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Understanding the saturation behavior of polarization-spectroscopy signals is a vital task for the develop-
ment of this method as a versatile tool for quantitative detection of trace species. Recent progress in the
theoretical treatment of the polarization-spectroscopy process offers the opportunity of studying its saturation
behavior thoroughly. This theoretical treatment, referred to as direct numerical integfabdncalculations,
is based on numerically demanding calculations; that is why we present a simple model that describes the curve
shape of polarization spectroscopy power-dependence scans in both the saturated and the unsaturated regime.
Polarization-spectroscopy-saturation curves in the copropagating beam geometry from the excitation of OH
AZST_X2T1(0,0) at theQ,(8) line in a low-pressure flame were compared to both results from the DNI
calculations and to our proposed analytical equation. Our simple model provides excellent fits to polarization-
spectroscopy-saturation curves for absorption lines dominated by homogeneous broadening and for narrow-
bandwidth excitation sources. The model does not give a good agreement with experiment for lines dominated
by inhomogeneous broadening. For this case an empirical equation is proposed and investigated. Our proposed
model offers a starting point for a simplification of the underlying polarization-spectroscopy theory, the com-
plexity of which has been a major obstacle to the further development of this theory.
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[. INTRODUCTION Nyholm et al. demonstrated PS on minor flame species such
as OH, G, NH3, and CO[5-8]. The later work of Dreizler
In polarization spectroscopyPS either a linearly or a €t al.[9] and Kaminskiet al.[10] extended the list of detect-
circularly polarized pump beam and a weak linearly polar-able molecules in the gas phase with NH angl Nhese

ized probe beam are crossed within a sample. If the wavd€Sults were very promising with respect to concentration
measurements of minor species in combustion processes and

length of the beams matches a transition in the sample, th ’
. ) . ; reacting flows.
pump bgam induces an optical amsotropy. T.h's leads to & When attempting to measure species concentrations with
polarization-dependent complex refractive index of thePS, one has to answer two main questigg]: (1) How
sample and a consequent rotation and ellipticity of the probgyes the PS signal depend on the local collision and quench-
beam’s polarization state. This effect can be detected usingIg rate in the sample) How does the generated PS signal
crossed polarizers in the probe beam on opposite sides of thpend on the pump intensity in saturated regimes? The first
crossing poin{1,2]. An overview of PS can be found in the question has been studied theoretically by Reichardt and
review of Demtraler[3]. A presentation of PS in the context Lucht[11] and Giancolaet al.[12], and recently both theo-
of combustion diagnostics has been given by Eckbféth  retically and experimentally for picosecond excitation by
PS is a four-wave-mixing technique in which pump pho-Reichardtet al. [13]. The second question has to be an-
tons are absorbed by the medium, inducing an aligned popwwered if low concentrations are to be measured. As the PS
lation at which probe photons are scattered coherently. Othafignal depends on the square of the number defigtpne
common four-wave-mixing techniques are coherent antiusually resorts to high pump intensities to compensate for a
Stokes Raman spectroscopy and degenerate four-wave mikss in signal. The experimental intensities may reach levels
ing (DFWM). Only two crossing beams are needed for PSat which the induced anisotropy of the pumped transition
and the phase-matching condition for the interaction of probgaturate§14]. A merit of saturated PS is its low sensitivity to
and pump beam is automatically fulfilled, which makes it acollisions and quenching when compared to both unsaturated
comparatively simple experimental technique. Since it proS and saturated laser-induced fluorescéhti€). This has
vides a signal on virtually zero background one obtains expeen indicated by the aforementioned theoretical studies of
cellent signal-to-noiséSN) ratios. This, together with the PsS,
fact that PS is a resonant technique, makes detection of at- The objective of this work is to investigate the depen-
oms and molecules in the gas phase at low densities possiblgence of the PS signal on the pump intensity in partially
saturated and unsaturated regimes for different collision
rates. This was investigated using both experimental and the-
*Corresponding author. oretical methods. In the experimental part the power depen-
Email address: joachim.walewski@forbrf.Ith.se dence of PS signals from OH in the copropagating beam
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geometry was recorded in a low-pressure flame for differentore, saturation effects cannot be described with this theory.
pressures and hence for different collision rates. The satura- More recent approaches to a theory of PS were presented
tion curves obtained were analyzed with respect to theiby Nakayamd15] and by Suvernev and co-workdik8—2Q
functional dependence on the pump intensity, i.e., theiand Reichardtet al. [13]. Nakayama solved the Liouville
shape. The experimental saturation curves were also conequation assuming steady state and only considering the in-
pared with curves obtained from a model for the PS signatluced anisotropy in the ground state, which is similar to the
generation presented by Reichardt and LUdii and Gian- treatment of Teetst al.; Suvernev and co-workers and Rei-
colaet al.[12] (see Sec. Il for a detailed discussjon chardtet al. used a perturbation approach. The latter account

The aim of our investigation is to make PS a versatile andor the excited-state anisotropy and collisional relaxation in
practical tool for concentration measurements. We thereforground and excited states, which was not the case for the
aim to find simple algebraic equations to describe the P$heory of Teetst al, but they are not valid for pump inten-
saturation behavior. The numerical model of Lucht and cosities in the saturated regime.
workers [11,12 is a versatile tool allowing a parametric ~ Although a PS theory accounting for saturation has long
study of PS signals over a wide range of, e.g., pump intenbeen recognized to be a crucial step towards a quantitative
sities, but it does not provide a mathematically tractable setheory[9,11,12,14,19 few attempts have been made to de-
of equations. We propose a generic equation based on \&lop such a theory. The main reasons for this are as follows.
simple model for the PS-signal-generation process. In thié\ realistic PS theory has to treat all degenerate magnetic
model PS is described as coherent forward scattering afublevels in the ground and excited states that are coupled by
probe photong15]. The generation of the anisotropically the pump laser. In practical cases the density matrix of the
distributed population, at which the probe photons are scatsystem can therefore be extremely large. To allow for high
tered, is described as the optical pumping of a two-levepump intensities one has to deal with an appreciable popula-
system. This simple model was fitted both to the theoretication in the excited state, prohibiting the use of a perturbation-
and the experimental saturation curves in order to investigatiheory approach. Finally, the finite-laser linewidth and the
its validity. multiaxial mode structure of practical lasers have to be taken

The experimental saturation curve shape is found to be iinto account.
good agreement with results from the model of Lucht and Reichardt and Luchfll] and later Giancolat al. [12]
co-workers[11,12] and our simple saturation model. The attacked these problem by direct numerical integratioN|)
proposed model offers, due to its inherent simplicity, the poseof the Liouville equation. By using this approach they were
sibility of parametrical studies of the PS-generation andnot limited to assumptions on collision rates, laser intensi-
-saturation process. It also provides a simple means to coties, and the axial-mode profile. To our knowledge, it is up to
rect PS signals for changes in the laser intensity. now the only approach dealing with PS-saturation effects,

In a forthcoming paper we will present results from rela-and it was therefore used in this work for comparison of
tive concentration measurements using PS of OH and applgxperimental PS-saturation curves with predictions from
the equation proposed in this wofk6]. theory.

The outline of the remainder of the paper is organized as
follows. In the theory section an overview of different PS
theories is given with respect to their treatment of saturation
effects. After this the model of Lucht and co-workgtd,12]
is discussed and the proposed simple model for the depen- Polarization-spectroscopy calculations were performed in
dence of PS signals in unsaturated and saturated regimestigs work by direct numerical integration of the Liouville
presented. Thereafter, the experimental setup is describegjuation as discussed in detail by Reichardt and L{thi
followed by a discussion of the results. Finally, the resultsand Giancolaet al.[12]. The collisional model and the laser
are summarized and the impact of our findings on the furthemodel together with the important features of the DNI code
development of PS is outlined. are described below.

A. Solution of the quantum-mechanical Liouville equation
with DNI

1. Collisional models

Il. THEORY . . . .
The numerical-modeling approach outlined by Giancola

Wieman and Hasch were the first to demonstrate PS andet al. [12] is adopted. Laser-coupled upper statég,M )

to derive a theory for PS in the counterpropagating geometrand lower states),,M,) are strongly coupled to other rota-
[1]. Their theory was derived using results from thetional levels in the upper and lower vibration-rotation mani-
saturation-spectroscopy theory. It is based on the assumptidald. Groups of rotational levels coupled to the laser-coupled
of low pump intensities to allow the use of a perturbationlevels are referred to as bath levels. In the following analysis,
treatment of the quantum-mechanical Liouville equationlaser-coupled lower and upper levels are designated 1 and 2,
[17]. This description was reviewed in a later publication bywhereas upper and lower bath levels are labeled 3 and 4.
Teetset al. [2]. In their description it is assumed that the  The population of level 1 prior to laser excitation is as-
anisotropy in the excited state, which is induced by opticalumed to be 1% of the total population, distributed equally
pumping, is negligible. The assumption of zero anisotropy inramong the 4,+1 degenerate magnetic sublevels. It is as-
the excited state implies that the upper-state population isumed that 99% of the initial population is in level 4. Popu-
destroyed at a much higher rate than the pump rate, theréation transfer between levels 1 and 4 is caused by collisions.
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Relative rates of rotational transfer from level 1 to 4 and vice The phases of different modes are assumed to be random
versa are determined by the principle of detailed balancingnd independent. The phase for each mode can assume a
nT'1,=n3I 4;. The unperturbed populationisin m~3, I',;  random value from O to 2 and is assumed constant during

in s is the rotational transfer from level 4 to 1, ahqd,is  each pulse. Modes with average amplitude of at least 1% of
the rotational transfer in the opposite direction. The rotathe average peak amplitude of the central mode are consid-
tional transfer from level 1 to level 4 is assumed to be theered, and their total number is calculated from the laser
same as between levels 2 and 3. Also, each Zeeman stateiandwidth and mode spacing.

level 1 or 4 is assumed to be equally likely populated by The mode amplitudes are assumed to be exponentially
rotational transfer collisions, and rotational transfer rateglistributed to account for the fluctuations in the spontaneous
from lower laser-coupled states to their respective bath levelgmission noise for each of the modes in the initial phase of

are assumed equal. the laser puls¢12,21,23.
Neglecting the pure dephasing rate for the coherence be-
tween states andb, the de-phasing ratg,,, between states Ag;=—AgIn(1—-&), (5)

a andb is given by

whereA, is the amplitude of the electrical field of modle

1
Yab=5 (F'at D). (D andA, is its time average. The random tegincan assume
any value between 0.001 and 0.999.

We also assume that
3. Multi-axial-mode DNI calculations

Yab™ Yas: 23 The direct numerical integration of the time-dependent
(2b) density-matrix equation was performed using the subroutine

DEABM of the Sandia Fortran Slatec library, which utilizes a
wheres andj are all the states within levels 2 and 1, respec-fifth-order Adams-Bashforth-Moulton predictor-corrector or-
tively. dinary differential equation solvg@3].

The following additional assumptions are made: Vibra- The code was compiled with Microsoft developer studio
tional transfer and collisional quenching occur only betweerwith FORTRAN 90 module. It was run on a computer with a
levels 3 and 4, changes in the orientation of a level due td®entium Il 450 MHz processor and Windows 98. The calcu-
collisions without population transfer are negligible, and alsdation time depends greatly on the number of time steps,

Yab™ Yijb»

velocity-changing collisions are negligible. modes, velocity groups, and the type of broadening incorpo-
rated in the calculation and other parameters discussed
2. Multi-axial-mode laser model below.

In the multi-axial-mode laser model incorporated in the . "€ Doppler effect is incorporated in the analysis by di-
code, the distribution of mode frequencies and amplitudes, adding the population of the staté, into different velocity
well as phase relationship between the modes are well d&rOUPS. Interaction with the laser is assumed not to change
fined. The angular frequency spacigoy (s 1) between the velocity of the molecule, and velocity-changing colli-

two adjacent modes for a multi-axial-mode laser with a cay-SiONS are also neglected. o _
ity length of L is given by[12] If only homogeneous broadening is considered, the calcu-

lation time for 100 single-pulse intensities varies between 3
rae and 4 h. The calculation time increases to about 36—-40 h
Aoy=—"- (3 (depending on the frequency separation assumed between the
velocity groupg when Doppler broadening is included. Us-
The mode detuning’,, from line centerw, is calculated ing the small-angle approximation, only the velocity compo-
from the equation nents in a single direction are considered. The incorporation
of Doppler broadening in the calculations is discussed in
more detail in Giancol&t al.[12].
' ) Doppler and collisional widths were calculated as dis-
cussed in the Appendix. The product of the number of veloc-
wherel is the mode number, an, is the total number of ity groups and the frequency separation between velocity
modes. groups was specified to be at least twice the FWHM of the
The spectral distributions of pulse-averaged mode ampliDoppler profile. The number of time steps is another input
tudes are described by a Gaussian profile with a full width aparameter, which greatly affects the running time and the
half maximum(FWHM) of Aw, , wherew, is the angular convergence of the results. For multi-axial-mode laser pulses
frequency of the laser radiation in the laboratory frame.  the laser intensity will vary on time scales corresponding to
The actual laser parameters incorporated in the code atée inverse of the laser bandwidth due to mode beating. The
as follows: The laser linewidth in the input file was taken tofastest oscillations are due to the beating of the two modes
be 0.3 cm* (cf. Sec. ll). The mode spacing is calculated to with the greatest frequency spacing. In this case, mode 1 is
be 0.034 cm? from the cavity length. This value was con- at w, —0.34 cmi'! and the last mode is ab,_+0.34 cm' L.
firmed by measuring the mode profile with an etalon. Therefore the fastest beat frequency is 0.68 &min gen-

N, +1
2

5n‘|=AwM I_
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eral, the following equation is used to determine the requiredytical expression for stationary two-level atoms by directly
time steps: solving the Liouville equatioi26,27. For weak absorption

within the interaction volume of the beams, the pump-

Nsteps™ 1002 ) Clin, (6)  intensity dependence of the DFWM signal intensity can be

] ] ] ] written as
wherengesis the total number of time steps requirel, is

the detuning frequency of the first mode (0.34 ¢y and I'orpwm =T prwm > | probes (8a
tin is the total integration time in s, which is set to 20 ns.

The computer code of Giancok al. [12] was modified ~ Wherel ypeis the probe pulse intensity in WA andr pey
slightly to simulate the co-propagating geometry of our ex-the DFWM reflectivity[28]. The latter is given as
periment(cf. Sec. Il). For the co-propagating geometry the DEWM, 2
Doppler shift in frequency for a given velocity group will be (pump/Tsar )

loFpwm=2a n?, (8b)
the same for the pump and probe beams. (1+4|pump/|?a'1:tWM)3
4. Calculation of saturation curves wherea is a scaling factor ,,,is the pump-pulse intensity,

: . . DFWM . . .
The input parameters for the different experimental caseksar ~ the DFWM saturation intensity, and the number

are the same except for the collisional width, Doppler width,density of the optically pumped constituent. The DFWM
number of velocity groups considered, and the frequenc);aturation intensity for a monochromatic excitation source
separation between velocity groups. The collisional widthequals[26,27]

varied according to changes in pressure, temperature, and 5
species concentration. The pressure was recorded experimen- | DFWN _ mheoclAvg
tally, and the temperature and the species concentration were sat e
calculated from flame simulation&f. AppendiX. The ap-

proach used to calculate the collisional width and Dopplemwhere? is the Planck constant divided byr2in Js,I" is the
width was adopted from Reichardt al. [24], which led to  depopulation rate of the excited levaly, is the collisional
excellent agreement with experimental data in their analysidinewidth in s %, andu is the dipole moment—in mA s—of
As expected, the contribution of water vapor and carbon dithe excited transition. For an atom or a molecule with degen-
oxide to the collisional width was the most significant. Theerate Zeeman sublevels coupled by the laser light one would

, (€)

Doppler width was calculated from the formula not expect that Eq8) holds since the pump rate of all sub-
levels depends on their respective magnetic quantum num-
8(In2)kT bersmj, which leads tom;-dependent saturation intensities
Awp=wy m—c2 ' (7)  for different Zeeman sublevels. Thesg-dependent satura-

tion intensities would enter Eq8b). Reichardt and Lucht
[25] showed in contradiction to the reasoning above, that
transitions in OHA23*-X2[1(0,0) and in CH XZ2II
KA 2A are well described by E@8). Therefore one could be
led to assume that PS-saturation curves may also be de-
scribed by a single saturation intensity. This assumption is
supported by the findings of Suverneat al. [20], who
pointed out that the theory of PS can mathematically be
One of the main drawbacks of the DNI code for PS is itstreated as a special case of DFWM for which the two
restricted practical applicability in a given situation. In a realDFWM pump beams are co-propagating. Another indication
measurement situation one cannot derive, for example, satare the findings of Ritzet al.[29]. They solved the station-
ration curves from the DNI code without knowing numerousary Liouville equation for all magnetic sublevels and showed
parameters such as species concentration, collision rates, aifét the PS-signal strength can be written as a function of a
so forth; and yet these may be the very parameters one see§isigle saturation intensity. In their model they assume plane
to determine by such measurements. A recursive applicatiowaves, and also that phase and population relaxation rates
of DNI simulations is possible in theory, but as every DNI equal each other. The effect of Doppler broadening is also
run takes an appreciable amount of tifeé Sec. Il A 3 this  incorporated into their theory. Nonetheless, their approach is
approach seems hardly feasible. On the other hand, the DNimited to single-mode lasers only and puts certain restraints
approach is a very useful tool for testing various aspects ofn the relaxation rates. Their approach does not result in a
PS signals and in searching and validating simple analyticadimple algebraic solution but results in a sum of functions
expressions that describe the PS process. Such expressidhat has to be evaluated numerically. Following these find-
may render it feasible to extract parameters like those merings we seek an expression for the PS reflectivity similar to
tioned above from a measurement. This was already demortzq. (8b). According to this equation, the DFWM reflectivity
strated for DFWM using a similar approaf®s]. has a maximum fot25"M/2 and decreases for higher pump
To elucidate our proposal of such a simple analytical exdintensities. PS reflectivities have been measured by many
pression we discuss first a similar expression for the signaduthors[5,9,12,19,3Q) but a decrease of the PS reflectivity
strength in DFWM. Abrams and Lind derived such an anafor high pump intensities has not been observed. Therefore

whereA wp is the Doppler widthw, is the resonance angu-
lar frequency in s%, kis the Boltzmann constant in J/K, and
mis the mass of OH in kg. For the experiments in this wor
the Doppler width was approximately 0.25 ch

B. Simple model for the PS saturation process
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analyzer
. burner
- R S A 5 1o A U | Y A low-pressure
FIG. 1. Stationary two-level system for a simple model of the cell
PS pumping process;s,,, Number density of isotropically oriented . polarizer

molecules;nps, number density of aligned moleculds;s, pump
rate from one level to the othef;pg, transition rate due to the
combined effect of spontaneous emission and collisions.

one cannot use E@8b) in a straight forward fashion to de-
scribe PS-saturation curves. Measurements by Nyledlad.
[5,30] indicated that the PS reflectivity depends cbpuy(u)z ND

for nonsaturated regimes. Suverretwal.[19], Reichardt and attenuator {». diode

Lucht [11], and Giancoleet al. [12] showed that the PS re- e

flectivity becomes nearly independent If,m, in saturated ) _ )
regimes, i.e.f PS“('pump)o- Similar to Eq.(8) we propose FIG._ 2. Experimental set_up. Apertures and plnhol_es_are omitted
hence the following simple analytical expression for the pSOr clarity. ND, neutral density filter; PMT, photomultiplier; UGS,
signal intensityl ps: Schott color filter.

I ps=Tpd probe (103 The generation of anisotropically oriented molecules is
caused by the Zeeman-level dependence of the optical pump-
with ing rate. The polarization-dependent pumping strengty)(B
) can thus be described as a function of the difference in
n pumping strength for different Zeeman levels.
fes=a| —ps, | » (10b To validate the model presented here the generic function
1+1 sa{l pump

for the PS signal intensityEq. (10)] was fitted to measured

where|£3 is the so-called PS saturation intensity. The pro—and calculated saturation curvesee Sec. IY.

posed PS reflectivity satisfies the aforementioned depen-

dence on the pump intensity. Equatid)) can be described [ll. EXPERIMENTAL SETUP
by the following simple two-level modékee Fig. 1. The PS . . .
signal is generated by coherent forward scattering of the The probed molecule in our experiments was the OH radi-

probe beani31]. The scattering medium consists in this Case.cal’ which frequently occurs in combustion processes, where

of aligned molecules rps, see Fig. 1 i.e., Ipe (Npg)? it is one of the most important oxidizef82]. Its spectro-
These molecules are ger?érated by t'he pé)lai’rizgtion—gepénde%OP'q chara}cter.lst|cs are 'de"?" for these experiments since it
pUMPING Ops=Bpd pumCal/C iN s L, whereBps is propor- is easily excited in UV light using common laser sources and
tional to theP?Einsiei?%mcoglfficient in’n§s*2J*1PanCa| ins has a WeII-unde_rstood spectruf83—35. The absorptlon

is the overlap integral of laser and absorption Jin&isotro- lines Of.OH are, in contrast to other common diatomic mol-

. o ecules in combustion processes, well separated even at well-
pically distributed moleculesn(s,,). The pumped level can .
be depopulated by stimulated emissidind, by collisions elevated temperatures and pressures. A sketch of the experi-
or by spontaneous emissiohi{g). The dependence ofgon mental setup is found in Fig. 2.

) oo An optical parametrical oscillatdlOPO, Spectra Physics,
the pump intensity is given dsee, e.g.[4], Chap. 7.2.1 MOPO 730-10 served as the excitation light source. The

OPO was pumped by a sing(lngitudina) mode Nd:YAG
Npe= 1 E’ (113 laser (Spectra Physics, PRO 290)10he laser’s pump en-
L+ 15 pump 2 ergy was 550 mJ/pulse at 355 nfthird harmoni¢ with a
pulse duration of 5—6 ns. The OPO was operated at 619 nm

where (signa) and the output of the OPO was frequency doubled in
a BBO crystal to yield a typical pulse energy of around 6 mJ
|PS_ cl'ps 118 at 309 nm. The linewidth in the visible is specified by the
sat 2B Cy,° (11b supplier to Avee~=0.2 cm'l, the pulse duration to
At=3-4 ns.

Notice that these equations only hold for homogeneously To enlarge the diameter of the outcoming ultraviolet laser
broadened absorption lines, viz., stationary absorbers. Réeam, a Galilean telescopé=f —40 mm and+150 mm)
calling thatr p<* (Npg)? one obtains Eq10b) from Eq.(119.  was used. After this the central part of the beam profile was
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selected with an aperture and the profile was then spatially pressure
filtered by two consecutive apertures of approximately 6 mm control valve
diameter placed at a distance of 1 m. The energy of the
filtered beam could be continously varied over one order of
magnitude by a beam attenuat@dewport, 935-10 After
passing the attenuator the beam went through a 45° quartz
plate beam splitter. The reflected beam was attenuated b
neutral-density filters and served as the probe beam. Thi
transmitted beam was used as the pump. A surface reflectio
was used to monitor the laser pulse energy with a fast pho-
todiode on a shot-to-shot bagiglliot, DET200. After the
turning prism the remaining part of the pulse served as the
pump pulse and passed a Glan-type polarid@r Halle
Nachfl., PGL 10, which polarized the beam at 45° from the nitrogen
horizontal. Typical pump energies after the polarizer ranged
up to 250 uJ. The probe beam energy was-0.5% of the
pump energy. The extinction of the polarizers used in the FIG. 3. Side view of the low-pressure burner. Beam path of
experiment were specified to be better than 310 pump beam not shown.

The probe and the pump beams passed through a 500-mm

focusing lens and entered the cell of a low-pressure burner ignq oxygen were mixed and regulated by two mass-flow
the co-propagating beam geometry . The burner is describeghnirollers(Bronkhorst, EI-Flow. The burner head was wa-
in detail below after this general description of the overallier cooled and mounted on a vertical translation stage, driven
measurement setup. In the cell the probe beam passgg 5 stepper motor with Lm resolution. Exhaust gases were
through another polarizer, which polarized the probe beanayiracted through a water-cooled upper section by a rotary-
horizontally to prevent depolarization by window birefrin- y,ane vacuum pumfLeybold, Trivac 16B with a maximum
gence. The beams were crossed in a copropagating beaﬁump speed of 16.5 #n.
geometry at an angle of 4.9° centered above a McKenna- 1 keep the polarizers free from water condensation and
type burner head. The focal sizes of probe be@one  also to allow fine adjustment of the gas pressure, the gas cell
=354+24 pm, and pump beamd,n=402+23 um,  could be flushed with dry nitrogen at flows up to 15 standard
were measured by translating a knife edge across the beamfnin, The gas pressure could be continously regulated from
The pump beam was blocked inside the cell. The probe bea®y mpar up to atmospheric pressure by adjusting both pump
propagated through the analyzer. The probe beam was spgneed and nitrogen flow. The pressure was measured with a
tially filtered and imaged through a 2Q@m pinhole onto a  capacitance manometéECM Instruments
photomultiplier(PMT, Hamamatsu R758, No. EBO38itu- Flame conditions were stoichiometric for all experiments
ated 1.5 m from the beam crossing point. In this way flameyresented here, with flows of 0.25 standard I/min for meth-
background emission and LIF signals were effectively elimi-gne and 0.5 standard I/min for oxygen.
nated from the signal channel. The photodiode signals were calibrated on an absolute
To facilitate the alignment of the PS system, LIF from thegcgle against readings from an energy méterser Probe,
crossing point was collected at 90° angle through a windovRjp-636 and Rm-3700The quote of the pump energy in the
using a 100-mm lens and imaging through a pinhole ontqossing point to the measured energies above was measured
another PMT(same model as abonelo suppress laboratory once with a calibrated photo-diod®phir, AN/2 and PD-
and other background light, absorption filté&chott, UGS 330-UV) and this quote was then used to obtain the pump
were mounted directly in front of the the entrance pinholes tqnergy in the crossing point for all measurements.
both PMTs. OH was excited at 309.683 nm on tig(8) 8 line in the
Signals from photodiodes and PMTs were preamplifieda 25 +_x 2[7(0,0) branch. The line absorption strength of

(SR245 and passed through gated integrat@R250 from  the chosen line depends only weakly on temperaisee[4],
Stanford Research Systems before storage on a PC. Chap. 7.2.1

The low-pressure burner facility was specially designed
for the present PS experiments to include the polarizers and
thus to avoid problems associated with window birefringence IV. RESULTS AND DISCUSSION
at different operating pressures. Polarizer and analyzer were
contained in specially designed sections on the sides of the
main chamber. They were mounted in special rotation stages Due to the elevated temperature in the low-pressure
and the crossing angle at the analyzer could be adjusted byfame, the Doppler linewidth in the probe volume was ap-
pressure-sealed shaft from the outside of the cell. A sketch giroximately 0.25 cm?, which is substantially larger than
the burner is found in Fig. 3. It consisted of three main partsthe collisional linewidth €0.07 cm'%, see Table)l There-
the main cell, the burner head on a translation stage, and tHere, one needs to excite the OH molecule with a laser field
two sidearms containing the polarizers. The burner head wasxhibiting a bandwidth smaller than the homogenous line-
of plug type with a plug diameter of 30 mm. Fuehethang¢  width in order to attain saturation curves that are dominated

SN

angle control

]

cooling water

fuel + oxygen

A. Homogenous line broadening
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10° i , where v, is the laser frequency in"$ and v, is the
line-center absorption frequency. For maximum overlap, i.e.,

PG Viaser= Viine» this equation yield<C, ,eni=4/Av.. Inserting
S the latter into Eq(11b) yields

[2]

107 b 2CTpA vy 12h2eoclpA v,

sat— B * 2 ’ (13)
PS | ul
5 where the relatiolps B=| u|?/67%€oh? was used. Assum-

ing thatI"ps equals the depopulation rate, the expression for
the PS-saturation shown in EG.3) agrees well with that for
the DFWM saturation intensitycf Eq. (9)]. For the DNI
calculations'=R.xA v, (see Sec. Il A1 and the Appendlix
and one expects according to Ef3) that the PS-saturation
intensity depends on the square of the collisional width.
The scaling factor in Eq(10b) is a measure of the scat-
tering efficiency of the probe photons at the anisotropically
FIG. 4. (@) Result of a DNI simulation for the copropagating distributed molecules. As a first assumption one may propose
beam geometry and a homogenous linewidth of 0.08 crithe  that this efficiency is proportional to the overlap of the laser
pumped transition i€,(8) 8 A23*—X 2[1(0,0) of OH. The fit of ~and absorption-line profiles, i.eG,. For a monochromatic
the saturation moddEq. (10)] (solid line) to the logarithm of the laser and maximum absorption one expects hence
PS reflectivities yields a PS saturation intensity of 5.9

X101 W m~2. (b) Residuals of the fit. 4
® aocCLorentz:AV . (14
C

by homogenous line broadening. A laser system featuring S%o investigate the dependence of the fitting parameters on

small a bandwidth was pot avallable_, which is why or‘Iythe collisional width, the following equations were fitted to
results from DNI calculations are available for the case ofne former:

homogenous line broadening.

DNI calculations were conducted for the laser parameters a=d;(Av,)  %2+d, (153
specified in Secs. lll and Il A and several collisional widths
(0.08-0.4 cm?). An example for Av,=0.08 cm! is and
shown in Fig. 4a). The chosen pump intensities cover both ps g
the unsaturated and the saturated regime, spanning over ten lsar= da(Ave) s+ de. (15b)
orders of magnitude. The fit of E¢LOb) to the logarithm of i )
the PS reflectivity yields an excellent agreement, as can b&ne fits resulted in
seen from the residuals in Fig(B}. The P value' of this
particular fit is 37%. Due to the exponentially distributed
intensity of the axial-laser modédsf. Sec. Il A 2 the distri-
bution of the calculated PS reflectivities is non-normal,
whereas the logarithmic values follow an approximately nor- ds=1.7, dg<<d,. (16b)
mal distribution. This is why weighted least-squares fitting,
which relies on normal distributed samples, was applied td'he deviation of the exponentls andds from the predicted

Res({ In(rPS/a.u.) }
o

|
a

Pump Intensity (W m'2)

d2=1.2, d3<d1 (163)

the Iogarithm pf the _PS 'reflc'ectivities. _ . values, i.e.d,=1 andds=2, is due to the finite laser band-
An interesting objective is to determine how the fit pa-width. To prove this, the same DNI calculations were con-

rametersa and |§’; in Eq. (10b depend on the collisional ducted for a laser linewidth of 0.1 ¢m and a mode spacing

width. For a monochromatic laser the overlap integral in Eqof 0.025 cm ®. The collisional width spanned from 0.05 to

(11b) is a Lorentzian function, i.e., 0.8 cm L. Fitting Egs.(159 and(15b) to the yielded param-
etersa and |25 resulted in this case id,=1.0 andds= 2.0,
_ _ Ave i.e., an excellent agreement with the previously presented
Cal_ CLorentz_ (12)

predictions.

Our generic model results in excellent fits to DNI calcu-
lations and also the dependence of the fit parameters on the
The P value determines the probability to obtain a fit with a coII|S|(_)naI W|dtr_1 is readlly explamed. Another chec_k of our
worse goodness than the actual one, i.e., Rwalues indicate 9€neric model is the PS line profile that can be derived from
unlikely fits. For data sets with many data points, as is the case her&0S-(100) and(11b). For a monochromatic laser these equa-

the P values of unbiased fits are centered around 50%. For a didions yield

cussion of theP value and a comparison of significance, §86, 3 P
Chap. 2-4.1. r'p<(Corent?) for Ipump< ma)(lsa% (17a

4772( Viaser— V Iine)2+ (A Vc/2)2 ’
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FIG. 5. Power-dependence scan fpre=300 mbar. Circles, FIG. 6. Theoretical power-dependence scanfer300 mbar

means from 30 single shots; error bars, 95% confidence intervals @ésulting from DNI calculationsta) Dots, results from single DNI
the mean values; solid line, fit of the empirical saturation modelruns; solid line, fit of the empirical saturation modélg. (21)] to
[Eq. (21)] to the measurement data. Estimat&f3=9.0 uJ  the logarithm of the PS reflectivities. EstimatetfS=2.9
(£ 2.1x10'° Wm™?), e=1.57(see Sec. IVB B X 10" Wm~2, e=1.57(see Sec. IV B B (b) Residuals for the PS
reflectivity.
and
width. The center part of the absorption-line profile will satu-
e (Cloendt  for loum>max(159).  (17b  rate first for a laser frequency tuned on the absorption maxi-
mum. As the pump intensity approaches the saturated regime
These predictions of the PS line profiles are in excellenthe wings of the profile, which belong to other velocity
agreement with theoretical investigations of Reichardt andlasses and which are pumped at lower rates, are still unsat-
Lucht[11] and with experimental investigations of N¢@7].  urated and entail a not fully saturated PS reflectivity. This is
After this successful validation of our simple model of the not the case for homogenous line broadening, for which the
PS signal generation we proceed to the case of inhomogvhole line profile is saturated at the same pump intensity.

enously broadened lines. With these findings we can provide an explanation for the
disagreement between our simple analytical model and the

B. Inhomogenous line broadening curves in Figs. 5 and 6. The observed deviation originates

_ from the fact that our simple model does not account for

1. Strong saturation inhomogeneous line broadening of the absorption line, which

An experimental power dependence scan for a pressure #fdy arise in the case of dominating laser and Doppler line
300 mbar is shown in Fig. 5. Energy values stated here ar@idth. If the dominating line broadening is mainly homog-
the pump-pulse energies of the interaction volume in absenc@hous and/or the molecule is probed in a Doppler-free geom-
of a flame. As one can see the PS reflectivity does not levedtry with a narrow-bandwidth laser, no saturation broadening
out for large pump intensities, which contradicts the findingsoccurs and our analytical model gives an excellent descrip-
in the previous section. Our experimental findings agree ofion of the PS-saturation behavior as discussed in the previ-
the other hand with those of Suverneval.[19]. They re-  OuS section.
ported power-dependence scans for OH and NH, also in the _ )
co-propagating beam geometry. For NH, the measured PS 2. Partial saturation
reflectivities increase clearly even for pump intensities sub- Since the Doppler linewidth in our experiment was not
stantially larger than the saturation intensity, but the slope isnuch smaller than the laser bandwidth one could expect that
smaller than for pump intensities in the unsaturated and theur generic model provides an adequate prediction of power-
partially saturated regime. dependence scans in the partially saturated regime. In this

Our experimental findings were compared with DNI cal- section we investigate power-dependence scans for which
culations. The theoretical power-dependence scans wethe highest pump intensities are of the same order of magni-
found to feature a similar slow increase of the PS reflectivitytude as the PS-saturation intensities. PS-saturation curves
for very large pump intensitigsee Fig. 63)]. The fits shown were measured for different gas pressures. For each measure-
in Figs. 5 and 6 are discussed later Bec. IVB 3. We  ment the pressure was held fixed at a constant value and the
explain the different saturation behavior in the case of inhoPS signal recorded for different settings of the laser pulse
mogenous line broadening as follows. Various velocityenergy.
classes of the probed molecule are excited as the laser and An example of such a scan fpr=700 mbar is shown in
the Doppler linewidth are larger than the collisional line- Fig. 7(a). Each measurement point consists of 150 single
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—~6f ' ' ' ' ' ' ' ] diameter is weak. Absorption measurements revealed, for the
3 @ e same pressure range as in our work, peak absorption up to
%4 _____ Pt 7 37% when passing the flame on the center [ih6]. The
St e o approach presented below was used to account for the ab-
U“; g € sorption and was found to lower the estimated PS-saturation
Q Qf oo intensities by up to 10%.
0 5 10 15 20 25 30 35 Known values of ;oheandl pumpin the interaction volume
in the absence of a flame are taken as the initial values for
+ - : : : - - the beams entering the flame. It is assumed that the diameter
i ®) ] of the pump and probe beams do not change over the flame
% . N 1 diameter, which is a reasonable assumption as the diameter
Ei 0__.____0__t__‘__¢___‘____0_____0__0__‘--- of the flame(30 mm is of the same size as the Rayleigh
%-2- A ¢ | range(40 mm). The transmission of a beam from outside the
2 ¢ flame to the interaction volume can be calculated by solving
-4t

) 5 0 15 20 25 30 35 the following equatior(cf. [39], Chap. 8.6.8
Pump Energy (uJ)
FIG. 7. Power-dependence scan fpr=700 mbar:(a) The Inl =(1-T) I_ (19)
circles stand for the mean values, the error bars for the 95% confi- T* |§gf'
dence intervals of the mean valud$0 single shobs Dotted line,

saturation modelEg. (18)] fit to the data, estimateﬂspasl: 20 wpd ) o .
(& 4.8<10° Wm™2): P=40%. (b) Residuals of the fit. whereT* is the measured transmission for a nonsaturating

beam,T is the transmission for the actual intensifyand! 228

shots. Equatior{10) was fitted to each saturation curve. In iS the absorption saturation intensity. The intensitiasere
this particular experiment, pump and probe intensity weresalculated from the measured energies with aid of @)
varied simultaneously! fope= 8% | pumps S€€ Sec. I} con- (lsee. beIO\/)(. In the App_end|x it is explained how t_he satura-
sequently Eq(10) had to be slightly modified and was modi- tion intensity was obtained. The values|@flisted in Table

fied to Comprise the measured pump energies instead, | were assumed to be valid over the whole radial extent of
the flame.
(E ump)3 Figure 8 shows the calculated transmission corresponding
lps=ap P ps5 D (18  tothe PS-saturation curve in FigaJ. The probe beam trans-
(Epumpt Esa mission depends only weakly on its intensity as the latter is

substantially smaller than the saturation intensity. The pump

wherea, Espast, b, and the pump energies were the parameter®eam transmission varies strongly for small intensities and
to be estimated. The offsétwas introduced to account for levels out to a value close to unity for elevated intensities.
the statistical uncertainty of the subtracted background. The impact of the calculated transmission of probe

In nonlinear signal generation pulse-to-pulse fluctuationand pump beam was introduced into E@8) by re-
of the laser intensity lead to skewed signal distributionsplacing the unperturbed energies with their transmitted
which in their turn result in biased estimates for model pa-values, i.e.,Epope— TprobEprobe= BT probpump:  @Nd Epymp
rameters if conventional least-squares fitting approaches are T, Eump, respectively. This corrected form of EQG.8)
used. Therefore, we developed a generalized fitting schemeas fitted to the same saturation curves as for Fig. 9 below
that yields unbiased estimates from such data. This method &nd the estimated PS-saturation intensities were found to be
discussed in detall in a forthcoming papdB] and was used 5-10% lower than the corresponding values for neglected
for the parameter estimation in this work. absorption. The fits with absorption-corrected probe and

When using Eq(18) for fitting, one tacitly assumes that pump intensities did not result in noticeably better fits than
the absorption of both probe and pump beam over the flam@ithout absorption correction. This surprisingly small differ-

TABLE I. Parameters for the interaction volume. The values served as input data for the DNI calculations.
p, pressure for the measurement; columns 2—4, the mole fractions of O},a0@ HO; T, temperature,
guenching rateA v., collisional width;lg‘gf, absorption saturation intensity. For a discussion, see the Appen-

dix.

p (mbap XoH Xcoz  Xwpo T(K)  Q (s Avc(emh) 1% (Wm?)
30 2.2x1072 0.22 0.52 1920 3810 1.9x10°3 2.4x10°
100 7.8<10°8 0.30 0.62 1700 1X10° 8.1x 1073 1.1x10°
300 8.3x 1073 0.30 0.63 1880 43810 2.3x107? 2.9x10°
500 5.8x1073 0.31 0.64 1860 7410° 3.8x10°? 4.9x10°
700 45¢10°3 0.31 0.65 1840 1x10° 5.3x10°? 7.1x10°
900 3.7%x10°3 0.32 0.65 1830 1410° 6.9x10°? 9.2x 10°
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for this is an additional variation of the PS signal from one
energy setting to the other, which is not reflected by the
statistical variation of the measurement points within one
energy setting. The pulse energy was varied by tuning two
mirrors within a beam attenuatdcf. Fig. 2. We suppose
that this imposed a mechanical stress on the optical table,
which resulted in a small nonsystematic change of the align-
ment and consequently of the signal strength between two
consecutive energy settings. This could explain why (E8)

0.85- - yields almost unbiased fits but with too ldwvalues.
Confidence intervals of the estimated parameters for each
saturation curve were obtained by running 1000 Monte Carlo
simulations for each power-dependence ssae|40], Chap.
14.5. As we did not have any measure for the proposed
nonsystematic change of the alignment, only the statistical
o uncertainties of the measured values were used for the Monte
FIG. 8. Calculated transmission for probe and pump beam to thgs 1o simulations. This leads to consequently somewhat too
crossing point of botticenter line of the flame Same experimental 5| confidence intervals for the estimated parameters. Al
conditions as for Fig. 7. errors quoted in the following stand for 95% confidence in-
. . i tervals estimated by this approach.
ence for the PS-saturation intensities is explained as follows. 1hq results of the fits of Eq18) to all measurements are

The chosen pump intensities were so high, gk, Was  shown in Fig. 9. The estimated PS-saturation energies were
close to unity for most of the energy settings. Fig. 8.  ransformed into intensities with the relation
Therefore, the impact of absorption @RmdEpump+ Eox in

the denominator of Eq.18) is small and the absorption af-
fects mainly the scaling fact@ The results presented below | = 4E (20)
were estimated assuming zero absorption, i.e., with the un- W(dpump)zAt'
corrected form of Eq(198).

In Fig. 7(b) the residuals of the fit are shown. They exhibit ,qing the values quoted in Sec. IIl. The uncertainties of the
a near-stochastic distribution and the fit was characterized by, ~ors in Eq.(20) were quadratically added to the uncer-
a high P value (P=40%). From bo_th findings it can _be tainty of |25 from the Monte Carlo simulations.
concluded that our proposed analytical model containing a The PS saturation intensity in Fig. 9 is observed to in-

single PS—saturatiqn _intensity fits very well to the mea$ure%rease with the gas pressure, which means that the destruc-
saturation curve within the error margins. None of the fits tot '

o8t ++ ++ + + + + +F F

0 10 20 30 40 50 60
Pump Energy (pJ)

the experimental PS-saturation curves showdvalues

higher than 50%, although the residuals were almost normg,
distributed. From this observation one concludes that the es-
timated variances and covariances of signal intensity angiti
pump energy are somewhat too small. A possible explanatiooa
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ion of the anisotropy induced by the pump beam takes place
t a higher ratd’pg at higher pressures. This agrees with our
ndings in Sec. IV A.

The reproducibility of the estimated PS-saturation inten-
es is good fop=300 mbar and minor below. The obser-
tion discussed above, namely that the shown confidence
intervals are too small, could explain the nonoverlapping er-
ror bars, especially fop=30 mbar. Another possible error
source is the stability of the probed flame. The feeding gas
velocity at the burner plate in our experiment depended in-
versely on the gas pressure; the flame expanded from some
millimeters height at elevated pressure to several centimeters
for pressures below 300 mbar. Therefore small fluctuations
of the pump speed may have a pronounced impact on the
flame size and geometry at lower pressures. When the flame
structure at the interaction section varies, this may have a
substantial influence on the local collision rate and absorp-
tion and hence oh_s too.

DNI simulations were conducted for the same range of
pump intensities and the same flame conditions as for the
experiments(cf. Table ), and subsequently the calculated
power dependence scans were analyzed by fitting(Ep)
to the logarithm of the PS reflectivities. This was done with

FIG. 9. Experimental PS saturation intensities for different presWweighted least-squares fitting as fo-r the fits r.epo_rted in Sec.
sures. The symbol fop=500 mbar consists of two measurement IV A. An example forp=700 mbar is shown in Fig. 18).

points with nearly equal saturation intensities.

The fits resulted in excellem® values for pressures over 500
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FIG. 10. Theoretical power-dependence scan resulting from
DNI calculations forp=700 mbar.(a) Dots, result of single DNI
runs; solid line, fit of the saturation modetg. (10b)] to the loga-
rithm of the PS reflectivities, estimaté@;=8.6x10°° Wm™2; P
=49%. (b) Residuals for the PS reflectivity.

FIG. 11. Comparison of theoreticdstars/solid line, squares/
dashed lingand experimental PS saturation intensitigiscles as a
function of the collisional width. Stars, fit of the saturation model
[Eg. (10b)] to DNI calculations for the partially saturated regime
(see Sec. IV B 2 squares, fit of the empirical saturation equation
(21) to DNI calculations stretching from the unsaturated to the
mbar (P~50%) and poolP values below that pressur@®(  strongly saturated regimeee Sec. IV B B

<2x103). The reason for the latter is that the DNI calcu- | . . . . .
lation lies systematically above the fit curve for low pump higher collisional widths. Evgn this deviation may be caused
intensities (pump< 10° W m~2). This feature is not observed by erroneous flame calculations. For these pressures the re-

for the experimental data, which is due to detector noise an Ct'?jn zone of the frl]amg_flrs n closfeﬂprOX|m|t)é_to Ithe burrr:er
due to that most of the conducted power-dependence scafi§dd 1 mm). The diffusion of flame radicals to the

did not cover so low an intensity. The systematic deviation o urner su.rface is consequently substantial. The reaction of
fit function and DNI calculations is due to the previously flame radicals at the burner surface are modeled under the
discussed feature of saturation curves for inhomogeneous sumption of total recombination into stable constituents.

broadened absorption lines, i.e., a nonvanishing increase gf!iS 11gorous assumption may render the calculated a1@
the PS signal in the strongly saturated regime. For the lower-2C concentrations in the probe volume — slightly above
e reaction zone — too high, which would result in too high

pressure values the PS-saturation intensity is roughly fouth

times smaller than the maximum pump intensity and theeollisional widths and consequently too high PS-saturation

saturation curves exhibit clear signs of inhomogenous lindntensities. Nonetheless, considering all the uncertainties in
broadening. the calculations of the flame chemistry and also of the used

Estimated PS-saturation intensities from the DNI simula-c0llisional cross sectiongf. Appendiy the DNI calculations

tions and the experiment are shown as a function of the cal{!€/d @ very good agreement with experiment. A recently
culated collisional width(cf. Table ) in Fig. 11. The agree- 'ePorted comparison of experiment and DNI calculations

ment between experiment and theory is bad for collisionalt2] Showed a difference between both of the order of as
widths below 0.005 cm!. At the corresponding pressure much as two magnitudes, which is a noticeably stronger dis-
the probed flame was not formed as a horizontal disk in Closggrehement from the one statedlhgnle. . s |

proximity to the burner head, as it was the case for higher 11€ Proposed generic model yields in conclusion, excel-
pressures, but extended some centimeters above the burlI%Pt fits to experimental PS-saturation curves covering the
head in a cupolalike geometry. The kinetic code used folNSaturated and the partially saturated regime. The quality of
calculating the flame chemistry does not describe flames dfts {0 DNI calculations is of poorer quality but with respect

such a geometry properly, which results in erroneous value the uncertainty of the input data for the DNI calculations
for number densities and so forth in Table | for this particularbOth experimental and the theoretical saturation intensities

pressure. As these values serve as input data to the DNI co@gree very well.
the power-dependence curve calculated by the latter will not
compare well to experiment. Within the “cupola” the feed
gas is not fully burnt, which results in a lower temperature in ~ We will discuss two approaches to extend the presented
this region. This entails praxishigher collisional rates than generic model for inhomogeneously broadened lines.

in the flame simulation. The DNI calculation yields conse- The first approach is to rewrite EQLOb) slightly in order
quently lower saturation intensities. The theoretical and exto provide an empirical description of the saturation curve
perimental results deviate substantially from each other foshape,

3. Revised model for strong saturation
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| /Tpst)z mogenous line broadening the model predicts a dependence
( pump’ ! sa . . . . ..
Mps~ ——— —ps o (21 of the saturation intensity on quenching and collision rate,
(1+|pump/|sa59 which equals that for the similar saturation intensity in de-
generate four-wave mixinf26,27).
This equation features an additional fit parameteFor e A polarization-spectroscopy line model has been derived

=2 this equation and E410b) are identical. The former was from our generic model. For monochromatic laser excitation
fit to the logarithms of the data shown in Figs. 5 arid)6 and nonsaturating pump intensities, the predicted line shape
This was done with least-squares fitting. For the DNI calcudS Lorentzian cubed while it is pure Lorentzian in the
lations the fit reveals a bias for pump intensities belowstrongly saturated regime. These predictions are in excellent
10 Wm™2 [see Fig. )], but all the fits result in a rea- agreement with theoretical investigations of Reichardt and
sonable PS-saturation intensity, both when compared to eadficht[11] and experimental investigations of N¢®7].
other and also when compared to the DNI calculations for The analytical model presented is easily applied to mea-
the partially saturated regime. The fit of EQ1) to the ex- surements and provides consequently a versatile tool for a
perimental data in Fig. 5 results in a PS-saturation intensitgletailed investigation of the polarization-spectroscopy-
of 2.1x 10 Wm™2 and the fit to the DNI calculations in Signal-generation process in saturated regimes. Another fea-
Fig. 6 in 2.9x10'° W m™2. The additional parameterwas  fure of this model is the possibility to correct measured
1.57 for both fits. The corresponding saturation intensity forPolarization-spectroscopy signals for fluctuations in the laser
the partially saturated regime is X10'°© Wm™2. Satura- intensity even for the intermediate and saturated regime. It
tion intensities from fits of Eq(21) to DNI calculations cov- ~ dives also an indication on how the analytically cumbersome
ering both the unsaturated and the strongly saturated regimdouville equation can be simplified substantially for the
and the same parameters as for the calculations in the prev§ase of polarization-spectroscopy. This may also enable the
ous section are shown in Fig. 11 and compared to the fits tgerivation of a practical polarization-spectroscopy theory
DNI calculations in the previous section. According to theseVhich is valid for both the saturated and the unsaturated
results the empirical formula presented here provides a goo@g!me.
description of PS signals in the strongly saturated regime.
Anthw, the propqsed modification of E.0b) i§ some- ACKNOWLEDGMENTS
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V. SUMMARY AND OUTLOOK Kirchoff

We report on the saturation behavior of polarization-
spectroscopy signals. _Measured saturation curves of_OH _fo_r/-\PPENDIX: CALCULATED FLAME PARAMETERS AND
several subatmospherlc pressures were compared with simi- SATURATION INTENSITIES
lar curves obtained from a detailed polarization-spectroscopy
model, which comprises a direct numerical integration of the Values for the absorption saturation intensity were calcu-
guantum-mechanical Liouville equatiofil,12. We also lated with the balanced cross-rate model presented by Lucht
present a simple analytical model that was fitted to both exet al. [42] and reviewed by Eckbrettj4], Chaps. 7.2.3 and
perimental and theoretical saturation curves. Our analytical.3.2. As input for this model one needs the temperature and
model provides an excellent description of polarization-quenching rate in the probe volume. Temperature and mole
spectroscopy-saturation curves for absorption lines domifractions for OH, CQ, and HO at the center line of the
nated by homogeneous broadening and for cases of Doppldlame were calculated with a detailed one-dimensional ki-
free excitation with a laser bandwidth within the netic code. No other stable species than,GBd HO are
homogenous linewidth. Our model provides also an adequat&tated here as the latter were found to be the only entailing a
description of saturation-curve shapes for partial saturatiomoticeable contribution to the quenching rate, the absorption
and inhomogenous broadening. For the case of dominatiosaturation intensity, and the collisional width. The output of
by inhomogeneous broadening and broad-band excitatiothe flame calculation served as input for the calculation of
an empirical equation presented here provides a satisfythe quenching rate as outlined by Eckbré#, Chap. 7.2.2
ing description of polarization-spectroscopy-saturation-curvel he necessary quenching cross sections for this calculations
shapes. were taken fronj43]. The temperature, the chemical compo-

The onset of saturation is found to increase with the colsition, the quenching rate, and the resulting saturation inten-
lisional width. For monochromatic laser excitation and ho-sities are listed in Table I. The collisional widtidsv, were
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calculated using the listed chemical composition and temThe temperature features an uncertainty of approximately
perature in Table | together with results reported by Red&0% due to incomplete knowledge of input parameters to the
et al.[44]. The collision rateR. can be obtained from v in kinetic code and due to a simplified radiation model in the
s 1 with R;=27Av,. The uncertainty95% confidence in- latter. The uncertainty of the mole fractions {®land CQ)
terval) of the cross sections provided[i#4] is roughly 40%. is negligible compared to the other sources of uncertainty.

[1] C. Wieman and T.W. Hasch, Phys. Rev. LetB6, 1170(1976). [23] R. L. Ketter and J. S. P. Prawéllodern Methods of Engineer-

[2] R. E. Teetset al, in Proceedings of the Society of Photo- ing ComputationMcGraw-Hill, New York, 1969.
Optical Instruments and Engineeringdited by A. H. Zewail [24] T.A. Reichardt, W.C. Giancola, C.M. Shappert, and R.P. Lucht,
(Society of Photo-Optical Instruments and Engineering, Bell- Appl. Opt. 38, 6951(1999.
ingham, WA, 1977, Vol. 113, pp. 80-87. [25] T.A. Reichardt and R.P. Lucht, J. Opt. Soc. Am.1B, 1107
[3] W. Demtraler, Laser SpectroscopySpringer-Verlag, Berlin, (1996.
1996. [26] R.L. Abrams and R.C. Lind, Opt. Let?, 94 (1978.

[4] A. C. Eckbreth,Laser Diagnostics for Combustion Tempera- [27] R.L. Abrams and R.C. Lind, Opt. Let2, 205 (1978.
ture and SpeciegOverseas Publishers Association, Amster-[28] R.L. Farrow, D. Rakestraw, and T. Dreier, J. Opt. Soc. Am. B

dam, 1996. 9, 1770(1992.
[5] K. Nyholm, R. Maier, C.G. Aminoff, and M. Kaivola, Appl. [29] H.-H. Ritze, V. Stert, and E. Meisel, Opt. Commu2®, 51
Opt. 32, 919(1993. (1979.
[6] K. Nyholm, R. Fritzon, and M. Alde, Opt. Lett. 18, 1672 [30] K. Nyholm, M. Kaivola, and C.G. Aminoff, Opt. Commun.
(1993. 107, 406 (1994.
[7] K. Nyholm, M. Kaivola, and C. Aminoff, Appl. Phys. B: La- [31] S. Nakayama, Phys. S¢F70, 64 (1997.
sers Opt60, 5 (1995. [32] J. Griffiths and J. Barnard, iRlame and Combustiqr8rd ed.
[8] K. Nyholm, R. Fritzon, N. Georgiev, and M. Alde Opt. Com- (Blackie Academic & Professional, London, 1995
mun. 114, 76 (1995. [33] G.H. Dieke and H.M. Crosswhite, J. Quant. Spectrosc. Radiat.
[9] A. Dreizler, T. Dreier, and J. Wolfrum, J. Mol. Stru@49, 285 Transf.2, 97 (1962.
(1995. [34] J. Lugue and D. Crosley SRI Report No. MP 96-001, 1996
[10] C.F. Kaminski, B. Ldstedt, R. Fritzon, and M. Aldg Opt. (unpublishedl
Commun.129, 38 (1996. [35] J. Luque,LiFBASE—Database and Spectral simulation for di-
[11] T.A. Reichardt and R.P. Lucht, J. Chem. Phy€9 5830 atomic molecules, 1999, http://www.sri.com/psd/lifbase/
(1998. [36] D. C. Montgomery,Design and Analysis of Experimentth
[12] W.C. Giancola, T.A. Reichardt, and R.P. Lucht, J. Opt. Soc. ed. (Wiley, New York, 1997.
Am. B 17, 1781(2000. [37] M. New, Ph.D. thesis, Wolfson College, Oxford, 1996.
[13] T.A. Reichardtet al, J. Chem. Phys113 2263(2000. [38] T. Metz, J. Walewski, and C. F. Kaminski, Meas. Sci. Technol.
[14] T.A. Reichardt, W.C. Giancola, and R.P. Lucht, Appl. C38, (to be published
2002 (2000. [39] Lehrbuch der Experimentalphysi@th ed., edited by H. Nied-
[15] S. Nakayama, J. Phys. Soc. Jp0, 609 (1981). rig (de Gruyter, Berlin, 1993 Vol. 3.
[16] J. Walewski and C. F. Kaminskunpublished [40] W. Press, B. Flannery, S. Teukolsy, and W. VetterliNgmeri-
[17] P.W. Smith and T. Hasch, Phys. Rev. Let26, 740 (1971). cal Recipes in PascalCambridge University Press, Cam-
[18] A. Dreizler et al, Chem. Phys. Let240, 315 (1995. bridge, 1992
[19] A.A. Suverney, A. Dreizler, T. Dreier, and J. Wolfrum, Appl. [41] E.H. Piepmeier, Spectrochim. Acta, Par@B, 431(1972.
Phys. B: Lasers Op61, 421(1995. [42] R.P. Lucht, D.W. Sweeney, and N.M. Laurendeau, Appl. Opt.
[20] A.A. Suvernev, R. Tadday, and T. Dreier, Phys. Rev5@& 19, 3295(1980.
4102(1998. [43] N. L. Garland and D. R. Crosley, in thBventy-first Interna-
[21] V.R. Mironrnko and V.I. Yudson, Opt. Commur84, 397 tional Symposium on Combusti¢fihe Combustion Institute,
(1980. Pittsburgh, PA, 1986 pp. 1693-1702.
[22] V. Baev, G. Gaida, H. Shroeder, and P.E. Toschek, Opt. Comf44] E. Rea, Jr., A. Chang, and R. Hanson, J. Quant. Spectrosc.
mun. 38, 309(1981. Radiat. Transf41, 29 (1989.

063816-13



