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We have determined state-to-state rate coefficients for rotational and fine structure transitions
of OH (4 2=+, v’ =0) in thermal collisions with He and Ar at 300 K. The temporal
evolution of single fluorescence lines within the 4-X, 0-0 band of OH were measured,
exciting either the F,(4) or F,(5) state by a nanosecond laser pulse. The OH radical was
produced in a discharge flow cell, containing predominantly He or Ar, at various

pressures between 1 and 6 mbar. The time resolution in the experimental setup was sufficient
to evaluate the rotational energy transfer coefficients directly from the time dependence

of two fluorescence lines. The observed average rate coefficients for collisions of OH (4,

v' =0) with Ar are approximately 3 times larger than those with He. The two rare gases
show different qualitative behavior. Whereas the almost isoenergetic transitions with AJ = 1
and AN = 0 are favored in collisions with Ar, those with AJ = AN = — 2 are favored

in collisions with He. In addition, a strong preference for transitions conserving the parity of
the OH, a .propensity rule, previously reported for rotational relaxation in the A4 state of

OH, was found for collisions with He but not for collisions with Ar. Our experimental results
for He and for Ar are in good agreement with recent quantum mechanical calculations

of the energy transfer coefficients.

I. INTRODUCTION

The OH radical is an important reactive intermediate
in combustion processes. Beside its significance for the un-
derstanding of the chemical kinetics of flames, OH is also
used as an indicator for the location of flame fronts and for
temperature measurements. The technique of laser-induced
fluorescence (LIF) is widely applied for the determination
of relative or absolute OH number densities.! One of the
key problems associated with quantitative LIF measure-
ments is collision-induced energy transfer.” These pro-
cesses comprise electronic quenching, vibrational, and ro-
tational relaxation. Whereas a significant number of studies
exist which measure the electronic quenching of OH (A4
23+, v’ = 0)—see Ref. 3 and references therein—little is
known about the rotational relaxation within this state.
Because of the energy difference between the v =0 and
v’ =1 vibrational levels in the 4 state of OH, collision-
induced 0—1 vibrational excitation is negligible at room
temperature and of little importance at flame temperatures.
For these reasons we focus our interest primarily on the
rotational energy transfer (RET) of OH (4 221, v’ = 0).

Note that RET is used in this publication for all in-
elastic processes within one vibrational level of a specific
electronic state. This means that in case the spin and/or
the electronic angular momentum is different from zero, a
RET transition is inelastic with respect to the rotational
state of the molecule and/or the fine structure level. For
example, an F,(4) - F,(4) transition within a 23 state is a
RET process in this sense, although the rotational state of
the molecule remains unchanged during the transition.

LIF is the most convenient method for measurements
of state-resolved RET coefficients in electronically excited
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molecular states. It was first applied in 1971 to Na, (B 'm)*
and I, (B 37).3 Since then, the LIF technique has been
utilized to measure the RET in OH (A 23),° Na, (4 ')’
Li, (4 '3),* CdH (4%m),” KH (4 '3),"° ZnH (4 r),!
CsH (4 '3),"* CaF (4 *7)," and IF (B *7)."* In all these
studies the probabilities for collision-induced RET are
evaluated from fluorescence spectra without time resolu-
tion. The data analysis was usually performed assuming in
a first approximation that only one collision occurs on the
average during the lifetime of the excited state. The mag-
nitude of corrections caused by successive collisions in
these experiments is determined by the natural lifetime of
the excited state, the energy transfer coefficients, and the
number density of the collision partner. Assuming a given
set of energy transfer coefficients, the importance of these
corrections for multiple collisions increases with the natu-
ral lifetime of the excited molecule and the number density
of the collider. Because the lowest possible pressure is ex-
perimentally limited by the S/N ratio of the LIF signal, the
multiple collision correction is a serious problem for colli-
sions involving the A4 state of OH, where the natural life-
time (~700 ns) is comparatively long.

In addition to LIF, various optical pump/probe tech-
niques utilizing two or more lasers are widely used for the
investigation of RET. These techniques have been mainly
applied to study inelastic collisions within vibrationally ex-
cited levels of molecules in their electronic ground state.
For example, the RET of diatomic molecules—HF

[v=1"v=2 (Ref. 16)], NO (v=2),"" H, (v=1),'8"

D, (v=1),"" HD (v=1),%° and HCl (v = 1)?'—have
been studied. In a few cases pump/probe techniques were
also used to examine the RET in an electronically excited
state, e.g.,, NO (4)% and IF (B 3m).2 In contrast to the
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RET measurements using LIF,*!* these pump/probe ex-
periments yield time-resolved information of state-specific
populations. For this reason, the experimental information
of the pump/probe studies'>? is, in principle, similar to
the information from the time-resolved LIF experiments
presented in this work. However, the data analysis proce-
dure described below is different from those used in pump/
probe experiments and should be treated as an alternative
to the existing methods.

The RET in the A state of OH was first studied in 1959
by Carrington.?* Although several groups have subse-
quently worked in this field,%***° the only experimental
work to date reporting quantitative state-to-state RET co-
efficients for OH (A) is that of Lengel and Crosley.’ They
applied the LIF technique to study rotational relaxation of
OH (A4, v' = 0) in thermal collisions with N,, H,, and Ar.
Their data analysis, in which they derive rate coefficients
from temporally integrated fluorescence signals, includes
an iterative procedure to account for multiple collisions.

We demonstrate here a direct method to determine
state-to-state RET coefficients for OH (A4). This becomes
possible by using improved time resolution, which in our
case is determined by the detection apparatus and not by
the lifetime of OH (A4). The state-to-state RET coefficients
are determined from temporal evolution of relative number
densities in a laser-pumped state and a state populated by
collisions. The relative number densities are easily obtained
from LIF signals, using the well-known Einstein coeffi-
cients for spontaneous emission.*® The ratios of these Ein-
stein coefficients are the only molecular constants to which
our method is sensitive; in particular, the data analysis is
insensitive to the natural lifetimes of the excited states. In
a first set of experiments we have applied this method to
determine state-to-state rate coefficients for inelastic colli-
sions of OH (4, v' = 0) with He and Ar.

Both systems, OH (4) + Heand OH (4) + Ar, are
of interest because they allow a direct comparison between
theoretically and experimentally determined data. For the
OH-Ar system, the X and A potential energy surfaces and
RET in the A state have been studied®' using accurate
quantum-mechanical methods. In addition, these potential
energy surfaces have been used to calculate the bound rovi-
brational states of the OH (4) + Ar (1S) van der Waals
complex in the gas phase,*? which has been recently ob-
served by experimental studies.’* For the OH-He system,
quantum scattering calculations of RET in the A state
were performed®* following closely the treatment of OH

+ Ar.*! The dynamical calculations for both systems can

be compared directly to measurements of the collision-
induced RET (Ref. 6 and this work). Results of another
theoretical study of the X and 4 potential energy surfaces®®
and the RET>® of the OH-He system cannot be directly
compared with experimental data due to the limited range
of collision energies studied in Ref. 36.

" Our long-term goal is to build up a numerical model—
based upon state-specific rate equations for laser- and
collision-induced processes—to examine the applicability
of OH LIF measurements to various combustion environ-
ments. Since it is not feasible to measure a complete set of
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state-specific energy transfer coefficients as a function of
collision partner and temperature, we focus our interest on
experiments aiming at a better understanding of the vari-
ous RET processes themselves. The comparison of exper-
imental and theoretical results, which is possible for the
OH (4) + He and Ar systems, is important for the in-
terpretation of RET processes. With regard to combustion
systems, we have measured coefficients for the rotational
relaxation of OH (4, v’ =0) with N, CO,, and H,0.”
RET measurements for OH (4, v’ = 1) are planned in the
near future because of the interest gained recently in excit-
ing this state for LIF measurements in flames.’® In addi-
tion, the validity of various scaling and fitting laws* to
describe the RET in OH (A4) will be tested. For this, mea-
surements of the upward RET starting from the F,(0)
level are in progress. Transitions involving this lowest ro-
tational level are important for dynamically based scaling
laws.

il. EXPERIMENT

The S,(2) or S;(3) line of the OH (4-X, 0-0) band
was excited with a Nd:YAG pumped, frequency-doubled
dye laser. The spectral bandwidth, pulse duration, and
pulse energy of the uv radiation were 2 cm ~ L(FWHM), 5
ns (FWHM), and typically 6-7 mJ/pulse, respectively.
The spectral bandwidth of the laser was large compared to
the Doppler width of OH at 300 K, therefore no velocity
selection occurred during the excitation. For all RET mea-
surements, the polarization of the uv laser radiation was
completely scrambled. The use of a polarization scrambler
was necessary to generate spatially isotropic LIF signals
(see Sec. IV A). The uv beam was unfocused (diameter
~8 mm) in order to avoid diffusional loss of excited OH
radicals out of the detection volume during the lifetime of
the A4 state.

The OH was produced by the chemical reaction of
NO, with H atoms in a discharge flow cell (1-4 SLM) at
pressures between 1 and 6 mbar. The H atoms were gen-
erated by a microwave discharge through H, in He or Ar
as carrier gas. The discharge was located at the upstream
end of a quartz flow tube (30 cm length and 3 cm internal
diameter, treated with HF). The NO, was added down-
stream through a movable inlet. The position of the inlet
was optimized to yield the maximum number density for
OH in the volume excited by the laser beam. The details of
the flow system are described elsewhere.*® The sum of the
partial flows of H, and NO, was typically below 1%; a
variation of the H, and NO, partial flows by a factor of 5
had no influence on the results. The temperature close to
the laser beam was measured with a thermocouple; the
value obtained (300 K) ensured that heat released by the
microwave discharge had no influence on the temperature
in this region of the flow system. In addition, all volumetric
flows and the total pressure—measured with a capacitance
manometer (Baratron 10 mbar range)—in the cell were
monitored during each experiment and stored on the com-
puter. The standard deviations of these values were less
than 1% for all series of measurements.
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The fluorescence was recorded at 90° relative to the
laser beam, using two different detection systems. One de-
tection system allowed the spectral resolution of individual
lines in the OH (4-X) band; the other system, which was
used as a reference, detected the fluorescence without spec-
tral resolution.

For the spectrally resolved fluorescence system, a
f7/3.75 quartz lens focused the LIF signal on the entrance
slit of a 640 mm grating spectrometer (Jobin Yvon
HR640). A slit width and height of 50 um and 2 mm,
respectively, was chosen resulting in a 3.5 cm~! band-
width (FWHM). The signal was recorded by a photomul-
tiplier (Valvo XP2020Q) and processed by a gated boxcar
integrator (Stanford Research Systems SR 250) for the
registration of fluorescence spectra, or by a 400 MHz tran-
sient digitizer (Tektronix 7912AD) for the measurement
of time-resolved fluorescence signals. Between 300 and
6000 shots were averaged for the evaluation of one time-
dependent state population. For the measurements of flu-
orescence spectra 30 shots were internally averaged by the
boxcar integrator. The spectral resolution of the detection
system allows single-line observation of the P,(1'),
Q1(L,1), P,(2), 0,(4), Si(1), Py(4,4), 0,(5), Ry(3),
P,(5), R,(4), and Q,(5,5') lines in the A-X, 0-0 band of
OH. The above nomenclature used to designate the lines is
that of Dieke and Crosswhite.*! The center of the line po-
sitions was checked before and after each series of mea-
surements. Calibrated filters with transmissions between
0.05% and 50% ensured that the maxima of the intensities
were approximately equal for all time-dependent single-
line measurements.

The broadband reference system allowed corrections
which were necessary due to small changes in the laser
pulse energy, the wavelength of the laser, and the efficiency
of the OH production. The measurements were discarded
if the deviation in the reference signal exceeded 15%. The
reference system consisted of a f/1 quartz lens, a spectral
cutoff filter (Schott WG 320), a photomultiplier (RCA
1P28A) and a gated boxcar integrator (Stanford Research
Systems SR 250). Stray light generated by the laser beam
was suppressed by the cutoff filter and the time gate of the
integrator; the gate width and its delay relative to the laser
pulse were typically 100 and 150 ns, respectively. The flu-
orescence signals from both detection systems were stored
simultaneously on a PDP 11/23 computer.

lil. METHOD OF DATA ANALYSIS

All relevant processes for the determination of state-
to-state energy transfer coefficients within the (A4 >+,
v’ = 0) state of the OH radical are illustrated in Fig. 1.
Each RET coefficient is evaluated from a pair of temporal
evolutions of LIF signals, originating from the laser-
pumped state / and a final state f populated by inelastic
collisions. It is essential for our method that only one spe-
cific level i is initially excited by the laser. The way of
analyzing the data is, in general, applicable to all experi-
ments which probe relative number densities of single
states within a vibrational manifold, with a time resolution
sufficient to resolve the increase in the number density of a
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FIG. 1. Energy level scheme for
collision-induced transitions.

H, indicating the relevant radiative and

collisionally populated state. For example, this method is,
in principle, applicable to evaluate RET coefficients of vi-
brationally excited molecules by pump/probe techniques.

The time-dependent populations of the collisionally
populated levels within the OH (4, v’ = 0) state can be
described by rate equations of the form

dNy
':17=NC(Nikif + ,g'f Njkjf)

_Nf

U+ Nc(k,+ ) kf,-)], (1
A

with N being the number density of the collider/molecule
cm ™~ 3, N,N b and Nf the state-specific number density of
OH/molecule cm ~?, 75 the state specific radiative
lifetime/s, and k, the kinetic rate coefficient/cm® mole-
cule™! s~1. (RET coefficients are denoted by two sub-
scripts, coefficients with one subscript correspond to elec-
tronic quenching.)

Under our experimental conditions vibrational relax-
ation can be neglected. However, when necessary, a term
for vibrational relaxation, analogous to that for electronic
quenching, can be added. In the rate equations the sub-
scripts i, f; and j indicate specific levels within the excited
OH (4, v' =0) manifold. The subscript C refers to the
collision partner, in this study He or Ar. Because the A
state of the OH radical has > * structure, each subscript
i, f, and j denotes a fine structure level, where within a
Hund’s case (b) representation®? the total angular momen-
tum J is defined by the vector addition of the rotational
angular momentum K and the spin S. This means that the
rate coefficients k; describe collision-induced transitions
which are inelastic in K and/or J.

For simplicity, the indices denoting the individual lev-
els are ordered by the energy of the rotational states. For
example, the indices 1, 2, 3, and 11 correspond to the levels
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FIG. 2. The rotational level structure in the 4 23+, v'=0 state of OH.
The splitting of the doublet components is exaggerated by a factor of 10.

Fi(0), F,(1), F|(1), and F,(5), respectively. In other
words, all odd subscripts represent F, levels, whereas all
even subscripts represent F, levels. From a given subscript
j the rotational quantum number N is obtained as
N=(j—1)/2 for odd j and as N = /2 for even j, respec-
tively. The energy levels and the different notations are
shown in Fig. 2.

To uncouple the rate equations, we neglect—to a first
approximation—all transitions due to multiple collisions.
As a result, level f can only be populated through a
collision-induced transition originating from the laser-
excited state i. We can thus rewrite Eq. (1) to give

dN;
T—NCNks —Ny/7s. 2)
The superscript s of ki indicates that this rate coefficient is
derived by introducing the “single-collision approxima-
tion.” The validity of this assumption will be discussed and
demonstrated below.

Integration and rearrangement of Eq. (2) leads to the
following equation for ki

kff=(N}—No I/Tff Nfdt)

-1
X(NC f"’N,- dt) . (3)
)

The integration is performed from #, the starting time of
the laser pulse, to 7,, the end of the observation time. N?»
and N7 denote the OH number densities in state f at ¢, and
t,. In the following the behavior of kjr as a function of
(t. — 1) and N will be discussed.

It is clear from the single-collision approximation it-
self, that the values of kj;, obtained by using the single-
collision approximation [Eq. (3)], will approach the true
coefficient k; as the collision probability is reduced. In
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other words, it is possible to calculate k; by extrapolating
ki to the limit of “zero-collision probability.” In the ex-
periments, the collision probability can be reduced by low-
ering the pressure of the collision gas—represented by N¢
in Eq. (3)—or by limiting the observation time to small
values of ¢,. For a given pressure the best approximation of
kir to kis given by

,f— lim ks (4)

to— 1y

For sufficiently low pressures, this limit can be determined
by calculating the axis intercept of a linear least squares fit
of kip vs (t,— 1,). 9

For the determination of ki, it is not necessary to
know the absolute values of the state-specific populations,
since only a ratio of functions containing the populations—
S(Np)/f(N;)—enters Eq. (3). The relative populations
are calculated from the single-line LIF signals /,,, using

I.
jx
N=CF, (5)

JX

where C comprises the observation volume, the solid angle,
and the efficiency of the detection. The 4, are Einstein
coeflicients for spontaneous emission. The subscript x re-
fers to a rovibrational level of the electronic ground state;
the possible values of x are determined by the selection
rules for spontaneous emission. According to Eq. (5) the
intensities of all fluorescence lines originating from a given
level j scale with 4, if C is assumed to be constant, inde-
pendent of the wavelength. Measurements of fluorescence
intensities were used to validate the assumption that C is a
constant for the wavelength region used in the experi-
ments. An example of such a measurement is given in Sec.
IV A. The values of the Einstein coefficients for spontane-
ous emission® and the natural lifetimes* necessary for the
data analysis were taken from the literature.

To demonstrate the feasibility of the data analysis pro-
cedure and to show its sensitivity to uncertainties in the
radiative lifetime, model calculations were performed by
numerical integration of the rate equations. The model
consisted of 2 levels to describe the X state of OH and 11
levels to describe the A state. One level of the X state
corresponded to the level which is coupled to the excited
level i by the laser, the other represented all other rota-
tional states of the electronic ground state. The temporal
shape of the laser pulse and the probabilities for stimulated
absorption and emission were chosen to fit typical experi-
mental conditions. The rate coefficient for electronic
quenching,* assumed to be level independent, was set to
10~ 2/cm® molecule ! s~ ; the radiative lifetimes were
taken from the literature.** The RET coefficients them-
selves were taken from quantum scattering calculations.>*
The number density of He was varied by a factor of 20,
corresponding to pressures between 0.5 and 10 mbar.

Figure 3 shows results of these calculations and illus-
trates the data analysis procedure. In the upper part of this
figure temporal evolutions for two state-specific OH popu-
lations (Ng and Ny,) are plotted for three different pres-
sures. From these number densities the RET coefficients
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FIG. 3. Upper row: results from RET model calculations with He as
collision partner for three different pressures. The number densities for
the laser-excited state N and a collisionally populated state Ny (multi-
plied by 10) are plotted. The values are normalized to the respective
maxima of N;. Lower row: data analysis using the calculated state pop-
ulations. The rate coefficient kj |, [calculated using Eq. (3)] is normalized
to the true coefficient kg o used for the model calculation.

for the 8- 10 transition are calculated in the single-
collision approximation [Eq. (3)]. The resulting &3 |, nor-
malized to the “true” kg | used for the model calculations,
are shown in the lower part of Fig. 3. These plots demon-
strate that k;-can be calculated as axis intercept of a linear
regression of ki, vs time. The fact that kj, is a function of
time reflects directly the breakdown of the single-collision
approximation. The model calculations were applied to es-
timate the sensitivity of the data analysis to the time inter-
val for the linear regression. In case of #, as the starting
time of the laser pulse and ¢, chosen to cut off the region
where kjs(¢) behaves nonlinearly, the deviation of the kif
determined by the axis intercept from the true k; used in
the model calculation was below 2% for all pressures and
transitions. A more detailed discussion of the assumptions
that have to be observed in order to evaluate k;, accurately
from ki is given elsewhere.*

Figure 4 illustrates the insensitivity of our method to
an uncertainty in the radiative lifetime 7. Equation (3)
can be understood as composed of two additive terms, the
first one involving the population difference (N7 — N?),
the second one being influenced by 7, The dotted area in
Fig. 4 represents the contribution of the first term, the
shaded area corresponds to the contribution of the second
term of kj. Figure 4 demonstrates that an error in 7, in-
fluences only the slope, but not the axis intercept of the
kir vs time plot. Therefore an error in 7,has no effect on k
which is calculated according to Eq. (4). In general, this
behavior is due to the fact that the second term of Eq. (3)
vanishes in the limit of #,— ¢, if 7, is chosen as the starting
time of the laser pulse.*’ In other words, the value of ki
determined from Eq. (4) is sensitive to the increase of N,
[first term of Eq. (3)] but not to the integral over Ny [sec-
ond term in Eq. (3)]. For this reason, ¢, has to be properly
chosen so that N? is zero. In the experiments, the noise in
the LIF signal at #,, the starting time of the laser pulse, is
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FIG. 4. Data analysis using the calculated populations shown in the
middle of the upper row in Fig. 3. This figure is an enlargement of the plot
shown in the middle of the lower row in Fig. 3. The dotted area corre-
sponds to the contribution to &, which is sensitive to the population
difference (N%, — N%). The shaded area corresponds to the contribution
to k§ 1o which is sensitive to the natural lifetime 7,5; compare Eq. (3) and
detailed discussion in the text.

a problem; therefore the average of I, (¢) for all # < #, mon-
itored on the transient digitizer was used as I () in the
data analysis.

For the experimental determination of RET coeffi-
cients, relative populations of individual levels were calcu-
lated from LIF signals according to Eq. (5). The mono-
chromator bandpass allowed equal transmission for the
Q,(1') satellite and the Q,(1) line; therefore the popula-
tion of the F,(1) level was calculated from the measured
Q,(1,1') and P;(2) intensities. We examined this proce-
dure in the case of the S;(1), P,(4, 4'), and O,(5) lines
where redundant information was available. The relative
number density in the F,(5) level was calculated from the
R,(4) and the Q,(5,5") signals when the F,(4) level was
laser excited.

The method of data analysis described above is not
adequate to measure the kg4, kg4, and kg coefficients
with our experimental system. For the coefficients with
F,(2) as final state (kg4 and k,54) this is due to the fact
that the R,(1) line—corresponding to the F,(2) state—is
partially overlapped by the Q,(4,4') line. This interference
is pronounced in cases where the population in F;(4) or
F,(4) is high compared to the population in F,(2). The
reason why k4 ;; cannot be easily obtained is the following.
For a time soon after the laser pulse has started, a calcu-
lation of the F,(5) population from the Q,(5,5') and
R,(4) signals is inadequate because of the very high pop-
ulation of the laser-excited F,(5) state compared to the
F,(5) state. Unfortunately, these coefficients are important
to measure; particularly kg, for collisions with He and
ko1, for collisions with Ar, since scattering calcula-
3134 predict these coefficients to be the largest for the
given initial state and collision partner. Therefore, these
coefficients were determined from fluorescence spectra
with a different data analysis procedure which is described
below.

We have evaluated kg4, kg4, and kg from fluores-
cence spectra which were recorded with a narrow temporal
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gate at different delays relative to the laser pulse. Those
spectra contain the information necessary to determine
RET coefficients simultaneously for all transitions. This
advantage of spectra—compared to time dependences of
single lines—is diminished by the loss of time-dependent
information for the individual populations.

To avoid sophisticated, iterative analysis procedures,
the experimental conditions have to be chosen so that the
single-collision approximation is applicable. In ‘this limit,
Eq. (3) is valid; however, now in contrast to the discussion
above, 1, and ¢, correspond to the beginning and the end of
the integrator gate. The evaluation of kj according to Eq.
(3) from a single fluorescence spectrum is difficult because
one spectrum—obtained at a certain time or time
interval—contains no information about N% and N% To
investigate this problem, the model calculations described
above were applied. One result of these calculations is that
the (N} — N?c) term in Eq. (3) cannot be neglected under
conditions for which the single-collision approximation is
valid. Another result from these calculations, illustrated in
Fig. 3, is that for low pressures and small values of
(2, — ), the increase in N, is approximately linear and
therefore (N7 — Nf})is proportional to the integral over N
Assuming a linear increase in Ny and choosing the zero
point of the time scale so that N, (¢ =0) is zero,

N}-N§l=(2 I’ Nfdt)(te+to> = (6
%

holds. Inserting Eq. (6) into Eq. (3) leads to

k= [“Npaf——+ 2\ (e [“a o 7
= t +— ).
’ f,o 4 (te+to "'f)( Cfto ) M

With this equation, RET coefficients can be determined
from a single LIF spectrum, if the necessary assumptions
are observed in the experiment.

In addition, according to

-1
K= ksj( F N, dt)( J'"’ N, dt) , (8)
‘o Yo

LIF spectra can be used to investigate the RET data for
consistency. Here kj; is a known coefficient, measured from
time-resolved fluorescence signals. Equation (8) is derived
from Eq. (7) assuming that the natural lifetime is level
independent. This assumption is reasonable because the
change in the lifetime of OH is less than 5% for the levels
under investigation.*

We want to point out that for the determination of
RET coefficients from LIF spectra, the systematic error is
approximately 20%. For comparison, the systematic error
for the method using time-resolved fluorescence signals is
approximately 2%, as stated before. For this reason, only
those coefficients are determined from spectra which can-
not be obtained from time-resolved LIF signals with our
experimental setup.

For the experimental determination of kg4, kg4, and
k. ,,» populations of the levels 1 corresponding to F;(0), 3
[Fi(D)], 4 [F,(2)], 8 [F,(4)], 10 [F(5)], and 11 [F;(5)]
were evaluated from LIF spectra. All permutations of j and
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FIG. 5. Upper part: energy level scheme for the OH (4-X) fluorescence
lines originating from the F,(4) level. Lower part: relative intensities for
these lines evaluated from LIF spectra measured with a prompt gate of 10
ns width at 1 mbar He. Also shown in this figure are the fluorescence
intensities calculated from the Einstein coefficients for spontaneous emis-
sion (Ref. 30). The intensities are normalized to the respective R,(3)
intensities.

f were used to calculate as many coefficients as possible
from Egs. (7) and (8).

IV. RESULTS AND DISCUSSION
A. Polarization

Figure 5 shows relative intensities of fluorescence lines
originating from the F,(5) level in comparison with the
isotropic Einstein coefficients for spontaneous emission.*
All values are normalized to R,(4). The fluorescence sig-
nals were taken from spectra recorded with a gate of 10 ns
width, without time delay relative to the laser pulse. The
fluorescence of the S;(3) line was not measured because of
interference from scattered laser light. The deviation of the
observed intensities from the ratios of the Einstein coeffi-
cients is within the experimental uncertainty of typically
10% for the excitation with unpolarized light. Systematic
deviations are observed if the exciting laser is not passed
through a polarization scrambler. Thus a depolarizing el-
ement is required to obtain relative state populations from
isotropic Einstein coefficients [Eq. (5)] under the experi-
mental conditions used in this study. In addition, the as-
sumption that Cin Eq. (5) is a constant for the detection
wavelength under consideration, is validated by the spec-
trum, taken after excitation with unpolarized light, where
the intensities agree with those calculated from the Ein-
stein coefficients.

B. State to state RET

The fluorescence spectra shown in Fig. 6 illustrate the
effect of RET. With increasing delay, more and more lines
originating from collisionally populated levels emerge,
while the intensities of fluorescence lines originating from
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FIG. 6. Fluorescence spectra measured with a boxcar integrator (20 ns
gate width). The time delays relative to the laser pulse are 0 ns (upper
spectrum), 500 ns {spectrum in the middle), and 1 us (lower spectrum),
respectively. The intensities for the upper spectrum are multiplied by
0.25; all spectra are measured at 1 mbar He pressure.

the initially pumped F,(5) level—S;(3), R (4'), R,(4),
O1(5), Q,(5), and P,(6)—decrease. As described above,
fluorescence spectra, with higher spectral resolution than
the ones shown in Fig. 6, were used to estimate the kg4,
k104 and kg, coefficients according to Egs. (7) and (8).
These measurements were performed with a gate width of
50-150 ns and for time delays of 0-50 ns at rare gas pres-
sures of 1-2 mbar. All other RET coefficients were evalu-
ated from time-dependent relative state populations.

Figure 7 shows measured time-dependent LIF signals
and the kff(t) derived from them according to Eq. (3).
This figure should be compared to Fig. 3 to get an idea of
the accuracy of the model calculations. The individual
RET coefficients for He and Ar as collision partner are
listed in Table I and II, respectively. The listed values are
averages over 6-10 independent measurements at total
pressures ranging from 1-6 mbar for He and from 1-5
mbar for Ar. Figure 8 shows that, in the pressure range
under investigation, the determined rate coefficients do not
depend on the pressure of the collision partner. This figure
also indicates that our results correspond with microscopic
reversibility within the experimental uncertainties.
According to the relations of detailed balancing, additional
RET coeflicients, not given in Tables I and II, can be cal-
culated.

In Fig. 9 the logarithm of the measured RET coeffi-
cients for OH (4) + He is plotted vs the energy trans-
ferred during the collision. This figure illustrates that a
simple exponential gap fitting law is inappropriate to de-
scribe the measured coefficients. A detailed analysis of the
validity of different fitting laws will be given in a future
study. The coefficients for both initial states (/ =8, 10)
behave qualitatively the same way. Surprisingly, the nearly
isoenergetic transitions, AN =0 and AJ =1 are not the
most probable ones. The largest RET coefficients are ob-
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FIG. 7. Upper part: relative state-specific populations calculated from
single-line LIF signals. The F;(4) state (V) is laser-excited; the popula-
tion of F,(5) state (N,,) is multiplied by 10. Lower part: calculation of
k3 10 according to Eq. (3) from the measured state-specific populations.

tained for AJ = AN = — 2. On average, the parity con-
serving transitions (F,—F,) are favored over the parity
changing transitions (F,—F;). This trend is especially
pronounced for small values of |AN| (see Fig. 10). A
propensity to parity conservation was previously reported
for the RET of OH (4, v'=0) with Ar,%?" N,,%*" and H,.5
The coefficients of Table I are in excellent agreement with

TABLE I. RET coefficients (10'2/cm® molecule ~' s~ !) for thermal col-
lisions of OH (422, v’ = 0) with He at 300 K.2

Initial state
g 10

Final state Fy(4) F(5)

1 Fi{0) 6.51+0.36 1.20+£0.08
2 Fy(1) 2.45+£0.32 2.64+0.14
3 Fi(1) 4.01+0,29 2.99+0.15
4 F,(2) 199+1.2 3.08+0.41
5 Fi(2) 9.69+0.59 441041
6 F(3) 9.51+0.82 15.1+0.9

7 Fi(3) 4.61+0.24 3.98+0.73
8 Fi4) 9.75+0.76
9 Fi(4) 10.5+0.9 2.03x0.15
10  Fy(5) 5.90+0.59

11 F(5) 1.06+0.07 5.53+0.69

*The listed uncertainties correspond to a statistical error of 1 standard
deviation.
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TABLE II. RET coefficients (102/cm® molecule ™! s—*) for thermal
collisions of OH (4 2=+, v’ = 0) with Ar at 300 K.?

Initial state

Jorg, Meier, and Kohse-Huinghaus: Rotational energy transfer in OH

£/ cem™ E/om™
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= Jo © ] g o
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12— T @ —r— T r v
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8 10

Final state F,(4) F,(5)

1 Fi(0) 4.69+0.39 3.02+0.34
2 F(1) 6.14+0.39 2.90+0.76
3 Fi(1) 8.38+0.36 5.38+0.29
4 Fy(2) 20.3+1.9 9.28+1.19
5 Fi(2) 19.6%0.8 14.5+2.8

6 F(3) 40.7+2.8 20.1+4.0

7 F(3) 30.6+1.7 16.4+2.5

8 F,(4) 31.9+2.6

9 Fi(4) 80.3+1.8 27.0+3.2
10 Fy(5) 21.2+1.3

11 F(5) 16.2+2.0 53.4+3.8

“The listed uncertainties correspond to a statistical error of 1 standard
deviation.

recent quantum scattering calculations.>* These calcula-
tions confirm all trends mentioned above. A detailed dis-
cussion of the comparison between theory and experiment
is given in Ref. 34.

For comparison, the OH-Ar RET coefficients are plot-
ted in Fig. 11 on the same scale as for He. On average, the
transition probabilities for Ar are about 3 times larger than
those for He. The qualitative behavior of OH-Ar is very
different from that of OH-He. In contrast to earlier stud-
ies®?” no significant propensity for parity conservation is
found for OH-Ar (see Fig. 10). The most probable tran-
sitions are the nearly isoenergetic transitions with AN =0
and AJ = 1. The RET coefficients decrease with increasing
energy transferred during the transition. The decrease is

Fg5—=Fo4 .
+10 S DB
e °
<~ 0 ¥
2
g -10- ® L d
S
g
©
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§+10- 7 °
5
o
-s .
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He number density / 1016 ¢m =3

FIG. 8. Measured RET coefficients (k; ;o and k;q 3/cm’® molecule ~ s~ 1)
for 1-6 mbar He pressure. The average values are kjgg = 9.75x 10~ "
cm® molecule ~! s~ ! (upper row) and kg o= 5.90X10" 2 cm® mole-
cule~! s~ . The values marked by “DB” correspond to the relations for
detailed balancing at a temperature of 300 K.

FIG. 9. Measured RET coefficients for thermal collisions of OH (4 23 +,
v' = 0) with He at 300 K.

smoother for the initial level 8 [F,(4)] than for the initial
level 10 [F,(5)]. A comparison of the experimental results
with quantum scattering calculations utilizing an ab initio
potential energy surface’! is also possible for OH-Ar.
Again, the agreement between theory and experiment is
very good; a detailed discussion of this comparison is given
in Ref. 31.

Although RET coefficients for OH (4, v' = 0) + Ar
have been previously reported by Lengel and Crosley®
(LC), a quantitative comparison with this study is not
directly possible. This is due to the fact that LC considered
only transitions starting from the initial levels 3 and 9. A
comparison becomes possible assuming that the individual
coefficients obey the principle of microscopic reversibility.
The k33 and kg coefficients calculated from Table II,
using the relations for detailed balancing, agree with those
reported by LC within the experimental errors (see Table
IIT). In contrast, kg4 and k; 1o, calculated from Table II,
do not agree with the results of LC. Compared to our
values, LC reported a lower value for ky4 and a higher
value for kj 1o. Since kg4 is the largest coefficient of all kq

6
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T o4 = - &
N ) o e
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FIG. 10. Ratios of measured RET coefficients for a given AN. The coef-
ficients for He as collider show a strong propensity for conserving the
parity of OH.
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FIG. 11. Measured RET coefficients for thermal collisions of OH
(4 2T+, v =0) with Ar at 300 K.

starting from initial level 9, and since k; , is an order of
magnitude lower than the largest coefficient of all k; ,, the
deviation could be due to an improper description of the
multiple collision effects by LC. In general, the neglect of
multiple collisions leads to an underestimation of large co-
efficients and to an overestimation of small coefficients.
This explanation seems likely also in view that our results
agree much better with the theoretical predictions®! than
those of LC. A comparison of both experimental data sets
(LC and this study) with the calculated RET coefficients
for OH (4) + Ar is given in Ref. 31.

The qualitatively different behavior of Ar and He
which has been found in our experimental study is fully
confirmed by theoretical investigations.>** The difference
in RET of OH-Ar and OH-He can be explained by a
comparison of the calculated interaction potentials for the
two systems. Reference 34 contains a detailed discussion of
this comparison.

V. CONCLUSION

A method for the investigation of the state-to-state en-
ergy transfer within excited molecular states has been de-
veloped. The capability of the method has been demon-
strated for thermal collisions of OH (4, v' =0) with He
and Ar, using a LIF excitation/detection scheme. The
method is free of a priori assumptions concerning RET.
This is important, since we are interested in a basic under-
standing of the collision dynamics involving the A4 state of
the OH radical. In this context, a comparison of our ex-
perimental results with quantum scattering calculations,
which is possible for OH (4) + He and Ar, is very help-
ful. The agreement between the calculated rate coeffi-
cients*"** and our measurements is very good. The differ-
ence in the qualitative trends of the RET coefficients for
collisions with He compared to collisions with Ar is in
accord with the predictions of theory.’!**

The OH (A4) was chosen for this RET study because of
the importance of the collision-induced energy transfer of
OH for LIF measurements in combustion environments. "
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TABLE III. RET coefficients (10'>/cm® molecule ~! s~ ') for thermal
collisions of OH (4 23 %, v = 0) with Ar at 300 K.

Initial state

3 9

Final State Fy F(4)

8 F(4) 4.40£0.43* 26.0+1.0°
5.7° 79.2°
3.90¢ 99.9°

10 B(5) 4.40+0.38 12.8+1.0°
1.0° 7.0°
1.40° 12.1°

“Experimental values taken from LC (Ref. 6).

®Calculated values taken from Ref. 31.

“Values obtained from Table II according to the principle of detailed
balancing.

Our long-term goal is to build up a model that allows to
judge the applicability of different LIF strategies under
specific combustion conditions and to assist in the quanti-
tative interpretation of LIF experiments. To this end, we
have extended the available data base of RET coefficients
for the flame relevant collision partners H,O, CO,, and
N2.37 Further measurements, especially for the energeti-
cally lowest initial state F;(0) are in progress because this
state is of particular importance for some dynamically
based scaling laws.>® The whole data will be used to exam-
ine the ability of common scaling and fitting laws®® to de-
scribe the collision-induced RET of OH (4). In addition,
RET coefficients for OH (A4, v' = 1) will be measured,
since excitation of this state for LIF measurements in com-
bustion environments*® has recently gained importance.
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