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Abstract A stable and convenient optical system to real-
ize the forward phase-matching geometry for degenerate
four-wave mixing (DFWM) is demonstrated in the mid-
infrared spectral region by measuring DFWM signals gen-
erated in acetylene (CaH») and hydrogen chloride (HCI)
molecules by probing the fundamental ro-vibrational transi-
tions. IR laser pulses tunable from 2900 cm™! to 3350 cm™!
with a 0.025 cm™! linewidth were obtained using a laser
system composed of an injection seeded Nd:YAG laser, a
dye laser, and a frequency mixing unit. At room tempera-
ture and atmospheric pressure, a detection limit of 35 ppm
(~9.5 x 10" molecules/cm?) for C,H, was achieved in a
gas flow of a CoH,/N; mixture by scanning the P(11) line
of the (010(11))~(0000°0°) band. The detection limit of the
HCI molecule was measured to be 25 ppm (~6.8 x 10#
molecules/cm?) in the same environment by probing the
R(4) line. The dependences of signal intensities on mole-
cular concentrations and laser pulse energies were demon-
strated using CoH, as the target species. The variations
of the signal line shapes with changes in the buffer gas
pressures and laser intensities were recorded and analyzed.
The experimental setup demonstrated in this work facilitates
the practical implementation of in situ, sensitive molecu-
lar species sensing with species-specific, spatial and tem-
poral resolution in the spectral region of 2.7-3.3 um (3000—
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3700 in cm™!), where various molecular species important
in combustion have absorption bands.

PACS 78.47.nj - 33.20.Ea - 82.80.Gk

1 Introduction

Degenerate four-wave mixing (DFWM) is a comparatively
mature laser-based diagnostic technique for the detection of
trace molecular species with high sensitivity. As a coherent
nonlinear method, the DFWM signal is generated as a highly
collimated beam which enables remote and zero background
measurements, while keeping the merits of laser-based di-
agnostic techniques, such as nonintrusive detection, high
temporal and spatial resolution, together with species and
quantum state selectivity. Since the first experimental demon-
stration of the detection of trace atomic [1] and molecu-
lar species [2] relevant to combustion more than 20 years
ago, DFWM has been successfully applied to detect var-
ious transient and stable species by probing strong elec-
tronic transitions. Such transitions were mainly probed in
the UV/visible spectral regions due partly to the relatively
strong electronic transitions in these regions and partly to
the availability of suitable laser sources and the compara-
tively easy optical arrangements. Comprehensive reviews of
DFWM spectroscopy and its diagnostic applications can be
found in references [3-6].

Compared with the large number of investigations in
the UV/visible spectral regions, only a few applications of
DFWM have been carried out in the mid-infrared spectral
region by probing molecular ro-vibrational transitions. IR-
DFWM detection of HF has been demonstrated by Van-
derwal et al. by probing the (1-0) vibrational transition
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near 4000 cm™~! [7]. Germann et al. detected HCI by prob-
ing the R(1) ro-vibrational transition with IR-DFWM at
a pressure of 200 torr and determined the transition mo-
ment and concentration by multiplex spectroscopy [8]. CHy
and CpH, were investigated making use of C-H stretch-
ing ro-vibrational transitions near 3000 and 3300 cm !,
respectively, and the results indicated that IR-DFWM was
a sensitive diagnostics technique for polyatomic hydro-
carbon molecules with a detection limit of ~1.5 x 10'!
molecules/cm® per quantum state for 1 mtorr CHy gas in 3
torr N, buffer gas [9]. Similar investigations were performed
by Voelkel et al.; in their work a detection limit of 2.4 x 104
molecules/cm? was estimated for CHy at a total pressure of
5 mbar [10]. Also reported in the same work was a phe-
nomenon that stimulated Raman scattering suppressed the
IR-DFWM signal along the direction of the probe beam for
CO; and N>O molecules. Tang et al. applied IR-DFWM to
measure jet-cooled CoH» [11, 12]. It should be noted that all
the DFWM measurements in the mid-infrared region men-
tioned above were performed at low pressures.

Two experimental configurations have been frequently
used in DFWM spectroscopy, namely the phase-conjugate
geometry (PCG) and the forward phase-matching geome-
try (FPG) [4, 13]. The PCG can be used to achieved sub-
Doppler spectral resolution, while the FPG, similar to the
folded BOXCARS arrangement in coherent anti-Stokes Ra-
man scattering [14], has been proved to be more suitable
to detect trace gaseous molecules for the following reasons.
Firstly, in the FPG, the signal beam is easier to isolate from
the other three input beams due to nonspatial overlap, and
can avoid the interference from stimulated Raman scattering
when some molecules are measured using a stronger probe
beam. Secondly, because the same Doppler shift is experi-
enced for each of the three input beams, all molecules within
the Maxwell-Boltzmann distribution contribute to the sig-
nal. This results in a greater efficiency than that in the case of
the PCG, where only the zero-velocity subgroup couples to
the laser fields. In addition, the three input beams go through
nearly the same optical path, so that the beam steering effect
is greatly reduced in turbulent and high-pressure environ-
ments. Besides the merits and drawbacks mentioned above,
in the mid-infrared spectral region both geometries face the
difficulty of aligning three invisible beams so that they over-
lap in the interaction region to ensure proper phase match-
ing. This experimental difficulty has probably formed the
major hindrance to practical applications of DFWM in the
mid-infrared region. Meanwhile polarization spectroscopy
(PS) has been developed in the mid-infrared in order to over-
come this difficulty. In a PS setup, the overlap of only two
beams, the pump and the probe beams, are required. Fur-
thermore, the position of the signal beam in the far field can
be exactly located by the probe beam by slightly uncrossing
the polarizer in the signal detection path. Facilitated by these
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practical advantages, IRPS has been successfully applied to
detect OH [15], CO [16-18], H2O [15, 17], HCI1 [19], and
several polyatomic hydrocarbon molecules, e.g., CoHj [20],
CHy4, and CHg [21] in cold gas flows and flames at at-
mospheric or lower pressures. IRPS, however, relies heavily
on high quality polarizers and suffers from difficulties when
the sample to be measured is contained in a cell owing to
stress-induced birefringence in the windows. More recently
IR-DFWM using the PCG has been compared to IRPS for
the detection of CHy [22].

In order to improve the practicality of IR-DFWM, the
problem of reliably achieving accurate overlap of the pump
and probe beams is addressed in the present work. To this
end a device to produce the required beam geometry, termed
IR-BOXCARS plates, has been designed for use in the mid-
IR spectral range, similar to the one demonstrated previ-
ously [23, 24] in the UV, where NO molecules were detected
around 226 nm. In this device, a pair of specially coated
parallel-sided optical plates were designed to conveniently
produce four parallel propagating beams of approximately
equal intensities. Three of these beams are easily crossed us-
ing a focusing lens to produce the IR-DFWM signal. Using
this system the laser beams are automatically phase-matched
and the signal beam can be easily located by using the fourth
beam, which follows the signal path. The signal beam is also
easily spatially filtered from the other three forward-going
beams.

In this work, sensitive detection of trace levels of Co,H»
and HCI molecules with IR-DFWM are demonstrated us-
ing the IR-BOXCARS device, which greatly facilitates the
optical alignment in the mid-infrared region. As demonstra-
tion measurements, CoH, and HCI mixed in a nitrogen gas
flow were detected using IR-DFWM in the FPG geome-
try by probing the fundamental ro-vibrational transitions of
the gases. High sensitivities were achieved; down to tens of
parts per million for both species at room temperature and
atmospheric pressure.

2 Experimental

A schematic of the experimental apparatus is shown in
Fig. 1(a). The IR laser system is composed of a Nd:YAG
laser, a dye laser, and a frequency mixing unit, which have
been described in detail in a previous paper [15]. The IR
laser pulses, tunable from 2900 cm~! t0 3350 cm™! with a
0.025 cm~! linewidth (measured using an excitation scan of
IR laser-induced fluorescence of CO, over the P(24) line in
a 10 mbar gas cell; see a previous work [17]), were traced by
a HeNe laser beam in order to facilitate the beam alignment.
After passing two apertures, the IR beam was split into four
symmetrically distributed parallel beams with near equal en-
ergy by a beam splitter plate assembly (BP), which is de-
scribed below. Three of the separated beams were brought
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Fig. 1 (a) Schematic of the

experimental setup.

T, telescope; DM, dichroic
mirror; M, mirror; A, aperture;
BP, beam splitter plate
assembly; L, CaF; lens; D, InSb
detector; OS, oscilloscope and

ND, neutral density filter.

(b) Forward phase-matching
geometry of DFWM. (¢) Beam
splitter plate assembly shown as
BPin (a). AR, anti-reflection
coating; BS, 50% reflection
coating; HR, high reflection
(>95%) coating; two beam
splitters work together, oriented
in orthogonal planes, in order to
produce four parallel output
beams. The beam incident from
the left at 45° to the first plate is
split into two parallel beams in a
horizontal plane. Each of these
two beams is split by the second
plate into two parallel beams in
the vertical plane, leading to

four parallel beams arranged at

the corners of a square and
exiting at the right

to a common focus by an f = 500 mm CaF; lens to de-
fine the interrogated volume. This arrangement leads to the
production of the DFWM signal beam in the forward phase-
matched folded BOXCARS geometry shown in Fig. 1(b).
The signal beam and the three input beams were collimated
by another CaF; lens (f = 500 mm). The signal beam was
then spatially filtered by three apertures and focused onto a
liquid Nj-cooled InSb detector. The fourth beam from the
BP was used to trace the signal beam since it copropagates
with the signal owing to the phase-matching condition. Use
of this fourth beam greatly facilitated the alignment of the
signal beam onto the detector. During the signal generation
process, this fourth beam was prevented from reaching the
interaction regions and was reflected to another IR detec-
tor and used to record the laser energy fluctuations in real
time.

The IR BP is composed of two identical parallel-sided
plates similar to those used in previous work [23, 24], where
their construction is described. For convenience the arrange-
ment is described briefly here and is shown schematically
in Fig. 1(c). The accurately parallel-sided plates are con-
structed from CaF, with dimensions 50 x 50 x 15 mm?> and
coated with anti-reflecting, 50% reflecting, and high reflect-
ing (>95%) layers over the areas shown in the diagram. The
horizontally propagating single infrared input beam is inci-
dent on the first plate, which is tilted at an angle of 45°.

The input and output facets are anti-reflection coated; the
first internal reflection facet is coated to yield 50% reflec-
tion, and the second internal reflection facet is coated to
yield high reflection. The coatings were prepared for the
spectral range 2.7-3.3 um (3000-3700 in cm™!). One in-
put beam is thus split into two parallel beams with almost
equal intensities. Each beam is further split into two beams
in the second identically prepared plate. This second plate
is tilted by 45° about an axis perpendicular to that of the
first plate. Fine adjustment of the angles of incidence on the
BP around 45° results in four parallel beams distributed at
four corners of a 12 x 12 mm rectangle with almost equal
intensities. All the beams were focused to a common point
with an f = 500 mm CaF, lens, giving an angle between
pump and probe beam of about 1.4°. The probe volume in
this setup was estimated to be 0.4 x 0.4 x 10 mm?> when
the wavelength of the laser output was 3 pm. The total loss
of laser energy due to reflections and transmissions through
the BP is less than 15%. All the parts shown in Fig. 1(a)
in the dashed-line box were installed on a separate optical
board, and the two fixed apertures before the BP were de-
signed to lock the direction of the input beam. This design
substantially facilitates the alignment process, especially in
the mid-infrared spectral range, where visible beam indica-
tors are lacking.
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Fig. 2 IR-DFWM spectrum of
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3 Measurements and results
3.1 C,H; measurements

Acetylene (C2Hy) is both a common fuel in, and an inter-
mediate product of, combustion and also plays an impor-
tant role in soot [25] and polycyclic aromatic hydrocarbon
formation [26, 27] in hydrocarbon combustion. Hence, this
species has been studied using several spectroscopic tech-
niques in different environments. With vibrational coher-
ent anti-Stokes Raman scattering (CARS), Farrow et al. re-
ported CoHy measurement in an ethylene flame [28]. In a
further study they demonstrated a detection limit of about
2000 ppm at 1000 K in an acetylene-doped flame [29]. Bood
et al. used dual-broadband pure rotational CARS to analyze
the rotational structure of CoH> in a heated gas cell [30].
DFWM in the mid-IR spectral range has also been applied to
C,Hj detection in a low-pressure chamber and a gas jet [9—
11, 31]. Laser-induced fluorescence (LIF) around 228 nm
[32] and spontaneous Raman scattering (SRS) [33] in flames
were also reported. Li et al. performed C;H; IRPS mea-
surements in cold flow and in a 50 mbar methane/oxygen
flame, and a detection sensitivity of 10 ppm in a 70 mbar
gas mixture was achieved [20]. Chai et al. reported the detec-
tion of CoH» at low concentrations by electronic resonance-
enhanced CARS (ERE-CARS) at around 226 nm, and a de-
tection limit of approximately 25 ppm at 300 K and 1 bar
was achieved for their experimental conditions [34].

Owing to its importance in combustion and its well-
known spectroscopic structure, CoHy was chosen as the tar-
get species in our measurements to demonstrate the util-
ity of the BP device for IR-DFWM. Shown in Fig. 2 is
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an excitation IR-DFWM spectrum which was obtained us-
ing the above-mentioned setup with a total pulse energy of
~2 m] for the two pump and the probe beams. The gas
samples were prepared in a laminar flow on top of a sin-
tered porous metal plug of 3 cm diameter. A commercial
CoH;, /N3 (AGA, 1.99(4)% mole fraction of Co;H3) gas mix-
ture flow was further diluted by another N, flow. The gas
flow was controlled by mass flow meters in order to pro-
duce gas mixtures with different CoH; concentrations. Fig-
ure 2 shows a spectrum obtained when the concentration
of CoHy was 510 ppm (~1.4 x 10!6 molecules/cm?). Tt
should be noted that no correction of the line intensities due
to the laser pulse energy fluctuations was performed. Spec-
tral structures were recognized and partial assignments of
the spectral lines were made according to Rinsland et al.
[35]. Owing to power broadening and Doppler broaden-
ing, some lines are overlapped. However, the P(10) line
from the (010(11)°)~(0000°0°) band and the P(15) line of
the (0010°0%)-(0000°0°) band, with a frequency shift of
0.61 cm™! [35], can be clearly resolved. In the spectrum
shown in Fig. 2 the full width at half-maximum (FWHM)
for isolated lines was estimated to be 0.18 cm~! based on
measurements of the P(11) line of the (010(11)°)-(0000°0)
band. This line was chosen for the investigations described
below.

The power dependence of the IR-DFWM signal was in-
vestigated by varying the total laser pulse energy. Figure 3
shows the dependences of the line-integrated IR-DFWM
signal intensities on the laser pulse energies. The IR-DFWM
signals were collected from a gas mixture with 850 ppm
C,yH; diluted with Ny at atmospheric pressure. At the low
energy range, the fitted line in Fig. 3 has a slope of ~3.0,
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Fig. 3 Power dependence of the C,H, IR-DFWM signal recorded in
850 ppm C,Hj in nitrogen. The measurements were based on the P(11)
line of the (010(11)?)-(0000°0°) band. The laser energy shown was the
sum of probe and pump beam energies

which agrees with previous investigations [36]; and at the
high laser pulse energy range, the fitted line has a slope of
~0.5, which indicates that saturation can be achieved in our
measurements [36]. From Lucht et al. [37], the severe pres-
sure dependence of the unsaturated DFWM signal can be
considerably reduced by operation in the saturation regime.

High resolution excitation scans of the P(11) line of
acetylene were performed in order to investigate the IR-
DFWM line shapes, and the results are shown in Fig. 4.
The partial IR-DFWM spectra shown in Fig. 4(a) and (b)
were recorded at atmospheric pressure with the gas sample
prepared in a laminar gas flow with about 150 ppm acety-
lene diluted with Ny. The laser pulse energy used in obtain-
ing the spectra shown in Fig. 4(a) and (b) were 2.0 mJ and
0.2 mJ, respectively. The partial IR-DFWM spectrum shown
in Fig. 4(c) was recorded at a pressure of 50 mbar with about
4000 ppm acetylene mixed with N;. The low-pressure gas
sample was prepared in a stainless steel chamber with two
parallel sapphire windows. The laser pulse energy used in
obtaining the spectrum in Fig. 4(c) was 0.2 mJ.

In general the determination of line shapes in DFWM is a
complex matter. The line shape of DFWM using FPG in the
presence of saturation was considered by Attal-Tretout and
co-workers [38]. A comprehensive treatment of DFWM by
direct numerical simulation has been presented by Lucht et
al. [37] and applied specifically to the case of FPG [13] and
to the calculation of saturation effects on line shapes in com-
plex molecular spectra [39]. A nonperturbative analytical,
and therefore less computationally expensive, treatment of
DFWM developed by Bratfalean et al. [40] treated the case
of saturation by pump and probe in the forward geometry—
which is the situation encountered in the present work. This

cm’

We=0.150(0.013)
WL=0.095 (0.017)

a
o We=0.046 (0.011)
W1=0.081 (0.009)
b
We=0.057 (0.013)
Wi= -emeen
J v -
0 0.2 0.4 0.6 0.8 1 1.2
c Wavenumber (cm’ 1)

Fig. 4 IR-DFWM line shapes of the P(11) line at different laser ener-
gies and pressures. (a) / =2.0 mJ and P = 1 bar, (b) / =0.20 mJ and
P =1 bar, and (¢) / =0.20 mJ and P = 50 mbar. (a) and (b) were ob-
tained at a concentration of 150 ppm C,H», whereas (¢) was measured
at a concentration of 4000 ppm C,H; in a low-pressure cell. The circles
represent measured values, and the solid lines are fitted Voigt profiles.
The weak signal line indicated by an arrow in (c¢) was attributed to the
P(12) line of the isotope HCC(13)H

model was used to analyze saturation by both pump and
probe fields since, as in the present work, optimum DFWM
signals are optimized by using equal pump and probe inten-
sities. The broadening effect caused by finite laser linewidth
on the DFWM line shape has also been considered using
a simplified model which neglects contributions of nonde-
generate terms arising from different frequency components
within the laser linewidth. The combined effect of power
broadening and finite laser bandwidth on DFWM of com-
plex molecular spectra including overlapping power broad-
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ened lines has also been investigated [41]. Coherent inter-
ference effects from neighboring transitions may also lead
to narrowing or broadening of the lines. In the present work
many of the above factors will make a contribution to the
observed line shape, but an empirical approach is adopted
here to model the observed line shapes using Voigt profiles.
The Voigt profile has been chosen since it appears to provide
a good approximation to the observed line shapes within the
experimental uncertainties.

In Fig. 4 the circles represent the measured data points,
and the black solid lines present the best fitted Voigt pro-
files. The contributions from Gaussian and Lorentzian parts
based on the fitting are also shown in the figures. It should be
noted, however, that the laser spectrum was approximately
Gaussian with a linewidth of 0.025 cm™!, which is of the
same order as the collisional and Doppler contributions.
Consequently the sensitivity of the fit to the relative con-
tributions of Lorentzian and Gaussian components is some-
what reduced. Nonetheless the data show that the shape and
width of the lines are separately affected by collisional and
power broadening.

From Fig. 4(a) and (b) one can see that at atmos-
pheric pressure the Lorentzian contribution stays constant
within the fitting uncertainties, while the line broadening
mainly comes from the Gaussian contributions, which are
0.046 cm™! and 0.150 cm~! at low and high laser ener-
gies, respectively. The Lorentzian part can be ascribed to
collisional broadening while the differences in the Gaussian
part can be ascribed to power broadening, which includes
saturation and ac Stark effects. The laser linewidth also con-
tributes a Gaussian component. As indicated above, the ef-
fect of power broadening with finite bandwidth laser will
be influenced by nondegenerate terms whose contribution is
difficult to calculate under saturation conditions [41]. Given
the experimental uncertainties in the present work, the effect
of power broadening is modeled by a Gaussian contribution.
In the absence of power broadening, the broadening due to
collision effects is demonstrated in Fig. 4(b) and (c), where
the signals have been generated with the same weak (unsat-
urating) laser power. At low pressure and weak laser energy,
the line shape is close to a pure Gaussian profile, as shown
in Fig. 4(c), which is consistent with the dominant effects
being those of Doppler broadening and the laser linewidth.
The Gaussian contribution stays constant within fitting un-
certainties for different pressures, and the Lorentzian contri-
bution becomes dominant when the pressure changes from
50 mbar to atmospheric pressure. The weak signal line in-
dicated by an arrow in Fig. 4(c) is from the P(12) line of
the isotope HCC(13)H, which can be seen clearly due to the
high spectral resolution at low pressure. The measurements
performed with the low-pressure cell also indicate that the
IR-DFWM setup presented here can be used for measure-
ments with windows, such as engines, where the IRPS tech-
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Fig.5 IR-DFWM signal intensities for different CoH; concentrations.
The recorded signals for the four low concentrations are shown in the
inset. The laser energy used was kept at ~2.0 mJ/pulse

nique could not be applied owing to stress-induced birefrin-
gence.

The dependence of the IR-DFWM signal on the acety-
lene number densities was investigated, and Fig. 5 shows
the line-integrated IR-DFWM signal intensities collected at
different acetylene concentrations. The sample gas mixture
was prepared in the laminar gas flow at atmospheric pressure
with acetylene diluted by Nj. During the measurements, the
laser pulse energy was kept at ~2.0 mJ to make sure that the
saturation condition was fulfilled. Since under optically thin
conditions the IR-DFWM intensity should have a simple
quadratic relation with molecular number density regard-
less of saturation, a S = a - N2 relation was adopted to fit
the signal-concentration curve as shown in Fig. 5, where a
good fit in the concentration range (30—1600 ppm) was ob-
tained. Moreover, the raw signals recorded during measure-
ments of the last 4 data points of 35 ppm, 43 ppm, 52 ppm,
and 70 ppm C,H, concentrations are shown as the inset
in Fig. 5. A detection sensitivity of 35 ppm (~ 9.5 x 104
molecules/cm?) was estimated at atmospheric pressure for
C,H; based on the signal-to-noise ratio obtained. Further-
more, the squared dependence of signal intensities on con-
centrations makes IR-DFWM more sensitive to changes in
the concentrations of the measured species.

3.2 HCI measurements

HCl is a particularly interesting chemical species due to the
important roles it plays in various research areas, e.g., pho-
tochemistry [42], plasma etching [43], and bio-fuel combus-
tion [44] as well as its toxic and corrosive effects in fire
smoke [45]. Moreover, HCI is very reactive and frequently
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Fig. 6 IR-DFWM spectrum of 100 ppm HCI diluted in a nitrogen
gas flow. The raw signal of HCI(35) R(4) line with a concentration
of 25 ppm is shown as an inset

generated during many industrial processes, such as those
used in waste incineration and aluminum plants. Approxi-
mately 90% of the CI present in combustion processes will
end up as HCI in the flue gas [46]. An understanding of
the complex processes involving HCI will be aided by in-
formation provided by nonintrusive in situ measurements
of key parameters using optical techniques. Generally tun-
able diode laser absorption spectroscopy is utilized for in
situ HCI detection by probing the overtone vibration in the
near-IR spectral region [43, 46], and recently Li et al. per-
formed spatially resolved trace detection of HCI in flames
with IRPS [19].

The IR-DFWM technique is applied in this work to detect
HCI molecules at atmospheric pressure and room tempera-
ture. Shown in Fig. 6 is an excitation scan of HCI recorded in
a laminar gas flow of a HCI/N; mixture with 100 ppm HCI,
where the sample gases were prepared in the same way as for
acetylene. The doublet structure due to the two isotopes of
chlorine can be clearly identified in the spectrum. The R(4)
line belonging to HCI(35) was chosen to check the sensitiv-
ity of IR-DFWM for HCI detection, and the raw spectrum
of a gas sample with 25 ppm HCI mixed in N is shown as
an inset of Fig. 6. The detection sensitivity at atmospheric
pressure and room temperature is estimated to be 25 ppm
(~6.8 x 10'* molecules/cm) based on the spectrum shown
in Fig. 6.

3.3 Comparison of IR-DFWM and IRPS
Since both IR-DFWM and IRPS techniques are available

in our laboratory, a direct comparison of the pros and cons
of these twin nonlinear techniques for practical applications

can be performed. This work complements the more quali-
tative comparison between IRPS and IR-DFWM in the PCG
reported previously [22]. The sensitivity comparison be-
tween IR-DFWM and IRPS was experimentally performed
for the HCI molecule by probing the R(4) line at room
temperature and atmospheric pressure. A detailed descrip-
tion of the IRPS experimental setup used can be found in
[15]. Using the IRPS technique a detection limit of 30 ppm
was achieved, whereas by the IR-DFWM technique it was
25 ppm, as discussed in Sect. 3.2. The sensitivities of these
twin nonlinear techniques are found to be much the same.
It should be noted, however, that the measurements were
not obtained under identical experimental conditions. Ow-
ing to the use of different lenses (f = 500 mm in DFWM
and f = 1000 mm in PS) to focus the laser beams to mea-
suring points and the different angles between pump beams
and probe beam (6 = 1.4° in DFWM and 6 = 3° in PS), the
detection volumes (~0.4 x 0.4 x 10 mm? in DFWM and
~0.7 x 0.7 x 15 mm? in PS) and the laser energy densi-
ties were different in each case. Even though the energies
of laser output were controlled to be equal in the two tech-
niques, the residual energies arriving at the detection volume
were still different owing to different energy losses arising
from the different components used in each experimental
setup.

Besides sensitivity, another important factor in practice is
the ease of implementation of the technique, for which the
IR-DFWM setup described in this work has advantages over
IRPS. The fewer optical components needed, easier align-
ment, lower cost, and higher stability, based on the com-
parisons in our laboratory, make the IR-DFWM setup more
suitable in many applications, especially in a cell or engine
where IRPS could not usefully be applied owing to the bire-
fringence introduced by the windows. IRPS, however, has
the unique property by which using a linear or circular po-
larized pump beam allows selective enhancement of the Q or
R and P branches, respectively. In addition, two-dimensional
images may be generated more easily using IRPS since only
two laser beams are needed, and this gives it an advantage in
a range of applications, especially for fundamental research.

4 Summary and conclusion

Taking acetylene and HCl as examples, the detection of trace
molecules by IR-DFWM has been demonstrated using an
optical device that provides stable, reliable alignment for
the forward phase-matching geometry. The optical device,
composed of a beam splitter plate system, overcomes one
of the main difficulties that has hindered the application of
DFWM in the important infrared spectral region, viz., the
difficulty in aligning the two pump beams and one probe
beam required for signal generation. With the present setup,
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sensitivities down to 35 ppm (~9.5 x 10'* molecules/cm?)
for CoH; and 25 ppm (~6.8 x 10!'* molecules/cm?) for HCI
have been demonstrated for in situ detection with high tem-
poral and spatial resolution in the mid-IR spectral region.
Since most of the hydrocarbon molecules, e.g., CH4, CoHy4,
and C,Hg, and other toxic molecules, e.g., HCN and HF,
have strong absorptions due to the H-M (M = C, F, C], CN
and so on) stretching vibration in the spectral region 3000—
3700 cm™!, this easily aligned IR-DFWM technique has po-
tential for wide applications to in situ detection of molecu-
lar species. In particular these species may be detected in
harsh environments and at trace levels, e.g., in combustion
processes, or in situations where the optical access involves
transmission through windows, which would be difficult us-
ing alternative detection methods.
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