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Resonant Holographic Detection of Hydroxyl Radicals
in Reacting Flows
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Holographic wavefront diagnostics are particularly well-suited for spectroscopic applications where at least
two measurements are generally required to determine temperature and concentration. Holographic wavefront
reconstruction allows both refraction and absorption measurements by interferometric phase and intensity
detection, respectively. For resonant wavelengths, the refractivity and absorptivity are umiquely related to
temperature and concentration of the resonant species by the linear dispersion relations. The theoretical basis
for the technique is examined for the hydroxyl radical appearing in methane-air flames. One-dimensional,
methane-air flame experiments are described in which the holographic technique is shown to be viable at ultra-
violet wavelengths. The technique is shown, in theory, to have excellent sensitivity to density and temperature.

Introduction

HE design of advanced combustion systems with em-

phasis on increased conversion efficiency and pollution
control requires detailed knowledge of the complex physical
and chemical processes occurring simultaneously within the
reaction zone. The measurement of basic parameters such as
temperature, species concentration, and flow velocity is
essential to reaching an understanding of the mechanisms
that control the relevant reaction phenomena.

Practical combustion system flows are highly turbulent
(sometimes unsteady) with highly variable length scales with
potentially submillisecond event times. A useful measure-
ment, therefore, must entail observations obtained within the
period of such a time scale. With the availability of high-
intensity, high-precision pulsed tunable lasers, advances in
diagnostic measurements are making important contributions
to an increased level of understanding, albeit using simple
flow configurations and fuels of simple structure having
‘““tractable’’ chemistry. Several important diagnostic tech-
niques have become available within the last decade' and
have demonstrated successes in quantifying gas temperatures
and species concentrations. The techniques used most often
are: laser absorption,? laser-induced fluorescence,’® Ray-
leigh scattering,® spontaneous Raman scattering,” and
coherent anti-Stokes Raman scattering.?

The relatively new multiple-point diagnostic techniques for
species concentration measurement are being actively pur-
sued at several institutions—Sandia, Stanford, and the Na-
tional Bureau of Standards (NBS).*>%!0 The experimental
work at Sandia and Starford utilizes laser-induced
fluorescence observed from thin sheets of laser light directed
through an absorbing gas; while the work at NBS has in-
vestigated the theoretical basis for multiple-wavelength,
multiple-angle, laser tomography. A recent application of
this approach in combustion has been in the concentration
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measurements of an axisymmetric nonreactive methane jet
using multiangular absorption.!! The jet was isothermal so
that measured absorptivity was relatable to concentration.
The latest work at NBS seeks to extend this technique to the
nonisothermal case, as is the case in a combustor.%!% In this
respect, the combined effect of temperature and concentra-
tion in absorption is inseparable without additional diagnos-
tics or theoretical modeling. To this end, existing diagnostic
techniques contain a void in providing a means for measur-
ing temperature and concentration in a plane/volume with
instantaneity and simultaneity.

In this paper, a similar tomographic technique is described
in which holography is used to accomplish the difficult task
of simultaneously recording multiple-wavefront charac-
teristics (i.e., phase and amplitude). The technique is
amenable to reactive flow systems, affords excellent tem-
poral and spatial resolution, and can be directly extended to
provide three-dimensional resolution. The technique deter-
mines temperature and species concentration simultaneously
through the use of interferometry and absorption with
holography.

Background

For many years gas density in a flowing system has been
determined optically using conventional interferometry. In
this technique, the probe wave is passed through the object
field and mixed with a path-matched reference wave. The
resulting interfererice fringes, recorded on photographic film,
depict the pathlength integral of the phase shift subjected to
the probe wave. In a gaseous medium, the phase velocity v,
is dependent on the mass density p.'> The mathematical
representation is expressed i terms of refractive index,
n=c/v,, where ¢ is the vacuum speed of light,

n—1=Kp (1)

where K is the Gladstone-Dale constant and is very weakly
wavelength-dependent for most gases. The instrument that
provides such measurements is the Mach-Zehnder inter-
ferometer.

Recent advances in holography, as used in conjunction
with interferometry, have made simplifications in this inter-
ferometric technique.!®'* Two key improvements of holo-
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graphic interferometry are:

1) The geometrical relation between the probe wave and
the reference wave (i.e., the fringe spacing and orientation)
can be adjusted after the experiment because these waves are
recorded on separate plates.

2) The optical system phase errors, sometimes unavoidable
in conventional interferometry, are canceled because the
probe and reference beams traverse the same optical path.

A sample holographic interferogram obtained from the
reconstruction of two holographic plates (one is for reference
and the other is with the flow) is presented in Fig. 1. The
interferogram depicts a striking visualization of the large-
scale eddy observed in an argon-air flow interface observed
in the California Institute of Technology two-dimensional
mixing-layer facility. For two-component isothermal flows,
the refractivity changes are interpreted in terms of species
concentration or mass fraction changes. In a situation where
temperature-related density changes occur, the additional
change in the refractive index due to density cannot be dis-
tinguished. Hence, in multiple-component flows experiencing
exothermic reactions, conventional interferometry is in-
capable of providing concentration measurements, not to
mention temperature information; thus, an additional
measurement is required.

Resonant Interferometry

Recent studies by Bershader et al.'>!7 and Blenstrup et
al.!% have identified the potentiality of interferometry when
the wavelength is selected near the resonant state of a gas
component. Near resonance, the refractive index becomes
very dependent on wavelength-——the factor (n— 1) increases a
thousandfold or more. Also near resonance, the internal
state of the gas species is being excited by absorption. The
absorption of the gas species varies from negligible at off
resonance to a large value at resonance. For atomic species,
Bershader’s analysis provides the dispersion relations for the
refractive index and absorption coefficient as functions of
temperature and number density. The spectral distribution
near resonance for the refractive index and absorption coef-
ficient in the vicinity of a resonant line are depicted in Fig. 2.
The absorption coefficient has the typical absorption Voigt
profile caused by Doppler and collision broadening. The
refraction index, however, when expressed as (n— 1), appears
as an odd function of frequency, increasing with frequency
toward resonance, then decreasing as it passes through
resonance, and eventually rising asymptotically to the off-
resonant value. This peculiar behavior in refractive index is
typical near resonance of any medium. As a result, the value
of K increases near resonance. For the sodium D-line, Ber-
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Fig. 1 Side view of 2-D mixing layer in California Institute of
Technology facility.
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shader et al.’> and Blenstrup et al.!® have shown it to be
1000 times or more and will provide the same amount of im-
provement in sensitivity.

The dispersion relations for n» and « have an interesting in-
ference. Each has two independent variables in temperature
T and species concentration N coupled together. In resonant
interferometry where refractivity is considered, only one of
the two variables can be determined——normally the concen-
tration. If temperature is related to density by a gas law or is
known, the closure exists. Because of the resonance
behavior, the resonant interferometric technique has a poten-
tial application in quantifying the concentration of in-
dividual components in a gas mixture. If the spectral
behavior of both the refractive index and the absorption
coefficient is known, the dispersion relations provide the
means to uncouple temperature and concentration. Resonant
holography is used as the measurement technique for the
determination of both refractive index and absorptivity.

Resonant Holography

Holography recording of a coherent optical wave, which
has suffered resonant interaction with the species to be
detected, stores the amplitude and phase of the wavefront
with extremely high temporal and spatial resolution (tem-
poral resolution =laser pulse width, r=10 ns; spatial resolu-
tion=10 pm). In resonant holography, two holograms are
obtained, as in conventional holographic interferometry, cor-
responding to the cases of *‘with the flowfield”’ (probe wave-
front) and ‘‘without the flowfield”’ (reference wavefront).
Two reconstructions are required to obtain the refractivity
and absorptivity data. In the former respect, the procedure
follows holographic interferometry such that the wavefronts
recorded in the presence and absence of the resonant species
are superimposed resulting in interference fringes, which
identify or code the optical phase shift. In the latter respect,
the probe wavefront is reconstructed and the two-dimen-
sional intensity distribution is acquired. The reference wave-
front is similarly reconstructed for a second intensity
distribution. The ratio of the two intensities provides the
path-integrated absorption.

The resonant holography described previously provides the
path-integrated refractivity and absorptivity and is applicable
for a one-dimensional (1-D) system where the pathlength is
known. For the axisymmetric case, Abel inversion techniques
can be applied to spatially resolve the refractivity and
absorptivity.'7!%1 For the two-dimensional (2-D) case, one
recognizes that the technique lends itself naturally to optical
tomography. To produce the information for tomographic
reduction, several ‘‘views’’ of the object field, obtained
simultaneously, are required.?%?! The extension of the
technique to three-dimensional (3-D) application becomes
obvious after the generalization to the 2-D case. The data
obtained at each slice of the object field will be treated
separately as in the 2-D case. This is repeated for each slice
until the entire 3-D construction is complete. The extension
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Fig. 2 Refractive index and absorption profiles near resonance.
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of resonant holography to the 2- and 3-D cases is the
ultimate potential of the technique.

Theoretical Analysis

Resonant holographic absorption and refraction tomog-
raphy (RHART) involves the selective excitation of one of
the absorption lines of the species of interest and holo-
graphic recording of the phase shift and amplitude attenua-
tion of the transmitted laser beam. The integrated absorption
along the line of sight is measured in the image plane of the
reconstructed hologram, while the phase shift proportional
to the integrated refraction can be measured by holographic
interferometry. Since the absorption coefficient o and phase
shift ¢ are functions of the number density N and transla-
tional temperature 7 of the molecule of interest, the
measurements provide a set of two equations in two
unknowns, such that

a=a(T, N) (2)
o=¢(T, N) 3)

A semiclassical model of linear dispersion has been used to
derive the functional relationship of Egs. (2) and (3). A con-
volution process is modeled to convert the measured quan-
tities, o and ¢, into the physical parameters, T and N, such
that

T=T(a,) @
N=N(a,¢) &)

In the following, the concept of linear dispersion is out-
lined followed by a derivation of Eqgs. (2) and (3). The
motivations of choosing the hydroxyl radical to be the can-
didate species and its spectroscopic characteristics are then
discussed.

Concept of Linear Dispersion

The linear theory of light dispersion implies that the elec-
tric polarization induced in the medium due to an incident
electric field is linearly proportional to the amplitude of that
field. The proportionality constant, called susceptibility,
describes the phase deviation and amplitude attenuation of
the incident field through the real and imaginary parts of the
susceptibility, respectively.

The constitutive relation for linear dispersion can be
described as

P(r,v) =x(v)E(r,v) (6)

where P is the electric dipole moment per unit volume (elec-
tric polarization vector), E the electric field vector, and x the
susceptibility tensor which is a function of frequency, ».

Since the susceptibility is analytic in the upper half-plane
of the frequency domain, Cauchy’s theorem can be used to
relate the real and imaginary parts of x(») on the real axis.
These relations are called Kramers-Kronig relations and are
given as

n(r) —1=——py Sm&dv’ %)
™ 0 vV —p
K(V)ZLPV Sm_Mdvl (8)
s © v —v

where the refractive index n and the absorptivity « constitute
the real and imaginary parts of the susceptibility, respec-
tively, and PV denotes Cauchy’s principal value.
Kramers-Kronig relations indicate the dependence of the
refractivity at a given frequency on the spectral profile of the
absorption line and vice versa. However, the knowledge of
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the absorptivity at one frequency does not allow calculation
of the refractivity using the K-K relations, unless another
parameter is known; namely, temperature or number den-
sity. Therefore, measurement of n and « at a given frequency
does not violate the physical constraint imposed by the
Kramers-Kronig relations but rather provides two indepen-
dent measurements that can be convoluted into temperature
and number density. Classical absorption measurements re-
quire the knowledge of the spectral profile of the absorption
line which is described by two parameters: strength and
width. Those two parameters are then used to determine T
and N. In the present case, measuring » and « is equivalent
to measuring the spectral profile of one of the absorption
lines with far more sensitivity, particularly for temperature
measurements.

Both homogeneous and inhomogeneous line-broadening
mechanisms contribute to the spectral profiles of absorptiv-
ity and refractivity. Homogeneous line broadening, Aw,
which includes natural and collision broadening, is modified
by Doppler or inhomogeneous broadening, Avp, to yield the

5.0
e
©
X 4,0
b
=z
<
c 30
z
2.0
1.0
T = 1000°K
0.0 Il 1 1 1 1 Il 1. 1 1
1 2 3 4 5 6 7 8 9 10 11

QUANTUM NUMBER ()

Fig. 3 Boltzmann’s OH population distribution for different rota-
tional levels.
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Fig. 4 Dispersion profile of OH near the Q,(4) resonance line.
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Voigt line shape, defined as

o [* (E—pe”
Vl(a,f)—TSmm (9a)
a (* e‘y2
v, (%E)ZTS‘W mdy (9b)
where
a=2 i (10a)
Yp
N
==y ) (10b)
D
, NV
y=("—vpu. )T (10c)
D

where v, . is the resonance frequency of the transition
J” —J’. The functions V,(a,%) and V,(a,£) are the line pro-
files for refraction and absorption, respectively.

The spectral profiles of refractivity and the absorption
coefficient, as derived from the linear theory of dispersion,
are

n(v) —1=N,.f;. ;. (C;/Av)V, (a,§) (11a)
k(1) =Ny fp o (Cy/Avp) Vy(a.8) (11b)

where N, is the number density at level J’, f, ;. the
oscillator strength of transition J”—J’; and C, and C, are
constants that depend on molecular characteristics of the
species of interest. Equations (11) show the linear depen-
dence of n and x on the number density, while the tempera-
ture dependence is included in the Voigt parameters a and ¢
and the line widths Av and Ay,.

At thermodynamic equilibrium the population of level J”
is related to the total number density by Boltzmann’s
distribution such that

Ny exp (—E;. /kT)
N, & 0

(12)

where N, is the total population of the ground electronic
state, g,» and E,, the degeneracy and energy of level J”,
k Boltzmann’s constant, and Q the partition function.

Species Selection

The hydroxyl molecule has been chosen for the experiment
because 1) it appears naturally in all hydrocarbon-air
reactions,’??5 2) it is the key molecule for product forma-
tion,2%2" and 3) the spectroscopic characteristics of OH have
been extensively studied and are available in the litera-
ture, 2830

Spectroscopically OH can be modeled as a two-level
molecule, where transitions occur between the ground elec-
tronic X2~ state and the excited A2L* state. However, there
are predissociative states L, 2Z~, and *r that cross the
AL+ potential. The L~ state crosses the L+ state at a
fairly low vibrational level and must be avoided. For prac-
tical applications X?7 and the combined A%L* electronic
states are the most significant. At equilibrium the popula-
tions of various states are determined by the Boltzmann
distribution.

The population distributions at the different rotational
quantum numbers for x>t have been calculated for different
temperatures and are shown in Fig. 3. It is important to
notice that the maximum population in the temperature
range of interest occurs at relatively high rotational quantum
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numbers. Since the strength of the absorption line and
number of fringes is increased (hence, increasing the sen-
sitivity) by optimizing the quantity N,.f; . [see Egs. (11)],
the excitation frequency should be selected to maximize the
signal.

The line oscillator strength f,.;. of OH may be expressed
in terms of the pure rotational band transition probability
8yt

e =TSy Ty /4RI + 1) (13)

where f,.,. is the rotationless molecule band oscillator
strength and T,.;. the vibration-rotation interaction correc-
tion factor. Superscripts (') and (”) have their usual meaning
indicating vibrational or rotational states at the upper and
lower electronic levels, respectively. The rotational transition
probabilities S;.;» for OH have been calculated by Dieke and
Crosswhite?® and are normalized as follows:

NS, =407 + 1) (14)
~

The rotationless molecule band oscillator strength f,.,.,
which is considered constant over a given vibration-rotation
band, has been calculated by Rouse and Engleman® for the
0O-O band.

The absorption line has been selected to be an isolated line
corresponding to one of the main transitions of

OH(X?m,v",J" K" Yy, OH(A?L*,v",J',K") (15)

The absorption line should also satisfy the criterion of maxi-
mizing N,.f; ;. in order to optimize the sensitivity. There-
fore, the Q,(4) transition has been chosen for this study.

Dispersion profiles of OH in CH,-air flames are shown in
Fig. 4 where the spectral behavior of the absorptivity and
refractivity is shown near the Q,(4) line. The absorption
curve, which is symmetric around the resonant frequency, is
normalized by the maximum value of absorption at
resonance. The refractivity curve, which is asymmetric, has
been normalized on the value of OH of nonresonance refrac-
tivity under standard pressure and temperature.

Experimental Considerations

Resonant holography takes advantage of the most power-
ful feature of holography, that both the amplitude and phase
of coherent optical waves are recorded. This two-variable
measurement technique makes holography particularly
attractive for spectroscopic diagnostics of gases where both
temperature and concentrations are unknown. The
theoretical development of the dispersion relations shows
that the refraction and absorption at a fixed wavelength are
independent quantities and, therefore, can be used to deter-
mine the dependent variables—temperature and concen-
tration.

Absorption Measurements

The line-of-sight integrated absorption is measured in the
image plane of the reconstructed hologram. The ratio of
detected intensity from the signal hologram (recorded near
the resonance frequency) to the reference hologram (re-
corded far from the resonance frequency) yields the level of
absorption, «.

Beer’s law gives the relation between incident and
transmitted beams,

(L) =1y<0)exp(— [ x (x)dx) (16)



78 CRAIG, AZZAZY, AND POON AIAA JOURNAL
Ly t f =200 om, ¢ = 50 mm
L, H f =100 mm, ¢ = 25 mm
2,3,5
L4,6,7 f =500 mm, ¢ = 50 mm
Do 1 Absorption Photodetectors
Frequency Dye Laser Frequency Yag Laser
Doubler < 0SC/AMP < Doubler 0SC/AMP
Ml 2 F Dielectric Coated Mirrors
B
M3 , ¢ Cormer Cubes
Ap = 1.06 um Al = 1.06 um »
T = 0.6 1m A3 = 0.53 um B.S. Beam Splitter
Reconstruction Mirror
= 0.6um

MR
Holopram
MA L5 L6 Burner \

= 0.3 :J o )
T -

Fig. 5 Resonant holography optics
schematic (Sandia Combustion
Research Facility).

n,—1=K;N; (19)
where K; is the Dale-Gladstone constant of the species. The
K;’s are constant for any gas over a wide range of pressure

with a weak dependence on wavelength in the visible portion

Using the perfect gas law, P=NkT, Eq. (19) may be re-

n(\) —1=N(T) ¥, K.X; (20)

The bulk refractivity at resonant wavelengths is essentially
unchanged except for the contribution from the resonant
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Fig. 6 Measured absorption spectrum for the Q,(4) transition of
OH; also plotted is output from Fabry-Perot interferometer of dye
laser beam (A=6166 A).

where L is the optical pathlength. The detected signal is the
integral of Eq. (18) over the laser bandwidth

L

I(L)=I(0)S Lg(u)exp(—go x,,(x)dx)dv an

Ay

where the laser line shape g(») and the laser line width Ay,
are introduced. Therefore, the transmissivity, o =I(L)/I(0),
is related nonlinearly to the absorption coefficient «,, as in-
dicated by Eq. (17).

Refraction Measurements

The integrated refractivity of the gas mixture is determined
by holographic interferometry. The phase ¢ is related to the
refractivity such that

L
6-60=, 20| (1) =ns())xdy a8

The phase shift is generally measured in terms of fringes or
waves. The empirical Dale-Gladstone formula provides the
relation between density or number density and refractivity,
and for gas mixtures, the total refraction is the summation

species
n(\N)—-1=N(T) E KX, +F(\,T,Noy) (#2))

where the resonant refractivity, F(\*,T,Npy), is given by
Eq. (11a) and A* is the wavelength for either of the refrac-
tivity extremum. Note that the OH refractivity, Fig. 5, has
positive and negative extremum for wavelengths on the long
and short wavelength sides of the absorption peak, respec-
tively. Hence, for the long wavelength resonance the bulk
refractivity is increased, and for the short wavelength reso-
nance the bulk refractivity is decreased.

For nonresonant and resonant wavelengths, the phase
shifts incurred between rays passing through and to the side
of the flame are

L L
A¢(>\°)=¢a—¢°=(na—1)—)\—o—(nf(XO)—l)v (22)

L
*

. L
Ap (N )=, — 9" =(n,~1) x

= (n () =1) 23)

where the subscripts ¢ and f denote ray paths through the air
and flame, respectively, and the pathlength through the
flame is denoted by L. The differential phase shift is

L
x*

() e

A¢* =Ad (M) = Ad (N) = (ny(N*) —n (N))
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Fig. 7 Nonresonant interferogram.

The differential phase shift is directly proportional to the
OH density and temperature.

Ap*=[n (N*) —n,(N°) ] (L/N)=F(\*,T,N)  (25)

Experimental Apparatus
Burner

The experiment was performed on a flat flame burner,
generically known as a ““Pagni burner.”” The burner is con-
structed of sintered bronze which acts as a flame holder. The
fuel-air mixture is thoroughly mixed in the plenum before
passing through the flame holder. The premixed flame was
stabilized at 1 mm above the burner rim by controlling the
mass flow of both the fuel and air. The equivalence ratio of
the experiment was 1.0. The burner is water-cooled, resulting
in a relatively cool flame. The maximum flame temperature
was measured to be 160070 K using common inter-
ferometry.

Optical Arrangement

Figure 5 illustrates the experimental layout. A frequency-
doubled Molectron YAG laser with an oscillator/amplifier
has been used to pump a Quanta Ray frequency-doubled,
pulsed-dye laser. The dye laser grating, etalon, and the
frequency-doubling crystal alignments are computer-
controlled to fine-tune the laser beam. The desired probe
beam is obtained by separating the ultraviolet and visible
outputs using dispersion optics. With the etalon installed in
the dye laser, the output energy is 5 mJ with a relatively
narrow line width of AN=0.22A [full width at half max-
imum (FWHM)] at A=3083.17A.

The holographic requirements for OH resonance ex-
periments dictated the use of fused silica transmission optics
and holographic emulsions with sensitivity in the ultraviolet
region of the spectrum. The optical system incorporates
standard holographic elements such as spatial filter, beam
splitter, reference and object beam expander/collimator, and
holographic plate holder.!* A line-of-sight absorption detec-
tor system was incorporated into the system to allow ac-
curate positioning of the laser wavelength with respect to the
OH absorption peak. A Kodak holography emulsion with
sensitivity in the ultraviolet spectrum has been used.

Holographic Reconstruction and Measurements

Holographic reconstruction was accomplished with an
argon-ion laser (A=4880A). The absorption measurement
has been performed during the holographic recording pro-
cess using line-of-sight detectors. Holographic interferometry
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Fig. 8 Resonant interferogram.

has been done by exposing each plate in the presence and
absence of the flame. The interferogram produced in
reconstruction was photographed in the image plane of the
burner. The hologram diffraction efficiency was generally
excellent with bright images and high-contrast fringes. The
temporal coherence of the frequency-doubled, pulse-dye
laser was known to be excellent as indicated by the line width
(AN=0.022A). The uniformity of the reconstructed image
indicated that the Quanta Ray system has both excellent
spatial and temporal coherence. The holography construc-
tion optics were carefully designed to return equivalent parts
of the object and reference beams to the same point on the
hologram.

Experiment

The laser sytem utilizes precision computer-controlled
scanning. The scanning capability allows absorption profiles
to be recorded. Initially low-resolution absorption scans were
used to locate the selected OH line, and finally high-
resolution scans were used to obtain the absorption line pro-
file. The laser wavelength was then adjusted to correspond to
the wavelength where the absorption was one-half its
resonance value.

Theoretical dispersion profiles (Fig. 4) showed a refractiv-
ity peak at such a position in the absorption profile. For
nonresonant holograms the laser was tuned to a point in the
spectrum with negligible absorption. For double-exposure
resonant holograms, the wavelength was set and a hologram
was recorded in the presence and absence of the flame.

The absorption profile of the Q,(4) line of the hydroxyl
molecule is illustrated in Fig. 6. A Fabry-Perot etalon with 1
cm~! free spectral range in the visible region has been used
to monitor the excitation frequency scan across the absorp-
tion line. The strength of the absorption line at the resonant
frequency (3083.24 A) was 25% for the experimental condi-
tions, with a burner diameter of 6.1 c¢cm, and a laser line
width of 0.022 A FWHM. The weak absorption peak that
appears to the right-hand side of the Q,(4) peak corresponds
to the satellite transition Q,(4). The absorption line width
(0.0612 A) is wider than the predicted line width of 0.0264
A (Fig. 5). This discrepancy may be attributed to the
relatively wide laser line used to measure the absorption pro-
file. Previous absorption measurements with a narrower
laser line width, 2x10~* A, show that the absorption line
width for the Q,(10) line was about 0.028 A.*

Results
The nonresonant and resonant frequency interferograms
are shown in Figs. 7 and 8, respectively. Note that the inter-
ferograms span only one side of the burner, and that a cen-
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Fig. 10 Relationship between the dispersion parameters o, A¢*, and
OH temperature and concentration.

tral fringe is identified near the center of the burner. These
interferograms were photographed in the focal plane of the
burner to minimize beam steering effects, as suggested by
Vest.!* The fringé shift at the central fringe (i.e., the maxi-
mum) is 48 and 47 fringes for resonant and nonresonant fre-
quencies, respectively (Fig. 9). The differential phase shift,
Eqgs. (24), is negative

Ad* =Ad(N0) — Ap(A*)= — 1 wave

as was predicted by the theory equations (11) and (25) for
the short wavelength resonance. Simplistic calculations based
on the perfect gas law and equilibrium values of product
concentrations show that a phase shift of a —1 fringe is in
agreement with the measured phase shift from the
experiment.

A map of the dispersion parameters (o, A¢*) is calculated
for different temperatures and number densities, Fig. 10.
The map illustrates the relation between the measured quan-
tities o ahd A¢* and the physical parameters 7 and N. The
constant-number-density lines are straight linés, while the
constant-temperature lines may be approximated as straight
lines in the low-number density side and become exponential
at the high-number-density side. The dotted line is
Westbrook’s kinetics calculations of 7" and the number den-
sity of OH molecules in CH,-air flames which serves to
bound the range of the physically acceptable values of T and
N. The kinetics calculations have been used rather than their
equilibrium counterparts to demonstrate the ability of the
technique to respond to the superequilibrium values of the
hydroxyl radical. The uniqueness of the resonance holog-
raphy technique is observed over the range of the Westbrook
calculation. The a-A¢* map shows that the method is more
sensitive to number density fluctuations than temperature.
Based on Westbrook’s3* calculations of CH,-air flame
kinetics, at 1600 K, OH concentration is 500 ppm. Figure 10
indicates that under those flame conditions the fringe shift
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based on OH should be one fringe, which is in agreement
with the experiment. .

Uncertainties in temperature and number density measure-
ments, based on a refraction detectability limit of 0.1 fringe
with 10% accuracy and absorption of 1% accuracy, show
that the accuracy in N and T is 28 ppm and 55 K, respec-
tively, at the adiabatic flame temperature of 2232 K and an
equilibrium OH concentration of 3000 ppm at that tempera-
ture.

Conclusions

A theoretical validation of the resonant holography con-
cept has been obtained and preliminary experiments have
shown that holographic interferometry is a promising diag-
nostic technique even at OH resonance wavélengths in the
ultraviolet spectrum. The linear dispersion theory has been
applied to the hydroxy! radical resulting in a set of unique
relations between the gas state (7 and N) and the measured
variables fringe shift and absorption.

CH,-air flame has been considered. The mixture, in-
cluding OH contribution, refractivity, and absorptivity, was
computed for densities and temperatures in the range
predicted by kinetics calculations for stoichiometric flames.
The resulting variable map displayed a unique relation be-
tween the measured « and ¢ variables and the physical
parameters 7 and N. The relations were developed using the
laser line width achieved in the experiments, which was
about one-third of the absorption line width.
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