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Forward degenerate four-wave-mixing spectra of NO in the strong-field regime including
polarization, line coupling, and multipole effects. Il. Experiments
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The behavior of forward degenerate four-wave-mixing spectra of ANK(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 precedind\paigargeret 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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[. INTRODUCTION profile peaks at one particuldrvalue, which is well known
in the low-field limit. However, the temperature behavior of
A model using a numerical solution of density matrix the DFWM signal is strongly depending on the level of satu-
equations expressed in the spherical tensor formalism wa@tion that may distort the band shapes. Therefore, our ex-
proposed in paper [[1] to calculate the signal intensity of Perimental level of saturation has to be precisely known in
forward degenerate four-wave mixif§DFWM). This solu- ~ order to use the proper Rabi frequency in the theoretical
tion is carried out assuming a particu|ar scheme for mo|ecuca|CU|at|0nS of the band prOflleS. The determination of satu-

lar interaction that involves thregdevels and their Zeeman 'ation threshold is thus necessary prior to performing quan-
multiplicity. Collisional effects including the orientational litafive measurements of concentration. Once the saturation

contributions are taken into account in this model. The thredf€shold is known, the effect of tef“perag‘f!yw .pre.ssur)als
input beams(Fig. 1) are assumed to be strong with arbitrary Predicted u5|nghtheoreftf|_cal smt:lapon Eg]ig N: this _qua';"
electric field amplitudes. Different polarization arrangementd'lY "épresents the coefficient relating the DFWM signal am-

assuming linearly polarized light and parallel or crossed conpl'tUde. to e ”“'T‘bef density to be measure@l].
figurations were studied in detail throughout the parametri Quantitative concentration measurements are possible when

. rametrig,e saturating conditions and the temperature and pressure
study of paper I. To our knowledge, this treatment is origi- - e accurately known.

nal. . . An experimental investigation of NO spectra is under-
Although extensive work has been performed experimeng, e in a laboratory flame in which NO concentration is

tally [2-7], only few experimental investigations were car- ynown and constant. The experimental setup is described in

ried out in saturating conditior}§—13). In the present paper, gec. |1. The effect of temperature and pressure is predicted in

a DFV\IM stuqy of NO i; undertaken experimgntally in the section 11, using the multilevel theoretical simulations. The
saturation regime. Experiments are performed in a flame and

the spectral fitting allows us to confirm some of the theoret-

ical predictions of our model. The range of intermediate
saturation was proved to be useful to perform quantitative
measurements of concentration and it will be investigated in
the present experimental study. A concentration measure-( )
ment requires the preliminary knowledge of the temperature
and of the signal dependence as a function of temperature ir
this regime. Therefore, our model is first applied to predict

the variation of the DFWM signal with temperature and pres- wy

yXyX yyxX
sure for several saturating conditions. b @
The main dependence of the signal versus temperature( ) & 1@@ 1®1® 1@@ 8 &

and pressure is included in the collisional broadening param- T
eters that are taken from separate wark4,15. The band ... i1, 11y 161 1 1CD)D) D) 1

FIG. 1. (a) Beam configuration in folded BOXCARS geometry;
* Author to whom correspondence should be addressed. Electroni(®) polarization arrangements and relatgdvalues defined in paper
address: btretout@onera.fr | according to the labeling e, e3€,.
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DYE LASER [SM] s | pC 1_0-Hz repetition rate. The dye Igser is operated with couma-
t rine 460 and provides pulses with energy up to 3 mJ and a
YAG LASER E linewidth of 0.12 cm? [full width at half maximum
(FWHM)] at 226 nm.
:I: 3 oell The UV beam is split into three beams in a folded-
' U Boxcars arrangemertfig. 1). The three parallel beams are
S182)/ 2 WPW ; focused in the probe volume using a 890-mm focal length
\ 2N 1 wp[] DP \lﬂ lens. The separation of the pump beams 1 and 3 is 22 mm
4“% 4% leading to an angle of 1.4°. The beams are recollimated us-
‘ Y o m | L2 ing a collection lens. Detection of the signal is performed by
4 L3 U1 a UV photomultiplier tubg RTC, XP 2020 Q. The supply
H [PM] Sig. voltage of the PM tube is 1850 V. Spatial filtering and a
: H (oM} Ref. dichroic polarizer are used in the coherent signal path, the

generated signal is always analyzed algngihe pump beam
1is polarized along. The beams 2 and 3 are either polarized

FIG. 2. Schematic diagram of the setup in theyxpolarization ~ @longx andy or y and x, to generate thg/xyXx or yxxy
configuration: S: beam splitter, WP: half-wave plate, DP: dichroicrrangements, respectively. Tigolarized incident beam is
polarizer, L: lens, PM: photomultiplier, E: electronics, SM: stepping attenuated by a factor of 13 with neutral density filters to
motor, PS: power supply of SM, DC: doubling crystal. reduce stray light on the signal channel. Therefore the distri-

bution of intensity of each beam is
linewidth description is recalled. In Sec. IV, the determina-
tion of saturation threshold is first carried out by fitting ex-
perimental spectra exhibiting power broadening with ad-
equate theoretical profiles. The influence of the polarization

conflg_uratlon on the_llne Intensities ‘.'md on the baCkgroqnq/vhereli is the energy of bearinat focal volume. The attenu-
level is then investigated. The validity of our model is

checked and discussed ation factor 13 corresponds, for the field amplitude, to the
' reduction factor of 3.6 that has been given in papé€Fig).
14).

Il. EXPERIMENT In the following, the laser intensity,s refers to the en-
In order to validate our model, we have fitted the NO €9y Of all beams in the focal volume, i.8igse=11+1>

spectra recorded in a flat atmospheric pressure flame. Two |3- FOr simplicity, the energy, of beam 1 is given as

different polarization arrangements are selected according tr&ference in t_he experimental plots, with the corr_esponding
paper I[1], theyxyx andyxxy schemes of Fig. 1. vibronic Rabi frequencyQ,;,;. All these plots give the

In this study, the NO spectral domain ranges from theSduare root of the experimental FDFWM intensitﬁéw,\,l ,
SR,,(7.5) singlet (44272.287 cit) to the QP (17.5) which is directly proportional to the NO concentration.
doublet (44266.130 cnt). The NO spectroscopic data

[,=14, 13=1,/13 foryxyx polarization

I,=1,/13, I3=1, foryxxy polarization,

used for the lines assignments are given in pagéi.| lll. TEMPERATURE AND PRESSURE STUDY
N Here, our first effort is devoted to the calculation of the
A. Flame conditions line-shape evolution as a function of pressure and tempera-

A flat premixed flame is produced on a porous plug ofture using the well-known variation of collisional and Dop-
60-mm diametefMcKenna Products, Ing.at atmospheric pler parameters versus thermodynamical conditions. The
pressure. Flow rates are 60.3 distandard liters per minute  temperature and pressure dependence of the collisional
of air and 10.5 slm of hydrogen, leading to lean flame conWidths is given by{14,195

ditions. A mixture of 1% NO in N is added to the air flow 1 295 0.7 295 0.75
=10.79 —| 0.3+0.583 —| 0.7

prior to reaching the gas-mixing chamber. The 1% NO flow Top(k) = 1
T T

rate is ranging from 2 to 4 sIm. The laser beams are focused 2
10 mm above the porous surface. The temperature is mea- (1)

sured by CARScoherent anti-Stokes Raman Spectrosgopy . . .
to be about 1300 K in these conditions. The seeded Nﬁr a mixture of colliders of 30% bD and 70% N. T is the

P cm™

concentration is not reduced by chemical reactions in such gggrﬁge_ dTthaerI(\a”E d?;ecpetr?;er?tr'ensls\lu(;eamj Z:??hstfrg?(;?é
lean flame and is set to 400 ppm for most of our experiments Inew . pendenti . . X
the same for all the lines studied in the following discussion.

The set of transversal and longitudinal widths used in our
description of collisions is given in Table Il of paper I. When

The experimental setup is shown in Fig. 2. A tunable UVthe temperature changes, different mechaniuppler and
beam is generated by a frequency-doubled dye I6EBL.  collisions are competing in the line broadening process.
70, Quantel that is pumped by the third harmonic of an These linewidths are evaluated for NO and are listed in Table
Nd:yttrium aluminum garnet lasélvG 782, Quantelwith a | for different temperatures.

B. Setup

012717-2
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TABLE I. Spectral linewidth(HWHM) in cm™! as a function of
temperaturéK); P=1 bar. ~ 6000 T=400K
_d—'
T Collisional Doppler Doppler/collisional g
2 4000
400 0.256 0.058 0.23 5
600 0.188 0.071 0.38 Zm
800 0.151 0.082 0.54 p# 2000
1000 0.127 0.091 0.72 /A\
1200 0.111 0.100 0.90 i TN
1300 0.104 0.104 1.00 44199 44200 44201
1400 0.098 0.108 1.10 o(cm™)
1600 0.089 0.115 1.30 . . .
1800 0.081 0.122 151 FIG. 3._ Llne-_shapz_e behavior visfor Q,P,4(5.5) doublet in the
2000 0075 0129 172 yyyy configuration with(},;,=0.2 andP=1 bar.
2200 0.070 0.135 1.95 )
2400 0.065 0.141 2.18 A. Line shapes

The calculated FDFWM line shape @f;P,(5.5) doublet
is shown in Figs. 3 and 4 as a function of temperature and
. Let us recall also that we have defined a Rabi frequencyyressure, respectively, witf,;,=0.2, in theyyyy configu-
in paper |, by ration of Fig. 1. When temperature increases, the Doppler

B I\ width increases a§*2 and the collisional width decreases as
Qap=Qin(Syp) ™ (2) -3 g given by Eq(1). In Table I, we see that collisional

and Doppler widths of NO become equal to 0.104 ~¢nat
T=1300 K whereas at 400 K, the collisional width domi-
nates by a factor of 5. Conversely, B+ 2400 K, the Dop-
pler width is twice as large as the collision width.
As collisional contributions change, the saturation param-
er also changes and is commonly definedl1#517]

where O, is the vibronic Rabi frequency anﬂiﬁ is the
rotational part of the transition moment of the line under
study[1].

The Doppler and collisional line widthéTable ) and
their relative values as regards to Rabi broadening have &
drastic influence on the final DFWM line shape. As it is well

known, the temperature dependence of the signal amplitude sz
is driven by the collisional parameters, the Doppler effect, Sabzﬁ. (5)
and the thermal equilibrium of the initial population of the a’ ab

molecular levels. This last one is defined in paper | by
(0)— ninl0) The saturation threshold is given I84,=1, which corre-
Na”=Nny™”, () sponds td = T, 5= Q5%(S2,) Y2 according to Eq(2).
. In Fig. 3, the evolution of the spectral line shape with
temperature is presented under strong conditions of satura-
tion (Q,;,=0.2). Sincel 5, decreases when temperature in-
creases, the dip at line center, which appears at 1000 K,

whereN is the total number density to be deduced from ou
experimentsng") is the population fraction of leved) given
by the normalized Boltzmann exponential as follows

e EalkT becomes more pronounced at 2400 K. In this case, Rabi fre-
n{= , (4 quency (1,;,=0.2) largely dominates collisional width
Q.Qr (I'3,=0.065 cm!) and Doppler width is still too small

— =1 i
whereQ, andQg are the vibrational and rotational partition (Fpop=0.14 cm™) to wash out this effect.

functions ancE, is the energy of levefa). Bothn{” andN
depend on the temperatund.varies linearly with the pres-
sure and is inversely proportional to the temperature. Sihce
needs to be retrieved from the measurement of the signal
intensity, the variation oPggN will be calculated in dif-
ferent experimental conditions of pressure, temperature, and
laser intensity.

According to paper |, only the ground levi@l) is initially
populated.

In the following, the behavior of the individual lines ver-
sus temperature and pressure and the envelope of the rota- % 24500 24201
tional band profile versug are studied for a set of vibronic o(cm™)

Rabi frequencies corresponding to low, intermediate and
strong saturation. Let us first study the spectral profiles in the FIG. 4. Line-shape behavior Wfor Q;P,,(5.5) doublet in the
next section. yyyy configuration withQ,;,=0.2 andT=2000 K.

1500

8

8

1g

P, /N (arb. units)

o
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FIG. 5. Evolution of the normalized signal at line maximum for  F|G. 6. Evolution of the signal at line maximum fQr; P,4(5.5)

Q1P7(5.5) doublet as a function oF in the yyyy configuration  goublet as a function of in the yyyy configuration andT
andP=1 bar. =2000 K.

Although not taken into account here, the decreashl of tive concentration measurements can be performed even
with temperature may accentuate the decrease of intensitywhen temperature is not precisely known.

Pressure dependence is straightforward to interpret since
it acts linearly on the collisional width€Eqg. (1)] and there- C. Line intensity versus pressure
fore on the final line shapéig. 4). Between 0.5 bar and 3
bar, the line maximum does not change significantly since . .
the line is strongly saturated. Nevertheless, a strong modifiereSsure and for_sseveral Input energies. For unsaturated_ con-
cation of the line shape is observed especially at line centefitions (2yiy=10"7), the signal strongly decreases with

At P=2 bar, the saturation dip vanishes and at 4 bar, the lin@ressure because the collisional broadening increases. The
intensity begins to decrease since collisional ratederturbative treatment shows a signal dependenck, .

(0.26 cm) become larger than the Rabi frequency. Al- FOr .ip=0.05 and(,;,=0.2, the dependence of the signal
though not taken into account in Fig. 4, the increaseNof VErSus pressure is strongly changed and presents a maximum

with the pressure leads to a linear increasePQEx. before a decrease. Fé)r\{ib=0.2, the pIateaL_l corr.esp.onds to
a strong saturation regime already described in Fig. 4. In-
deed, the saturation parameterSg,=27 for P=2 bar and
B. Line intensity versus temperature 0,»=0.2 and is much higher than the saturation threshold
In Fig. 3, the line shape evolution versus temperature hagsab_. 1). o
been presented at high laser intensify, {=0.2). In Fig. 5 This plateag may allow fgr quant|Fat|ve measurements of
p g ,6=0.2) 9.5,
the normalized signal amplitudes at line maxim@E2YN NO concentration disregarding the S|g_nal ergndencg versus
. . . 9 pressure. In this range, the concentration is directly given by
are plotted for different input energies, as a function Ofthe signal amplitude whatever the pressure.
temperature.

For Q,;,=0.2, the overall effect is a marked decrease of
the signal amplitude due to the combined effect of Doppler
broadening and of the thermal repartition of population The R;Q,4-branch intensity is shown in Fig. 7 fdd,;,
between levels. =10 2% andQ,;,=0.5 and two temperaturés=400 K and

Conversely, for the unsaturated cd3g,=10 3, the sig- T=1200 K. We observe a shift of the band maxima toward
nal first increases when collisional linewidth decreases and

The values oPg /N are plotted in Fig. 6 as a function of

D. Line intensity versusJ

temperature grows. The signal amplitude reaches a maxi- 2 RQ,
mum when collisional and Doppler linewidths are equal, that = 3 5 400
is around T=1300 K according to the data of Table . .~ 2,=10°] '1&%’_‘( Q=05
Above this temperature, Doppler broadening becomes pre-- P .
dominant, although collisional linewidths keep on decreas- _gZ . * 1 7500t L
ing. . o

For Q,4,=0.05, the signal starts to grow from 400 K to 21 .o . | so00r Lo
800 K to reach a maximum that corresponds to the saturation%%o * _o° " %o 500> . *
threshold, i.e.,T=800 K. In this intermediate case, the de- o .
crease observed aboWe=800 K is due to stronger satura- ol 0 s
tion effects. (a)2 4 ? 8 10 (b)2 4 ? 8 10

Stronger saturation of the line implies that the maximum
of the curve in Fig. 5 shifts toward lower temperature. An  FIG. 7. Evolution of the signal at line maximum as a function of
important remark is that around the saturation threshold, the for two different temperatures;yyy configuration,P=1 bar in
signal dependence with is reduced and therefore quantita- the R;Q,;-branch; aQ,;,=10"%; b: Q,;,=0.5.
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FIG. 8. FDFWM spectrum of th@,R;,(22.5) doublet inyxyx FIG. 9. FDFWM spectrum of th@,R;,(22.5) doublet inyxxy

polarization; experimental spectra with=23 uJ (OOO) and  polarization; experimental spectra with=30 xJ (OOO) and
1;=160 nJ (@@®) and calculated profilgsolid lin®) with Qyipy ;=175 1J (@@ ®) and calculated profilésolid line) with Qi
=0.06 and(},;,; =0.16, respectively. =0.07 andQ,;,;=0.17, respectively.

higherJ values, when the field is stronger. Thus, the ampli-mental conditionglaser, collisional, and Doppler widths
tudes calculated at 400 K peak aroude 8.5 whenQ,;, The theoretical Rabi frequency corresponding to the
=0.5 instead of1=5.5 atQ,;,=10 3. At high temperature power-broadened line is adjusted to reproduce the linewidth
with no saturation, thel value of the band maximum also as shown in Figs. 8 and 9 witA=1 bar andT=1300 K as
increasesgFig. 7(a)]. measured by CARS. Th@,R;,(22.5) doublet is fitted for
The temperature behavior of the band profiles has to bévo input laser energies and two polarization configurations.
properly calculated in the saturation regime in order to allowThe Rabi frequencies retrieved from these fits are in good
accurate concentration measurements to be performed inagreement. These ratios correspond to the experimental ratio
large gradient of temperatu(tirbulent flamegs The theoret-  of the square root of the laser energies; they are equal to
ical predictions of the present section are used in the analysig160/23 in Fig. 8 and ta/175/30 in Fig. 9.

of our experimental results. The line intensities are also studied in order to improve
the Rabi frequency determination. Theoretical intensities of
IV. RESULTS some lines are presented in Fig. 10 as a functio gf;,. A

] . better accuracy is obtained when theoretical intensity ratios

NO spectra have been recorded in flames for differentrig. 11) are compared to the experimental ratios. These ra-
experimental conditions. In Sec. IV A, we first establish ajjgg are rapidly changing in the intermediate regint,,
correspondence between the experimental laser energy pefg 2y, thus allowing accurate evaluation@f According to

pulse and the Rabi frequency, which is the input parameteffis procedure, the Rabi frequency obtained from Fig. 8 is
of the calculation. This correspondence is obtained by comggnfirmed to be),;,,=0.06 forl; =23 uJ (yxyx polariza-

paring the experimental and theoretical degree of saturati%n)_ The linewidth comparison gives an accuracy of about

acting on the line shapes and the relative intensities of thege, whereas the intensity ratios are optimized with an ac-
different NO doublets. In fact, this adjusted Rabi frequencycracy of less than 10%.

represents an average of the saturation over the field ampli- |; appears also from Fig. 10 that fdr=23 wJ, i.e.

tude distribution in the interaction volume. The line fitting () 1= 0.06, the intermediate saturation regime starts. This
. . . o Vi . 1 .
procedure is described in detail in Sec. IVA. In Sec. IVB, 4 e corresponds to the total intensityee=11+1,+ 15

the stray-light background is phenomenologically introduced_ J
in the line-shape calculation. This background contains both
coherent and incoherent parts that can interfere with they p o : X 10—y :
DFWM signal and distort the final line shape. In Sec. IV C, 3| o QP,(175) | o o QP78 | o
best fits of NO spectra are presented for several laser ener g | = RQ(115 | , = = RQ (115 ¢
gies, polarization arrangements, and spectral regions. 'gz = R,(75 LI 10| « R,(75 | o 5
A. Saturation threshold determination :% o T 05k o “j )
The saturation process is observed on the line intensities Z; o " i | Le S '.
and on the line shapes that exhibit power broadening when Eﬁi” EEE* s 008 o S
the Rabi frequency becomes predominant. O _w Biue? i 0om__s §8eet 2

2 1 : 2 o1
Fi'rst, line profiles are fitted. Let us reme'mber that the 1(% Qw b11?cm1) o 1(%) Q,bl?cm-l)
multimode structure of the laser is not taken into account in "
our model(paper I, Sec. IlE However, we convolve the  FIG. 10. Evolution of the calculated amplitude at line maximum
calculated signal spectrum with the laser linewidth function,as a function of),;,; for Q;P»(17.5) andR;Q,;(11.5) doublets,
which is carefully measured experimentati8]. This pro-  and SR, (7.5) line inyxyx case(a), in yxxy case(b); the dashed

cedure is an approximation that is appropriate to our experilines indicate the domain of energy used in the experiments.
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FIG. 12. Log-log evolution of the experimental background as a
function of | 4¢erin theyxyx (Il H H) andyxxy (@ @ @®) cases,

fitted curves(solid line) are used for power dependence determina-
tion.

FIG. 11. Evolution of the calculated amplitude ratio of
Q1P21(17.5)R1Q1(11.5) (8) and 0fR;Q,1(11.5)PR,4(7.5) (b) at
line maximum as a function df},;,; for yxyxandyxxy cases.

The same procedure is applied to thexy polarization
case forl;=30 uJ and 175uJ (Fig. 9 providing Q.;,;  gratings and incoherent light are added to the background
=0.07 andQ,;,;=0.17, respectively. (yxyx polarization, it is not surprising to find a slope of 2.5

Let us note that abov8,;,; = 0.2, intensity ratios become on logarithmic scale, since the coherent effect alone should
nearly constant and are not useful anymore for the fittingexhibit a slope of 3.
procedure(Fig. 11). Here we can also notice that, in the In the yxxy case, the incoherent contribution is easily
flame at 1300 K, the saturation dip is not yet observed whemeasured between two lines and simply added to the calcu-
0O,ir1=0.2. The profiles 0R;Q»¢(11.5), Q1P,(17.5), and lated original intensity. In thgxyx case, a part of the back-
Q,R15(22.5) doublets, which are scanned in our experi-ground is coherently added to the signal amplitude in order
ments, have been simulated theoretically at higher energiet represent the slight anisotropy observed on the stronger
At Q.1 =0.5, they are found to exhibit a dip at line center lines.

(in the yxyx polarization arrangementAccording to the
above flame conditions{},;,;=0.5 corresponds td e,
=3.32 mJ and this energy was not reached during our
experiments.

C. Spectral simulations

Figures 13 and 14 illustrate FDFWM spectra witkyx
polarization, forl;=23 wJ and 160uJ, respectively. For
yXXy polarization, spectra are shown in Fig. 134 (
=30 wJ), Fig. 16 (=175 wJ), and Fig. 17. For this last
Background interferences may distort the DFWM spectraspectrum, the 890-mm focal length lens has been replaced by
as it was already observed on CARS speft®. The back- a 405-mm one, leading to an equivalent energy
ground includes contributions of different nature, namely,=613 uJ.
coherent and incoherent. In our case, the coherent scattering The main difference between these spectra is the broad-
is mainly due to thermal gratings coming from linear absorp-ening, as mentioned previously, whatever the polarization
tion on NO and @ that are present in the postflame regionarrangement. In addition, relative intensities of lines exhibit
[20]. These contributions are assumed to be dispersive and substantial changes through saturation. Inythgx arrange-
have a definite phase. Thermal contribution has to be added

B. Background interference analysis

to the complex amplitude of the resonant signal under study. 600 P75
Furthermore, an incoherent stray-light diffusion is often ob- % (?’853‘ '
served in degenerate experiments. This contribution has a QR,25
random phase and is added to the intensity of the DFWM 'S 400 RQ,(11.5 4

signal.

By investigating the evolution of the background versus
laser energy, we were able to discriminate the different con-
tributions to our experimental baseliiiEig. 12). The yxyx
andyxxy polarization arrangements are investigated. In the
first case yxyx), the background increases as the power
2.5+ 0.1 of the laser intensity while the power dependence is
1.3+0.3 in the second caseg/Xxy). In the yxxy case, we
know that thermal grating contributions are greatly reduced

:
g
™

Q

Y

0

44274

o(cm’)

44272 44270 44068 44066 44064

since only polarization gratings are generafed]. There- FIG. 13. FDFWM spectrum of NO in a Hair flame withl,

fore, the background behavior is quasilinear with the lasee23 uJ in theyxyx case; experimental@®®) and simulated
energy, since stray light is mainly due to the incoherent scatprofile at(,;,;=0.06 in theyxyx case(solid line) and in theyxxy

tering of they-polarized incident beam. When both thermal case(dashed ling
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FIG. 14. FDFWM spectrum of NO in a Hair flame withl,
=160 wJ in theyxyx case, experimental{@®) and simulated
profile (solid line) at ,,,;=0.16.

FIG. 16. FDFWM spectrum of NO in a Hair flame withl,
=175 wpJ in theyxxy case, experimenta@®®) and simulated
profile (solid ling) at Q,;,;=0.17.

ment, the R;Q,1(11.5) line grows compared to the
Q1P,1(17.5) andQ,R;,(22.5) ones when the energy in-

creases. Relative intensity of th#R,,(7.5) singlet line is . SO - .
y 2(7-5) g However, this coupling is not sufficient to explain the

growing since itsu,p, is the smallest of all the probed tran- ; L
sitions: saturation tends to act in favor of the weakest line (_)bserved asymmetry of lines and the contribution of the co-

We believe the strong background between 44264 ar]Eaerent background has to be added as discussed previously.
44266 cm ! to arise from Q lines (2,4P(23), (3,4)P(39),
and (4,5R5(17), which are located in this spectral range. V. CONCLUSION

This G, signal is not observed in thexxy experiment; it is The exact calculation of DFWM spectra is a complex task
probably reduced and swamped by the background. if all the important physical effects are included in the simu-
Nevertheless, comparing the different polarization aration. Nevertheless, we have validated our model by includ-
rangements, relative intensities already exhibit a differenfyy 5 selected set of physical effects into our calculation and
pattern in the low-energy spectra. Ti@,P,,(17.5) and  py comparing this numerical simulation to our experimental
Q2R1x(22.5) doublets are the dominant features in bothspectra. The calculation is time consuming but significant
spectra, but the behavior of thR;Q,,(11.5) doublet is jmprovements can still be expected by changing the matrix
changed. Inyxyx case, theR;Q,1(11.5) andQ;R12(22.5)  jnversion routine for more elaborate ones. Actually, the com-
doublets have equal intensities, whereas in @y case, putation time $ 4 h for thePP,(26.5) line ad 7 h for the
R;1Q,1(11.5) is about two times smaller th&y, P»,(17.5). R;Q,,(11.5) line on a PG733 MH2).
The geometrical factors are not the only parameters respon- The detectivity in the intermediate saturation regime is
Ss'b|e for that behavior since anothéR line, i.e., the  optimum. The calculation of DFWM intensities as a function
Rp4(7.5) one, is not affected by this polarization change.of temperature and pressure is necessary to provide accurate
Let us notice that it is an isolated line, i.e., experiencing NQcorrections of the measured signal amplitudes in the satura-
coupling. In opposition, the coupling between the two com-tjon regime. The NO number density measurement requires a
ponents of theR;Q2(11.5) doublet induces an additional preliminary measurement of pressure and tempergitu@ur
case using CARS Then the theoretical profiles can be fitted

effect on the final intensity, especially in tlyxxy case, as
predicted in Fig. 22 of paper |I.

600
. QP,(17.9) 500 . P
@4“) Qz&z(&a 12(38.5) | _ 400 ] 02R12(25) OP12(38.5)21
: E a0l s P ha,me
€ 3 3001 R,(75)
E g m
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I
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o(cm’) Ot w0 aads  aamo  daxst
o(cm™)
FIG. 15. FDFWM spectrum of NO in a Hair flame withl,
=30 wJ in theyxxy case, experimental@@®@®) and simulated FIG. 17. FDFWM spectrum of NO in a Hair flame withl,
profile atQ.;,;=0.07 in theyxyx case(solid line) and in theyxxy =150 wJ with 405-mm focal lens, in thgxxy case, experimental
case(dashed ling (@®@®) and simulated profilésolid line) at Q,;,,=0.30.
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to the experimental ones in order to measure the saturatiosignal-to-noise ratio, minimum thermal grating contributions

level and finally the number density (assuming that the and, nevertheless, a sensitivity sufficient to allow trace de-
temperature and pressure factor are knpwiis study has tection in hostile environments.

demonstrated that the DFWM technique is suitable for appli- The authors would like to thank P.H. Renard for his as-

cation to real combustion engines that are currently WOI’kingsistance in the code deve|opment and P. Bouchardy for his
at high pressure and temperature. The most suitable polarizeechnical support during experiments. This work was sup-
tion arrangement is chosen in order to provide optimunported in part by Direction Gerale de I'’Armement.
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