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Abstract. We report the use of Degenerate Four-Wave 
Mixing (DFWM) in the OH A 2 X + ~  X2H (v '=  0 ~  v "= O) 
band for temperature determination in a propane/air 
flame using laser powers below the saturation level. We 
show that at these low power levels the dependence of the 
signal on the dipole moment for the transition has to be 
established before meaningful temperature data can be 
obtained. This presents a paradox in that the tem- 
perature has to be known before the form of the depen- 
dence on the dipole moment can be determined. Solu- 
tions to this paradox are presented. We also show that 
absorption of the laser beams in this OH band system 
cannot be neglected and that failure to correctly account 
for the absorption leads to a large over estimate of the 
flame temperature. Furthermore, we show that the accu- 
racy of the absorption-corrected temperature is critically 
dependent on the accuracy with which the measurement 
position within the flame is known. Finally, the tem- 
perature calculated from DFWM spectra using the cor- 
rect dipole moment power and absorption is compared 
to the temperatures obtained using Laser-Induced 
Fluorescence (LIF) and Coherent Anti-Stokes Raman 
Spectroscopy (CARS). 

PACS: 82.40.Py, 07.20.Dt, 07.65.-b, 33.20.Lg 

An understanding of any combustion process generally 
requires a knowledge of the fuel field, the oxidant field 
and the temperature field within the combustor. Laser- 
based optical diagnostics have been developed over a 
number of years with a view to acquiring this informa- 
tion [1]. The key features of these techniques are that they 
are noninvasive and can offer high spatial and temporal 
resolution. The two most widely used techniques are 
Coherent Anti-Stokes Raman Spectroscopy (CARS) and 
Laser-Induced Fluorescence (LIF). CARS has been de- 
veloped over the last 15 years to the point that it is now 
virtually unrivalled as a single-point temperature diag- 
nostic [2]. 

However, CARS is not able to record two dimension- 
al images of the temperature distribution within a flame. 
LIF, on the other hand, is a proven imaging technique 
particularly for species mapping, and a variety of species 
including OH [3,4], NO [5], 02 [6], CH and C2 [7] have 
been imaged. More recently LIF has been extended to fill 
the thermometry gap left by CARS; namely that of 
temperature imaging. This generally involves imaging the 
OH distribution using two different excitation 
wavelengths and taking the ratio of the two images [8]. 
LIF however, is an incoherent technique which means 
that large area optical access is required and the detector 
must be close to the interaction zone. 

In an attempt to overcome the limitations of both 
CARS and LIF, Degenerate Four-Wave Mixing 
(DFWM) is now receiving a great deal of attention as a 
complementary tool for combustion diagnostics [9]. 
DFWM is a nonlinear technique which has features in 
common with both CARS and LIF. Like CARS it uses 
three input waves to generate a fourth, coherent, signal 
wave. Like LIF, it utilises an electronic resonance which 
affords the technique a high sensitivity and it can be 
extended to two dimensions for imaging applications 
[10]. It is the combination of high sensitivity and 
coherence, coupled with the wide range of species that 
DFWM can detect, that give it possible advantages over 
the more established techniques. Examples of combus- 
tion species studied using DFWM include OH [11, 12], 
NH [13], NO [14], NO2 [15] CH [16] and HCO [17]. 

In this paper we report an investigation of tem- 
perature measurement using DFWM spectroscopy of 
OH in atmospheric pressure flames at low laser powers. 
Previous work using NO has shown that the intensities 
of individual ro-vibrational lines show a dependence on 
the transition dipole moment of px [18]. The value of x 
is itself found to be a function of laser intensity L Similar 
studies on the OH molecule have, to date, shown that the 
dependence on transition dipole moment is g4 [13, 19]. 
This is in agreement with the usual assumption that the 
line intensities are proportional to the square of the one 
photon line strength. We show that this is not the case 
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(as in NO [18]) when/<</sat and that failure to take into 
account the power regime under which the data was 
taken can lead to significant errors in the measured 
DFWM temperature. This becomes important in imag- 
ing applications where expansion of the input beams to 
give a larger sample volume leads to lower values of L 
Temperature measurements were made using CARS, 
LIF and DFWM in the same, reproducible flame which 
illustrate the potential problems of DFWM ther- 
mometry. We also show that absorption of both the 
input and signal beams in the flame has a larger effect on 
the measured temperature when using DFWM than 
when using LIF. 

1 Experimental 

Figure 1 shows a schematic of the experiment. We used 
a phase conjugate geometry with the backward pump 
formed by retro-reflection of the forward pump. A 20% 
beam splitter formed the probe beam which crossed the 
forward pump at an angle of ~ 5 ° in the horizontal plane. 
The usual geometry was modified slightly by tilting the 
path of the backward pump beam down by a small angle 
(~  0.1 °) in the vertical plane. This causes the path of the 
signal to be lowered by an equivalent amount below the 
probe beam because of the phase matching requirements 
of DFWM. Instead of using a beam splitter in the probe 
a prism can then be used to pick off the signal. This has 
the double advantage that all of the probe beam reaches 
the interaction zone and all of the signal reaches the 
detector. Furthermore, noise levels are significantly re- 
duced by removal of the beam splitter. 

A pulsed XeC1 excimer laser (Lambda Physik EMG 
101E) was used to pump a frequency-doubled dye laser 
(Lambda Physik FL3001) giving a maximum of ~ 100 gJ 
per pulse around 308 nm with a bandwidth of 0.25 cm- 1. 
We used irises to produce a beam of 2 x 10 -2 cm 2 cross- 
sectional area. At the interaction volume the energy of 

the pump pulses were typically less than 50 gJ and were 
constant over the wavelength region scanned. The over- 
lap length was of the same order as the flame width. 
However, the centre of the interaction volume was ar- 
ranged to be towards the far edge of the flame as viewed 
by the probe beam and so the signal generation volume 
was less than half of the flame width. 

A 50 mm lens focused the DFWM signal through a 
small iris onto a photomultiplier tube. Simultaneous LIF 
data were recorded using a monochromator and photo- 
multiplier tube positioned at 90 ° to the pump beams. The 
monochromator acted as an 18 nm bandpass filter cen- 
tred at 309 nm and reduced the noise arising from the 
flame luminosity. Finally, a mirror directed the probe 
beam into a dye cell ~ 5 m from the overlap region and 
a photodiode monitored the resulting fluorescence. This 
provided a measure of the absorption through the flame 
as well as monitoring the laser power over those 
wavelengths not in resonance with OH. The laser power/ 
absorption, the DFWM and the LIF signals were record- 
ed simultaneously on a PC which also controlled the laser 
scanning. For comparison CARS temperature measure- 
ments were made on the same flame on a separate occa- 
sion. 

Measurements were made in a pre-mixed propane/air 
flame supported on a burner consisting of a rectangular 
plate in which 160, 1 mm diameter holes were drilled to 
give a flame of dimensions 1 cm wide by 10 cm long. This 
burner is routinely used to setup CARS experiments and 
is known to give reproducible flame conditions with a 
uniform temperature profile across the flame width. The 
beams traversed the width of the flame within 2 mm of 
the edge nearest the LIF detection chain. Hence absorp- 
tion of the LIF signal could be neglected. The LIF and 
DFWM temperatures were determined using the R1, R21 
and R2 branches of the A 2 X  + - X ~ H i  band system of OH. 
These branches were chosen because they offer a large 
number of transitions within a 1 nm wavelength range 
and a wide variation of dipole moment. 

Iris 
From I 
Laser I 

M < ~  9 BS 2O°/° 

PDMF wT ~b e / - - / ' ' ~  Photodiode 

U-q 
Monochromator 
+ PM Tube 

Fig. 1. Schematic of the simultaneous LIF 
and D F W M  experiment. The D F W M  op- 
tical arrangement is essentially the stan- 
dard retro-reflected geometry but the use 
of misalignment has enabled the signal 
beam splitter to be replaced with a prism. 
See text for more details 
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2 Theory 

Following the analysis of Farrow et al. [18] using a two 
level system, in the limit of a small amount of probe 
absorption and no absorption of the pump beams, the 
signal intensity, Is, can be expressed for weak and strong 
pumps respectively, as: 

2 8 2 3 3 Is oc (An) l l i j r l r 2 I  , I<<I~t, (1) 

Is ~ t;An ~2j txij'3 T-11/2TU211/22 , / > > / s a t -  (2) 

Here I is the non-monochromatic source-beam intensity, 
An the population difference in the absence of applied 
fields between level i and level j, g~j the transition dipole 
moment, T~ the population decay time for the transition, 
T2 the coherence decay time and I~, t the saturation inten- 
sity. For beam intensities that lie between the weak and 
strong limits, the dependence on dipole moment and 
laser power will be intermediate between them. This has 
important consequences for temperature determination 
as illustrated in the following analysis. 

Using the relationships I socn2/l~ [18 ]  with 
n i o c g i e x p ( - E ~ / k T )  and /~ocB~a [20], it is possible to 
express the DFWM signal intensity as a function of the 
rotational energy of the initial state: 

In (~/giB~] 4) = - Ei/k T + const. (3) 

The temperature can be derived from a Boltzmann plot 
of the left-hand side of (3) against the rotational energy 
El. However, when/<<Is,t, x is unknown, although it can 
be determined by rearrangement of (3) to give: 

in (l/~/gl) + Ei/kT = x_ In #/;+ const. (4) 
2 

Hence, a plot of the left-hand side of (4) against in/~j will 
yield the value of x. However, finding the value of x 
requires a prior knowledge of the temperature. We are 
thus left with the paradox that to determine the tem- 
perature the value of x must be known but to calculate 
x the temperature must be known. 

This problem can be overcome in several ways de- 
pending on the data available. If the transitions scanned 
cover only a limited range of dipole moments, then (3) 
should be used to determine the temperature, optimising 
the linear regression fit to the data by varying the value 
of x. The alternative approach of estimating the tem- 
perature and using (4) will lead to large errors. If, on the 
other hand, the data cover a wide range of dipole mo- 
ments, (3) or (4) can be plotted and the fits optimised by 
varying x or T, respectively. The corresponding derived 
values of T and x should then agree. 

As an alternative, it is possible to pursue an iterative 
process using an initial estimate of x in (3) to determine 
an initial T, followed by a more accurate determination 
of x using the new temperature in (4). This is then re- 
peated until the two equations converge to single values 
of x and T. 

In the experiments described in this paper, significant 
beam absorption (10-15%) through the flame requires 
the above equations be modified. For a flame of length 

L the intensities of the two pump beams, the probe beam 
(crossing at an angle 0 to the forward pump) and the 
signal generated at a point l will be reduced by absorp- 
tion according to the Beer-Lambert law: 

L - l  Ib = 40) exp IS L-  ec(i)dl] exp [So - ec(/) d/I, (5) 

Ipr = /~0) exp [S~ °°s0- ec(/) d/], (6) 

etc., 
where ~o) and ~o) are the forward pump and probe 
intensities before entering the flame and e is the absorp- 
tion coefficient. The cos 0 term in (6) arises from the 
projection of the probe beam on to the major axis defined 
by the pump beams. In this work, measurements were 
taken in the post flame region where the concentration 
of OH could be taken as constant over the length L. The 
above equations thus simplify to: 

ib = /(f0) exp [ -  a(2L-/)], (7) 

Ipr = ~o)exp ( -  el/cos 0), (8) 

etc., 
where e is the product of the absorption coefficient and 
the constant concentration. 

The signal generated at the interaction zone is propor- 
tional to IflbIprnZl.t x and so the observed signal is given by: 

{ [ ( 0 ) ~ 2 1 ( 0 ) , ~ 2  , x 
i s OC \ a f  ] lp r  t ,  i P t i j  exp [ -  2c¢(L c o s  0 + / ) / c o s  0], (9) 

which is of similar form to the equation obtained by 
Ewart and O'Leary [21]. To obtain a temperature using 
a Boltzmann plot, the observed intensities must first be 
modified by the exponent of (9). As will be observed, 
failure to do so can give temperatures greater than those 
expected. 

A similar correction must also be considered for LIF 
data. Here the signal is directly proportional to the laser 
intensity, which in this work can be taken as that of the 
two pump beams alone. A similar treatment to that for 
DFWM above leads to: 

/L1F OC I~°)ni/~ 2 {exp ( - cd) + exp [ -  c~ (2L-  l)] }, (10) 

where absorption of the fluorescence has not been in- 
cluded because of the close promixity of the measure- 
ment volume to the edge of the flame and the wide spread 
collisional redistribution of the excited state population 
[22]. Values of 7 for each transition were calculated using 
the absorption spectra collected simultaneously with the 
DFWM and LIF data. 

3 Results  and Analys is  

Figure 2 shows an example of the simultaneously 
generated LIF and DFWM spectra of the R branches of 
OH in the propane/air flame. Each spectral point is an 
average of five laser shots. By recording the spectra at 
different laser powers a cubic dependence of DFWM 
signal on laser power, and a linear dependence for LIF 
was established. This confirmed that we were operating 
in the non-saturating regime. 
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Fig. 2. OH DFWM and LIF spectra for the 
R1, R2 and R21 branches around 307 nm from 
a pre-mixed propane/air flame. The LIF spec- 
trum has been offset for clarity. The step size 
was 0.0004 nm and each point is the average 
of 5 laser shots 
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Fig. 3. Boltzmann plot for the DFWM spectrum of the R1, R2 and 
R21 branches of OH following the iteration between temperature 
and dipole moment power. The filled symbols are for data that have 
been corrected for absorption through the flame. The solid lines are 
linear regression fits to the corrected and uncorrected data. The two 
fits yield temperatures of 2220 K and 2510 K for the absorption- 
corrected and uncorrected data, respectively. The values of the 
dipole moment power used were 8.2 and 7.1, respectively (see Fig. 4) 
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Fig. 4. Resulting dipole moment power plot for the DFWM spec- 
trum of the R 1, R2 and R2 t branches of OH following the iteration 
between temperature and dipole moment power. The legend is the 
same as in Fig. 3. The two fits yield powers of 8.2 and 7.1 for the 
absorption-corrected and uncorrected data, respectively. The values 
of the temperatures used were 2220 K and 2510 K, respectively (see 
Fig. 3). Relative dipole moments are calculated using/~ocB u 

The analysis of  the D F W M  data followed the iterative 
procedure described earlier. Figures 3 and 4 show a 
Boltzmann plot and the corresponding dipole moment 
plot for D F W M  of OH. The figures show both absorp- 
tion-corrected and uncorrected data; Einstein B coef- 
ficients have been taken from [23]. The temperature cal- 
culated from the corrected data is 2220 + 60 K, which is 
in excellent agreement with the value of  22304-60 K 
obtained using CARS. All errors quoted for the LIF  and 
D F W M  data are derived from regression analyses. Re- 

producibility of  the data was confirmed by recording 
multiple spectra. These data gave agreement to within 
50 K. The power of  the dipole moment x derived from 
the corrected data is 8.2 4- 0.2 which agrees very well with 
the theoretically predicted value of  8 for weak beams. In 
comparison the uncorrected data given a temperature 
and a dipole moment power of  2510 4- 70 K and 7.1 4- 0.2, 
respectively. This illustrates the large influence absorp- 
tion through the medium has over temperature accuracy. 
Note also that if only data from the R2 branch were 
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between the satellite R21 branch and the main R~ and 
R2 branches is now clear, illustrating the importance 
of using the correct dipole moment power 

available, the narrow spread in dipole moment would 
make it impossible to determine x, and thus the tem- 
perature, accurately. 

The importance of using the correct value of x is 
vividly illustrated in Fig. 5 which shows the Boltzmann 
plot for the same data as used in Fig. 3 but assuming a 
dipole moment power of 4, as observed in the high power 
limit when/>>/sat [13]. In this case the behaviour of the 
main R1 and R2 branches is completely different to that 
for the R21 branch and the deviation from a linear plot 
at low values of J renders any temperature derived from 
the plot meaningless. 

The temperature of the flame was also determined 
from the LIF data. Figure 6 shows a Boltzmann plot for 
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Fig. 6. Boltzmann plot of the R1, R2 and R21 branches of OH from 
the LIF spectrum shown in Fig. 2. The legend is the same as in 
Fig. 3. The two fits yield temperatures of 2040~40 K and 
2130:t:60 K for the absorption-corrected and uncorrected data, 
respectively 

the LIF spectrum of OH shown in Fig. 2. The figure 
shows both raw data and data that have been corrected 
for absorption. The correction was made on the basis 
that the signal collected was generated at the rear edge 
of the flame after the beams had traversed the full width 
of the flame. Note that there is considerable variation in 
the slope, and hence temperature, between the R21 satel- 
lite lines and the R1 and Rz branches in the data that have 
not been corrected for absorption. This discrepancy is 
not observed after correction. The temperatures derived 
from the slopes of the two plots are 2040:t: 40 K and 
2130 4-60 K for the absorption corrected and uncorrect- 
ed data respectively showing that failure to correct for 
beam absorption in LIF can, as with DFWM, lead to a 
significantly different temperature. 

We note with interest that the temperatures deter- 
mined from LIF spectra in this region are consistently 
around 200 K lower than the equivalent DFWM and 
CARS temperatures. This appears to be due to the im- 
perfect operation of the monochromator as a band pass 
filter which may arise from the polarisation sensitivity of 
the diffraction grating. Subsequent experiments used a 
UG11 Schott glass filter in place of the monochromator 
and resulted in a LIF spectrum which, despite the in- 
creased noise from the flame luminosity, gave a tem- 
perature of 2170 4- 70 K after absorption correction. This 
is in broad agreement with the CARS and DFWM tem- 
peratures. 

Next we consider the importance of knowing accura- 
tely the position (/) of signal generation in the flame for 
accurate temperature determination using DFWM. Fig- 
ure 7 shows a theoretical simulation of how the value of 
l (assuming signal generation from a single point) used 
for absorption correction, would change the fitted tem- 
perature from a given data set. A difference of 80 K 
would arise in the DFWM temperatures obtained at two 
positions only 1 cm apart. In contrast the LIF tem- 
perature would show a change of only 7 K. 
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F i g .  7. Plot of the measured temperature 
against distance through the flame for 
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nificant effect of absorption on the 
DFWM temperature. The solid line is a 
simulation of the effect for DFWM using 
(13) while the dashed line is present only as 
a visual aid for the LIF data 

The form of the DFWM plot shown in Fig. 7 can be 
reproduced if we consider (3) for two particular tran- 
sition, labelled 1 and 2, each modified to account for 
absorption. For transition 1 we have: 

in \glB~/~j + cos 0 - kT +const. (11) 

with an analogous expression being written for transition 
2. Combining the two gives: 

l n \ g , B ~ / ~ J - l n  \ g i B ? *  j + COS0 

E2 - E1 
- ( 1 2 )  

kT 

This equation can be rearranged to give: 

A 
T -  B+CI' (13) 

where A, B and C are collections of terms that are in- 
dependent of l or, like the measured signal intensity, have 
already been determined. Taking two transitions that lie 
on the Boltzmann line enable A, B and C to be deter- 
mined. The solid line in Fig. 7 represents this equation 
with values of A, B and C equal to 5742, 2.494 and 0.088, 
respectively, calculated using the Rt(6) and Rt(16) tran- 
sitions. Thus, in the case of DFWM, both experiment 
and theory show that the position of measurements with- 
in the flame has a much larger effect on the measured 
temperature than with LIF. 

The above analysis is for the idealised situation of a 
single point signal source. In reality, however, signal is 
generated over a length determined by the overlap of the 
beams. In this case (5) and (6) (and the analogous ones 
for the other beams) would have to be integrated over the 
interaction length accounting also for the beam profiles. 
The key point is that the absorption correction necessary 
to obtain the correct DFWM temperature is only valid 

at one position within the flame and, as shown above, 
any error in the measurement position relative to the 
particular absorption correction used will lead to signifi- 
cant errors in the measured temperature. Thus in any 
application involving a flame whose dimensions are larg- 
er than the interaction length a knowledge of the mea- 
surements position would be essential to obtained the 
correct DFWM temperature. 

Finally, for completeness, the temperature from the 
absorption spectrum was also calculated and found to be 
2100 K. It should be noted however, that this is a line 
integral of the temperature through the flame and so 
detailed comparison with the more spatially resolved 
temperatures given by CARS, LIF and DFWM is 
inappropriate. 

Clearly, working in a non-saturating regime 
(I<<1 MW/cm 2 per wavenumber [13]) presents many 
problems in the application of DFWM in practical en- 
vironments where combustion devices may be several 
meters wide thus causing extensive beam absorption. In 
such circumstances the laser power at the interaction 
volume, the dipole moment power and the temperature 
will all be unknown. The laser power is the most crucial 
and the most difficult to establish, generally being es- 
timated from line-of-sight absorption measurements 
through the flame. 

One solution to these problems would be to imple- 
ment DFWM in the non-saturating limit of weak beams 
where theory predicts a #s dependence. However, work 
by Farrow et al. [18] has shown that dipole moment 
powers in excess of 10 can occur in NO. Although such 
behaviour in OH has not been reported to date, it cannot 
be entirely ruled out at this stage. Therefore this idealised 
approach may not be appropriate. It should also be 
noted that not all transitions will have the same dipole 
moment and so there will be a distribution of Isat values 
throughout the spectrum. This means that in the inter- 
mediate power regime between /<</sat and />>/sat, the 
dipole moment x may no longer be a constant across the 
spectrum. 

Many of these problems, however, disappear when 
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working in a strongly saturating regime. Workers have 
found experimentally that the dipole moment power is 
four in such circumstances [13, 18] thus removing one 
unknown. Also, providing centre line intensities are used 
in subsequent analyses and in the limit of monochromat- 
ic radiation, there is no dependence on laser power [18] 
so absorption of the incoming beams can be ignored. 
However, if integrated peak areas are used, the resulting 
signal intensity is dependent on 11/2 (2) and so correction 
for absorption of the input beams again becomes neces- 
sary. Signal absorption will still need to be considered in 
all cases. For molecules such as NO, which require higher 
laser intensities to achieve saturation, the iterative 
procedure outlined in this work may be necessary. 

Perhaps the most significant area where the problems 
illustrated by this work will be most acute is in imaging 
applications of DFWM. The act of expanding the beams 
into sheets will inevitably lead to wide variations in pow- 
er density across the sheet. Prior knowledge of the power 
density at each point in the interaction volume would 
then be required to be certain that saturation was being 
achieved at each point in the image. If not, the image may 
have to be corrected, with the dipole moment power 
determined at each point. 

4 Conclusions 

CARS, LIF and DFWM have been used on the same 
premixed propane/air flame to provide comparative 
measurements of temperature. All three techniques gave 
a temperature within 30 K of 2200 K and are in agree- 
ment with the accepted value for the propane/air flame 
temperature [24, 25]. The DFWM data show a depen- 
dence on the dipole moment of #8.2 which is indicative 
of the use of low laser powers such that I<<Isat. We have 
shown that failure to establish the correct power of the 
dipole moment can result in, at best, inaccurate tem- 
peratures and, at worst, meaningless Boltzmann plots 
(although whether an inaccurate temperature is better 
than no temperature at all is a matter for debate beyond 
the scope of this paper). To determine the dipole moment 
power however, requires a knowledge of the tem- 
perature. A number of solutions to this apparent par- 
adox have been presented. 

We have also discussed the role of absorption in 
DFWM OH thermometry. Our data show that absorp- 
tion in the A+--X (0-0) band of OH cannot be neglected 
at the low laser powers used and that to do so can lead 
to a significant overestimate in the measured tem- 
perature. Furthermore, the accuracy of the absorption 
corrected DFWM temperature is found to be critically 
dependent on the accuracy with which the measurement 
position within the flame is known. An uncertainty of 
1 cm, for instance, in the measurement position would 
lead to an error of 80 K in the flame used in this work, 
whereas the same uncertainty would lead to a change of 
only 7 K in the LIF temperature measurement. 

This work confirms that it is preferable to operate 
with laser power densities well above those required for 
saturation when using DFWM for thermometry. In addi- 

tion, working in such a power regime is also known to 
limit the effects of collisional quenching on DFWM [26]. 
These high power densities have significant implications 
for DFWM temperature mapping where local variations 
in the power density across the expanded laser sheets may 
lead to regions where the power density falls below the 
level required to saturate the OH transitions. This will in 
turn translate into wide variations in the dipole moment 
dependence and therefore wide variations in the tem- 
perature measured. The problem is compounded by the 
fact that the required saturation intensity, Is,t, is itself a 
function of pressure [14]. In combustion environments 
such as an internal combustion engine the pressure is an 
ever changing parameter. The laser intensity would then 
have to be in excess of the largest value of/sat. Recent 
work has also shown that DFWM is sensitive to laser 
mode quality [27] which in conjunction with this work 
means that if the technique is to progress out of the 
laboratory into the industrial sector the advent of afford- 
able and reliable high power single mode lasers is a 
pre-requisite. 
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