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Forward degenerate four-wave-mixing spectra of NO in the strong-field regime including
polarization, line coupling, and multipole effects. II. Experiments
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The behavior of forward degenerate four-wave-mixing spectra of NOÃ-X̃(0,0) in the presence of strong
optical fields is observed for two crossed-polarization arrangements. The NO features in terms of coupled and
isolated lines are interpreted with the complete model described in the preceding paper@V. Krügeret al., paper
I, Phys. Rev.64, 012716 ~2001!#. In the intermediate regime of saturation, the variation of relative line
intensities with input energy is properly reproduced for NO. Thanks to these fits, we have been able to
determine saturation threshold with a good accuracy. Important properties of the different polarization schemes
are observed and discussed.
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I. INTRODUCTION

A model using a numerical solution of density matr
equations expressed in the spherical tensor formalism
proposed in paper I@1# to calculate the signal intensity o
forward degenerate four-wave mixing~FDFWM!. This solu-
tion is carried out assuming a particular scheme for mole
lar interaction that involves three-J levels and their Zeeman
multiplicity. Collisional effects including the orientationa
contributions are taken into account in this model. The th
input beams~Fig. 1! are assumed to be strong with arbitra
electric field amplitudes. Different polarization arrangeme
assuming linearly polarized light and parallel or crossed c
figurations were studied in detail throughout the parame
study of paper I. To our knowledge, this treatment is ori
nal.

Although extensive work has been performed experim
tally @2–7#, only few experimental investigations were ca
ried out in saturating conditions@8–13#. In the present paper
a DFWM study of NO is undertaken experimentally in t
saturation regime. Experiments are performed in a flame
the spectral fitting allows us to confirm some of the theor
ical predictions of our model. The range of intermedia
saturation was proved to be useful to perform quantita
measurements of concentration and it will be investigated
the present experimental study. A concentration meas
ment requires the preliminary knowledge of the temperat
and of the signal dependence as a function of temperatu
this regime. Therefore, our model is first applied to pred
the variation of the DFWM signal with temperature and pr
sure for several saturating conditions.

The main dependence of the signal versus tempera
and pressure is included in the collisional broadening par
eters that are taken from separate works@14,15#. The band
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profile peaks at one particularJ value, which is well known
in the low-field limit. However, the temperature behavior
the DFWM signal is strongly depending on the level of sa
ration that may distort the band shapes. Therefore, our
perimental level of saturation has to be precisely known
order to use the proper Rabi frequency in the theoret
calculations of the band profiles. The determination of sa
ration threshold is thus necessary prior to performing qu
titative measurements of concentration. Once the satura
threshold is known, the effect of temperature~or pressure! is
predicted using theoretical simulation ofPSig

max/N: this quan-
tity represents the coefficient relating the DFWM signal a
plitude to the total number densityN to be measured@1#.
Quantitative concentration measurements are possible w
the saturating conditions and the temperature and pres
are accurately known.

An experimental investigation of NO spectra is unde
taken in a laboratory flame in which NO concentration
known and constant. The experimental setup is describe
Sec. II. The effect of temperature and pressure is predicte
Section III, using the multilevel theoretical simulations. T

ic
FIG. 1. ~a! Beam configuration in folded BOXCARS geometr

~b! polarization arrangements and related« i values defined in pape

I according to the labelingê4ê1ê3ê2.
©2001 The American Physical Society17-1
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linewidth description is recalled. In Sec. IV, the determin
tion of saturation threshold is first carried out by fitting e
perimental spectra exhibiting power broadening with a
equate theoretical profiles. The influence of the polarizat
configuration on the line intensities and on the backgrou
level is then investigated. The validity of our model
checked and discussed.

II. EXPERIMENT

In order to validate our model, we have fitted the N
spectra recorded in a flat atmospheric pressure flame.
different polarization arrangements are selected accordin
paper I@1#, the yxyx andyxxy schemes of Fig. 1.

In this study, the NO spectral domain ranges from
SR21(7.5) singlet (44 272.287 cm21) to the Q1P21(17.5)
doublet (44 266.130 cm21). The NO spectroscopic dat
used for the lines assignments are given in paper I@1#.

A. Flame conditions

A flat premixed flame is produced on a porous plug
60-mm diameter~McKenna Products, Inc.! at atmospheric
pressure. Flow rates are 60.3 slm~standard liters per minute!
of air and 10.5 slm of hydrogen, leading to lean flame c
ditions. A mixture of 1% NO in N2 is added to the air flow
prior to reaching the gas-mixing chamber. The 1% NO fl
rate is ranging from 2 to 4 slm. The laser beams are focu
10 mm above the porous surface. The temperature is m
sured by CARS~coherent anti-Stokes Raman Spectrosco!
to be about 1300 K in these conditions. The seeded
concentration is not reduced by chemical reactions in suc
lean flame and is set to 400 ppm for most of our experime

B. Setup

The experimental setup is shown in Fig. 2. A tunable U
beam is generated by a frequency-doubled dye laser~TDL
70, Quantel! that is pumped by the third harmonic of a
Nd:yttrium aluminum garnet laser~YG 782, Quantel! with a

FIG. 2. Schematic diagram of the setup in theyxyxpolarization
configuration: S: beam splitter, WP: half-wave plate, DP: dichr
polarizer, L: lens, PM: photomultiplier, E: electronics, SM: steppi
motor, PS: power supply of SM, DC: doubling crystal.
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10-Hz repetition rate. The dye laser is operated with coum
rine 460 and provides pulses with energy up to 3 mJ an
linewidth of 0.12 cm21 @full width at half maximum
~FWHM!# at 226 nm.

The UV beam is split into three beams in a folde
Boxcars arrangement~Fig. 1!. The three parallel beams ar
focused in the probe volume using a 890-mm focal len
lens. The separation of the pump beams 1 and 3 is 22
leading to an angle of 1.4°. The beams are recollimated
ing a collection lens. Detection of the signal is performed
a UV photomultiplier tube~RTC, XP 2020 Q!. The supply
voltage of the PM tube is 1850 V. Spatial filtering and
dichroic polarizer are used in the coherent signal path,
generated signal is always analyzed alongy. The pump beam
1 is polarized alongx. The beams 2 and 3 are either polariz
along x and y or y and x, to generate theyxyx or yxxy
arrangements, respectively. They-polarized incident beam is
attenuated by a factor of 13 with neutral density filters
reduce stray light on the signal channel. Therefore the dis
bution of intensity of each beam is

I 25I 1 , I 35I 1 /13 for yxyx polarization

I 25I 1 /13, I 35I 1 for yxxy polarization,

whereI i is the energy of beami at focal volume. The attenu
ation factor 13 corresponds, for the field amplitude, to
reduction factor of 3.6 that has been given in paper I~Fig.
14!.

In the following, the laser intensityI laser refers to the en-
ergy of all beams in the focal volume, i.e.,I laser5I 11I 2
1I 3. For simplicity, the energyI 1 of beam 1 is given as
reference in the experimental plots, with the correspond
vibronic Rabi frequencyVvib1. All these plots give the
square root of the experimental FDFWM intensity,I DFWM

1/2 ,
which is directly proportional to the NO concentration.

III. TEMPERATURE AND PRESSURE STUDY

Here, our first effort is devoted to the calculation of th
line-shape evolution as a function of pressure and temp
ture using the well-known variation of collisional and Do
pler parameters versus thermodynamical conditions.
temperature and pressure dependence of the collisi
widths is given by@14,15#

Gab~k!5
1

2 F0.79S 295

T D 0.79

0.310.585S 295

T D 0.75

0.7GP cm21

~1!

for a mixture of colliders of 30% H2O and 70% N2. T is the
temperature in Kelvin andP the pressure in atmospher
These linewidths are notJ dependent in NO and are therefo
the same for all the lines studied in the following discussio
The set of transversal and longitudinal widths used in
description of collisions is given in Table II of paper I. Whe
the temperature changes, different mechanisms~Doppler and
collisions! are competing in the line broadening proce
These linewidths are evaluated for NO and are listed in Ta
I for different temperatures.

c
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FORWARD DEGENERATE FOUR- . . . . II. . . . PHYSICAL REVIEW A 64 012717
Let us recall also that we have defined a Rabi freque
in paper I, by

Vab5Vvib~Sab
J !1/2, ~2!

where Vvib is the vibronic Rabi frequency andSab
J is the

rotational part of the transition moment of the line und
study @1#.

The Doppler and collisional line widths~Table I! and
their relative values as regards to Rabi broadening hav
drastic influence on the final DFWM line shape. As it is w
known, the temperature dependence of the signal ampli
is driven by the collisional parameters, the Doppler effe
and the thermal equilibrium of the initial population of th
molecular levels. This last one is defined in paper I by

Na
(o)5Nna

(o) , ~3!

whereN is the total number density to be deduced from o
experiments.na

(o) is the population fraction of levelua& given
by the normalized Boltzmann exponential as follows

na
(o)5

e2Ea /kT

QvQR
, ~4!

whereQv andQR are the vibrational and rotational partitio
functions andEa is the energy of levelua&. Both na

(o) andN
depend on the temperature.N varies linearly with the pres
sure and is inversely proportional to the temperature. SincN
needs to be retrieved from the measurement of the si
intensity, the variation ofPSig

max/N will be calculated in dif-
ferent experimental conditions of pressure, temperature,
laser intensity.

According to paper I, only the ground levelua& is initially
populated.

In the following, the behavior of the individual lines ve
sus temperature and pressure and the envelope of the
tional band profile versusJ are studied for a set of vibroni
Rabi frequencies corresponding to low, intermediate a
strong saturation. Let us first study the spectral profiles in
next section.

TABLE I. Spectral linewidth~HWHM! in cm21 as a function of
temperature~K!; P51 bar.

T Collisional Doppler Doppler/collisional

400 0.256 0.058 0.23
600 0.188 0.071 0.38
800 0.151 0.082 0.54

1000 0.127 0.091 0.72
1200 0.111 0.100 0.90
1300 0.104 0.104 1.00
1400 0.098 0.108 1.10
1600 0.089 0.115 1.30
1800 0.081 0.122 1.51
2000 0.075 0.129 1.72
2200 0.070 0.135 1.95
2400 0.065 0.141 2.18
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A. Line shapes

The calculated FDFWM line shape ofQ1P21(5.5) doublet
is shown in Figs. 3 and 4 as a function of temperature a
pressure, respectively, withVvib50.2, in theyyyy configu-
ration of Fig. 1. When temperature increases, the Dopp
width increases asT1/2 and the collisional width decreases
T23/4 as given by Eq.~1!. In Table I, we see that collisiona
and Doppler widths of NO become equal to 0.104 cm21 at
T51300 K whereas at 400 K, the collisional width dom
nates by a factor of 5. Conversely, atT52400 K, the Dop-
pler width is twice as large as the collision width.

As collisional contributions change, the saturation para
eter also changes and is commonly defined as@16,17#

Sab5
Vab

2

GaGab
. ~5!

The saturation threshold is given bySab51, which corre-
sponds toVab

sat5AGaGab5Vsat(Sab
J )1/2, according to Eq.~2!.

In Fig. 3, the evolution of the spectral line shape w
temperature is presented under strong conditions of sat
tion (Vvib50.2). SinceGab decreases when temperature i
creases, the dip at line center, which appears at 1000
becomes more pronounced at 2400 K. In this case, Rabi
quency (Vvib50.2) largely dominates collisional width
(Gab50.065 cm21) and Doppler width is still too smal
(GDop50.14 cm21) to wash out this effect.

FIG. 3. Line-shape behavior vsT for Q1P21(5.5) doublet in the
yyyy configuration withVvib50.2 andP51 bar.

FIG. 4. Line-shape behavior vsP for Q1P21(5.5) doublet in the
yyyy configuration withVvib50.2 andT52000 K.
7-3
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V. KRÜGER et al. PHYSICAL REVIEW A 64 012717
Although not taken into account here, the decrease oN
with temperature may accentuate the decrease of intens

Pressure dependence is straightforward to interpret s
it acts linearly on the collisional widths@Eq. ~1!# and there-
fore on the final line shape~Fig. 4!. Between 0.5 bar and 3
bar, the line maximum does not change significantly sin
the line is strongly saturated. Nevertheless, a strong mo
cation of the line shape is observed especially at line cen
At P52 bar, the saturation dip vanishes and at 4 bar, the
intensity begins to decrease since collisional ra
(0.26 cm21) become larger than the Rabi frequency. A
though not taken into account in Fig. 4, the increase oN
with the pressure leads to a linear increase ofPSig

max.

B. Line intensity versus temperature

In Fig. 3, the line shape evolution versus temperature
been presented at high laser intensity (Vvib50.2). In Fig. 5,
the normalized signal amplitudes at line maximumPSig

max/N
are plotted for different input energies, as a function
temperature.

For Vvib50.2, the overall effect is a marked decrease
the signal amplitude due to the combined effect of Dopp
broadening and of the thermal repartition of populati
between levels.

Conversely, for the unsaturated caseVvib51023, the sig-
nal first increases when collisional linewidth decreases
temperature grows. The signal amplitude reaches a m
mum when collisional and Doppler linewidths are equal, t
is around T51300 K according to the data of Table
Above this temperature, Doppler broadening becomes
dominant, although collisional linewidths keep on decre
ing.

For Vvib50.05, the signal starts to grow from 400 K
800 K to reach a maximum that corresponds to the satura
threshold, i.e.,T5800 K. In this intermediate case, the d
crease observed aboveT5800 K is due to stronger satura
tion effects.

Stronger saturation of the line implies that the maximu
of the curve in Fig. 5 shifts toward lower temperature. A
important remark is that around the saturation threshold,
signal dependence withT is reduced and therefore quantit

FIG. 5. Evolution of the normalized signal at line maximum f
Q1P21(5.5) doublet as a function ofT in the yyyy configuration
andP51 bar.
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tive concentration measurements can be performed e
when temperature is not precisely known.

C. Line intensity versus pressure

The values ofPSig
max/N are plotted in Fig. 6 as a function o

pressure and for several input energies. For unsaturated
ditions (Vvib51023), the signal strongly decreases wi
pressure because the collisional broadening increases.
perturbative treatment shows a signal dependence inGab

23 .
For Vvib50.05 andVvib50.2, the dependence of the sign
versus pressure is strongly changed and presents a maxi
before a decrease. ForVvib50.2, the plateau corresponds
a strong saturation regime already described in Fig. 4.
deed, the saturation parameter isSab527 for P52 bar and
Vvib50.2 and is much higher than the saturation thresh
(Sab51).

This plateau may allow for quantitative measurements
NO concentration disregarding the signal dependence ve
pressure. In this range, the concentration is directly given
the signal amplitude whatever the pressure.

D. Line intensity versusJ

The R1Q21-branch intensity is shown in Fig. 7 forVvib
51023 andVvib50.5 and two temperaturesT5400 K and
T51200 K. We observe a shift of the band maxima towa

FIG. 6. Evolution of the signal at line maximum forQ1P21(5.5)
doublet as a function ofP in the yyyy configuration andT
52000 K.

FIG. 7. Evolution of the signal at line maximum as a function
J for two different temperatures,yyyy configuration,P51 bar in
the R1Q21-branch; a:Vvib51023; b: Vvib50.5.
7-4
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FORWARD DEGENERATE FOUR- . . . . II. . . . PHYSICAL REVIEW A 64 012717
higherJ values, when the field is stronger. Thus, the amp
tudes calculated at 400 K peak aroundJ58.5 whenVvib
50.5 instead ofJ55.5 atVvib51023. At high temperature
with no saturation, theJ value of the band maximum als
increases@Fig. 7~a!#.

The temperature behavior of the band profiles has to
properly calculated in the saturation regime in order to all
accurate concentration measurements to be performed
large gradient of temperature~turbulent flames!. The theoret-
ical predictions of the present section are used in the ana
of our experimental results.

IV. RESULTS

NO spectra have been recorded in flames for differ
experimental conditions. In Sec. IV A, we first establish
correspondence between the experimental laser energy
pulse and the Rabi frequency, which is the input param
of the calculation. This correspondence is obtained by co
paring the experimental and theoretical degree of satura
acting on the line shapes and the relative intensities of
different NO doublets. In fact, this adjusted Rabi frequen
represents an average of the saturation over the field am
tude distribution in the interaction volume. The line fittin
procedure is described in detail in Sec. IV A. In Sec. IV
the stray-light background is phenomenologically introduc
in the line-shape calculation. This background contains b
coherent and incoherent parts that can interfere with
DFWM signal and distort the final line shape. In Sec. IV
best fits of NO spectra are presented for several laser e
gies, polarization arrangements, and spectral regions.

A. Saturation threshold determination

The saturation process is observed on the line intens
and on the line shapes that exhibit power broadening w
the Rabi frequency becomes predominant.

First, line profiles are fitted. Let us remember that t
multimode structure of the laser is not taken into accoun
our model ~paper I, Sec. II E!. However, we convolve the
calculated signal spectrum with the laser linewidth functio
which is carefully measured experimentally@18#. This pro-
cedure is an approximation that is appropriate to our exp

FIG. 8. FDFWM spectrum of theQ2R12(22.5) doublet inyxyx
polarization; experimental spectra withI 1523 mJ (sss) and
I 15160 mJ (ddd) and calculated profile~solid line! with Vvib1

50.06 andVvib150.16, respectively.
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mental conditions~laser, collisional, and Doppler widths!.
The theoretical Rabi frequency corresponding to

power-broadened line is adjusted to reproduce the linew
as shown in Figs. 8 and 9 withP51 bar andT51300 K as
measured by CARS. TheQ2R12(22.5) doublet is fitted for
two input laser energies and two polarization configuratio
The Rabi frequencies retrieved from these fits are in go
agreement. These ratios correspond to the experimental
of the square root of the laser energies; they are equa
A160/23 in Fig. 8 and toA175/30 in Fig. 9.

The line intensities are also studied in order to impro
the Rabi frequency determination. Theoretical intensities
some lines are presented in Fig. 10 as a function ofVvib1. A
better accuracy is obtained when theoretical intensity ra
~Fig. 11! are compared to the experimental ratios. These
tios are rapidly changing in the intermediate regime (Vvib1
,0.2), thus allowing accurate evaluation ofV. According to
this procedure, the Rabi frequency obtained from Fig. 8
confirmed to beVvib150.06 for I 1523 mJ (yxyx polariza-
tion!. The linewidth comparison gives an accuracy of abo
20% whereas the intensity ratios are optimized with an
curacy of less than 10%.

It appears also from Fig. 10 that forI 1523 mJ, i.e.,
Vvib150.06, the intermediate saturation regime starts. T
value corresponds to the total intensityI laser5I 11I 21I 3
548 mJ.

FIG. 9. FDFWM spectrum of theQ2R12(22.5) doublet inyxxy
polarization; experimental spectra withI 1530 mJ (sss) and
I 15175 mJ (ddd) and calculated profile~solid line! with Vvib1

50.07 andVvib150.17, respectively.

FIG. 10. Evolution of the calculated amplitude at line maximu
as a function ofVvib1 for Q1P21(17.5) andR1Q21(11.5) doublets,
and SR21(7.5) line in yxyx case~a!, in yxxy case~b!; the dashed
lines indicate the domain of energy used in the experiments.
7-5
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The same procedure is applied to theyxxy polarization
case for I 1530 mJ and 175mJ ~Fig. 9! providing Vvib1
50.07 andVvib150.17, respectively.

Let us note that aboveVvib150.2, intensity ratios becom
nearly constant and are not useful anymore for the fitt
procedure~Fig. 11!. Here we can also notice that, in th
flame at 1300 K, the saturation dip is not yet observed w
Vvib150.2. The profiles ofR1Q21(11.5), Q1P21(17.5), and
Q2R12(22.5) doublets, which are scanned in our expe
ments, have been simulated theoretically at higher energ
At Vvib150.5, they are found to exhibit a dip at line cent
~in the yxyx polarization arrangement!. According to the
above flame conditions,Vvib150.5 corresponds toI laser
53.32 mJ and this energy was not reached during
experiments.

B. Background interference analysis

Background interferences may distort the DFWM spec
as it was already observed on CARS spectra@19#. The back-
ground includes contributions of different nature, name
coherent and incoherent. In our case, the coherent scatt
is mainly due to thermal gratings coming from linear abso
tion on NO and O2 that are present in the postflame regi
@20#. These contributions are assumed to be dispersive an
have a definite phase. Thermal contribution has to be ad
to the complex amplitude of the resonant signal under stu
Furthermore, an incoherent stray-light diffusion is often o
served in degenerate experiments. This contribution ha
random phase and is added to the intensity of the DFW
signal.

By investigating the evolution of the background vers
laser energy, we were able to discriminate the different c
tributions to our experimental baseline~Fig. 12!. The yxyx
and yxxy polarization arrangements are investigated. In
first case (yxyx), the background increases as the pow
2.560.1 of the laser intensity while the power dependenc
1.360.3 in the second case (yxxy). In the yxxy case, we
know that thermal grating contributions are greatly reduc
since only polarization gratings are generated@21#. There-
fore, the background behavior is quasilinear with the la
energy, since stray light is mainly due to the incoherent s
tering of they-polarized incident beam. When both therm

FIG. 11. Evolution of the calculated amplitude ratio
Q1P21(17.5)/R1Q21(11.5) ~a! and ofR1Q21(11.5)/SR21(7.5) ~b! at
line maximum as a function ofVvib1 for yxyx andyxxy cases.
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gratings and incoherent light are added to the backgro
(yxyx polarization!, it is not surprising to find a slope of 2.
on logarithmic scale, since the coherent effect alone sho
exhibit a slope of 3.

In the yxxy case, the incoherent contribution is eas
measured between two lines and simply added to the ca
lated original intensity. In theyxyx case, a part of the back
ground is coherently added to the signal amplitude in or
to represent the slight anisotropy observed on the stron
lines.

C. Spectral simulations

Figures 13 and 14 illustrate FDFWM spectra withyxyx
polarization, forI 1523 mJ and 160mJ, respectively. For
yxxy polarization, spectra are shown in Fig. 15 (I 1
530 mJ), Fig. 16 (I 15175 mJ), and Fig. 17. For this las
spectrum, the 890-mm focal length lens has been replace
a 405-mm one, leading to an equivalent energyI 1
5613 mJ.

The main difference between these spectra is the bro
ening, as mentioned previously, whatever the polarizat
arrangement. In addition, relative intensities of lines exh
substantial changes through saturation. In theyxyx arrange-

FIG. 12. Log-log evolution of the experimental background a
function of I laser in the yxyx (j j j) andyxxy (ddd) cases,
fitted curves~solid line! are used for power dependence determin
tion.

FIG. 13. FDFWM spectrum of NO in a H2 /air flame with I 1

523 mJ in the yxyx case; experimental (ddd) and simulated
profile atVvib150.06 in theyxyx case~solid line! and in theyxxy
case~dashed line!.
7-6
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FORWARD DEGENERATE FOUR- . . . . II. . . . PHYSICAL REVIEW A 64 012717
ment, the R1Q21(11.5) line grows compared to th
Q1P21(17.5) andQ2R12(22.5) ones when the energy in
creases. Relative intensity of theSR21(7.5) singlet line is
growing since itsmab is the smallest of all the probed tran
sitions: saturation tends to act in favor of the weakest lin
We believe the strong background between 44 264
44 266 cm21 to arise from O2 lines (2,4)P(23), (3,4)P(39),
and (4,5)R3(17), which are located in this spectral rang
This O2 signal is not observed in theyxxy experiment; it is
probably reduced and swamped by the background.

Nevertheless, comparing the different polarization
rangements, relative intensities already exhibit a differ
pattern in the low-energy spectra. TheQ1P21(17.5) and
Q2R12(22.5) doublets are the dominant features in b
spectra, but the behavior of theR1Q21(11.5) doublet is
changed. Inyxyx case, theR1Q21(11.5) andQ2R12(22.5)
doublets have equal intensities, whereas in theyxxy case,
R1Q21(11.5) is about two times smaller thanQ1P21(17.5).
The geometrical factors are not the only parameters res
sible for that behavior since anotherR line, i.e., the
SR21(7.5) one, is not affected by this polarization chang
Let us notice that it is an isolated line, i.e., experiencing
coupling. In opposition, the coupling between the two co
ponents of theR1Q21(11.5) doublet induces an addition

FIG. 15. FDFWM spectrum of NO in a H2 /air flame with I 1

530 mJ in the yxxy case, experimental (ddd) and simulated
profile atVvib150.07 in theyxyx case~solid line! and in theyxxy
case~dashed line!.

FIG. 14. FDFWM spectrum of NO in a H2 /air flame with I 1

5160 mJ in theyxyx case, experimental (ddd) and simulated
profile ~solid line! at Vvib150.16.
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effect on the final intensity, especially in theyxxy case, as
predicted in Fig. 22 of paper I.

However, this coupling is not sufficient to explain th
observed asymmetry of lines and the contribution of the
herent background has to be added as discussed previo

V. CONCLUSION

The exact calculation of DFWM spectra is a complex ta
if all the important physical effects are included in the sim
lation. Nevertheless, we have validated our model by incl
ing a selected set of physical effects into our calculation a
by comparing this numerical simulation to our experimen
spectra. The calculation is time consuming but signific
improvements can still be expected by changing the ma
inversion routine for more elaborate ones. Actually, the co
putation time is 4 h for the PP1(26.5) line and 7 h for the
R1Q21(11.5) line on a PC~733 MHz!.

The detectivity in the intermediate saturation regime
optimum. The calculation of DFWM intensities as a functio
of temperature and pressure is necessary to provide acc
corrections of the measured signal amplitudes in the sat
tion regime. The NO number density measurement requir
preliminary measurement of pressure and temperature~in our
case using CARS!. Then the theoretical profiles can be fitte

FIG. 16. FDFWM spectrum of NO in a H2 /air flame with I 1

5175 mJ in theyxxy case, experimental (ddd) and simulated
profile ~solid line! at Vvib150.17.

FIG. 17. FDFWM spectrum of NO in a H2 /air flame with I 1

5150 mJ with 405-mm focal lens, in theyxxy case, experimenta
(ddd) and simulated profile~solid line! at Vvib150.30.
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to the experimental ones in order to measure the satura
level and finally the number densityN ~assuming that the
temperature and pressure factor are known!. This study has
demonstrated that the DFWM technique is suitable for ap
cation to real combustion engines that are currently work
at high pressure and temperature. The most suitable pola
tion arrangement is chosen in order to provide optim
he

o

.

01271
on

i-
g
a-

signal-to-noise ratio, minimum thermal grating contributio
and, nevertheless, a sensitivity sufficient to allow trace
tection in hostile environments.
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