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Optical parametric sources from the SWIR to the LWIR for standoff
gas sensing

Jean-Michel Melkonian*, Jonas Hamperl, Quentin Bemé, Jean-Baptiste Dherbecourt, Rosa
Santagata, Myriam Raybaut, and Antoine Godard
DPHY, ONERA, Université Paris Saclay, F-91123 Palalu, France

ABSTRACT

We present our activities on the development ofavatinewidth tunable optical parametric sourced #reir integration
in lidar systems. In particular, we present difféeranplementations of the nested cavity opticalapastric oscillator
(NesCOPO) that enables tunable single-frequencgsam from the SWIR to the LWIR, when pumped byxad or a
tunable wavelength laser beam. We show how to &rbié output energy and while preserving the spétinewidth
to perform standoff detection of greenhouse gasdsaic chemicals with direct detection lidars.

Keywords: lidar, absorption spectroscopy, infrared, greesbayases
1. INTRODUCTION

Standoff detection of chemical species —particylarlthe gaseous phase— is of interest for atmaogphesearch and
Earth observation (monitoring of greenhouse gasadystrial process monitoring, defense and secidétection of
chemical warfare agents or chemicals consideresliels), and safety (leaks of hazardous gases). i$eethl, infrared
absorption spectroscopy is probably the most pawedol to identify chemical species since mostyptmic

molecules display characteristic absorption featuirgked to their vibrational and rotational modesd thus to their
chemical structure. Quantification is also possiptevided that the absorption cross-sections hasen bmeasured
beforehand.

For long range detection (from 100 m to severak tef kilometers), the choice of wavelengths is himth by
atmospheric transmission windows, roughly locatetiveen 2 and 2.5 um (short wave infrared, SWIRY, 8xd 4.5—
5 um (midwave infrared, MWIR) and between 8 um aBgim (longwave infrared, LWIR).

Passive methods, relying on spectral analysis sérded solar or thermal light, by selection withiced filters, angular
dispersion with grating or prisms, or interferomsteare now well established, having given risenmy commercial
products and several spaceborne instruments. Oathiee hand, active methods, such as absorptianslid], provide a
measurement independent from the optical backgrowidle the spectral selectivity can be enhancedubing
wavelength-tunable, narrow-linewidth lasers.

In spite of the increasing variety of devices eimittinfrared light (solid state lasers, rare ealtiped or supercontinuum
fiber lasers, semiconductor quantum cascade lasptisal parametric devices), it is still a chatiento emit a narrow
linewidth radiation with a large wavelength tunéijlespecially when high peak powers are involved.

In this paper, we will review our recent work onrneav linewidth tunable optical parametric sourcasl gheir
integration in lidar systems, for diverse applicat such as methane leak detection for industifgitys ground-based
and airborne carbone dioxide and isotopic wateritoong, and detection of chemical warfare agents.

1.1. Principle of differential absorption lidars

In this work, we focus on differential absorptiadars (DIAL) that use attenuation and time-of-fligheasurement of
light pulses backscattered after propagation inatmosphere (Figure 1). Return light flux is dibealetected by a
photodiode, in contrast with coherent lidars thaé Uneterodyne schemes (usually to retrieve winédsgmom the
Doppler shift). In its simplest form, a DIAL emita/o laser pulses consecutively at two different @lemgths. One
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wavelength is in coincidence with an absorptionchfon the targeted species callesk, and a second wavelength is on
a minimum of absorption callekber. The laser pulses, after passing through the tt@yae cloud, are backscattered by
the aerosols (dust or water droplets), collectecaliglescope and focused on a photodetector. The@acentration
C(z) at distance is then retrieved from the ratio of the ON and Qia€kscattered signals at timsuch thatz = ¢ t/2,
wherec is the speed of light. Spatial resolution along lthe of sight is usually limited by the detechandwidthAf, so
thatAz = ¢/2Af. If light is backscattered from a solid targetati resolution is lost and the ratio of the ONI &DFF
signals is equal to the integrated optical depdhglhe line of sight (IPDA configuration for Inteded Path Differential
Absorption LIDAR). For the same distance, the IPBignal is typically 16 higher than the DIAL signal. Obviously,
additional ON wavelengths are required for ideodifion of more than one molecule, or if atmosphspiecies present
infrared spectra overlapping with the one from tamet. Additional OFF wavelengths can also be ulsiel better
subtraction of the baseline on large spectral rngging a polynomial fit. Note that wavelengthabitity does not need
to be continuous, because for most applicationsrteasurement of the shape of the absorption limetisiecessary to
retrieve the concentration (unless pressure angeasature are unknown and suspected to vary greatly)
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Figure 1. Simplified principle of molecular detextiwith a differential LIDAR.

1.2. Challenges for absorption lidar emitters

As for any lidar, a DIAL emitter should deliver &gh peak power laser beam with a good pointingiktaland a low
divergence. In addition, the light spectrum shaultch the absorption spectrum of the target moésgiile. it should be
very narrow and centered at a very precise waviterand at least tunable over two wavelengths tier ©N/OFF
differential scheme to work. This last requiremeah take very different forms depending on how médifferent
species are addressed, the complexity of their angomposition, air pressure that has a strongaich on the
absorption linewidth, and the abundance of theetasgecies relatively to the one of other specigls similar spectral
features. We have listed nonetheless a few typézplirements in Table 1, to appreciate how diffidtuinay be to meet
them all at once.

Two extreme examples can be found in remote sensingO, from space, and chemical warfare agents (CWAS)
detection. For the former, a pulse energy aboven30s required to get enough signal from Earthentibn after at a
10 km altitude, while the wavelength stability mit better than 1 MHz to get the required precistaking into
account the effect of pressure with the altitude ff2r the latter, an ON/OFF tunability of 50 ¢rand a global tunability

of ~500 cn are required because CWAs display broad spedisairption bands, and what is the more, in the LWIR.



To be able to address these different challengeshave developed generic optical architecturesdoasedown-
conversion of light in nonlinear crystals underelagumping, as described in the next section.

Table 1. Typical challenges for DIAL emitters.

Parameter Typical value Most qhallenging
requirement

Pulse energy 1mJ 50 mJ
(peak power for 20 ns pulses) (50 kw) (2,5 MW)
Pulse duration <100 ns <20 ns
(equivalent range resolution) (15 m) (3m)
M2 <2 <2
Number of laser lines >2 >8
Wavelength linewidth <1GHz <100 MHz
Wavelength stability <20 MHz <1 MHz
ON/OFF wavelength tunability 0.7 €nf20 GHz) 50 cm
ON/OFF switching speed > 100 Hz 500 Hz
Wavelength tunability Several crit 500 cni
for multi-species detection (not continuous) (not continuous)

2. ENABLING TECHNOLOGIES

2.1. Quasi-phase-matched crystals

To generate radiation in the mid-infrared, we usgdency down-conversion of the pump in non cesyrometric
crystals, using second-ordgf nonlinearity, so thaw, — w, + w;, wherew is the optical frequency and the indiges
s, i stand for the pump, signal and idler respectivéificient conversion occurs when the signal anéridvaves
propagate in phase with the nonlinear polarizatteeated by the pump, which is naturally preventgdchbromatic
dispersion. Birefringent phase-matching, which uies dependence of the index of refraction to compte for
chromatic dispersion, is a method that can be implged in all anisotropic crystals. We use it foge aperture crystals
in nonlinear amplifiers, such as KTiOR@nGeR, and CdSe. However, this method does not givesadrethe highest
coefficientds; of the nonlinear tensor which is associated tatidal polarizations, and the efficiency is furtmeduced
by spatial walk-off between the waves, which istheo consequence of birefringence. Besides, bigénce phase
matching is not possible is cubic crystals sucErSe or GaAs, despite their higff non-linearity.

In all our nonlinear oscillators we now use qudskge-matched (QPM) crystals, in which the nonliressfficient is
periodically reversed to cancel the phase-mismathbnever it reaches. This allows using waves with identical
polarizations (a.k.a. Type 0 phase matching) asidgle propagation direction. This writes:

2m
ky — ks —ky == =0, (1)

wherek is a wavevector and is the QPM grating period. QPM has been a dectggbnology to be able to use small
beam sizes and hence low laser energies. QPM affégsie phase matching engineering possibilitieshss multiple
periods and fan-out gratings for changing the wevgth by translating the crystal, or aperiodic igcato widen the



acceptance bandwidth (Figure 2). We will give pradtimplementations of these three kinds of ggdiin the next
sections. In addition, wavelength tuning can bdead by temperature control of the crystal. Padadversal can be
provoked in ferroelectric crystals such as MgO:LiNor Rb:KTiOPQ by domain propagation under a strong electric
field (resulting in MgO:PPLN and PPRKTP respectyelor in cubic crystals such as GaAs by patternising
lithography and etching and then epitaxy regrowts|lting in OP-GaAs). The materials have not biéstad in an
exhaustive way.
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Figure 2. Three types of quasi-phase matching desigtually used in lidar emitters.

QPM can also be implemented for waves of diffepalarizations. In the case of crossed signal aked jblarizations

(a.k.a. Type Il phase matching), the acceptanceigith gets much narrower than for identical paations, which

can be of great use to generate narrow linewidirat@n near the degeneraey = w; = w,/2. Since spatial walk-off

remains zero, a longer crystal can be used to cosape for the lower nonlinear efficiency. In Fig@ewve compare the
acceptance bandwidths of PPLN pumped at 1.064 prarfadler wavelength near 2.3 um for type 0 ametyt phase

matching: the contrast is striking. This is why @ften chose type |l for our emitters operating elts degeneracy (at
least when the idler is below 3 pum). Another solutis to put a volume Bragg grating (VBG) inside tiesCOPO

cavity: this element clearly hinders the wide tuligbof the NesCOPO, but the spectral filteringsis efficient that the
crystal can be used in Type 0 QPM (Figure 3).
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Figure 3. Calculated spectral gain of PPLN for tgpand type 2 phase matching (single-pass low sigai@metric gain),
and normalized reflectivity of a VBG for comparis@h5 mm thick, 400 ppm index modulation, refledtnis 79%).

Another interesting case is backward QPM, in whiok of the generated waves propagates in the idinegpposite to

the pump (ond_c) is replaced bﬁ in Eg. (1)). Although proposed very early, thisshanly been experimentally
demonstrated recently thanks to PPRKTP, becausentiadl required QPM period of about 500 nm woulckenéhe



domains merge in PPLN [3]. A backward OPO osciflatéthout mirrors, it has no longitudinal mode jlike a DFB
laser, and the spectrum of the backward wave istoam-Fourier limited. However, wavelength tunwfggthe backward
wave needs a tunable pump wavelength, becausaguttésinsensitive to temperature.

A peculiarity of QPM is that if the crystal is notit right after a domain border, the three wavds et be in phase
anymore, so a special trick is necessary if onegsvancascade several QPM crystals, as will beudssd below.

2.2. The nested-cavity optical parametric oscillator

Pulsed OPOs are not notoriously known for genegatiarrow-linewidth, diffraction-limited beams. This because of
the absence of spectral and spatial selectionarcétvity, and the use of short cavities (to bujtdtie field during the
transient travelling of the pump) and large bearessto carry more energy. We have solved this prolily designing a
low-threshold oscillator with embedded spectrakfihg [4], and amplification of its output in la&dperture crystals
(see next section).

The nested-cavity optical parametric oscillator §N®PO) is based on a dual-cavity doubly resondr@rse where the
signal and idler waves oscillate in separated emyias depicted in Figure 4. Pairs of mirrors M2-&%hd M1-M3 are
related to the signal and idler cavities, respetyivA double-pass pump beam is made possible oteitige gold-coated
mirror M3. Such a configuration is suitable to @sta a low oscillation threshold and to prevent beahkversion toward
the pump after reflection onto M3, providing thia¢ trelative phase between the three interactingsfis maintained at
its optimal value in the backward direction. Thimdition can be fulfilled by cutting the crystatefa domain end, or,
in a more practical way, by adjusting the transygossition of a wedged PPLN crystal. In this cabe, OPO gain
bandwidth is halved while the threshold is dividgdfour compared to the single-pass scheme.

Adequate differentiation and separate adjustmenbath signal and idler cavities enables single-ituainal-mode
emission because only one single exact coincidefagnal and idler modes is obtained within theapaetric gain
bandwidth (see Figure 4, right). This is analogmuthe mechanical Vernier effect.

In marked contrast with injection-seeded OPOs, witasability is restricted to the one of the segdaser, usually a
DFB diode, the NesCOPO tunability is only limiteg the phase-matching properties of the crystal,ctvhis much
larger. When a quasi-phase-matched crystal (QPMiysisd, the wavelength boundaries are only limitgdthe

transmission curves of the mirrors, because QPbWalldefining several phase-matching setpoints sgle crystal
(see Sec. 2.1).

Mode-hop frequency tuning of the radiation can béaimed by adjusting only one parameter (signaidter cavity
length, crystal temperature, change of QPM periptrdnsverse translation of the crystal, or punggdiency) whereas
fine continuous tuning is obtained by adjusting idlaneously two parameters so as to maintain thablgaresonant
oscillation on the same mode coincidence. The ehiithe adjustment parameter actually definesia® and speed of
wavelength tuning:

« Change of QPM period by crystal translation (~ d)s& change the target spectral range by a feW amup
to several hundreds of ¢hne.g. to switch the emitter between species @@, - H,0);

» Change of crystal temperature by thermoelectri¢ihg@&ooling (~ 1 min): to set the QPM wavelengthsheir
targets, as in a calibration process, and/or terekthe spectral ranges offered by the differeri@eriods;

» Signal or idler cavity length by piezoelectric atian (~ 1 ms): to switch between close wavelengfitting
within the acceptance bandwidth of the oscillatoystal, which is typically 1 cf), e.g. to perform a
differential ON/OFF measurement;

« Pump frequency tuning (time depends on laser tdoggh any of the aforementioned uses;

e Signal and idler cavity length: to scan several sl@ngths across an absorption linewidth.
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Figure 4. Principle of the nested cavity opticalgmaetric oscillator (NesCOPO).

The huge wavelength versatility of the NesCOPO &adownside though: the wavelength must be measuzed
precisely. On the other hand, as it operates angeslongitudinal mode within a spectral windovattis know from the
crystal QPM period and temperature, a full spectamalyzer is not necessary. A combination of Fizesarferometers
[5] or Fabry-Perot interferometers [6], an integthtFourier Transform Spectrometer [7], or mode ibgawith a
frequency comb [8] are all suitable methods.

Note that if the gain bandwidth is especially lare Vernier effect will fail to select only oneincidence: thus is why
we have to resort to Type Il phase matching whensilgnal and idler wavelength are close to the egey point

(2.128 pm for 1.064 pm pumping). We also inveséidahe use of a VBG as the output coupler M3 ferither wave,

to reduce the spectral acceptance of the cavitybanable to use a Type 0 PPLN crystal. The NesCOpxated on a
single longitudinal mode and could be tuned ovenitthanks to a transverse chirp of the Bragg pdéh

2.3. Optical parametric amplifiers

The general architecture of our emitters is the @ha Master—Oscillator—Power—Amplifier (MOPA). Thpectral and
spatial characteristics of the beam are definedhbymaster oscillator (the NesCOPO described in 3&), and are
preserved through amplification, provided that pulagers have adequate spatial and spectral featmesthat full

saturation is not reached. The superiority of #giproach was experimentally demonstrated by othéssears ago [10].
In our SWIR/MWIR emitters, we start from a commatailiode-pumped, injection-seeded Nd:YAG laser tonp a

NesCOPO, usually based on PPLN, with less than @fradergy at 1.064 um (Figure 5a). The rest oldker energy is
used to pump several crystals (usually PPKTP), ra¢ga by a signal/idler dichroic mirror to mitigateckconversion
effects occurring when the three waves are notasp at the input of a crystal, or when the pungoines depleted
near the center of the beam. After that, LWIR radiacan be generated by difference frequency @nyatal such as
ZnGeR, as we have shown previously and will not be dedaere [11]. The MOPA concept can be transposetidr

into the infrared by choosing adequate optics andtals (Figure 5b). However, the scarcity of hagtergy single-
frequency 2 um lasers make the LWIR energy morécdif to scale up. Experimental implementationstoése

architectures are given in the next section.
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3. EXAMPLES OF LIDAR EMITTERS

3.1. 2 um emitter for ground-based water vapor isotope atio measurements

So far, no DIAL instrument has been able to qugritie relative abundance of the water isotopolag@#°0, which
would require collocated measurements of both taerisotopologues 0 and HB®O. Such a measurement would
lead to improved understanding of processes gawgrttie global hydrological cycle, with the prospgect improving
the accuracy in the predictions made by atmosplggiteral circulation models [12, 13]. To this aive realized a
parametric source operating at 1.98 um and perid@fest demonstration of probing30 and HB0.

The emitter architecture is of the “2 pum MOPA” tyghescribed in Figure 5a. It is an improved, moggrdized, version
of our previous MOPA setups [11, 14, 15]. A pictofethe setup is shown in Figure 6. The parameiigrce is based
on a NesCOPO combined with OPA stages, pumped lepnamercial injection-seeded Nd:YAG laser (Innolas),
delivering 12 ns-pulses at a repetition rate of B30 The NesCOPO uses a MgO:PPLN crystal in typehihse-
matching (crossed idler and signal polarizationyj amits single-frequency radiation, tunable inrartwindow around
1982.5 nm (signal) suitable for addressing®8 and HB®O (the idler wavelength lies around 2298 nm butds used
for the measurement). The OPA uses several rubidiaped, periodically poled, KTP nonlinear crystgf$RKTP).
These crystals combine a high damage thresholdJ{em? with coating), a high nonlinearity.¢d> 9 pm/V), and the
possibility to be poled through thick aperture fopbx5 mm?2) [16]. With a pump energy of 70 mJ, ddidr rejection
between the last two crystals (total interactiamgté of 30 mm), it was possible to obtain a sigeargy in the range of
6—9 mJ at 1982 nm.
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Figure 6. Experimental bench of the parametricrlaserce. (b) Transverse beam profile at the Iasach output.
(¢) Aon / Aoer recorded wavelength switching for R measurement



The NesCOPO emitted wavelength is pulse-to-pulsdutated and recorded with a High Finesse WS6 IRewster
(Figure 6c). For each targeted species ¥ and HB3®0), such pulse-to-pulse wavelength modulation isessary to
emit the two wavelengths (namelyy andAorg) in and out of coincidence with the absorptiorlifhis is performed by
adjusting the NesCOPO cavity length using piezaetetransducers. A transverse profile of the ottpeam after
passing through a beam expander is shown in Figjorét is Gaussian with a measured<l.5 and a divergence full-
angle of 300 prad. The emitter is mounted on aarafiber bench (CarbonVision) to minimize temperatinduced
deformation. Even so, the pump beam is continuonslpitored by two cameras to monitor beam pointn§ during
the day as the lidar is tested in an unregulateghéeature environment.

The lidar receiver consists of a 10-inch, custonienBlewtonian telescope which focuses the backsedttadiation
onto a 900 um-multimode fiber, whose output is iethgnto a commercial InGaAs amplified PIN photoeioaf
300 um diameter. The signal is pre-amplified argitidied with a high-speed 12 bit oscilloscope céoda total NEP of
1.3 pWAHz and a bandwidth of 3.5 MHz (50 m longitudinasakition). The telescope full-field-of view angle i
1.2 mrad.

DIAL tests along a horizontal path were conductadl6 April 2021 in Palaiseau, France. The uppeelsaof Figure 7
show the recorded ON/OFF lidar signals expressedigrsl-to-detection-noise ratio (SNR), with a doamt noise
contribution from the transimpedance amplifier. Tower panels of Fig. 77 show the retrieved volumiging ratios
(VMR). The signals were averaged over 30 minutesessively for each species. Fos'i, a reference was provided
by an in-situ Picarro G2401 analyzer, located enieinity of the lidar instrument.
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Figure 7. Raw (no energy normalization) averagedD$fgnals over 30 min and retrieved VMR fop*fO (a)
and HD®O (b).

We recently integrated the DIAL emitter in a molileck combined with a zenith-looking telescop®ider to measure
vertical profiles of H'°0O and HB®O in the lower troposphere. We will compare the Diteasurements with those
obtained by a Raman lidar and in-situ sensors dieroto quantify instrument errors and biases amdpewe them with
theoretical simulations [13]. Future work will alsonsist in increasing the extracted power of thadceiver for higher
sensitivity.

3.2. 2 pm emitter for airborne measurements

Although the possibility to measure greenhouse gyfisen air and space with lidars is expected toewvith significant
benefits such as measurement independency fromilkotaination, the technical and scientific chaltges for this kind
of mission are highly demanding. In this sectioe, give an overview of our ongoing efforts to in@@ahe technical
readiness level of a lidar that is intended fortirepecies detection in airborne operation. Theséartical developments
are being carried initially for an ESA TRP projé&ENUIN) and now running in the frame of the EU RROLEMON
project[17] in collaboration with climate research laborads. The lidar is designed for vertical DIAL massment of
water vapor and its isotope HDO, as well as cadioride.

The infrared emitter is based on the combinatiotmaf NesCOPOs with a single optical parametric deplline as
illustrated in Figure 8. The pump laser is an itieseeded, diode-pumped actively Q-switched Nd3ylaser based
on a stable resonator and a Nd:YAG amplifier, yiedl5 ns long pulses and operating at a 150 Heageerepetition
rate. The NesCOPOs are pumped by a beam extraicezdlydfrom the oscillator to ensure a high beamalgy in the



focused far field. In the first NesCOPO, the QPMdition is tuned to get the emitted signal in 82 nm window
suitable for water vapor and HDO isotopic ratiorsting. The idler wave is generated in the 2290 rindow suitable
for CH, probing. The second NesCOPO QPM condition is tdfnedignal emission in the G051 nm window (R30
absorption line). A specific pumping timing is ajepl to operate in double-pulse mode (i.e. 75 Hzbtippulse
emission) with a 500 us delay. This way, each OBR®be switched from the OFF to the ON line with@® s, which
is much shorter than the coherence time of the sphmgre, even under a strong wind or a strong terigel. The idler
beams are coupled out and combined with dichrorcars to be sent to the OPA line.

Housing 1
signal 1.98 um Housing 2
PBS NesCOPO 1 idler 2.29 um Delay line
== A\/2 1
= Pump dispatch
A2 > A
signal 2.05 pm
NesCOPO 2 idler 2.21 ym ] ) . .
NN 500 . .—HA—.——;—L*
= Nd:YAG (AMP.) M 7
I ) 200 mJt PPKTP OPA
n /
\ $ \/
N <_I =

to emission telescope

Figure 8. Simplified optical layout of the 2 um ¢t for airborne operation. (PBS) stands for polag beam splitter,
(A/2) for half-wave plate, and (BP) for Brewster plate

The OPA line is composed of cascaded Rb:PPKTP meenlicrystals with transverse aperture of 5 x 5.nfihé OPA
has been designed to amplify the extracted idlergnfrom the NesCOPO from ~20 pJ to several tensnd
(gain > 30 dB). We chose to keep the same beametkgairsize of 2.9 mm diameter in all crystals, wuee the footprint
of the pump distribution stages, and limited theefice to 2.5 J/cm? to eliminate the risk of laseluced damage. To
switch from CQ to H,O, the PPRKTP crystal temperature has to be chabgé@® °C. The idler wave is removed after
each crystal as it is an efficient way to reduceirséion and back-conversion effects, optimizing #xtracted signal
energy and M2. The OPA is pumped by the 1.064 pambafter amplification in a Nd:YAG rod to reach 200 energy
per pulse.
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total pump energy distributed in the OPA line (stdg2) is 200 mJ. (b). Picture of 4 PPKTP crystals.

Special care has been taken with the thermo-mechlamanagement of the laser and OPOs in order tlostand
temperature changes and the expected aircrafteemagnt (ATR 42 aircraft from the SAFIRE fleet). Theusing is
made from a single block of aluminum with thickreswalidated by the laser manufacturer. The NesCO®RQy is
inside an opto-mechanic assembly built around a déogansion glass frame with stringent mechanicgnaient
tolerances. The NesCOPOs are located in the samsingoas close as possible to the laser oscillatayrder to
minimize pump beam pointing fluctuations. The hagsis mounted on a specially damped carbon breadbada

isostatic mounts. The design has been validatdeBM simulation of thermal deformations and vibratbmodes, and
a CAD view can be seen in Figure 10.

_.---->Housing 1 {pump laser; OPOs}

_____ _.----> Housing 2 {delay line; OPAs}
_______ _.---->Integrating sphere
- _.--=> Carbon fiber Meta-bench

Figure 10. Overall emitter layout on carbon breadtp together with emission beam shaping and eneadjpration
systems.

The same care has been taken with the receivdredidar. The telescope, that includes a 35 cm éianmirror, has

been manufactured by a specialized company, ardwiintegrated in a carbon and steel frame mouatedampers,
designed to withstand the vibrations of the plane.

For this lidar, we chose an innovative wavelengtdasurement solution, which should provide a mudteberecision
than the traditional one based on Fizeau interfeters. It consists in using a GPS-disciplined amtD&tabilized
frequency comb and beat note analysis in ordeettiere the optical frequency. To perform this cgltibeating, a leak

from the OPA stages is extracted and sent intawanseharmonic generation (SHG) stage in order twimdoe spectral
range of the frequency comb.

More details on this lidar have been given in &n¢publication [18].



3.3. LWIR emitter with a tunable pump laser

The leading idea of this emitter design was to dawavert to the LWIR directly from 2 pm laser radat using the
“LWIR MOPA” design of Figure 5. Indeed, the opticfficiency of this solution is, in principle, twcthe one of the
“2 um MOPA+DFG” design. This development has ongeib possible thanks to the commercial availabdit® pum

optical components and systems such as thuliumhahdium doped lasers, 2 um optics, 2 um single nfimes and
fibered components, InGaAs detectors, InGaAs spexdters, etc.

First, two single-longitudinal-mode lasers were eleped specifically for OPO pumping, using thuligimped yttrium
aluminium perovskite (TAi:YAP) as the laser medium. The first version wasspeely Q-switched, and emitted 36 ns
long pulses with an energy of 170 pJ at 1940 nnj. [&ter, a 125 um étalon was added to make ther lag on a
single longitudinal mode (unpublished). Later, atively Q-switched, wavelength-tunable laser wagettgped [20]. It
emits 60 to 80 ns long pulses with an energy of 25@t a 1 kHz repetition rate, with a TiNhode and a M2 factor
below 1.05. The laser runs on a single longitudmatle thanks to the combination of a volume Bragding (VBG)
and a 4-mm uncoated YAG étalon. The output wavelersgtunable from 1940 nm to 1960 nm by transtatiee VBG
owing to a transverse chirp of the Bragg periothsn VBG. However, since the étalon is not movedthyonously, the
laser tunes by hops of one cavity free spectraje40.65 crit).

2pm
Pamp L.~50 mm N
filtering 1
1
0.8 ym Tm: YAG !
— : —_———
YAP AOM etalon
\ / 0.8 um
= J - Dichroic
Alo/?m core TG oc HR@2pm
NA 0,22 fiber HR@2pm 88%@2uym  HT@0.8um

Figure 11. Q-switched Tm:YAP lasers developed bgness (Thales R&T and SMieem photonics) for OPO pumping.
Left: passively Q-switched. Right: actively Q-switch Tm:YAP laser with a transversally-chirped VBG ldpd
wavelength tunability.

Secondly, we developed a LWIR version of the NesOQBy using OP-GaAs [21] as the nonlinear mediutme T
difficulty to manufacture the crystals did not leaime for coating the Mmirror directly on the crystal facet, so we used
an external mirror instea¢Figure 13. For the same reasons we did not polish a wedgquubédcet to control the
nonlinear phase (see Sec.5). Nonetheless the N®SCeuld be arbitrarily tuned to any desired wavgle by
combining piezoelectric actuation and temperatorgrol, the spectral purity was almost Fourier-gfanm-limited, and

a spectrum of ammonia near 10.4 um was recorddd @ of the positive outcomes of these experisméntolving
the first version of the Tm:YAP laser was the vgopd reproducibility of the results over the yeaessured by the long
lifetime of components in the infrared and the goptb-mechanical implementation made by the patoerpany.

M, M,
2 OP-GaAs

Figure 12. Schematic of the NesCOPO cavity used WglR generation. Right: picture of an OP-GaAs crystith two
different QPM periods.

The complete optical setup of the LWIR emitter limwn in Figure 13a. Approximately 25 pJ are usegump the
OPO, 90 uJ for the SFG/SHG stage (described lard) the rest goes into the OPA. In the secondorers the pump



laser, a parametric amplifier (OPA), active Q-shiitgg and wavelength tunability have been addedivAdD-switching
was requested to increase the pulse energy to 2%0 lpave at least 120 pJ left to pump the OPAglge the average
power to reduce the integration time of the wavgiermeter, and increase the repetition rate farlisheasurements.
Also, active Q-switching allows synchronization hwibther lasers, for simultaneous wavelength emissio further
amplification of the LWIR with another pump las@unability of the pump wavelength (provided by a &Bnounted
on a linear piezoelectric stage) has been adddédnt the idler wavelength on a broad range fasi@n temperature
control.

Figure 13b shows the idler wavelength tunabilitygered by the pump laser tunability. The idler/putunability slope
w;/w, is very close to 1. It is thus expected that tlesGOPO will tune by mode hops over the same amasitiie
pump in average, i.e. 0.65 ¢mwith an added, unpredictable deviation allowedVigynier mode selection within the
parametric gain bandwidth, which is about 14*cwide for a 6-mm-long OP-GaAs crystal with a doupienp pass.
More precise characterizations are in progresaddfse, the more traditional tuning methods deedrib Sec. 2.2 are
still operative.

i +
) 825r #-..l QPM period: T
SFG/SHG e S S, 66 +
] 1 um OSA o S Him
MgO:PPLN E e T 64.8 pm
?J:: 8 - e, i
g=== um N P E} i 5 *
: AOM 2 pum Laser . oeps(éOAO % - i L. & Rl e
T wp~ 2 pm w; =8 — 12 um N = 7751 \* + S s
i ittt """ ! 2 g .
Second 1|  VBG OPA : g s T
prototype 1 | translation OP-GaAs " 75r J ‘ . I
! : 1940 1945 1950 1955 1960

Pump wavelength (nm)
() (b)

Figure 13. (a) schematic of the LWIR emitter. Thehaal rectangles are functions added in the moshte®rsion of the
emitter. (b) Idler wavelength versus pump wavelenghen translating the TC-VBG inside the pump lagar two
QPM periods. The dashed lines indicate the themmletxtremes of the parametric gain bandwidth.

To measure the idler wavelength, we could have assaimnmercial wavemeter based on Fizeau interferyseas they
are also available in the LWIR. Instead, we choseose compact and less expensive solution basediionfrequency
generation (SFG) of the pump and signal wavelenggthards 1 um where a silicon based spectrometetbeaused.
The pump frequency can also be measured by se@ntbhic generation (SHG). The idler wavelengtthentretrieved
from the equationw; = wgyg — wspg. Over short time periods, the wavelength of theypus much more stable than
that of the idler, which is likely to be tuned, sshied, or servo-locked by the user. So only the $i€€ds to be
constantly recorded, so that the idler wavelengiteduced fromw; = 2w, — wspg-

Sum frequency generation was obtained in a 20-nmg-MgO:PPLN crystal with an apodized, longitudigathirped
poling (APPLN). The purpose of the chirp is to m&se the acceptance bandwidth to avoid having t®rooheat the
crystal when the idler wavelength is tuned. Thestalywas manufactured with 6 different aperiodicMQfPacks with
different center period and chirp rates, to minenilze risks related to the exact prediction ofdbeversion efficiency,
which scales down with the acceptance bandwidtle diosen chirp was 0.25 um/mm, yielding a SFG baditivof
150 cmt around 2.5 pm. SHG of the pump is then the coressmpiof off-phase-matched conversion in the crystal
enabled by a high pump fluence. Achieving the samee PPLN would have required a length of no mbiant2 mm,
resulting in a very low efficiency. In a birefringee phase matched crystal, finding a giant acceptamuld have been

a stroke of luck and in any case the small beamssizould have been incompatible with walk-off. Thisa good
example of the many possibilities offered by QP tve introduced in Sec. 2.1.

More details on this emitter will be presented poblished elsewhere [23].



We recently integrated the first version of the IRMémitter in a complete lidar system mounted orhaeled camera
dolly. We used the lidar to detect chemical warfagents on French military ground. The system pideebe very
robust, and we now aim at duplicating the LWIR seuio emit ON/OFF pulses in a row.

4. CONCLUSION

Standoff gas sensing with lidars is a very demamdmiche for laser technologies, with sometimes lidirfg
requirements. The wavelength must be very stabdebe tuned over a large range ; the radiation shbelgulsed and
the linewidth be very narroand stable over the pulses ; the pulses should baeziitosely in timavhile there is very
few metrology tools for pulsed radiation ; the lasieould emit several watésd fit in a shoebox.

In an attempt to meet these needs, we have devkefmoametric down-conversion sources that are tikrsmough to
meet the requirements of many different applicaiground-based and airborne greenhouse gasesonigifaiming

to get spaceborne one day), methane leak deteetmghchemical warfare agents detection. They relgtate-of-the-art
technologies such as quasi-phase matched matesaigle-frequency lasers, frequency-agile laserdraied

spectrometers, and on the partners developing them.

We are constantly looking for new solutions to difgpthe optical setup without compromising the foemance.
InGaAs and HgCdTe avalanche photodiodes, new qesie matching schemes, upconversion detectorableun
fibered lasers, compact frequency comb lasersaraft semiconductor lasers, are some examples sfbpgame
changers for gas detection lidars. The good hedlthe photonic industry is also a stepping stoiheun developments.
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