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A narrowband infrared source based on orientation-patterned GaAs

for standoff detection of chemicals

J. Armougom’ - J.-M. Melkonian' - J.-B. Dherbecourt' - M. Raybaut' - A. Grisard? - E. Lallier? - B. Gérard® - B. Faure* -

G. Souhaité” - B. Boulanger® - A. Godard'

Abstract

This paper presents our work on a pulsed single-frequency tunable optical parametric oscillator based on orientation-patterned
gallium arsenide. Owing to crystal temperature tuning, this source covers the 10.2-11.2 and 7.6-8.6 pm ranges in single-
longitudinal mode operation with a linewidth below 30 MHz. Standoff detection of ammonia around 10.35 and 10.5 pm is
performed by implementing this source in an Integrated Path Differential Absorption Lidar (IP-DIAL) setup.

1 Introduction

Fast and reliable detection of hazardous chemicals or pol-
lutants is an important issue for both civilian and military
applications. Among the existing methods, laser infrared
spectrometry is promising as it provides non-intrusive and
selective standoff detection of chemicals. Active detection
systems based on infrared laser spectrometry have already
proven their performance for detection of atmospheric pol-
lutants, greenhouse gases, and for industrial purposes [1-6].
In the infrared domain, the longwave infrared (LWIR)
region, spanning from 6 to 14 pm, is of particular inter-
est. Often called the molecular fingerprint region, it gath-
ers the fundamental rovibrational lines of most polyatomic
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molecules. Within the LWIR region, the third transparency
window of the atmosphere ranging from 8 to 12 pm allows
light to propagate over several kilometers. Standoff detection
can then be performed on many species such as SF,, HNO;,
H,S, chemical warfare agents (CWAs), toxic industrial
chemicals (TICs), explosives and their precursors [7-11].
In the context of standoff detection by infrared spec-
troscopy, optical coherent sources with narrow spectral
linewidth and broad wavelength tunability are attrac-
tive to enable selective multi-species detection. At long
wavelengths, solid-state materials suitable as laser active
ion hosts are scarce, as they usually present strong multi-
phonon absorption. Only two types of laser technologies
are available for direct emission in the LWIR: the CO,
gas laser and the quantum cascade laser (QCL). Until the
advent of QCLs, the CO, laser has been the only coher-
ent source available in the LWIR with a significant energy,
and has been extensively used in lidar emitters for standoff
detection of chemicals. Several emitters delivering more
than 100 mJ have been developed, mainly for detection of
CWAs and TICs [7, 12-14]. Energies above 1 J have been
demonstrated in operational lidars [15, 16] while the small-
est systems have led to military-grade products [17]. More
recently, the CO, laser has also been used for standoff detec-
tion of explosives [18, 19]. However, its restricted tunabil-
ity still prevents addressing the strongest absorbing bands
of most gases, and sometimes precludes detection of the
species at all, sulfur mustard for instance. QCLs are now
the workhorses of many spectroscopy and local gas sensing
experiments [20]. However, due to their limited peak power,
standoff detection with QCL is currently limited to ranges of



a few tens of meters using reflectors or topographical targets.
Nevertheless, advanced developments have been carried
out by several groups on standoff detection of explosives
on contaminated surfaces [21-23] and on standoff detec-
tion of liquid or gaseous hazardous chemicals [24-27]. A
review on photoacoustic detection of explosives using QCLs
can be found in Ref. [28]. To overcome these limitations,
another solution is to use second-order nonlinear optics to
achieve down-conversion to the LWIR. For instance, optical
parametric oscillators (OPOs) are well suited for standoff
detection of chemicals because they provide peak powers
in the kilowatt range, greater wavelength tunability com-
pared to QCLs and CO, lasers and good optical quantum
efficiencies (typically around 30% with Gaussian beams).
Most of previous research studies focused on pumping
crystals such as AgGaSe,, BaGa,S,;, ZnGeP,, CdSe and
orientation-patterned GaAs (OP-GaAs) where wavelength
tunability can reach a few micrometers in the LWIR [29-37].
Among these crystals, GaAs is one of the most interesting
for parametric frequency conversion thanks to the follow-
ing features: a broad transparency window ranging from
0.9 to 17 pm, a high second order nonlinear susceptibility
(dy4 ~ 90 pm V=) [38], and excellent mechanical and ther-
mal properties. GaAs is optically isotropic, precluding bire-
fringent phase-matching, but it is free from spatial walk-off
which usually limits the maximum usable length. Efficient
conversion in GaAs is obtained with quasi phase-matched
(QPM) crystals where the sign of the second-order nonlin-
ear susceptibility is periodically inverted to compensate for
phase velocity mismatch between the nonlinear polarization
and the radiated field. Initially, QPM GaAs crystals were
obtained by stacking several thin plates of GaAs that were
bonded by diffusion of adjacent layers, but these structures
suffered from scattering losses at domain interfaces [39].
More recently, orientation-patterned GaAs based on epitax-
ial growth solved these problems and offered more efficient
crystals for parametric conversion [40—45].

In this paper, we present our most recent work on the
first pulsed single longitudinal mode and wavelength tunable
LWIR optical parametric oscillator based on OP-GaAs. Ini-
tial results regarding this source have already been published
in Ref. [46] but significant efforts were still needed to fully
characterize it and to efficiently adapt its design for relevant
applicative demonstrations. Here we carry out an in depth
analysis of the wavelength tunability, gain bandwidth and
linewidth measurements. We also give more insights on the
source design and a discussion on its implementation in an
integrated-path lidar (IP-DIAL). In Sect. 2, we present the
unique OPO architecture developed by our team—called
NesCOPO—that ensures single longitudinal mode emission
as well as wide wavelength tunability. Then in Sect. 3, we
present the source performance in terms of energy, oscilla-
tion threshold, tunability and linewidth. Finally in Sect. 4,

we implement this source in an [P-DIAL setup and perform
standoff detection of ammonia around 10.5 pm.

2 Nested cavity OPOs: working principle

Nested cavity OPOs (NesCOPOs) are doubly-resonant
OPOs with physically separated cavities for the idler and
signal waves [47]. This architecture combines low oscil-
lation threshold thanks to its doubly-resonant and double-
pass architecture, a broad frequency tunability within the
gain bandwidth with fine adjustment of cavity lengths, as
well as single-mode operation without any injection seed-
ing or intracavity filters. Figure 1 shows a scheme of the
NesCOPO used in our setup. As depicted, idler and signal
waves oscillate respectively between mirrors M;—M; and M,
—M;. Here, M5 is common to both cavities and reflects the
pump back into the crystal. This leads to a lower threshold
and reduces parasitic Fabry—Perot effects [48]. Under the
condition that the nonlinear phase is maintained through
the double-pass, a better mode selectivity due to parametric
gain bandwidth narrowing as well as better conversion effi-
ciency are achieved [49]. This architecture has been mainly
implemented with ferroelectric crystals such as periodi-
cally poled lithium niobate (PPLN), for gas sensing appli-
cations between 1.5 and 4.2 pm [50, 51]. Here, this concept
is extended to the LWIR using orientation-patterned gallium
arsenide (OP-GaAs) crystals.

At first order and far from degeneracy the theoretical
double-pass gain bandwidth is given by:

1
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where L is the crystal length, n, stands for the group index,
and the subscripts s, i for the signal and idler waves respec-
tively. In our case, the theoretical gain bandwidth is 8.5 cm™!
for a 10 mm long OP-GaAs crystal using the group indices
given in Ref. [38]. Without any spectral selection mecha-
nism, as in a singly resonant OPO, there would be approxi-
mately 80 longitudinal modes that could oscillate under the
gain bandwidth with a cavity free spectral range (FSR) of

M

Fig. 1 Scheme of a NesCOPO in double-pass configuration. Pump in
blue, idler in red and signal in green. The idler cavity is formed by M,
—-M; and the signal cavity by M,-M;
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Fig.2 Illustration of mode selection in a NesCOPO using Giord-
maine and Miller’s diagram [52]. Idler (red) and signal (green) axes
are in opposite direction so that a vertical line fulfills energy con-
servation: w, = g + @;. FSR stands for free spectral range. a High
dissociation: several exact coincidences under gain bandwidth (multi-
mode emission). b Low dissociation: emission of clusters (multimode
emission). ¢ Intermediate dissociation: one exact coincidence under
the gain bandwidth (single-mode emission)

4 GHz. However, in a NesCOPO, the signal and the idler
waves oscillate in their respective cavities resulting in two
resonant mode combs, as illustrated in Fig. 2. As shown in
this figure, idler (red) and signal (green) axes are in oppo-
site direction so that a vertical line fulfills energy conserva-
tion: @, = w, + w;. There is an exact coincidence when an
idler mode matches a signal mode with maximum overlap.
Mathematically, the exact double oscillation condition can
be written as follows :
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where L; are the optical lengths of the two cavities, g;;
being integers and o, = o, + ;. However, due to the lim-
ited cavity finesse, partial coincidences can appear within
the gain bandwidth when the overlap between neighboring
modes is sufficient to initiate oscillation, leading to multi-
mode operation.

In a NesCOPO, spectral content of the emission can be
controlled by adjusting the dissociation parameter which is
defined as follows [47]:
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where L ; are the group cavity lengths at the signal and idler
waves respectively, and L can be taken as L, as a convention.

Assuming a negligible dispersion, the spectral gap between
two exact coincidences is:
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with n, (4 ;) standing for the group index of the waves and
FSR ;) are the free spectral range of the cavities. According
to Eq. (4), coincidences are closer to each other when the
dissociation parameter is high, leading to several exact coin-
cidences under the gain bandwidth (Fig. 2a). Conversely,
the NesCOPO emits a cluster of modes including multiple
partial coincidences for a low dissociation (Fig. 2b). In both
cases, the emitted spectrum is multimode. To operate in sin-
gle-longitudinal-mode, it is thus essential to choose an inter-
mediate value for AL/L (Fig. 2¢). To calculate the adequate
dissociation parameter for a 10 mm long OP-GaAs crystal,
we followed the procedure given in Ref. [53]. We considered
calculated finesse coefficients of 28 and 11 for the signal
and idler cavity, respectively, using the measured transmis-
sion curves provided by the coating company. We used an
experimental value of the gain bandwidth of 10.5 cm™~! and
a moderate pumping intensity two times above threshold for
an exact coincidence. In Fig. 3, we plotted the maximum
overlap integral between the signal and idler Fabry—Perot
longitudinal cavity modes as a function of the dissociation
parameter AL/L. There, the red line represents the threshold
above which partially overlapping neighbouring modes can
oscillate for the chosen pumping rate. From Fig. 3, it can be
seen that the multi-frequency behaviour shown in Fig. 2a)
is obtained in region (3) for a high value of the dissociation
parameter. As well, a cluster of modes (Fig. 2b) is obtained
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Fig.3 Maximum overlap integral between idler and signal modes as
a function of the dissociation parameter AL/L for a 10 mm long OP-
GaAs crystal. The red line corresponds to the overlap above which
neighbouring modes can oscillate for a pumping rate of 2. Region (1):
a cluster of modes is emitted, region (2): single-frequency operation,
and region (3): multimode operation (with several exact coincidences)



when the dissociation parameter is in region (1). On the
contrary, when the dissociation parameter is set around a
few percent [region (2)], it is possible to achieve single-
frequency operation. Note that for a 10 mm long crystal,
the OP-GaAs already introduces a chromatic dissociation
of + 1.6 %, close to the optimum. Thus the signal and idler
cavity physical lengths need to be very close to each other.
To make this possible, the signal mirror has been depos-
ited on the outer face of mirror M, [46]. We will explain in
Sect. 3.4 how the optimum dissociation value is obtained
experimentally.

Once the physical difference between the signal and idler
cavities has been set, fine wavelength tuning can be done
by adjusting one or both cavity lengths using piezo-electric
transducers. As can be seen from Eq. (2), changing one cav-
ity length is equivalent to stretching the associated frequency
comb. At first order and at the scale of a few modes, this
effect can be approximated to a translation in the Giord-
maine and Miller’s diagram. In a NesCOPO, fine adjustment
of the cavity lengths are obtained with mirrors mounted on
piezo-electric transducers. A displacement of one of the mir-
rors only changes one of the two cavity lengths, inducing
mode hops within the gain bandwidth, so that a discrete
set of wavelengths is emitted sequentially. When the second
mirror is translated, the other cavity length is changed, cre-
ating a new set of accessible wavelengths. This mechanism
is the optical analog of the mechanical Vernier. For broader
tunability, the nonlinear crystal can be heated to shift the
gain bandwidth.

3 Implementation of the LWIR source

3.1 OP-GaAs crystals characterization

We used three OP-GaAs samples (namely M19, M28 and
M22) whose characteristics are presented in Table 1. They
are periodically oriented and grown by epitaxy in vapor phase

[40]. In this method, two layers of GaAs with opposite crys-
tallographic directions [001] and [00 — 1] are superimposed

Table 1 Specifications of the OP-GaAs crystals

Crystal M19 M28 M22 (multi-tracks)
A, 4, 4,
Length (mm) 10 6 10
QPM period (pm) 72.6 66 64.8 63.6
Idler (pm) 10.2-11.2 839 7.9-8.7 7.6-8.3
Focusing parameter 0.73 0.54 0.59 0.57 0.54
(idler)
Focusing parameter 0.34 0.25 0.36 0.37 0.37
(signal)

on a GaAs wafer. The domain periods and duty cycles are
defined by photolithography, and the patterned template is
etched to reveal the grating. Finally, the material grows on
about 500 pm by epitaxy in vapor phase. The crystal’s facets
are then anti-reflection coated for the pump, signal and idler
waves. Pictures of these crystals are shown in Fig. 4 where
the crystallographic orientation is shown in the first inset. The
surface damage threshold was measured to be approximately
0.6J cm~2 at 2 pm for anti-reflection coated crystals.

In a preliminary experiment, we evaluated the temperature
acceptance of crystal M28 at 10.7 um by difference frequency
generation between the signal and the idler waves generated
by a type I PPLN OPO. This OPO is pumped at 1.064 pm by
a Nd:YAG multimode laser. Thanks to type II phase-match-
ing the idler and signal linewidths are both close to 1 cm™".
The emitted wavelengths of the OPO were set to 1.936 pm
for the signal and 2.362 pm for the idler. Figure 5 shows the
difference-frequency generation efficiency of the OP-GaAs
crystal as a function of its temperature (blue) and the theoreti-
cal model (red). In the undepleted pump approximation, the
difference frequency generation intensity is proportional to:

Inpg(T) sinc2< )

AK(T) - L
- )

Fig.4 Pictures of the OP-GaAs crystals used in the experiment. a
M19 with the crystallographic orientation, b M28 and ¢ M22
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Fig. 5 Difference-frequency generation efficiency versus OP-GaAs
temperature at APPXN = 1.936 pm and APP™N = 2362 pm for M28. In
blue, measurement data and in red theoretical model



where 4k(T) is the temperature dependant quasi-phase mis-
match and L is the length of the OP-GaAs crystal. Calcula-
tion on the theoretical model is carried out using the refrac-
tive index equations provided in Ref. [38]. As we can see
in Fig. 5, the width of the efficiency curve is in very good
agreement with the theoretical expectation. Moreover, the
existence of true zeros (at 40 and 100 °C) suggest that the
grating has few periodicity defects [54].

3.2 NesCOPO experimental setup

The experimental setup is shown in Fig. 6. The OPO is
pumped by a single-frequency pulsed Tm**: YAP microlaser
emitting at 1938.5 nm specifically designed and ruggedized
for this application [55]. It delivers pulses of 36 ns with
a repetition rate of 100 Hz. A maximum output energy of
170 pJ, corresponding to 4.7 kW peak power per pulse was
achieved. The laser rod is a 4-mm long 3% at. Tm: YAP, cut
along the crystallographic a-axis. The cavity input mirror
has been deposited on one facet of the rod (HT@795 nm,
HR @ 1940 nm) to reduce the number of elements in the cav-
ity. The laser crystal is pumped by a 3 W fibered laser diode
at 793 nm. Passively Q-switch operation is obtained with
a Cr**:ZnSe saturable absorber. To avoid mode hopping, a
125-pm-thick YAG etalon was inserted into the cavity, and
single-longitudinal mode operation was eased with a pump
modulation scheme. The output beam is nearly diffraction
limited with a M? parameter of 1.02. An optical isolator is
placed on the beam path to prevent from optical feedback.
Two half-wave plates are inserted before and after the isola-
tor to, respectively, adjust the pump power and polarization.
Then, the pump beam is focused with a 150-mm focal length
CaF, lens into the OP-GaAs crystal. The beam waist radius
at 1/e* was measured to be 100 um. A ZnSe mirror reflect-
ing 98% of the signal wave, a prismatic CaF, plate, and a
dichroic plate in ZnSe are inserted between the lens and the
OPO to separate the signal, the reflected pump and the idler
waves. The idler cavity consists of a spherical mirror M, of
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Fig. 6 Experimental setup of the NesCOPO emitter

20 mm radius of curvature, reflecting 85% of the idler in the
8-11 pm range and a gold-coated mirror M; of 50 mm radius
of curvature. The signal cavity consists of the same mirror
M, and a plane mirror M, reflecting 98 % at the signal wave-
length. For M19 and M22, we calculated beam waists radii
at 1/e? (wy) of 105 pm for the signal mode and 150 pm for the
idler mode. For M28, the calculated beam waists radii are
95 pm for the signal and 135 pum for the idler. The focusing
parameters of each cavity, which writes & = L/ (2727%), are
shown in Table 1. The crystal is inserted between M, and
M; in a temperature-controlled oven. Experimentally, we
could test each crystal within the same cavity. M; and M; are
mounted on piezo-electric transducers to finely adjust cavity
lengths. The free spectral range is approximately 4 GHz for
each cavity.

3.3 Source efficiency

We obtained typical oscillation thresholds of 2 puJ for M22,
5.5 pJ for M19 and 6.2 pJ for M28 after optimization of the
NesCOPO alignment and lateral position of the crystal.
We also set the pump polarization along [- 110] in order
to minimize the oscillation threshold which gives a meas-
ured idler polarization along [ 110]. The threshold values
are still two to three times higher than theoretical expecta-
tions. We attribute this discrepancy to losses due to small
beam clipping of the LWIR beam by the crystal edges and
imperfect dielectric coatings. Figure 7 shows the measured
idler energy as a function of the incident pump energy for
each NesCOPO configuration and Table 2 summarizes their
efficiency.

Three times above threshold, we achieved a typical
energy of 150 nJ output power at the idler wavelength with
a maximum of 250 nJ for M19 which correspond to a peak
power of 5.5 W. The pulse-to-pulse energy fluctuation of the
idler is + 1% rms over 1 s. As seen from Fig. 7a), M19 has
a lower slope efficiency than M28. This discrepancy can be
explained by greater beam clipping at the crystals ends in
longer crystals. Moreover, M19 present small imperfections
as only a few localized spots in the crystal leads to OPO
oscillation. In addition, these spots were damaged by the
laser during preliminary experiments. In M28, oscillation
can be obtained anywhere in the crystal. In Fig. 7b), at high
pumping rates we can see a gap between the three curves. We
attribute this gap to multimode operation of the NesCOPO
which typically occurs over three times above threshold (~ 6
yJ here). Figure 8 shows the temporal pulse profiles of the
incident and depleted pump as well as the idler profile for
M19. We determined an average pump depletion of 15%
with a pump energy four times above threshold. Pumping
more than three to four times above threshold is not advised
as it can lead to multimode operation due to less efficient
Vernier spectral filtering of the side-modes.



500 @M19 & M28
2 400 .
e
A
5 300 A .
5 “ - "
5 200 A .
= A .
— AA m B
100+ pra = MI9
o = A M28
0 4 8 12 16 20 24 28
Pump energy (pJ)
500 ) M22 A
_ .
£ 400
z M
5 3004
% ’AA.
B 200 FaL " A=66.0 pm
=]
~ o0l ‘j". A A=648um
ol ¢ A=63.6um

0 4 8 12 16 20 24 28
Pump energy (pJ)

Fig.7 Idler energy as a function of the incident pump energy for
each crystal. a M19 for an idler wavelength set around 10.4 pm
(blue) and M28 for an idler wavelength set around 10.2 pm (red). b
M22, A; = 66 um for an idler wavelength set around 8.3 pm (blue),
A, =648 pm for an idler wavelength set around 7.9 pm (red) and
A5 = 63.6 pm for an idler wavelength set around 7.6 pm (green)

Table 2 NesCOPO efficiency and pump depletion for each crystal

Crystal M19 M28 M22

QPM period (pm) 72.6 72.6 66 64.8 63.6
Threshold (pJ) 55 6.2 2.3 23 22
LWIR energy (nJ) 250 120 100 150 150
Pump depletion (%) 18 10 16 16 23

The output energy is measured for a pump ratio of three, after the
dichroic plate and a long-pass filter at 6840 nm to remove residual
pump and signal waves while the pump depletion is measured for a
pump ratio of four

3.4 Single frequency operation and wavelength
tunability

As explained in Sect. 2, single-frequency operation is
achieved when the dissociation parameter AL/L is adjusted
to avoid both multiple exact coincidences and clusters of
modes under the gain bandwidth. Experimentally, the idler’s
cavity length is mechanically adjusted while spectrum analy-
sis is performed with a scanning Fabry—Perot interferometer
to verify that the OPO output is single-frequency. For this
purpose the signal beam is filtered with a highly reflective
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Fig.8 Temporal pulse profiles of the pump at the entrance (blue) and
at the exit (red) of the NesCOPO, and of the idler for M19 measured
four times above threshold

mirror at the signal wavelength and a long-pass filter above
2000 nm and fiber-coupled into the interferometer. The
output signal is detected with an InGaAs photodiode. The
Fabry—Perot free spectral range (FSR) is 10 GHz, which
is well adapted to detect side-modes from the NesCOPO
output since the signal and idler cavities FSR are close to 4
GHz. In Fig. 9 (top), under the setpoint ramp (blue), we can
see two peaks separated by the interferometer’s FSR (red)
showing that the NesCOPO is single-longitudinal mode. For
a multimode NesCOPO, the graph would show several peaks
separated by a multiple of the NesCOPO FSR such as in
Fig. 9 (bottom). We can see a new peak separated from the
last one by 4 GHz that is the NesCOPO FSR. To ensure that
single-mode operation was always obtained for the chosen
fixed dissociation value, we repeated this measurement for
every accessible wavelength under the gain bandwidth, and
for each OP-GaAs crystal. After this adjustment procedure,
we physically measured the cavity lengths and estimated the
dissociation parameter to be between 1 and 2 % for a 10 mm
long crystal which is consistent with Fig. 3.

Besides single-frequency operation, it is necessary
to estimate the gain bandwidth and the tunability of the
NesCOPO. The width of the gain bandwidth is indeed the
ultimate limit for fast (e.g., pulse to pulse) wavelength tun-
ability at set pump wavelength and crystal temperature: it is
thus interesting for designing a differential absorption lidar
system. We injected the signal wave in an optical spectrum
analyzer (Yokogawa) to estimate the gain bandwidth: the
resolution was 3 GHz (0.05 nm) and the apparatus could
span from 1200 to 2400 nm. For this measurement, both
cavity mirrors are rapidly swept so that all the longitudinal
modes within the gain bandwidth are sequentially emit-
ted during the integration time of the spectrum analyzer.
The first inset of Fig. 10 shows these results for M19 at a
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central wavelength of 2381.5 nm, and for a pumping rate of
3.5 above threshold. The measured spectral envelope gives
the wavelength bandwidth accessible with the NesCOPO
at a given temperature and pump wavelength. The spectral
bandwidth has a width of 6 nm at the signal wavelength,
which corresponds to 10.5 cm™!. This value is consistent
with the theoretical double-pass first-order gain bandwidth
of 8.5cm™! (Eq. 1). Moreover the spectral bandwidth is
monolobe, suggesting that the relative phase of the waves,
Le., 4p = @, — @, — @;, in the backward trip after reflection
by M is equal to the ideal value of —x /2 [49]. Since the gold
coating of M; introduces a + 7 relative dephasing between
the three waves, and assuming that antireflective coatings
have a negligible contribution, this means that the output end
of the nonlinear crystal ends nearly at half a quasi-phase-
matching period. To control perfectly the backward rela-
tive phase, future improvements will include a wedge on
the output facet of the nonlinear crystal, as we already did
in PPLN-based NesCOPOs [56]. Pumping six and half times
above threshold broadens the spectral bandwidth to 15 nm.
But then the output becomes multimode because the gain
for the side-modes becomes too high to ensure successful
Vernier spectral filtering. This is equivalent to lowering the
red line in Fig. 3. In the following, the NesCOPO is pumped
three times above threshold.

The idler wavelength of the OPO is tunable over 35 nm
thanks to piezo-electric transducers. However, to perform
broader tunability, it is necessary to change the crystal
temperature to shift the gain bandwidth toward higher or
smaller central wavelengths. Figure 11 shows this shift in
wavelength for each crystal. For M19 and M28, we achieved
a tunability from 10.2 to 11.2 pm by heating the crystal up
to 90 °C which corresponds to a rate of 9.9 nm°C~". This
tuning range allows many chemical species to be detected
such as NH;, SF, sarin or triethyl phosphate (TEP) which
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® M28:72.6 um 3
M22EAZ66Um | Goin bandwidthy -~ % -~
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Temperature (°C)

Wavenumber (cm_l)

Fig. 11 Idler wavelength as a function of crystal temperature. Points
are measured data and dashed lines represent the gain bandwidth



is a simulant for the stretching vibration of sarin’s P-O-C
bond [57]. Using M22, we reached 8 nm °C~! for each track
leading to a tunability of 1 pm from 7.56 to 8.56 pm, a region
which includes the main absorption band of sulfur mustard
[57].

3.5 Wavelength and linewidth measurements
by frequency beating with a continuous-wave
source

To carry out an investigation of the spectral properties of the
NesCOPO pulses, we realized optical heterodyne measure-
ments and analysed the beat-note signal between the OPO
and a stabilized continuous-wave QCL. Here, heterodyne
detection has the advantage to give the information on the
instantaneous spectral properties of the source whereas other
measurement apparatus such as a Fizeau lambda meter or a
monochromator would, respectively, give the mean wave-
length or the spectrum averaged over several hundreds of
pulses. Figure 12 shows the experimental setup used for
optical heterodyne measurement. The local oscillator is a
commercial CW distributed feedback (DFB) QCL tunable
around 10.33 pm (AdTech optics). The QCL beam is divided
in two parts with a beamsplitter (BS1). The first part goes
onto a commercial lambdameter (High Finesse) for wave-
length measurement while the second part is mixed with the
idler beam. The idler pulse and the QCL are combined on
a HgCdZnTe photoelectromagnetic detector (Vigo) whose
bandwidth is close to 500 MHz. The idler beam is also
divided in two parts with another beamsplitter (BS2), the
first part is mixed with the QCL beam and the second part
goes into a monochromator (Jobin Yvon) and is detected
by a nitrogen cooled HgCdTe detector for wavelength
measurement.

Det
HgCdTe

Monochromator
(resolution 2.5 GHz)

>
A
BS1 BS2
CW DFB-QCL S > et
(AdTech optics) WacL ~ > > 500 MH:
Y
A
lambdameter P
(resolution 100 MHz) | w;
OP-GaAs
NesCOPO

Fig. 12 Heterodyne detection scheme

For the experiment, we tuned the QCL wavelength at
10337.56 nm which is one of the most intense lines of the
ammonia absorption band around 10.3 pm which we are
going to detect in Sect. 4.3. Then, we set the temperature of
the OP-GaAs crystal to 27 °C to center the gain bandwidth
around 10.3 pm. With both temperature and coarse piezo-
electric tuning, we set the idler wavelength at 10,337 nm
with a precision of +1 nm with the monochromator. Then we
set the OPO wavelength to 10,337.56 nm using fine piezo-
electric actuations. Figure 13 shows the beating of the sig-
nal inside the idler pulse when the wavelength emitted by
the NesCOPO gets closer to 10,337.56 nm. The top figure
shows a beat frequency of 220 MHz measured by Fourier
transform. With fine piezo-electric actuation, we managed to
tune the idler wavelength as close as 80 MHz from the QCL
line at 10,337.56 nm (Fig. 13, bottom).

The instantaneous frequency within the pulse as well as its
linewidth can be derived from the beat frequency measure-
ment. To analyse the instantaneous frequency during the pulse,
we applied the heterodyne beat-note analysis exposed in Ref.
[58] that was already applied on near infrared lasers [59] and
OPOs [60]. In a NesCOPO, a frequency chirp within the pulse
can be either due to a frequency chirp in the pump pulse or to
partial overlap between idler and signal modes as illustrated in
Fig. 2. Usually, a large beat frequency of typically a hundred
of megahertz is used to generate a large number of oscillations
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Fig. 13 Frequency beating between the NesCOPO (idler) and a CW
DFB-QCL at 10,377.56 nm. Top: 220 MHz and bottom: 80 MHz



during the optical pulse. It ensures a wide separation of the
beat Fourier components and of the coherent pulse. We thus
chose the signal obtained in Fig. 13 (top) with a difference
frequency of 220 MHz, and we adapted the method described
in Ref. [59] to retrieve the instantaneous frequency. In fact,
due to the asymmetric nature of the idler pulse, it is difficult
to extract properly the pulse shape by a simple numerical low-
pass filter. Hence, we used the pulse shape obtained without
any beat frequency [Fig, 14 (top, red)], and divided the modu-
lated pulse by this shape.

The instantaneous frequency shift can be obtained as
explained in Ref. [59]. The oscillating part of the detected
signal can be written as follows:

V(1) & 2Eqc Ei(2) cos(w,t + ¢(1)), (6)
where w,, = 2zf,, is the angular frequency, Eqc and E; are
the amplitudes of the fields emitted by the QCL and the idler
pulse andg(¥) is the instantaneous phase. Multiplying this
relation by either cos(w,,?) or sin(w,,t) gives the following
system:

V(t) cos(wp,t) «x E;(H)[cosw,t + p()) + cos ¢p(1)]
V(@) sin(oy ) « E,0[sinCayt + ¢0) —sing(r)] )
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Fig. 14 Top: beat signal between the OPO and the EC-QCL (black)
and pulse shaped obtained without beat frequency (red), calculated
optical spectrum of the pulse envelope assuming a flat phase for posi-
tive frequencies (inset). Bottom: instantaneous frequency shift. Note
that the shape of the curve cannot be interpreted as a frequency chirp
within the pulse (see the main text for a complete interpretation of
this figure)

To get back to the instantaneous phase, we numerically fil-
tered the previous relations by a low-pass filter with a cut-
off frequency of f,,/4 = 55 MHz. The remaining terms are
proportionnal to E;(f) cos(¢(¢)) and —E;(¢) sin(¢(¢)). Then,
we obtained the instantaneous frequency shift defined by:
1 de)

A (1) = 2 Al (®)
Figure 14 (bottom) shows the calculated instantaneous fre-
quency shift. The measured frequency shift stays within
30 MHz (0.001 cm™!) during the pulse. Besides, the direct
Fourier transform of the pulse envelope assuming no chirp
has a width of 24 MHz. We can thus conclude that there is
no significant frequency chirp within the pulse. This makes
our source very suitable for detection of CWAs and TICs in
the atmosphere which requires linewidths below 0.1 cm™!.
Consequently, the limiting factor for general spectroscopy
may be the frequency stability rather than the linewidth. Due
to the lack of adequate equipment in the LWIR, we were
not able to measure the former, but previous experiments
with PPLN NesCOPOs have shown that the free running
stability is in any case better than 300 MHz (0.01 cm™") over
several minutes [56], while a stability below 10 MHz can
be obtained using better opto-mechanics and even below 1
MHz with servo-locking of the cavity mirrors [51].

4 Standoff detection of ammonia vapors
4.1 Experimental setup

Figure 15 displays the experimental setup for IP-DIAL
measurement of ammonia vapors. The idler is extracted out
of the NesCOPO using a ZnSe dichroic plate at an inci-
dence of 60° to minimize pump reflection and to maximize
idler reflection. A lens of focal length 100 mm is added to
collimate the beam. A long-pass filter with a cut-off wave-
length of 6840 nm is inserted on the path to remove resid-
ual pump. The beam passes through a ZnSe parallel sided
plate to divide the idler wave in three paths. The first one,
referred to as the measuring path, is obtained by transmis-
sion through the plate. Two other reflections on the external
and internal faces are used for wavelength analysis and ref-
erence path. The transmitted wave is reflected by two gold-
coated mirrors towards an afocal system of magnification
— 2 to reduce beam divergence. The beam passes through a
home-made cell with polyethylene windows containing the
gas of interest and then hits a sheet of paper placed at 3.5 m.
At this distance, the spot is about 10 mm large. The back
scattered light is collected by an off-axis parabolic mirror
of focal length 152.4 mm with an aperture of 68 mm. Note
that the collected light does not pass through the cell, so
that the measured absorption is single-pass. In addition, a
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30 mm focal length lens was used to increase the field of
view, and thus to reduce the magnitude of beam wandering
on the detector. A nitrogen-cooled photoconductive HgCdTe
detector with a long-pass filter at 7800 nm is placed in its
focal point. It is followed by a transimpedance amplifier with
a measured cut-off frequency of ~ 300 kHz. The reference
path is reflected by a mirror towards two paper sheets to cre-
ate a lambertian reflector. The scattered light is collected by
a second HgCdTe detector with a 20 mm focal length lens
and a long pass filter. Its peak response is at 11.5 pm, and
the measured cut-off frequency is ~ 100 kHz. An empty cell
identical to the first one is inserted onto the reference path.
Then the reference and the analysis beam experience the
same wavelength-dependant losses due to the cell windows,
even though polyethylene is supposed to be highly transpar-
ent in this spectral region. The third beam is directed with
mirrors towards a monochromator (Jobin Yvon) for wave-
length analysis. The monochromator resolution is 1 nm
around 10 pm i.e. 0.1 cm™! for the narrowest slits.

4.2 Reduction of experimental errors

The single-pass absorption A is calculated as follows:

Sanalysis

A:l—T:l_ dndysm’ (9)
Sreference

where the signals S,,,,1ysis a0 S;eference are taken as the offset-

substracted amplitudes of the detected peaks, after averaging
on the oscilloscope (32 shots average, i.e. 0.32 s per spectral
point). The quantity S,,1ysis/Sreference 15 NOrmalized by its
mean value at non-absorbed wavelengths. The calculated
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Fig. 16 Left: spectral baseline (without ammonia), with a non-opti-
mized setup. Right: correlation curve of the analysis and reference
signal

absorption is independent of the idler intensity, and absorp-
tion from atmospheric gases, especially water vapor, is neg-
ligible around 10.35 pm and for the distances considered
here.

The largest source of error in our IP-DIAL measurements
lies in fluctuations of the spectrum baseline, i.e. fluctua-
tions independant from ammonia absorption. These fluc-
tuations are specific to standoff sensing using tunable lasers
and mainly come from: (1) wavelength-dependent loss, (2)
wandering of the beam on the target and/or the detector, and
(3) spectral impurities in the output beam. On the one hand,
these fluctuations are not random noise, as they cannot be
averaged out by integrating over several shots. But on the
other hand they are not systematic errors since two baseline
spectra acquired in a row seldom give the same result. At the
beginning of our experiment we used a non-optimized setup
that was slightly different from the one shown in Fig. 15
and measured a sample spectral baseline (without ammonia).
These results are shown in Fig. 16. The peak-to-peak fluctua-
tions are + 25%, which is obviously too large for practical
measurements. Another way to quantify these fluctuations
is to calculate the Pearson’s correlation coefficient between
the analysis and reference for different signal levels (that are
naturally obtained because the output idler energy differs
from mode to mode). Even though the relationship between
the two signals is linear, as there is no bend in the curve of
Fig. 16 (right), the correlation coefficient is only 97%.

To minimize the above-mentioned issues, we have under-
taken the following refinements on the non-optimized setup:
(1) used similar detectors and filtering optics for the analysis
and reference beams, and inserted an empty cell in the refer-
ence path, so that spectral dependent losses are identical on
both arms, (2) collected the reference flux from scattered
light instead of direct beam detection, (3) reduced as much
as possible the effective focal length of the collection optics
by enlarging the field of view. For instance, the effect of the
focal length on the beam wandering is illustrated in Fig. 17.
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After each attempt at improving the IP-DIAL setup, we
have observed a reduction of the spectral baseline fluctua-
tions. The best result we obtained with the available optics
is shown in Fig. 18. The peak-to-peak fluctuations are + 5%
and the correlation coefficient is 99%. In this configuration
the effective focal length of the receiving optics is 50 mm
and the reference signal is collected after two diffusions on
paper sheets.

We calculated a monochromatic speckle standard devia-
tion of +3.2% at 10.3 pm using the formula given in Ref.
[61] with a 15 mm beam diameter (1/e) at 3.5 m and with
a 68 mm receiver aperture. This value corresponds to the
lower detection limit for a single longitudinal mode and sin-
gle transverse mode system. From this, we can conclude that
speckle may be a non negligible noise source in our system.

4.3 Measurement of ammonia spectrum
around 10.35 and 10.5um

Ammonia vapor is obtained with an ammonium hydroxide
solution diluted in water at 25%. A few drops are placed in a
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Fig. 18 Left: spectral baseline (without ammonia), with an optimized
setup. Right: correlation curve of the analysis and reference signal
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cell equipped with polyethylene windows. Because ammonia
has a high vapor pressure, it evaporates rapidly and fills the
cell. The analysis beam passes through the cell and hits the
paper target. To acquire the spectrum, the NesCOPO is tuned
thanks to the translation of mirrors M; and M; via piezo-
electric transducers at fixed temperature. The NesCOPO
thus sequentially emits the most intense modes under the
gain bandwidth, typically five modes. For each mode, the
optical absorption is calculated from the ratio of the aver-
aged analysis and reference signals. Once every possible
mode has been emitted, the gain curve is shifted by chang-
ing the crystal temperature and the fine tuning procedure
is repeated. Each wavelength measurement can take a few
minutes as we have to manually search for the emitted wave-
length with the monochromator, make sure that the emission
is stable (meaning that there are no jumps between modes)
and that the wavelength is different from the previous ones.
Heating and cooling the crystal in order to shift the gain
bandwidth can also take a few minutes. An improvement
of our source would feature servo-locked mirrors and the
use of a PC-driven lambdameter for wavelength measure-
ment to speed up the detection process. However, we would
like to stress out that full spectrum acquisition was done to
illustrate the tunability and the capability of our source to
detect gases. In an operational system, only a few discrete
wavelengths would be emitted chosen according to the spe-
cies, concentration, distance, and possible interfering species
which would also speed up the detection process.

Figure 19 shows the absorption line measured between
10.25 and 10.48 pm. To span this range, the OP-GaAs tem-
perature was increased from 21 to 38 °C. The diffusive target
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Fig. 19 Measurement of the absorption coefficient of ammonia vapor
between 10.25 and 10.48 pm, in IP-DIAL mode with a target at a
distance of 3.5 m. The horizontal error bar corresponds to the mon-
ochromator resolution; the vertical error bar integrates the standard
error of the analysis and reference channels, as well as the spectral
baseline fluctuations



was placed at a distance of 3.5 m from the setup. The red line
is the absorption spectrum of ammonia for a concentration-
length product of 220 ppm m, calculated using the Hitran
database and assuming Voigt profiles for the rotational lines
[62]. We supposed the errors to be dominated by the baseline
fluctuations, and we derived the vertical error bars using the
maximum peak-to-peak value of + 5% obtained in Fig. 18
(left). The horizontal error bars originate from the resolu-
tion of the monochromator, which is 1 nm around 10 pm, i.e.
0.1 cm™".

Finer absorption lines of ammonia can also be resolved,
as illustrated in Fig. 20. To obtain this spectrum, the
NesCOPO was tuned between 10.492 and 10.528 pm through
a temperature shift of 2.5 °C.

In these measurements, the wavelength precision is cur-
rently limited by the monochromator resolution to about
0.1cm™!, and by the manual control of the wavelength.
Work is under progress to use a commercial lambdameter,
which would provide a resolution of 0.01 cm™! as well as
automatic tuning. Regarding the precision on the retrieved
concentration, it is actually limited by the fluctuations of the
baseline, that we think are mainly due to beam wandering on
the detectors in spite of our efforts to optimize the system.
This problem could be solved by using an integrating sphere
on the reference and by increasing the field of view of the
lidar receiver.

To estimate the maximum range of operation of our sys-
tem, we also performed additional tests. We have measured
the amplitude of the backscattered signal as collected by a
mirror with an aperture of 254 mm. At a distance of 40 m,
the digitized signal voltage was approximately five times
lower than the one available during NH; measurements: yet
we are still far from being limited by the detection noise. To
increase the range even further, the output energy can be
increased by parametric amplification of the idler wave: with
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Fig.20 Measurement of an ammonia vapor absorption line around
10.507 pm, in IP-DIAL mode with a target at 3.5 m
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a 30-mm-long OP-GaAs crystal, pumped by the same laser
as the NesCOPO—as only 15% of the laser output is used to
pump the NesCOPO—we calculated an amplification factor
of 30, corresponding to an energy of 18 pJ. This value is
consistent with previously reported parametric amplification
gain [63, 64]. This would increase the detection range by a
factor of 5, which gives 200 m. An energy increase would
also enable wavelength measurement with a commercial
lambdameter, and thus an automatic control of the wave-
length as well as a faster tuning, as already demonstrated in
similar systems [50].

5 Conclusion and outlooks

We have presented a novel source based on a nested-cavity
OPO using several orientation-patterned GaAs crystals.
Our source emits tunable single-frequency radiation in the
10.2-11.2 and 7.6—-8.6 pm ranges with a linewidth below
30 MHz where many chemicals of interest can be targeted.
The oscillation threshold can be as low as 2 p J with a typical
output energy of a few hundreds of nanojoules and an energy
efficiency of 15%. Tunability was achieved by thermal con-
trol of the crystals and fine adjustment of cavity lengths by
piezoelectric stages. We implemented this source in a IP-
DIAL setup and measured an ammonia vapor absorption
band around 10.35 and 10.507 pm at a distance of 3.5 m.
Other species such as mustard gas could be targeted with
the OP-GaAs crystal emitting between 7.6 and 8.6 pm. We
have to emphasize that this source was developed for detec-
tion of chemicals, and not as a spectroscopic tool and still
needs to be validated in terms of linearity, sensitivity, Allan
variance, accuracy, and reproducibility. While we measured
a full spectrum of NH; for illustration purposes, operational
detection of chemicals would be done in a different way.
Only a restricted number of wavelengths would be chosen
according to the expected concentration, distances, and the
possible interfering species. Such a feature can be provided
thanks to the versatile tunability of our source based on Ver-
nier sampling [50, 65-67].

Increasing the tunability range of the NesCOPO can read-
ily be done by adding more QPM tracks in the crystal. The
NesCOPO tunability could also be increased or made faster
by tuning the pump wavelength directly, which is made pos-
sible thanks to the latest 2 pm source developments [68]. In
an optical parametric amplifier based on QPM crystals, the
tunability can be increased in the same way as in an optical
parametric oscillator. An alternative is to design a wide-
band amplifier using axially chirped QPM gratings, but this
comes at the expense of a lower gain, and it has not yet been
tested in OP-GaAs [69, 70]. With birefringent crystals, a
rather broad and fast tunability can be achieved by rotating
the crystal using piezoelectric transducers. However, in low



birefringent crystals such as CdSe, for example, this rotation
leads to a significant beam translation that must be com-
pensated for, or reduced by using several crystals in series
with non-overlapping QPM angles. An innovative solution
might be to use a hemi-cylindrically polished crystal, which
provides wide tunability without misalignment [71].

In a Lidar, the main parameter driving the detection range
is the peak power. An external optical amplifier has then to
be used to increase the peak power without affecting the
spectral and spatial properties of the beam provided by
the oscillator. At low energies, a gain of at least 30 can be
obtained by OPA in OP-GaAs pumped by a microlaser. To
increase the energy even further, a more powerful laser must
be used, along with larger aperture crystals such as ZnGeP,
and CdSe. Given the current state of technology, a LWIR
energy of 1-10 mJ with a narrow spectrum should be obtain-
able in the 8—12 pm range. Going beyond 20 mJ in the LWIR
with a narrow spectrum will require crystal apertures larger
than 5 mm with good homogeneity, or coherent combining.
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