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Abstract. Degenerate four wave mixing (DFWM) is applied as a diagnostic to study OH 
and NH radicals in flames. DFWM is a coherent technique which offers the advantages of a 
highly collimated signal beam permitting efficient rejection of interfering radiation and 
requiring minimal optical access. Rotational temperatures have been determined from the 
DFWM spectra and are in close agreement with the temperatures measured using coherent 
anti-Stokes Raman scattering of nitrogen. 

PACS: 42.65 Hw, 82.40 Py, 42.65 Dr, 42.65 Ft 

With the availability of high power tunable laser 
sources, optical spectroscopy has gained widespread 
application as a diagnostic to detect stable and reactive 
species in gas phase systems. Laser-based methods are 
nonintrusive and provide high spatial and temporal 
resolution when light pulses of nano- and picosecond 
duration are employed and probe volumes are reduced 
by overlapping or focussing the beams. These charac- 
teristics are especially attractive for combustion diag- 
nostics applications. 

Linear optical spectroscopies such as laser-induced 
fluorescence (LIF) [1, 2], absorption [3], Rayleigh [4], 
and spontaneous Raman scattering [5, 6] have found 
widespread application in mapping concentration pro- 
files in flames. Spontaneous Raman- and Rayleigh 
scattering are mainly used for measuring temperatures, 
major species (N2, 02, H20, CO2, fuel) concentrations 
and density due to their lower sensitivity. Laser- 
induced fluorescence and absorption techniques are 
generally employed for detecting trace reactive species 
(OH, CH, CN, NH 2, NH). 

Nonlinear optical diagnostics have also proved 
very valuable. Among them, coherent anti-Stokes 
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Raman spectroscopy (CARS) offers the capability to 
measure temperature and major species concen- 
trations [8] even in hostile environments [-9]. The 
coherent generation of the signal beam in this four- 
wave mixing process makes it ideal for remote probing 
and detection of otherwise difficult to access devices 
such as internal combustion engines [10]. To increase 
the detection sensitivity of the method the wavelengths 
of the participating wave mixing beams and the 
generated anti-Stokes beam can be tuned in the 
vicinity of electronic absorption transitions. This 
greatly increases the signal strength by resonance 
enhancement. Resonance CARS has been successfully 
demonstrated for iodine vapor [11] and recently for 
OH in premixed H2/air and CHJai r  flames [12]. 
However, the high sensitivity of resonance CARS 
comes at the expense of increasing the experimental 
complexity and the complexity of spectral interpreta- 
tion. 

Another closely related nonlinear optical process 
involving the third order susceptibility X3(co) is degen- 
erate four-wave mixing (DFWM). DFWM is widely 
used in measuring ultrafast relaxation and diffusion 
phenomena in liquids [13] and solids [14], and in 
optical phase conjugation [15]. It also has potential 
application in high resolution spectroscopy because of 
the Doppler free nature of the interaction process. 
Using only one laser wavelength the technique has 
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been demonstrated to be a sensitive detection method 
for sodium in flames [16, 17]. For molecules, lower 
sensitivity is expected because of the smaller transition 
moments involved. Nonetheless, Ewart and O'Leary 
[18] have succeeded in detecting OH radicals in a 
flame and demonstrated promising signal to noise 
ratios via several R l-lines in the A -  X(0, 0) ultraviolet 
absorption band. 

In this paper, we present an extended investigation 
of DFWM spectroscopy of OH and NH radicals in 
atmospheric flames. By analyzing the individual ro- 
tational lines of the A(2S+)-X(2II)  (OH) and A(3H) 
-X(3Z  -) (NH) transitions, temperatures in the over- 
lap volume of the beams are determined. An indepen- 
dent comparison of these results was made by per- 
forming a nitrogen CARS temperature measurement 
at the same location in the flame under identical 
operating conditions of the burner. 

1. Overview of DFWM 

We use a DFWM geometry in which two pump waves 
Ef and E b are counterpropagating and cross a third 
wave Ep at an angle O between Ep and Ef, and where all 
waves are of identical frequency, co. The nonlinear 
interaction couples these three waves to a fourth wave 
Es(co ) which counterpropagates with Ep and can be 
spatially separated through the use of a beamsplitter. 
This geometry meets the phase matching requirements 
for all angles O and has the unique property that Es is 
proportional to the complex conjugate of Ep, namely 
E*. The generated nonlinear polarization can be 
written [-19, 20] 

P~a)(ks = - kp, co) = A(Ef. E*)E b 

+B(Eb.E*)Ef+C(Ef.  Eb)E*, (1) 

where A, B, and C are related to different tensor 
components of the third order susceptibility Z (3), and 
also depend on O. A resonance enhancement of the 
DFWM signal occurs whenever co matches an allowed 
molecular transition. Each of these three terms can be 
given a physical interpretation. The first two terms 
describe an interference of the Ep with Ef and E b. This 
interference gives rise to an optical fringe pattern in the 
sample such that the intensity of the light varies 
sinusoidally in the beam overlap region. In an absorb- 
ing medium, this spatial oscillation in intensity results 
in a corresponding variation in the concentration of 
excited states. These alternating regions have different 
indices of refraction and therefore form a Bragg 
grating. This volume diffraction grating produced by 
the interference of Ep and Ef (Ep and Eb) then results in 
the scattering of E b (Ef). The third term in (1), which 
describes the interaction of Ef and Eb, oscillates at 2co 
and is not important for one-photon absorption 

processes. It becomes important for non-absorbing 
media and processes involving a near resonant two- 
photon absorption [20]. 

In the current experiment we use a configuration in 
which Ef and Ep have parallel polarizations that are 
oriented at 90 ° with respect to Eb. Therefore, the first 
term in (1) is responsible for the generated wave Es 
which will be polarized parallel to Eb [-12, 21]. (No 
intensity interference pattern will be generated be- 
tween the crossed polarized waves E b and Ep.) This 
geometry has been chosen for two reasons. First, it 
leads to scattering from the grating with the largest 
fringe spacing A (A=2p/2Sin(O/2)), where 0 = 4  ° for 
the first term compared to 176 ° for the second term of 
(1) [14 I. This reduces effects of grating washout due to 
molecular motion which is significant for the high 
temperatures of flames. Second, the fact that Ep and Es 
have polarizations that differ by 90 ° allows for efficient 
discrimination in the detection of Es using a polarizer. 

The description of the four-wave mixing interac- 
tion given above has ignored the contribution of 
orientational gratings that can result from vectorial 
addition of electric fields with crossed polarization 
[22]. In this case the electric field polarization varies 
from linear to left circular to linear to right circular and 
finally back to linear across one fringe. This results in a 
spatial variation in the Mj distribution of the excited 
molecules and can also result in diffraction. The 
importance of orientational gratings is generally smal- 
ler than that of population gratings but will strongly 
depend on the molecule of interest and the geometry 
and polarization of El, Eb, and Ep. 

A detailed theoretical description of the non-linear 
polarization generated by the four-wave mixing proc- 
ess was given by Abrams and Lind over one decade 
ago [23]. Investigations of more complicated systems 
have followed and included treatment of Doppler 
broadening, saturation phenomena, collisional effects, 
multiple level schemes, and effects of broadband lasers. 
A full treatment of our present experimental con- 
ditions which include all effects mentioned has not yet 
been attempted. 

2. Experimental 

Figure 1 shows the experimental setup used in this 
investigation. Tunable laser radiation (OH: 307 nm, 
NH: 335 nm range) is generated by frequency doubling 
the output of a tunable dye laser (Lumonics Hyper- 
dye 300) pumped by the second harmonic output of a 
Nd : YAG laser (Quanta Ray DCR 2A). The frequency 
doubling unit Lumonics Hypertrack 1000) was 
tuned by a keypad-operated computer interface syn- 
chronously with a stepping of the dye laser grating 
to keep the doubling efficiency at its maximum. The 
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ultraviolet output radiation is split by a 30% reflectiv- 
ity beamsplitter into collinear, counterpropagating 
forward and backward pump beams. A second beam- 
splitter and a quartz prism direct a low intensity probe 
beam under a crossing angle of 4.2 ° into the overlap 
region of the two pump beams. A beam diameter of 
1.5 mm defines an overlap length of approximately 
25ram. To increase the spatial resolution of the 
sampling volume, in the case of the NH measurements, 
the backward pump beam was collimated to a diame- 
ter of approximately 0.5 ram. With a double Fresnel 
rhomb, a polarizer in the pump beam path and two 
polarizers in the probe beam path the intensities of 
both incoming beams can be varied independently and 
the pump beam polarizations can be rotated relative to 
that of the probe beam. The phase conjugated DFWM 
signal is split offwith a 30% beamsplitter and directed 
to a photomultiplier (RCA I P28A). To reduce stray 
and background light from reaching the detector the 
DFWM beam travels approximately 3m through 
several apertures, a polarizer and is focussed through a 
100 gm diameter pinhole. 

In the case of OH, a LIF signal is observed 
simultaneously with the DFWM signal at right angle 
to the crossing beams in the burner by a second 
multiplier. An adjustable iris in front of this PMT 
(500 V) defines the viewing angle of light striking the 
photocathode but no special precautions have been 
taken to exactly match the DFWM and LIF probe 
volumes in the flame. A photodiode monitors the laser 
intensity of the probe beam. The energies of the 
individual beams are measured with a fast thermopile 
detector (Molectron J3-05). The electrical signals are 
preprocessed using standard CAMAC electronics and 
the data are stored in a laboratory computer (DEC 

Microvax II). The computer also controls the scanning 
of the dye laser by tuning slowly across the relevant 
lines while scanning fast in between lines. 

CARS spectra are taken using part of the second 
harmonic output of the Nd:YAG laser to pump a 
broadband dye laser centered at the Stokes-shifted 
wavelength for nitrogen. The remaining part of the 
green light together with the dye laser output is 
overlapped and focussed with a 300 mm focal length 
lens into the flame gases forming a three-dimensional 
geometry [8]. Nonresonant reference spectra for 
normalizing the flame CARS spectra are acquired in a 
stainless steel cell filled with 3000 Torr of oxygen or 
propane. The CARS signal beam is dispersed in a 
0.85m double monochromator (SPEX Model1402) 
and detected with a CCD camera (Photometrics 200 
series). Normalized flame and room temperature spec- 
tra are transferred to a mainframe computer 
(VAX 8650) for temperature analysis. The CARS ap- 
paratus has been described in more detail elsewhere 
[25]. 

For OH detection stoichiometric premixed propa- 
ne/air flames were run at a fuel flow rate of 5 l/rain and 
a co-flow of nitrogen on a flat flame burner, which 
stabilizes the flame on a sintered stainless steel plate 
50mm in diameter. The burner housing was water 
cooled and the fuel flow was regulated with a Tylan 
flow controller. The DFWM and CARS measurement 
point was located 9 mm above the center of the burner 
surface. NH radicals were detected in an ammonia 
(2.11/min)/oxygen (1.51/mingnitrogen (1.01/min) flame 
1.6 mm above the burner surface. This close distance of 
the probing laser beams to the burner surface gen- 
erated a considerable amount of stray light and 
therefore prevented the observation of LIF signals. 
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3. Results and Discussion 

An assigned DFWM spectrum of the OH A(2Z +) 
-X(2II)  transition taken 9mm above the burner 
surface is shown in Fig. 2a. The simultaneously re- 
corded LIF spectrum is shown as a dashed line. In 
general the signal-to-noise was limited by the dynamic 
range of our photomultiplier tube. However, the 
strong power dependence of the interaction resulted in 
large shot-to-shot variations in the signal intensities (in 
the absence of saturation, E~ oc E*EfEb).  Therefore, 
each spectral point in Fig. 2 was an average of 20 laser 
shots. 

The DFWM intensities depend on the square of the 
third-order nonlinear susceptibility and therefore are 
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Fig. 2. a Simultaneous recording of the DFWM (solid line) and 
LIF (dashed line) signals for the OH A(2Z +) - X(2H) transition as 
a function of doubled dye laser wavelength. Pump beam energy: 
780 p J;  probe beam energy: 74 lay For clarity the LIF spectrum is 
offset with respect to the DFWM spectrum baseline by an 
arbitrary amount. The vertical scale is in arbitrary intensity units. 
b Boltzmann plot of OH population distribution derived from 
DFWM spectrum as shown in a. In the analysis R 1 (triangles) and 
R2 (circles) transitions are used. Solid line: least squares linear 
regression through the data points 

proportional to the square of the population difference 
of the resonant transition. By comparing signals from 
two different spectroscopic transitions that probe the 
same OH fine structure state we also find that the 
integrated DFWM signals are dependent on the 
square of the rotational line strengths. Several OH 
rotational states were examined using the R1 and the 
R21 transitions of the (0,0) vibrational band which 
have significantly different line strengths. Using the 
relationship 

Isig o¢ [BuNoH(V" , j,,)]z, (2) 

where Non(V", J") is the OH rotational state number 
density and B u is the one-photon line strength of the 
probed molecular transition [26], rotational popula- 
tions were determined. The populations determined 
from these two branches for the first five rotational 
states were found to be in excellent agreement (within 
10%). Table J compares the ratios of the line strengths 
to the square root of the ratios of the signal 
intensities for these two transitions demonstrating the 
validity of (2). 

Using this relationship temperatures were derived 
from the integrated intensities of well-resolved tran- 
sitions in the R1 and R2 rotational branches. Using the 
assumed Boltzmann distribution within the rotational 
manifold 

NN(v = 0) oz (2J + l) e x p ( -  AENhc/kT), (3) 

where AEN is the term value of rotational level 
J=N+_I/2, and the squared dependence of the line 
intensities on population, a plot of 

In \ [2(N + ½) + 1] BuJ (4) 

versus rotational energy should give a straight line. A 
temperature is then derived from the slope of a linear 
least squares fit to the experimental data points. A 
typical Boltzmann plot determined from one spectral 
scan of OH is shown in Fig. 2b. 

Table 1. Comparison of measured ratios of main (In) and 
satellite (IR~I) DFWM line intensities with calculated ratios of the 
corresponding line strengths (LS) after [26]. Pump beam energy: 
844 IxJ, probe beam energy: 32 IxJ 

N LS(RO/LS(R~d [IR,(N)/IR.(N)] ~/~ 

1 0.667 0.68 
2 1.19 1.3 
3 1.84 1.8 
4 2.63 2.7 
5 3.55 3.5 



Degenerate Four-Wave Mixing Diagnostics on OH and NH Radicals in Flames 483 

a) 

to 

NH ( A3I-[ - X 3T:" ) 
[ 

' h ' ; ' ~ ' ; ' h  

--~R 1 

[ fpump = 5 .6  ,U.J 

P tolal  = 1013 m b a r  

° , ( 6  . . . .  4 

i ~ ~ 7 Q2 
3 15 i J Q 3  

14 16 

i 

3 3 5 . 8 0  3 3 5 . 9 5  3 3 6 , 1 0  3 3 6 . 2 5  

Wavelength (nm) 

b )  T=2o oK 
-o.3- o :Ra-branch 

" ~  z~ : R2-branch 

e -  : - . 

0 - 0 , 8  

--I 
13. 
0 

13. -1 .3 - 

-1 .8 - 

- 2 . 3  i i i i i 0 h 
1 0 0  6 0 0  1100 1 6 0 0  2 1 0 0  26  0 3 1 0 0  

Rotational Energy (cm "1) 

Fig. 3. a Experimental DFWM rotational spectrum of the 
Q-branch region of the NH (AaH--X3Z -) transition taken in a 
1 atm pressure NHa/O2/N 2 flat flame 1.6ram above the burner 
surface. The transitions are labeled by the ground state total 
angular momentum quantum number N. b Boltzmann plot of 
rotational population distribution in the R-branches of the NH 
(A3H-X3Z -) (0,0) electronic transition. The straight line is a 
regression line through all data points, giving a temperature of 
2042 K 

Analogous measurements have been made on the 
NH radical in an ammonia/oxygen/nitrogen flame 
close to the burner surface. A DFWM spectrum of NH 
in the Q-branch region of the A(3II)-X(3Z-) transition 
is shown in Fig. 3a. The DFWM signals obtained for 
NH in this flame were exceptionally strong and spectra 
with good signal-to-noise ratios could be obtained 
using a total laser intensity of 10 kW/(cm 2 wave- 
number). Because of the spectral congestion in the 
Q-branch region, populations were determined from 
the neighboring three R-branches (330.9-335.6 nm). A 
Boltzmann plot resulting from such a scan is shown in 
Fig. 3b. 

In order to test the accuracy of the temperatures 
determined using DFWM, CARS measurements were 
undertaken at the same spatial location in the flames to 

Table 2. Flame conditions and temperature measurement re- 
sults using CARS and DFWM diagnostics 

Flame Volume flows TcARs TDFWM 
[1/mini [K] [K] 

C3Hs/air ~(C3H8): 5 1703+20 1730_+60 
4~(air): 48 

NH3/O2/N2 ~(NH3): 2.1 2100_+150  2042_+106 
~0(O2): 1.5 
~(N2): 1.0 

deduce temperatures from molecular nitrogen CARS 
Q-branch spectra. Theoretical CARS signatures are 
generated and fitted to averaged CARS spectra cover- 
ing the v = 0--1, 1-2 Raman transitions with band heads 
at 2330 and 2303 cm- 1, respectively, in a least squares 
fit computer routine. The temperatures determined 
using DFWM and CARS are compared in Table 2. 
Excellent agreement is found for both OH and NH. 
The error limits for the CARS temperatures are 
deduced from the final fitting values of several data 
sets. The low concentration of the nitrogen seeded 
ammonia flame caused the CARS signal to decrease 
appreciably compared to the propane/air flame. The 
noticable nonresonant background interference in the 
generated CARS spectra also contributed to the 
increase in the error limits of the measurements. 
Temperature gradients were found to be negligible 
with respect to our spatial resolution in the postflame 
gases for the OH measurements. However, gradients 
near the flame front in the case of the NH measure- 
ments are certainly important and spatial averaging in 
the probe volume [27] limits the accuracy of the 
temperature measurements in both methods used. The 
agreement of measured temperatures using DFWM 
and CARS along with the data presented in Table 1 
demonstrates the ability to easily interpret the DFWM 
signal intensities using the very simple relation given 
in (1). 

In the experiments described here to determine 
temperatures, the laser intensities used were in excess 
of the saturation intensity for the one-photon transi- 
tions. In the case of OH, I~at is approximately 
1 MW/(cm 2 wavenumber) [28] and laser intensities in 
the range of 5-12 MW/(cm 2 wavenumber) were used in 
the experiments. The effects of saturation on the one- 
photon transitions are most apparent from the 
examination of the LIF spectrum acquired simulta- 
neously with the DFWM spectrum shown in Fig. 2. As 
can be seen in Fig. 2 the DFWM lines are narrower 
than the LIF linewidths due in part to the square 
dependence of the DFWM intensities on the suscepti- 
bility. The FWHM linewidths in the LIF spectrum are 
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measured to be ~0 .40cm -1. In addition to the 
broadening due to saturation, this linewidth is com- 
posed of a laser linewidth of ~0 .15cm -1, and a 
calculated Doppler and collision width of ~ 0.25 cm-  1 
and ~ 0.07 cm-1 [29], respectively. Both the D F W M  
and the LIF linewidths were observed to narrow as the 
laser intensity was lowered. The laser-induced absorp- 
tion rate, W12, for the OH[R1(7)] transition [30] at 
pump energies of 500 ixJ (,,~ 7 MW/(cm 2 wavenumber)) 
is ,~ 5 x 10 l° s-1 which is much larger than the decay 
rate of the excited level due to spontaneous emission 
and rotational relaxation of ~ 1.5 x 109 s - 1. Therefore, 
the stimulated pumping rate is dictating the lifetime of 
the electronically excited OH rather than collisional 
removal. This should reduce problems associated with 
rotational level dependent quenching which in some 
cases requires corrections to be made in the analysis 
of LIF  spectra. It should also be noted that self- 
absorption was determined not to be a serious prob- 
lem in the present experiments and consequently 
did not  contribute significantly to the observed line- 
widths. 

An additional note should be made concerning 
saturation effects on the rotational populations meas- 
ured using the R~ and the R 2 ~ transitions. As discussed 
earlier these two branches probe the same state but  
have considerably different rotational line strengths. 
The difference in line strengths for the R t and the Rz~ 
transitions results in a disagreement in the measured 
population when using LIF  in the saturated regime (i.e. 
the population is no longer linearly proportional  to the 
line strengths). However, the degree of saturation at the 
one-photon level does not seem to perturb the squared 
dependence of the D F W M  intensities on the line 
strengths as shown in Table 1. We offer no explanation 
of this at the present time. Further experiments to 
understand the effects of saturation are in progress. 

In this article we have demonstrated the usefulness 
of degenerate four-wave mixing (DFWM) for combus- 
tion diagnostics of transient species. The method was 
applied to the detection of the OH and N H  radicals in 
premixed atmospheric pressure flat flames. Using the 
R-lines of the OH A(2S+)-X(21-1) and the N H  A(HI) 
- X ( 3 X  -)  systems, temperatures were derived from 
Boltzmann plots. These temperatures lie within the 
error limits of CARS temperature measurements using 
nitrogen as the Raman active species. D F W M  is very 
attractive for combustion applications due to the 
coherent nature of the generated signal beam which 
gives a high collection efficiency and makes stray light 
rejection and remote probing easy in hostile and 
luminous environments. Other advantageous features 
include the polarized signal radiation and high spatial 
and temporal resolution. In addition D F W M  reveals 
the high sensitivity of a resonance enhanced CARS 

process without being experimentally too complicated. 
Finally the high sensitivity and low laser intensity 
requirements make two-dimensional imaging feasible. 
This was first demonstrated for atomic sodium [31] 
and has recently been applied to O H  in this laboratory. 
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