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We present a combined theoretical and experimental study on the effects of different population,
orientation, and alignment relaxation rates in resonant four-wave mixing �RFWM�. Signal
generation in RFWM can be viewed as the formation of and scattering from laser-induced
population, orientation, and alignment gratings. We show that the relative contributions from the
upper-state and lower-state population, orientation, and alignment gratings to the observed output
signal can be changed by varying the polarizations of the three input fields. A theory is developed
to account for these changes in collisional environments where the three multipole moments of the
total angular momentum distribution, i.e., the population, the orientation, and the alignment, relax
unequally. This theory is applied to the OH radical in an atmospheric-pressure H2/O2/He flame for
which we have measured the line profiles using high-resolution degenerate and nearly degenerate
four-wave mixing. We find that orientation and alignment gratings relax more rapidly than
population gratings for low rotational levels of OH in the presence of He but at essentially the same
rate for high rotational levels. A discussion is presented of the importance of this effect in the
interpretation of RFWM experiments. © 1996 American Institute of Physics.
�S0021-9606�96�01410-6�

I. INTRODUCTION

Laser-induced grating spectroscopy �LIGS� is a powerful
tool for studying phenomena in all phases of matter.1 Reso-
nant four-wave mixing �RFWM� methods such as degener-
ate, nearly degenerate, and two-color four-wave mixing
�DFWM, NDFWM, and TC-RFWM� are important special
cases of LIGS and have been developed in both the
frequency2–8 and time9–15 domains. One important applica-
tion of RFWM is the study of reacting gaseous media, in-
cluding plasma16 and combustion17 environments. Measure-
ments of molecular temperature,18–21 concentration,22–24 and
velocity distributions25,26 have been demonstrated. In addi-
tion RFWM methods have been recently applied to double
resonance spectroscopy of molecules27 and to background-
free stimulated emission pumping spectroscopy of stable28

and transient species.8,29 A common goal of the frequency-
domain experiments is to interpret the relative intensity dis-
tribution of the diffracted light; however, RFWM requires an
understanding of polarization, relaxation, and dephasing ef-
fects before relative internal-state distributions can be ex-
tracted from the signal intensities.

Theoretical3–6,8,30–36 and experimental8,21,33,37–41 efforts
in this area have dealt with many of these effects. To our
knowledge, however, the effect of elastic collisions which
reorient the absorbing molecules, i.e., change the orientation
and alignment, has not been determined. The aim of this
paper is to demonstrate that elastic reorienting collisions can

have a marked effect on the interpretation of RFWM spectra.
This goal is accomplished by modeling frequency-domain
DFWM and NDFWM data obtained for the OH radical in an
atmospheric-pressure H2/O2/He flame. The expressions pre-
sented have been derived via time-independent diagrammatic
perturbation theory and therefore describe the DFWM and
NDFWM polarization, collisional, and velocity effects in the
weak-field, steady-state limit. The details of the derivation
have been presented elsewhere.6 This treatment makes ex-
plicit how the magnitude of the DFWM signal depends on
the polarizations of the other three beams and the collisional
relaxation caused by the environment.

The remainder of the paper is organized into five sec-
tions. In Sec. II, we present expressions for DFWM and ND-
FWM signal intensities as a function of input polarization,
collisional relaxation and dephasing, and experimental ge-
ometry. In Sec. III we describe the experimental apparatus
and conditions. In Sec. IV we present DFWM and NDFWM
data of the OH radical in an atmospheric-pressure H2/O2/He
flame as a function of field polarization and discuss these
results in Sec. V. In Sec. VI we present conclusions of our
findings.

II. THEORETICAL EXPRESSIONS

In four-wave mixing three incoming waves with electric
fields E1�r,t�, E2�r,t�, and E3�r,t�, propagation vectors k1 ,
k2 , and k3 , and frequencies �1 , �2 , and �3 interact through
the third-order nonlinear susceptibility ��3� to generate
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a fourth field, E4 , with propagation vector k4 and frequency
�4 . The electric fields are defined as

Ej�r,t �� 1
2Eje�i�� jt�kj–r��c.c.; Ej�E j�j , �1�

where Ej is the vector amplitude, E j is the scalar amplitude,
and �j is the normalized (�j • �j* � 1) polarization unit vector
of the electric field labeled j . The conventions for expressing
the unit vectors are given in the Appendix of Ref. 6.

For fully resonant DFWM and NDFWM we assume that
the excitation bandwidth is sufficiently narrow compared
with the density of states �including Doppler broadening� of
the absorbing molecules so that the interaction is exclusively
between the degenerate magnetic sublevels of the two levels
involved in the one-photon resonant transition. These levels
are characterized by total angular momentum quantum num-
bers Jg and Je respectively. See Fig. 1. Describing the result-
ing coherence between these levels in terms of the total an-
gular momentum distribution is convenient. The most
complete description of the angular momentum distribution
is in terms of state multipoles that represent the populations
of the levels and the coherences existing between them.42

The state multipoles are spherical tensors of rank K and
component Q (�K�Q�K). The Q�0 components de-
scribe the projection of J onto the space-fixed Z axis, and the
Q	0 components describe the projection of J onto the
space-fixed XY plane. Here the monopole term �K�0� is
proportional to the population. All odd rank multipoles �di-
pole, octopole, etc.� describe the orientation of the angular
momentum, and all even rank multipoles �quadrupole, hexa-
decapole, etc.� are related to the alignment of the angular
momentum.43 We showed in a previous paper6 that the high-
est allowed value of K for unsaturated DFWM is 2. There-
fore, we take the K�0, 1, and 2 terms to describe the �scalar�
population, �dipolar� orientation, and �quadupolar� align-
ment, respectively.

We consider three input fields of arbitrary polarization
that interact with an isotropic sample to produce a fourth
field and assume that field propagation effects can be ignored

�negligible absorption�. In our treatment, we assume that the
RFWM process couples levels of sharp �definite� angular
momentum J �omitting nuclear spin�. Therefore, our treat-
ment is general in that it applies to molecular species for
which J is a good quantum number. The general result is
specialized to apply to linearly polarized fields that interact
in nearly collinear phase-matching geometries in collisional
environments where the multipole moments of the total an-
gular momentum distribution relax independently �isotropic
relaxation�. Figure 2 shows the three DFWM and NDFWM
phase-matching geometries discussed in this paper.

The significant contributions to the DFWM and ND-
FWM signal intensities are derived using diagrammatic per-
turbation theory2,44,45 and are evaluated using a spherical ten-
sor formalism.46,47 Sixteen diagrams are necessary to account
for all of the time orderings of the input fields that corre-
spond to the resonant energy-level diagrams of Fig. 1. We
express the signal intensities in terms of multipole compo-
nents, because it provides a well-developed and efficient way
of using the inherent symmetry of the system and enables
dynamic and geometric factors to be separated from each
other. This treatment yields the following expression6 for the
DFWM and NDFWM signal intensities in the perturbative
�weak-field� limit:

FIG. 1. Energy-level diagram for DFWM and NDFWM of a degenerate
two-level system. In the figure we restrict the letters g and g� to refer to two
degenerate magnetic sublevels �either the same or different� of the lower
level �usually the ground electronic state�, and the letters e and e� refer to
two degenerate magnetic sublevels �either the same or different� of the up-
per level �usually another electronic state�. These levels are assumed to be
characterized by total angular momentum Jg and Je , respectively.

FIG. 2. Phase matching geometries: �a� Forward box, FB-DFWM; �b� Back-
ward box, BB-DFWM; �c� Phase conjugate, PC-DFWM. The angle 
 in the
figure is typically less than 2°.
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IDFWM��Ng�
�2Jg�1 �

�2Je�1 �
Ne�2

�Bge�Jg ,Je��
4I1I2I3� �

K�0

2

L12
g �� ,� ,K �G�Jg ,Je ;K �F��4 ,�1 ,�3 ,�2 ;K �

�L12
e �� ,� ,K �G�Je ,Jg ;K �F��4 ,�1 ,�3 ,�2 ;K ��L32

g �� ,� ,K �G�Jg ,Je ;K �F��4 ,�3 ,�1 ,�2 ;K �

�L32
e �� ,� ,K �G�Je ,Jg ;K �F��4 ,�3 ,�1 ,�2 ;K ���2

, �2�

where

G�J ,J�;K ���2Jg�1 �� J J K
1 1 J�

� 2

, �3�

F��4 ,�i ,�j ,�2 ;K �� �
Q��K

K

��1 �Q��4*�1 �
� � j

�1 ��Q
�K ���2*�1 �

� � i
�1 ���Q

�K � , �4�

and

L j2
n �� ,� ,K ��� f �v�d3v

����kj�k2�•v�i�n�K �������k4•v�i�eg� � 1
�����k2•v�i�eg�

�
1

���kj•v�i�eg� � . �5�

In Eq. �2�, Ng and Ne are the total populations of the
levels g and e , respectively, in the absence of applied fields,
Bge(Jg ,Je) is the Einstein absorption coefficient that con-
nects the level with total angular momentum Jg to the level
with Je , I j is the intensity of the electric field labeled j , and
the K�0, 1 and 2 terms describe the contributions from the
�scalar� population, �dipolar� orientation, and �quadupolar�
alignment, respectively. In Eq. �3� the G(J ,J�;K) factors are
simply 6�j symbols and depend only on K , Jg , and Je , i.e.,
the type of spectroscopic transition probed �P , Q , or R
branch�. Conversely, the F(�4 ,�i ,�j ,�2 ;K� factors of Eq. �4�
depend on the field polarizations denoted by �j but not on Jg
and Je . The G(J ,J�;K) and F(�4 ,�i ,�j ,�2 ;K� factors are
given in Tables IV and V, respectively, of Ref. 6.

In Eq. �5� the L j2
n (� ,� ,K) are complex line shape func-

tions and f �v� is the normalized �Maxwell–Boltzmann�
velocity-distribution function, ���0��1��0��3 is the
spectral detuning of E1 and E3 from �0 where ��0 is the
energy difference between the e and g levels
���1��2��3��2 is the spectral detuning of E2 from E1
and E3 , kj is the propagation vector of the field label j , v is
the velocity vector of the absorbing molecule, and 2�eg is the
homogeneous �no Doppler broadening� full-width-at-half-
maximum �FWHM� of a dipolar transition between the e and
g levels. The sub- and superscripts on L refer to the first
terms of Eq. �5�. Specifically for the line shape function
L j2

n (� ,� ,K), n is the quantum-state label of �n(K), and j is
the field label, either 1 or 3, that corresponds to the k-vector
difference �kj2 � (kj � k2). The �n(K) are defined as fol-
lows: �n�0� is the relaxation rate of the global population of
the nth level, and �n(K�1) and �n(K�2) are the relaxation
rates of the molecular orientation and alignment of the nth
level, respectively.

Effects resulting from finite laser bandwidths and veloc-
ity changing collisions are not included in Eq. �5�, and to our
knowledge, have not been treated. Furthermore, only colli-

sional relaxation is considered �no spontaneous emission�,
and as written, the specific collisional rates are dependent on
temperature but independent of velocity. The velocity inte-
gration of Eq. �5� has been performed by many
authors2–4,30,48,49 and is not discussed here. Note that in a
DFWM experiment ��0 and � is varied, and conversely, in
these NDFWM experiments ��0 and � is varied.

Equation �2� represents a general solution to the DFWM
and NDFWM signal intensities for molecular systems �no
hyperfine structure� excited by electric dipole radiation in the
weak-field, steady-state limit and can be evaluated explicitly
for the phase-matching geometry and polarization configura-
tion of interest. Physically, the DFWM signal intensity of Eq.
�2� is interpreted as resulting from the contributions of four
terms: the first term represents the contribution of the diffrac-
tion of wave 3 from a ground-state grating formed by fields
1 and 2; the second term represents the contribution of the
diffraction of wave 3 from an excited-state grating formed by
fields 1 and 2; the third term represents the contribution of
the diffraction of wave 1 from a ground-state grating formed
by fields 3 and 2; and the fourth term represents the contri-
bution of the diffraction of wave 1 from an excited-state
grating formed by fields 3 and 2. In addition, the multipole
components can be interpreted as ground- and excited-state
population, orientation, alignment gratings for K�0, 1, and
2, respectively. This treatment demonstrates that DFWM and
NDFWM signals may be regarded as arising from the con-
tributions of twelve different gratings! The gratings can be
distinguished by spacing ��k12 or �k32�, by the level in
which the grating is formed �ground or excited�, and by the
multipole nature of the grating �population, orientation, or
alignment�.

III. EXPERIMENTAL DETAILS

In the DFWM experiments E1 , E2 , and E3 are supplied
from a cw ring-dye laser that is pulse amplified by a single-
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mode Nd:YAG laser. The laser output is frequency doubled
in KD*P to produce laser beams at �308 nm having pulse
widths of �20 ns �FWHM� and bandwidths of �0.001 cm�1

�FWHM�. In the experiment the laser frequency is scanned
across selected RQ21-branch transitions of the OH
A 2�� – X 2��0,0� band.50,51 Note transitions are designated
by �N�JF�F�(J�) where the single prime refers to the upper
state, the double prime refers to the lower state, and F is F1
or F2 . In the NDFWM experiments E1 and E3 are supplied
from the same high-resolution, pulse-amplified laser system,
and field E2 is produced from a separately tunable, but oth-
erwise similar, pulse-amplified laser system. In the experi-
ment E2 is spectrally detuned from E1 and E3 which are
maintained at the line center of selected RQ21-branch transi-
tions of the OH A 2�� – X 2��0,0� band. In all of the ex-
periments the fields are overlapped in time. Each field is
linearly polarized, collimated, and apertured to produce a
Gaussian beam profile with diameter of 1 mm �FWHM�.
Weak field intensities are used in these experiments to avoid
saturation effects. Typical field intensities used here are 10
kW/cm2 which are more than 50 times smaller than the cal-
culated saturation intensities.21,52 All signals are detected
with a photomultiplier, digitized, normalized to the input
field intensities, averaged over 30–60 laser shots, and stored
on a computer for further analysis. Unless otherwise stated,
the reported errors include statistical and experimental uncer-
tainties and represent 1� deviations.

The experiment is configured so that any linear polariza-
tion configuration is obtained by rotating half-wave plates.
After polarization rotation each beam is directed by one ad-
ditional mirror. This configuration maintains the polarization
purity ��96%� and minimizes energy loses caused by differ-
ences in reflection of S- and P-polarized light. In what fol-
lows X and Y denote orthogonal linear polarization states. In
addition we use the notation previously established a polar-
ization configuration is given as �4�1�3�2 where �j is the po-
larization vector of the electric field labeled j . For example
the YYXX polarization configuration corresponds to E4 and
E1 being Y polarized and E3 and E2 being X polarized.

All measurements are made in the post-flame gases of a
H2/O2/He flat-flame burner using gas flows of 4.8 slm �stan-
dard liters per minute� H2, 3.0 slm O2, and 14.5 slm of He.
This results in an equivalence ratio of 0.8 �excess oxygen�.
Measurements are made at a height of 5.5�0.5 mm above
the burner which corresponds to a temperature of 1380�70
K as measured with a radiation-corrected thermocouple. At
this height the combustion reaction is complete53 and the
post-flame gas composition is calculated to be 3% O2, 24%
H2O and 73% He. For the RQ21-branch transitions studied
here linear absorption of the beams in this flame amounted to
less than 2%.

IV. RESULTS

A. DFWM line profiles

The backward box DFWM �BB-DFWM� configuration
is employed here because this nonplanar configuration main-
tains the sub-Doppler spectral resolution of phase conjugate

DFWM �PC-DFWM� but offers superior signal-to-noise ra-
tios resulting from better scattered light discrimination. Fig-
ure 3 shows BB-DFWM line profiles of the RQ21�3.5� tran-
sition of the OH A 2�� – X 2��0,0� band as a function of
input field polarization. The solid curves are nonlinear least-
squares fits of the data to Eq. �2�, and the dashed curves are
fits of the data to a Lorentzian line shape. In what follows all
the modeled line shapes assume a Maxwell–Boltzmann ve-
locity distribution corresponding to a temperature of 1380 K.
Because 2�eg/��D�0.41 for the H2/O2/He flame studied
here, where ��D is the Doppler full-width, the model line
shape is expected to be nearly Lorentzian and insensitive to
the ground and excited state relaxation rates, �g and �e ,
respectively. This behavior is discussed in more detail in Sec.
V A. Both expectations are indeed met as can been seen by
the quality of the simple Lorentzian fits to the data. There-
fore as a result of the insensitivity of the model line shape to
�g and �e , we set �eg��g��e and varied the homogeneous
broadening parameter �eg for best fits.

As can be seen in the figure, the line profile is the same
in shape and width for each polarization configuration. Fit-
ting twelve RQ21�3.5� line profiles �four of each polarization
configuration� to Eq. �2� yields an average value of 0.043
�0.005 cm�1 for �eg . We obtained similar results for the
RQ21�1.5� and RQ21�8.5� transitions, i.e., nearly Lorentzian
line profiles with polarization-independent line widths. The
average homogeneous dephasing rates of the RQ21�1.5� and

FIG. 3. BB-DFWM line profiles of the RQ21�3.5� transition of the OH
A 2�� – X 2� �0,0� band as a function of polarization. In the figure X and Y
denote orthogonal linear polarization states, and the polarizations of the
fields are given in the order �4�1�3�2 . The solid curves are fits of the data to
Eq. �2� and the dashed curves are fits of the data to Eq. �6�.

3950 Williams, Rahn, and Zare: Resonant four-wave mixing

J. Chem. Phys., Vol. 104, No. 11, 15 March 1996

Downloaded 24 Feb 2012 to 171.64.124.19. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



RQ21�8.5� transitions obtained by fitting the several line pro-
files to Eq. �2� are 0.047�0.005 cm�1 and 0.038�0.005
cm�1, respectively. See Table I.

B. NDFWM line profiles

In the NDFWM experiments we chose the forward box
configuration �FB-NDFWM�, because it minimizes beam
steering effects while maintaining sub-Doppler spectral reso-
lution. Note that FB-DFWM does not offer sub-Doppler
spectral resolution, because � is varied instead of � in Eq.
�5�. In addition, the YXYX and YYXX polarization configu-
rations are equivalent for this totally symmetric phase-
matching geometry. Figure 4 shows FB-NDFWM line pro-
files of the RQ21�1.5� transition of the OH
A 2�� – X 2��0,0� band as a function of input field polariza-
tion. In Fig. 4 we see that the YXXY spectrum is noticeably

broader than the YYYY and YYXX line profiles. Evaluating
Eq. �2� for the RQ21�1.5� transition shows that the YXXY
polarization configuration has no contribution from popula-
tion gratings whereas the YYYY and YYXX polarization
configurations have large contributions from population grat-
ings. Specifically 61% and 74% of the total FB-NDFWM
scattering amplitude results from population gratings for the
YYYY and YYXX polarization configurations, respectively,
�see Ref. 6, Figs. 5–7�.

The solid curves in Fig. 4 are fits of the data to Eq. �2�
assuming a minimal model for the collisional relaxation of
OH. The minimal model is based on two main assumptions.
First we assume that the orientation and the alignment relax-
ation rates of the nth level are the same and hence represent
a Zeeman relaxation rate denoted as �n(K�0). This rate is
distinguished from the population relaxation rate of the nth
level denoted as �n(K�0). Second we assume that the col-
lisional relaxation rates of the ground and excited states are
the same, i.e., �g(K�0)��e(K�0)��n(K�0) and
�g(K�0)��e(K�0)��n(K�0). Therefore, according to
this minimal model, the DFWM and NDFWM signal re-
sponses are characterized by three fundamental relaxation
rates namely, �eg , �n(K�0), and �n(K�0).

The analysis of the FB-NDFWM line profiles is con-
ducted as follows. BB-DFWM line profiles such as these
shown in Fig. 3 are used to obtain �eg . Then YXXY FB-
NDFWM line profiles are fit to Eq. �2� holding �eg fixed to
obtain �n(K�0). Next YYXX FB-NDFWM line profiles
which, contrary to first impressions, have the largest popula-
tion contributions are fit to Eq. �2� by holding �eg and
�n(K�0) fixed to obtain �n(K�0). As a final self-
consistency check, YYYY FB-NDFWM line profiles are
generated using all of the previously obtained fit values and
compared with the experimental data. The data shown in Fig.
4 are in good agreement with the predictions of Eq. �2� and
the significant differences among the relaxation rates demon-
strate that at least three rates �minimal model� are necessary
to account for the observed line profiles. If the YYYY FB-
NDFWM line profiles are free fitted the chi squared values of
the fits decrease by only 13%. Note that the Zeeman
relaxation rate is approximately twice the population
relaxation rate for the RQ21�1.5� transition, i.e.,
�n(K�0)/�n(K�0)�2.0. Good quality fits are also ob-
tained for the RQ21�3.5� and RQ21�8.5� transitions although
these transitions yielded �n(K�0)/�n(K�0) ratios of 1.4
and 1.0, respectively. The Zeeman relaxation rate approaches
the population relaxation rate as the total angular momentum
of the levels involved in the transition is increased. The re-
sults of all the fits are shown in Table I.

V. DISCUSSION

A. Polarization ratios

DFWM has been extensively applied to the analysis of
high-temperature gases such as flames and plasmas. These
environments are typically characterized by large Doppler
broadening �Doppler full-width equal to ��D�. For these en-

TABLE I. Fitted relaxation and dephasing ratesa for OH in an H2/O2/He
flame at 1380 K as a function of RQ21-branch transition of the A 2�� – X 2�
�0,0� band.

Transition �eg �n(K�0) �n(K�0)

RQ21�1.5� 0.047 0.020 0.039
RQ21�3.5� 0.043 0.025 0.035
RQ21�8.5� 0.038 0.019 0.019

aThe error of each entry is �0.005 and all values are in units of cm�1.

FIG. 4. FB-NDFWM line profiles of the RQ21�1.5� transition of the OH
A 2�� – X 2� �0,0� band as a function of polarization. In the figure X and Y
denote orthogonal linear polarization states, and the polarizations of the
fields are given in the order �4�1�3�2 . The solid curves are theoretical fits of
the data to Eq. �2�.
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vironments it is often the case that ��D�2�eg , and Eq. �2�
takes on a very simple form3,54 for PC- and BB-DFWM,
namely,

IDFWM��Ng�
�2Jg�1 �

�2Je�1 �
Ne�2

�Bge�Jg ,Je��
4I1I2I3

��L��� �
K�0

2 G�Jg ,Je ;K �F��4 ,�1 ,�3 ,�2 ;K �

�g�K �

�
G�Je ,Jg ;K �F��4 ,�1 ,�3 ,�2 ;K �

�e�K � �2

, �6�

where

L����
��

ku
1

���i�eg�
. �7�

In Eq. �7� k is the magnitude of the propagation vectors of
the DFWM fields and u is the most probable speed of the
Maxwell–Boltzmann velocity distribution. Equations �6� and
�7� define a simple Lorentzian line profile with a full-width-
at-half-maximum of 2�eg , i.e., the line width is completely
determined by the dipolar dephasing rate �eg .

Since the BB-DFWM line widths in the limit of large
Doppler broadening are independent of polarization it might
be expected that the signal intensity as a function of polar-
ization depends solely on the polarizations of the excitation
fields. In Sec. II, however, we showed that the DFWM signal
intensity results from the contributions of many types of
gratings whose relaxation rates, and hence scattering effi-
ciencies, can differ. Equation �6� shows this dependence, i.e.,
the absolute signal intensity depends on �eg and on the spe-
cific values of the population, the orientation, and the align-
ment relaxation rates of both the ground and excited state
levels. Therefore to extract relative internal-state distribu-
tions from DFWM signals, a summation of the G(J ,J�;K)
and F(�4 ,�i ,�j ,�2 ;K� factors weighted by the appropriate re-
laxation rates needs to be performed.

Table II shows polarization ratios for selected
RQ21-branch transitions. The polarization ratios of Table II
are defined as

P� �4�1�3�2

YYYY 	�
IDFWM�

IDFWM
, �8�

and are merely the ratio of the DFWM signal intensity for
two different polarization configurations in which all other
aspects of the experiment are the same. The experimental
polarization ratios are obtained by setting the laser frequency
at the line center of the RQ21-branch transitions and measur-
ing the BB-DFWM signal intensity as the polarizations of
the excitation fields are varied with half-wave plates.

The column labeled �n(K) equal theory of Table II is
calculated assuming that population, orientation, and align-
ment gratings relax at the same rate. With this assumption
the polarization ratios for Q-branch transitions are indepen-
dent of differences in the excited- and ground-state relax-
ation rates.6 A comparison of the predictions of this model
with the experimental data shows that the YXYX/YYYY po-
larization ratios are much larger than predicted whereas both
the YYXX/YYYY and YXXY /YYYY polarization ratios are
much smaller than predicted. Evaluating Eq. �2� shows that
the both the YYYY and YXYX polarization configurations
are dominated by population contributions whereas the
YYXX and YXXY polarization configurations are dominated
by orientation and alignment contributions. Therefore the
BB-DFWM polarization ratio data suggest that OH popula-
tion gratings relax more slowly than orientation and align-
ment gratings in this flame. This suggestion is verified by the
different relaxation rates reported in Table I obtained from
the NDFWM line shapes.

The fitted values of the relaxation rates of Table I are
used to calculate the relaxation-rate-weighted BB-DFWM
polarization ratios of Table II. Because the line profiles
shown in Fig. 3 are nearly Lorentzian and well characterized
by a single dephasing rate, Eq. �6� is used for this
calculation.55 The results of the calculation are given in the
last column of Table II. The error in the theoretical calcula-
tions arises from the error in determining the relaxation rates
which is �0.005 cm�1 for all. In Table II the �n(K) equal
and the �n(K) unequal theories make very different predic-
tions for the polarization ratios of the RQ21�1.5� and
RQ21�3.5� transitions but predict the same values for the
RQ21�8.5� transition. The two theories are equivalent for the
RQ21�8.5� transition because the FB-NDFWM line profiles
showed that the Zeeman and population relaxation rates are
equal. The �n(K) equal theory predictions are outside the
large error bars for the RQ21�1.5� and RQ21�3.5� transitions.
The agreement with the �n(K) unequal theory is much im-
proved and the trends in the data are reproduced.

Contributions from other types of intensity gratings,
such as thermal36,39–41 and electrostrictive,36,56 can produce
similar trends in DFWM polarization ratio data.39 The trends
in the polarization ratio data here, however, cannot be attrib-
uted to these types of intensity gratings, because the signal
responses of these gratings were determined to be much
smaller than the RFWM response in this flame.40 Therefore
the DFWM polarization ratio data further support the fact
that at least three rates are necessary to interpret BB-DFWM
signal intensities for low-J values. The inclusion of more

TABLE II. BB-DFWM polarization ratios for the OH A 2�� – X 2� �0,0�
band as a function of RQ21-branch transition.

Transition P��4�1�3�2

YYYY 	 Theory
�(K) equal

BB-DFWM data
H2/O2/He

Theory
�(K) unequal

RQ21�1.5� YXYX 0.172 0.301�0.114 0.396�0.050
RQ21�1.5� YYXX 0.172 0.116�0.040 0.069�0.009
RQ21�1.5� YXXY 0.029 0.012�0.004 0.012�0.002
RQ21�3.5� YXYX 0.124 0.289�0.141 0.222�0.030
RQ21�3.5� YYXX 0.124 0.079�0.040 0.082�0.010
RQ21�3.5� YXXY 0.088 0.062�0.031 0.059�0.007
RQ21�8.5� YXYX 0.113 0.179�0.076 0.113�0.014
RQ21�8.5� YYXX 0.113 0.140�0.030 0.113�0.014
RQ21�8.5� YXXY 0.107 0.138�0.018 0.107�0.013
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rates, such as allowing for differences in the ground and
excited state rates or in the orientation and alignment rates,
would increase the accuracy of the calculation, but all these
rates cannot be determined in a self consistent way from
DFWM and NDFWM data alone.

B. Relaxation and dephasing rates

In our analysis we define the excited state population
relaxation rate as �e(K�0)�R�Q�Aeg , where R , Q , and
Aeg are the rotational energy transfer �RET� rate, the quench-
ing rate, and the Einstein spontaneous emission coefficient,
respectively, for a specific rotational level of the
A 2������0� state. Furthermore we take the total RET rate
for a specific rotational level to be the same for
X 2�(���0,N��N) and A 2��(���0,N��N) levels.
Some experimental evidence supports this assumption.57

This assumption allows us to define the ground state popu-
lation relaxation rate as �g(K�0)�R . In the atmospheric-
pressure flame studied here, Aeg is negligible compared to R
and Q , and R is approximately six times larger than Q �see
below�. Therefore our assumption that �g��e is justified. In
what follows all rates are calculated as described in Sec. II C
of reference 21 for our flame composition �3% O2, 24%
H2O, and 73% He� and temperature �1380 K�.

Lee, Kienle, and Kohse-Höinghaus �LKK�58 studied en-
ergy transfer rates for OH in a low-pressure H2/O2/He flame
at 1330 K and reported total RET rates and cross sections for
specific rotational levels in the OH A 2������0� state. The
flame composition for their experimental conditions was cal-
culated to be 26.3% H2O, 0.8% OH, 5.1% H2, 3.4%O2,
9.3% H, 1.3% O, and 53.8% He. LKK determined that only
two species, H2O and He, contributed significantly to the
measured RET rates under these conditions. The RET con-
tribution of He was estimated using calculated state-to-state
He rate coefficients59 and was subtracted from the total RET
rate to give the H2O contribution. The following RET cross
sections for the F2(N��2), F2(N��4), and F2(N��9) lev-
els at 1380 K are estimated from the tables and figures of
Refs. 58 and 59: 142�50 Å2, 151�16 Å2, and 127�23 Å2

for H2O; and 13.2�1.3 Å2, 8.5�0.8 Å2, and 1.7�0.2 Å2 for
He.

Paul60 has recently presented a model for the
temperature-dependent quenching of OH A 2�� and re-
viewed the experimental literature. Based on the results pre-
sented in that paper we use the following quenching cross
sections at 1380 K: 28�8 Å2 for H2O; and 9�3 Å2 for O2.
Helium does not appear to quench OH A 2������0�, and
hence, its quenching cross section is taken to be zero. Note
that each of these cross sections represents an average
quenching cross section for the rotational levels of the
A 2������0� state. LKK report a decrease in the total mea-
sured quenching rate with increasing rotational quantum
number. Specifically the total measured quenching rate of the
OH A 2������0� state increases by approximately 7% from
N��10 to N��0. For completeness we take the quenching
cross sections for the F2(N��2), F2(N��4), and
F2(N��9) levels to be 28�8 Å2, 28�8 Å2, and 27�8 Å2

for H2O; and 9.1�3 Å2, 9�3 Å2, and 8.7�3 Å2 for O2,
respectively, which reflect the rotational level dependence of
the total quenching rate observed by LKK.

Let us compare the calculated relaxation rates to those
measured in the NDFWM experiments. See Table I. The cal-
culated lower limits of the �n(K�0) rates for the RQ21�1.5�,
RQ21�3.5�, and RQ21�8.5� transitions are 0.026�0.007 cm�1,
0.024�0.003 cm�1, and 0.017�0.003 cm�1, respectively.
Similarly the calculated upper limits of the �n(K�0) rates
for the RQ21�1.5�, RQ21�3.5�, and RQ21�8.5� transitions are
0.029�0.008 cm�1, 0.028�0.004 cm�1, and 0.020�0.004
cm�1, respectively. The lower and upper limits of the
�n(K�0) rates correspond to R and R�Q�Aeg , respec-
tively. These values agree quite well with the values of Table
I considering the approximations made in estimating the
state-specific cross sections and the extrapolation to our cal-
culated flame conditions. This level of agreement further
supports the fact that the population, the orientation, and the
alignment of the total angular momentum distribution relax
at different rates, because relaxation rates much faster than
the population relaxation rates are necessary to fit the ND-
FWM line profiles of the RQ21�1.5� and RQ21�3.5� transi-
tions. Furthermore we have demonstrated that NDFWM line
profiles taken as a function of polarization enable population
relaxation rates to be measured directly. This result is signifi-
cant, because most spectroscopic techniques provide infor-
mation regarding the dipolar dephasing rate �eg which con-
tains contributions from pure dephasing �elastic� collisions in
addition to energy transfer �inelastic� collisions.

Rea, Chang, and Hanson �RCH�61have studied the tem-
perature and rotational quantum number dependence of the
broadening of the A 2�� – X 2� �0,0� band of OH in colli-
sions with H2O. The dipolar dephasing rates reported by
RCH decrease monotonically with increasing rotational
quantum number. This dependence is in qualitative agree-
ment with our results reported in Table I. Dipolar dephasing
rates of 0.023�0.004 cm�1, 0.022�0.003 cm�1, and 0.015
�0.002 cm�1 for the RQ21�1.5�, RQ21�3.5�, and RQ21�8.5�
transitions, respectively, are calculated using the RCH values
and a value of 0.038�0.007 cm�1 atm�1 for the broadening
of the A 2�� – X 2� �0,0� band of OH in collisions with
O2.61,62 These values are approximately a factor of 2 smaller
than the results shown in Table I, and adding the small He
population relaxation contribution to the dipolar dephasing
rates does not make up for the difference. The large differ-
ences between the calculated and observed rates suggest that
the broadening of the A 2�� – X 2� �0,0� band of OH in
pure dephasing �elastic� collisions with He is significant. To
our knowledge no collisional broadening coefficients for He
are reported, and therefore a direct comparison is not pos-
sible. From our data, however, we calculate a value of 0.031
�0.011 cm�1 atm�1 for the broadening of the A 2�� – X 2�
�0,0� band of OH in collisions with He.

We have also measured DFWM and NDFWM line pro-
files of OH in an undiluted H2/O2 flame with a calculated
composition of 89% H2O and 11% O2 and a measured tem-
perature of 1460�80 K at 5.5�0.5 mm above the burner
surface. Unlike the H2/O2/He flame, thermal grating signal
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intensities are large compared to the RFWM response in this
flame.40 We have modeled the NDFWM signal response63 in
the presence of thermal gratings and observed that the ND-
FWM line widths of the RQ21�1.5�, RQ21�3.5�, and RQ21�8.5�
transitions do not change significantly as a function of polar-
ization. This insensitivity of the line width to the polariza-
tions of the input fields suggests that the population,the ori-
entation, and the alignment of the total angular momentum
distribution relax at nearly the same rate. Because of the
additional variables required to fit the NDFWM line shape in
the presence of thermal gratings, we are not able to deter-
mine a unique set of values for the K-dependent relaxation
rates. It is possible, however, to obtain approximate values
for the dipolar dephasing rates �eg , and these values agree
well with the calculated rates. For example we calculate a
value for �eg of 0.082�0.012 cm�1 for the RQ21�1.5� transi-
tion which compares well to the experimental value of 0.079
�0.018 cm�1. Furthermore, using the relation
�eg�1/2(�g��e)�R�Q/2�Aeg/2 and the population re-
laxation rates of LKK and Paul, we calculate a value of
0.070�0.024 cm�1 for �eg which suggests that the contribu-
tion of pure dephasing �elastic� collisions of OH with H2O to
�eg is small.52,64

VI. CONCLUSIONS

We have shown that twelve gratings contribute to
DFWM and NDFWM signals. The gratings can be distin-
guished by spacing ��k12 or �k32�, by the level in which the
grating is formed �ground or excited�, and by the multipole
nature of the grating �population, orientation, or alignment�.
We presented data that showed that the DFWM line profile in
the limit of large Doppler broadening does not change as a
function of the input-field polarizations even when the popu-
lation, the orientation, and the alignment relax at different
rates. The absolute DFWM signal intensity, however, was
shown to depend strongly on the values of these relaxation
rates. We also showed that these rates can be determined
from NDFWM line profiles and that such information is nec-
essary to extract accurate relative internal-state distributions
from DFWM signal intensities. The data presented here sug-
gests that the presence of unequal relaxation of the popula-
tion, the orientation, and the alignment of the total angular
momentum distribution is most significant for low values of
J for collision partners such as He that favor elastic reorient-
ing collisions over inelastic population transfer collisions.
This result is an important finding because the effect of elas-
tic reorienting collisions on the reduction of DFWM spectra
to relative populations has hitherto not been considered.

The results presented here may be generalized to any
RFWM experiment because in such experiments the signal
intensity can always be expressed in the form of Eq. �2�
which includes contributions from the K�0, 1, and 2 multi-
pole moments of the total angular momentum distribution,
i.e., contributions from population, orientation, and align-
ment gratings �see, for example, Ref. 8�. In some RFWM
experiments, such as two-color resonant schemes, the num-
ber of gratings will be reduced compared to the most general

case �12 gratings�, but population, orientation, and alignment
gratings always contribute to the signal. Therefore the possi-
bility of different relaxation rates for the first three multipole
moments of the total angular momentum distribution, i.e.,
the population, the orientation, and the alignment, must al-
ways be considered.

ACKNOWLEDGMENTS

The authors are grateful to E. A. Rohlfing for helpful
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