtimck BBO crystal. Energy of the generated UV pulses is
in the order of 0.2 mJ while measurements of eomseelation function witi200 fs pulses from the
Yb:Cak CPA system reveal 7.4 ps pulse duration (E@.right panel).

Fig. 9. Scheme of backward SRS experimesihg asprobethe atmospheridN, laser. DL & delay line, DM d
dichroic mirror, DGA diffraction grating, BS3 beam splitter, I interference filter, P0d photodiode, GTB Glan

Taylor polarizer

Fig. 10. Left panel: spectra of the OPA (red line) and its second harmonic (violetogather with the spectrum of
the filament N laser (blue line) . Right panel: cresgrrelation of the UV pulse with a 200 fs IR pulse.

One challenge of the setup is the spatial separation of forward propagating IR beammfthe 4
filament igniter) and backard propagating UV light (the filament laser). Since it was difficult to
identify suitable beam splitters, we decided to use a pair of Badwster prisms separated by a
distance of Zm. Because of the small distance between the prisms introduced fiepthgulses,

pulse spreading and spatial chirp effects are negligible. On the other hand, because of the different
index of refraction for 4m (n=1.40964) and 33Am (n=1.44814) light, back propagating UV
pulses are deflected in such a way, that thyyass 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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