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Abstract. The use of crossed beam 2-Step Degenerate 
Four-Wave Mixing (2S-DFWM) for decreasing pre- and 
post-filtering effects under optically thick conditions has 
been investigated. 2S-DFWM is a technique in which the 
DFWM process is performed between two excited states 
of which the lower one is populated by an ordinary laser 
excitation from a low lying, highly populated state. Ex- 
periments were performed on Au in an acetylene/air 
flame. We have shown that under conditions where 
ordinary (one-step) DFWM experiments are significantly 
affected by pre- and post-filtering effects (i.e., partly ab- 
sorption of the pump, probe or signal beams prior to or 
after the interaction region) the 2S-DFWM technique 
can give virtually interference free signals. A variety of 
different laser beam and flame configurations have been 
investigated. It was found that the use of a crossed beam 
geometry, where the first step exciting laser is incident 
upon the interaction region perpendicular to the DFWM 
beams, completely eliminated severe pre- and post-filter- 
ing effects occurring for an ordinary single-step DFWM 
scheme in an optically thick medium. 

PACS: 35.80, 42.65.Ky, 82.80 

Degenerate Four-Wave Mixing (DFWM) is a non-linear 
laser-based spectroscopic technique that produces a 
coherent, spectrally narrow-banded, and highly colli- 
mated signal beam by the mixing of three input beams 
(all resonant with a transition) in a species under study. 
The technique has recently shown powerful capabilities 
for detection of a variety of species within a wide range 
of applications [1, 2]. The main reasons for the increasing 
interest in the DFWM technique lately are its extraordi- 
nary properties, some of which are non-intrusiveness, 
species selectivity, high sensitivity, highly directional out- 
put signal and a rather low vulnerability to collisions. 
These properties, which can be seen as a fortuitous com- 
bination of some of the most powerful advantages of 
Laser-Induced Fluorescence (LIF) (e.g., high sensitivity) 
[3-6] with others of Coherent Anti-Stokes Raman Scat- 

tering (CARS) (e.g., a highly directional output signal) 
[7, 8], make the technique potentially useful for studies 
of species concentrations and local combustion tem- 
peratures for applications primarily within the field of 
combustion diagnostics [2] since they allow measure- 
ments of the signal in a location far from the interaction 
region (several meters), permit efficient rejection of 
potentially interfering radiation (e.g., emission, fluores- 
cence, scattered laser light, etc.) as well as the use of small 
optical ports for input and output access. In addition, 
although nonlinear processes are generally considered to 
be rather weak, the DFWM technique has a high sen- 
sitivity for a number ofspecies since it its performed on 
a (strong) resonant transition. 

The DFWM technique has so far been used for detec- 
tion of inherently produced combustion radicals/ 
products in flames (e.g., OH [9-13], NO [14], CO [15] and 
NH [11]), molecules in cells or jets (e.g., I2[16-18], 
SF6[19], HCO [20], HF [21] and eosin [17]) as well as 
atoms (Na) seeded into flames [22-24] and cells [25, 26]. 
In addition, two-dimensional imaging studies (of Na [24], 
OH [27] and NO2 [28]), multiplex (i.e., broad-band) de- 
tection (of OH [29] and Na [30]), as well as Doppler-free 
studies of various species have been performed [2, 31-33]. 
In addition, a theoretical description of the DFWM 
process has been pursued by several authors [1, 26, 
3440]. However, much of the characterization of the 
DFWM technique remains - a characterization which is 
needed for an assessment of the full practical applicabil- 
ity of the technique within the area of combustion diag- 
nostics. 

Partly due to the high sensitivity, the DFWM signal 
has been found to be affected by absorption processes in 
the medium to be studied. These absorption,processes 
include absorption of the pump or the probe beams 
(below called pre-filtering effects), or the signal beam 
(below called post-filtering effects), by the species under 
consideration. Pre- and post-filtering effects can thus oc- 
cur if the species to be studied has a sufficiently large 
absorption cross-section and exists in high enough con- 
centrations. These types of effects appear normally as a 
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dip in the signal on resonance as the wavelength of the 
laser is scanned across the transition. 

Such a dip can originate from pre- and post-filtering 
effects, from saturation of the transitions or from ac- 
Stark effects (for strong laser beams). The pre- and post- 
filtering effects can most conveniently be distinguished 
from the other ones by a study of the dependence of the 
signal shape upon laser light intensity. For low (or 
medium) intensities, the pre- and post-filtering effects 
dominate since these are only governed by the absorption 
cross-section of the transition used times the path 
lengths. 

Pre- and post-filtering effects in media that are not 
optically thin have been known for long in other optical 
techniques (e.g., absorption, emission and fluorescence) 
and thus their behaviour is well documented in the litera- 
ture [41-43]. These effects are, however, in general more 
pronounced in the DFWM technique than in other opti- 
cal techniques due to the strong nonlinear behaviour of 
the DFWM process, and have been noticed by several 
workers previously [16, 24, 44]. However, no one has so 
far made any real attempt to reduce their influences. 

In this paper, we have investigated the possibility to 
reduce pre- and post-filtering effects in media that are not 
completely optically thin (i.e., when species with high 
absorption cross-sections exist in sufficiently high con- 
centrations) by performing DFWM between two excited 
states that both have low thermal populations. In order 
to obtain highest possible sensitivity of the technique, the 
lower level of the two is populated by a first step excita- 
tion from a low lying, highly populated state. This is 
below referred to as 2-Step DFWM (2S-DFWM). 

A distinct advantage of the 2S-DFWM is thus an 
ability to reduce the influence of pre- and post-filtering 
effects. Other possible advantages are a decreased back- 
ground and an increased signal strength, especially when 
the first resonant transition has a low transition probabil- 
ity or is excited by low light intensities (e.g., for tran- 
sitions requiring far UV-light wavelengths that can be 
produced only at low intensities by modern laser systems 
or when large beam areas are used). There is also a 
possibility to obtain an improved spatial resolution 
through the use of crossed first and second step excitation 
beams. 

DFWM from excited states has been carried out 
previously. For example, investigations of absorption 
and saturation effects on DFWM in excited states of Na 
formed during collisions, so called Excited-State DFWM 
(ESDFWM), were performed by Ewart et al. [45] as well 
as by Ewart and O'Leary [46 48] already in the early 
eighties. In the work by Ewart et al. [45], the laser was 
tuned to the resonance between two excited states whose 
frequency was in the extreme wing of the transition from 
the ground state to the lower of the two excited states. 
Hence, the same laser was used for both steps, implying 
that the authors had no possibility to separate, and thus 
investigate separately, the two processes of the first-step 
extreme-wing absorption and the second-step DFWM 
process. Ewart and O'Leary [46 48], on the other hand, 
excited sodium atoms to the 3p state on the extreme blue 
and red wings of the D-lines (in the presence of various 

rare-gas atoms as perturbers) with light from one dye 
laser while a second dye laser provided the light for the 
DFWM between the 3p and 4d states in the atom. 

Another more recent two-step DFWM experiment, 
which also has been termed Stimulated Emission Pump- 
ing Degenerate Four Wave Mixing (SEP-DFWM), has 
been done by Zhang et al. [49] on gaseous CS2 under 
low-pressure conditions. In addition, Ljungberg and Ax- 
ner [50] have investigated 2S-DFWM as a means to 
improve the signal strengths when species with low tran- 
sition probabilities in the ordinary resonant excitation 
step are to be detected, or when only low light intensities 
can be produced at the wavelength of the ordinary reso- 
nant excitation transition. 

The aim of the present work is thus to investigate 
whether 2S-DFWM is a feasible means to broaden the 
applicability of the DFWM technique by allowing for a 
background- and interference-free detection of species 
also under optically thick conditions. 

1 Experimental setup and procedures 

The experimental setup used in this work is presented in 
Fig. 1. A XeCl-excimer laser (Lambda Physik, LPX 210i) 
simultaneously pumped two dye lasers (Lambda Physik, 
F1 2003) with 250 mJ pulses of 308 nm light at a pulse 
frequency of 50 Hz. The dye lasers provided light in the 
visible wavelength regions using the dyes coumarin 153 
(around 536 nm) and rhodamine 6G (around 585 nm). 
The light from the coumarin 153 dye laser was frequency 
doubled in a BBO crystal in order to produce UV light 
with wavelengths around 268 nm. Pulses from the dye 
lasers with energies up to approximately 150 g J/pulse in 
the visible and 30 laJ/pulse in the UV region were used. 
The pulses had a duration of approximately 20 ns. For 
the single-step DFWM experiments the UV light 
produced in the BBO crystal was used directly for the 
DFWM process while for the 2S-DFWM experiments 
the UV light was used as a first exciting step while the 
rhodamine 6G dye in the second dye laser provided 
visible light for the DFWM process. 

The DFWM laser beam was passed though an aper- 
ture in order to provide a circular beam profile with a 
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Fig. 1. Experimental setup for the ordinary (one-step) DFWM and 
2S-DFWM experiments 
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diameter of 4 mm. Using a beam splitter, roughly 20 % 
of the DFWM light was split off to provide a probe 
beam. This probe beam was passed through a second 
aperture to reduce its diameter to 2 mm and a 50/50 
beamsplitter (which split off the counterpropagating sig- 
nal beam) before traversing the flame. The remaining 
pump beam was retroreflected so as to give a counter- 
propagating backward pump beam. The probe and 
pump beams intersected each other in the center of the 
flame at an angle of 3.5 ° . Furthermore, when performing 
the 2S-DFWM experiments the first-step exciting laser 
beam was directed at the interaction region. This was 
done either in a direction bisecting the angle between the 
probe and pump beams, thus providing maximum over- 
lap between the exciting and DFWM processes, or in a 
direction roughly perpendicular to the DFWM beams so 
as to maximize spatial resolution and minimize pre- and 
post-filtering effects. All laser beams could be attenuated 
through the use of neutral-density filters. 

The flame was supported on a commercially available 
10 cm single-slot burner head (Instrumentation Labora- 
tory) that could be rotated in the horizontal plane. This 
allowed the DFWM beams to traverse the flame parallel 
or orthogonal to the burner head slot. The flame was fed 
with air and acetylene in roughly stoichiometric propor- 
tions. An aqueous solution of some tens or hundreds of 
ppm (gg/mL) concentration of Au was aspirated into the 
flame. Only a certain fraction of the aspirated Au atoms 
were carried by the flame gases into the flame (approxi- 
mately 5%), whereby the atomic concentration in the 
flame roughly corresponded to 10~1-10 z3 atoms per cm 3, 
depending on the actual degree of atomization for Au in 
the flame, nebulization efficiency, flame gas velocities, 
etc. 

The signal beam, split off from the counterpropagat- 
ing probe beam by the 50/50 beamsplitter, was directed 
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through an aperture placed in front of a 3 m long plastic 
tube at the end of which a photomultiplier (Hamamatsu 
R2027) registered the signal intensity. This arrangement 
minimized the influence of scattered light from the lasers 
and optics. Neutral density filters could be inserted in 
front of the aperture in order to attenuate the signal 
beam so as not to saturate the photomultiplier. The effect 
of these neutral density filters has been taken into con- 
sideration in all the data presented throughout this work. 

Fluorescence light from the analyte atoms in the flame 
was collected in a perpendicular direction with respect to 
the DFWM laser beams using a 50 mm focal length lens, 
focused on the entrance slit of a 20 cm spectrometer 
(Jobin-Yvon HR20UV) and subsequently detected by a 
photomultiplier (Hamamatsu R943-02). The fluores- 
cence light was monitored during the alignment 
procedure in order to simplify the adjustment of laser 
beam positions and wavelengths. 

The signal from the photomultiplier detecting the 
DFWM light was amplified in a preamplifier (LeCroy 
VV100B) before being fed into a boxcar amplifier 
(SR250). The boxcar amplifier integrated the signal over 
approximately 20 ns, i.e., the duration of the laser pulse, 
in order to reduce the effect of ambient and scattered 
light. An average integrated over 30 samples from the 
boxcar was recorded on a strip-chart recorder. The signal 
could simultaneously be monitored on a fast digital os- 
cilloscope (Tektronix TDS 640). 

Measurements were performed on Au, whose energy 
ievel diagram is schematically depicted in Fig 2. In the 
ordinary one-step DFWM experiments, the DFWM 
process was initiated between the 5d 1° 6s 2S1/2 ground 
state and the 5d 1° 6p 2P1/2 excited state at 37359 cm -1, 
using 267.595 nm light. In the 2S-DFWM experiments, 
however, light of this wavelength was used to populate 
the 5d x° 6p 2pl/2 excited state, and the DFWM process 
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Fig. 2a, b. Schematic energy level diagrams for 
Au with the transitions used in the ordinary 
(one-step) DFWM and 2S-DFWM experiments 
specifically marked 
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was subsequently initiated between this excited state and 
the 5d 1° 7s aS1/2 excited state at 54485 cm -1, using 
583.740 nm light. 

The DFWM pump-beam intensity was around 9 kW/ 
cm 2 for the ordinary one-step DFWM experiments, 
which is significantly higher than the DFWM saturation 
intensity of 3.7 kW/cm 2 previously measured for this 
transition [50]. The first-step laser in the 2S-DFWM 
experiments also had an intensity (> 4 kW/cm 2) signifi- 
cantly exceeding the previously determined population 
excitation saturation intensity of 1.1 kW/cm 2 [50]. The 
intensity of the second step DFWM pump beam in the 
2S-DFWM experiments was adjusted for maximum sig- 
nal quality for each individual experiment, resulting in 
laser intensities between 1.6 kW/cm 2 and 11 kW/cm a. 
This is comparable to the saturation intensity of 6.0 kW/ 
cm 2 previously measured [50]. 

2 Results and discussion 

First, an ordinary (one-step) DFWM signal from Au was 
studied as a function of Au concentration aspirated into 
the flame for a parallel experimental arrangement (i.e., 
with the pump, probe, and signal beams traversing 
roughly in parallel with each other as well as with respect 
to the 10 cm long flame, creating an elongated interaction 
region in the middle of the flame). The results are dis- 
played in Fig. 3. In order to more clearly visualize the 
general trend of the data, a simple phenomenological fit 
of the form S = a (conc)b/(conc + Co) d is included in the 
plot for modelling the concentration behaviour. In this 
fit, the concentration dependence for small species den- 
sities is mainly given by the parameter b. The co and the 
d parameters are introduced in a phenomenological man- 
ner in order to take care of the concentration-saturation 
behaviour due to pre- and post-filtering effects. As can 
be clearly seen from the plot as well as the fit, the DFWM 
signal increases with concentration for lower concentra- 
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Fig. 3. Ord inary  (one-step) D F W M  signal on  resonance as a func- 
t ion of  A u  concen t ra t ion  for the laser beams  and  flame in a parallel  
mode.  The  laser intensities were 8.8 k W / c m  z and  0.2 k W / c m  2 for  
the p u m p  and  the probe  beams,  respectively. A phenomenolog ica l  
fit o f  the type S = a (conc)b/(conc + Co) a yields the pa ramete r  values 
b = 1.41, Co = 1450 ppm,  and  d = 8.33 

tions and "bends over" (i.e., decreases with increasing 
concentration) for higher concentrations. The reason for 
this signal decrease for higher concentrations is that pre- 
and post-filtering absorption effects affect the beams. 

For low concentrations the fit gives a power depen- 
dence of DFWM signal strength as a function of con- 
centration of 1.4 (i.e., S oc (conc) b with b = 1.41). This is 
significantly different from the expected quadratic con- 
centration dependence predicted by the simple two-level 
theory of DFWM [34]. This can be attributed to pre- and 
post-filtering effects due to absorption of the laser and/or 
signal beams. Direct evidence of absorption effects could 
be seen by comparing the DFWM pump beam intensities 
after passage of the flame with and without aspiration of 
a 1000 ppm Au solution. For this parallel experimental 
arrangement it was found that the absorption of the 
pump beam by the aspirated Au atoms for a single 
passage of the flame was as high as 74%. 

In addition, the line-shape of the signal can change 
drastically with increased concentration due to pre- and 
post-filtering effects. For DFWM these filtering effects 
manifest themselves as a dip in the signal exactly at 
resonance when scanning the laser wavelength across the 
transition. This behaviour originates from the nonlinear 
dependence of the DFWM signal upon laser light inten- 
sity in combination with an absorption of the incoming 
laser beams and/or the signal beam that is more and 
more pronounced the closer to resonance the laser 
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dicular mode. The laser intensities were 8.8 kW/cm z and 0.2 kW/ 
cmz for the pump and the probe beams, respectively. A simple 
power-dependence of type S = a (conc) u yields a power-dependence 
of 1.7 (b = 1.74) 
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wavelength is tuned. Hence, the line-shape of  the D F W M  
signal can be a double peak structure when not fully 
optically thin media are probed. Such a double peaked 
structure is shown in Fig. 4a. This curve represents a scan 
over the 267.60 nm resonant transition in Au for a 
500 p p m  solution. As can be clearly seen f rom the figure, 
a dip occurs at the resonant wavelength. 

One obvious solution to the problem with pre- and 
post-filtering effects originating f rom optically thick con- 
ditions is to shorten the path-lengths in the medium to 
be studied. A way c,f doing this is to turn the elongated 
flame in a perpendicular direction with respect to the 
laser beams. A curve-of-growth for one-step D F W M  
under perpendicular conditions is shown in Fig. 5. 

As can be seen f rom the curve no "bending over" of  
the curve occurs for higher Au concentrations. Hence, 
measurements of  the species concentration in the actual 
interaction region can be done with virtually no or neg- 
ligible pre- or post  filtering effects. The absence of  pre- 
and post-filtering effects can also be seen in Fig. 4b which 
displays a scan across the transition in Au taken under 
conditions that are virtually identical to those in Fig. 4a, 
with the only difference being that  the flame is positioned 
perpendicular to the laser beams. The absorpt ion of the 
D F W M  pump beam was in this case found to be 17 %. 

However,  when utilizing optical techniques for studies 
of other combust ion conditions (large scale furnaces, 
one-cylinder engines, etc) such a solution is not always 
feasible due to practical limitations. Other ways around 
the problem are instead to utilize an alternative transition 
with lower transition probabil i ty (smaller absorption 
cross-section) or to detune the laser wavelength from 
resonance. Both of these means have disadvantages - 
suitable alternative transitions do not always exist while 
wing excitation is potentially more affected by collisional 
processes than is excitation at the resonance wavelength. 
Yet another  solution, which thus is investigated in more 
detail in this work, is to utilize 2S-DFWM. 
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Fig. 7. 2 S - D F W M  signal  o n  r e sonance  as a func t ion  o f  A u  con-  
cen t r a t ion  for  the  all-parallel  con f igu ra t i on  depic ted in Fig. 6a. The  
laser intensi t ies were  1.6 k W / c m  2 a n d  0.1 k W / c m  2 for  the  p u m p  a n d  
the probe beams, respectively, and 12 kW/cm 2 for the first exciting 
step. Two fits are inserted with the data. A simple power dependence 
of type S = a (conc)  b yields a power-dependence of 1.5 (b= 1.51) 
(dashedline), while a phenomenological fit of the type S = a (conc)U/ 
(conc + co) a yields the parameter values b = 1.78, co = 1350 ppm, and 
d = 2.96 (solid line) 

2S-DFWM, i.e., D F W M  performed between two ex- 
cited states of which one (most often the lowest) is pop- 
ulated by excitation of atoms/molecules from lower lying 
states that have higher thermal populations, has the 
advantage that pre- and post-filtering effects will be lim- 
ited to the regions in space where the first (excitation) and 
the second (DFWM) laser beams overlap. 

Hence, a set of  2S-DFWM experiments were per- 
formed. Figure 6 summarizes the various geometries that 
were used in the 2S-DFWM experiments performed, 
while Figs. 7-9 show some results obtained f rom experi- 
ments performed on Au utilizing the 2S-DFWM tech- 
nique under similar conditions to the one-step cases 
above. 
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Figure 7 presents results obtained from measurements 
in which the flame was positioned in a parallel mode with 
respect to all laser beams (i.e., the DFWM pump, probe, 
and signal beams, as well as the first step exciting laser 
beam). This corresponds, for the ordinary (one-step) 
case, to the situation in Fig. 3 above. Since the first-step 
exciting laser beam is incident at a small angle with 
respect to the DFWM beams, and thus does not fully 
overlap the pump and probe beams throughout the 
flame, a partial reduction of the pre- and post-filtering 
effects is expected when utilizing this scheme. 

As can be seen from Fig. 7, there is no longer any clear 
evidence for any "bending over" of the signal for higher 
concentrations. This shows that the major part of the 
pre- and post-filtering effects indeed has been eliminated. 
There is still, however, a tendency towards a "levelling- 
off" of the signal for high concentrations. This indicates 
that although the pre- and post-filtering effects have been 
significantly reduced, the fact that the beams still overlap 
in parts of the flame outside the actual DFWM interac- 
tion region prevents a complete elimination of these 
effects. 

The influence of these effects can also be seen by 
noting that an attempt to fit a power curve of type 
S = a (conc) b to the data, as predicted by a simple two- 
level system description of DFWM under optically thin 
conditions, yields a power-dependence of 1.5 (b = 1.51). 
This fit is the straight line shown in Fig. 7. This is again 
significantly different from the expected quadratic con- 
centration dependence [34]. 

As can be seen from the figure, there is a discrepancy 
between the power-fit and the experimental data inso- 
much as there is a levelling-off of the experimental data 
for higher concentrations that is not modelled by the fit. 
A power-fit throughout the entire concentration range 
will thus not correctly model the data taken at lower 
species densities (where pre- and post-filtering effects are 
expected to play a minor role). A remedy for this is to fit 
the data to the same type of phenomenological function 
as used for the one-step DFWM data presented in Fig. 3, 
i.e., S = a (conc)b/(conc + Co) d. A fit to the data in Figure 
7 (i.e., the slightly bent curve in the figure) yields a 
concentration dependence for low species density situ- 
ations of 1.8 (b= 1.78). This is closer to the expected 
quadratic concentration behaviour. However, at the 
same time this fit also gives evidence that some pre- and 
post filtering effects still remain even at lower species 
densities. 

Signals from a set of measurements from a perpen- 
dicular flame configuration utilizing the 2S-DFWM 
technique is displayed in Fig. 8. Here, we can clearly see 
that all tendencies of "levelling-off' or "bending over" 
have disappeared. This is also supported by the fact that 
the best power-fit yields a nearly pure quadratic depen- 
dence (b = 2.02). This indicates that the pre- and post- 
filtering effects have been completely eliminated within 
this beam and flame geometry. 

However, as was argued above, simply turning the 
flame into a perpendicular mode cannot be seen as a 
satisfactory solution for many practical applications of 
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Fig. 8. 2S-DFWM signal on resonance as a function of Au con- 
centration for the geometry with the flame perpendicular to all the 
laser beams as depicted in Fig. 6b. The laser intensities were 
11 kW/cm 2 and 0.6 kW/cm 2 for the pump and the probe beams, 
respectively, and 5.3 kW/cm 2 for the first exciting step 
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Fig. 9. 2S-DFWM signal on resonance as a function of Au con- 
centration for the case with the D F W M  beams parallel with the 
flame but perpendicular to the first-step excitation beam as depicted 
in Fig. 6c. The laser intensities were 6.9 kW/cm 2 and 0.4 kW/cm 2 
for the pump and the probe beams, respectively, and 4.6 kW/cm 2 
for the first exciting step 

the DFWM technique. Therefore, further work with the 
reduction of pre- and post-filtering effects were per- 
formed, leading to an investigation of the concept of 
utilizing crossed laser beams (i.e., using a large angle, 
e.g., 90 ° , between the first-step (exciting) laser beam and 
the second-step (DFWM) beams). Such a configuration 
is expected to have the property of eliminating virtually 
all these types of effects since almost no excited atoms, 
capable of absorbing any significant fraction of any of 
the four DFWM beams, exist outside of the actual in- 
teraction region. Figure 9 therefore finally displays the 
signals obtained with crossed laser beams (and the flame 
again parallel with the DFWM beams). What is found 
is that the signal indeed has a quadratic concentration 
behaviour (b = 2.04), despite the fact that the DFWM 
beams have traversed a considerable length of the flame. 
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Consequently, we can conclude that all pre- and post- 
filtering effects have been eliminated even in the case with 
parallel flame and D F W M  beams by the use of  the 
crossed beam 2S-DFWM technique. 

Furthermore,  the crossed beam 2S-DFWM technique 
has the advantage of  increasing the spatial resolution of 
point-measurements performed in the flame by reducing 
the length of  the interaction region to the diameter of the 
first-step exciting laser. The interaction volume, and 
hence the spatial resolution, can thus be easily controlled 
by utilizing suitable lens and aperture configurations. 

The drawback of utilizing the crossed beam 2S- 
D F W M  technique is the fact that the reduction in 
D F W M  interaction length, which is responsible for the 
reduction of  pre- and post-filtering effects, also results in 
a significant decrease in signal strength. By rotating the 
flame from a parallel to a perpendicular configuration 
(with parallel first-step (exciting) and D F W M  beams, see 
Figs. 6a, b), the signal strength was reduced by roughly 
one order of magnitude. When switching to the crossed 
beam configuration (Fig. 6c) a further reduction of  the 
signal strength by an additional order of magnitude re- 
sulted. However, this is not expected to be a major pro- 
blem for practical measurements in most cases, since the 
pre- and post-filtering effects that are to be eliminated by 
utilizing this scheme only appear at such high species 
concentrations that small signal strengths are generally 
not a problem. Indeed, in order not to saturate the 
detection equipment in the present experiments, optical 
filters had to be introduced in the signal beam path for 
all our measurements at high concentrations. 

3 Conclusion 

Two-step D F W M  (2S-DFWM) is a technique, utilizing 
two simultaneously pumped dye-lasers, for reduction of  
pre- and post-filtering effects (originating from partial 
absorption of  the pump, probe or signal beams prior to 
or after the interaction region) that affect ordinary (one- 
step) D F W M  measurements in media that are not com- 
pletely optically thin. In the 2S-DFWM technique, the 
D F W M  process is performed between two excited states 
by utilizing light from one dye laser. Due to the low 
thermal population of these two states there is negligible 
absorption of  the D F W M  laser light in large parts of  the 
media under study. The lower of  the two excited states 
is populated by a laser excitation from a low lying, highly 
populated state by light f rom another dye laser. Experi- 
ments performed on Au in an acetylene/air flame, com- 
prising a variety of  different laser beam and flame con- 
figurations, show the usefulness of  the 2S-DFWM 
technique to reduce (or eliminate) severe pre- and post- 
filtering effects. It is discussed that the crossed beam 
2S-DFWM technique also gives the D F W M  technique 
higher spatial resolution. A drawback of  the crossed 
beams 2S-DFWM technique is a decrease in sensitivity. 
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