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~Received 27 July 1998; accepted 25 September 1998!

We have studied rotational energy transfer~RET! in collisions of OH with the bath gases Ar, N2,
O2, and H2O at 293 K. Rotationally hot OH(X 2P3/2, v950, N951 – 12) was generated by
photolysis of H2O2 at 266 nm, and collisional relaxation of the nascent rotational distribution was
monitored by laser-induced fluorescence. The data are remarkably well described by an
exponential-gap model for the matrix of state-to-state RET rate constants. For Ar, N2, and O2, RET
rates are significantly faster at lowN9 than highN9; for H2O, RET is approximately an order of
magnitude faster than for the other bath gases, and the rate is not as strongly dependent onN9. The
rates of rotationally inelastic energy transfer are similar in theX and A states, but theX-state
depopulation rate constants~including nearly elastic,L-doublet-changing collisions! are faster than
the A-state values. By comparing the depopulation rates derived from the present experiment with
previous linewidth measurements, we conclude that RET is the dominant source of pressure
broadening for OH microwave transitions and makes a significant contribution for ultravioletA–X
transitions. While generally good agreement is found between the present results and previous OH
RET studies for both the ground and excited electronic states, some significant discrepancies are
noted. © 1999 American Institute of Physics.@S0021-9606~99!01701-8#
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I. INTRODUCTION

Collisional processes profoundly influence the spec
properties of molecules.1 Rotational energy transfer~RET! is
particularly important for determining molecular line shap
and saturation behavior. Accurate knowledge of RET rate
thus essential for quantitative application of spectrosco
diagnostic methods such as absorption spectroscopy
laser-induced fluorescence~LIF!,2 and a large number of ex
perimental and theoretical studies of RET have be
reported.3 Most experimental studies have been perform
using stable molecules and/or molecules prepared in an e
tronically excited state. Relatively few RET measureme
have been reported for transient species in the ground s
In this paper, we report measurements of RET rates of OH
the ground electronic and vibrational states~X 2P3/2, v9
50! for collisions with Ar, N2, O2, and H2O.

LIF detection of OH is widely used in a variety of ap
plications, including laboratory studies, combustion m
surements, and atmospheric sensing. For application
which the temperature and/or composition are variable, e
combustion studies, knowledge of OH RET rates under
relevant conditions is required for accurate determination
OH densities and for OH thermometry.4,5 Several studies o
RET in electronically excited OHA 2S1 have been re-
ported, including measurements of both state-to-state tran
rates and total depopulation rates~i.e., the sum of the state
to-state rates out of a given level!; this work has been re
viewed by Dagdigian6 and by Kohse-Ho¨inghaus.2

Fewer measurements of RET rates for ground-state
X 2P3/2 have been reported. Gericke and Comes7 used the
reaction of O(1D) with H2O to generate rotationally and v
brationally excited OH in the presence of excess H2O; ab-
sorption spectroscopy was used to follow the time evolut
4120021-9606/99/110(1)/412/11/$15.00
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of the OH rotational distribution inv950 – 2. Rotational re-
laxation of the OH was found to occur at a gas-kinetic ra
which was attributed to formation of a hydrogen-bond
OH–H2O collision complex, and an average rate constant
rotational relaxation was obtained. Holtzclawet al.8 gener-
ated rotationally and vibrationally hot OH via the reaction
O(1D) with H2 and observed collisional relaxation of th
rotational distribution by O2 at 100 K forv951 – 3. The data
were well described by a model in whichDN9 was restricted
to be61, with this assumption, state-to-state RET rate c
stants forN958 – 25 were determined, and a local minimu
~‘‘bottleneck’’! was found atN9514.

In related work, Andresenet al.9 measured the total de
population rate and theL-doublet-changing collision rate fo
OH(v951, J951.5,4.5) in H2. Copeland and Crosley10 ob-
served a propensity forL-doublet conservation in inelasti
(J951.5→2.5) collisions of OH(v952) with H2O, and
Wysong et al.11 observed a propensity for conservation
total parity ~not of L-doublet state! in spin-orbit-changing
collisions of OH(v952, J952.5) with He. Detailed crossed
molecular-beam studies of ground-state OH RET have a
been reported.9,12–14

In the present experiment, rotationally h
OH(X 2P3/2,v950,N951 – 12) was generated by photolys
of H2O2 at 266 nm. Collisional relaxation of the OH by th
bath gas~Ar, N2, O2, or H2O! was monitored by recording
LIF spectra at various times following photolysis. We fin
that RET by H2O is approximately an order of magnitud
faster than for the other colliders. Moreover, for Ar, N2, and
O2, the OH rotational distribution at intermediate times
‘‘kinked,’’ indicating more efficient RET for lowN9 than
high N9; in contrast, H2O does not exhibit such a pro
nounced variation of RET rate withN9. To extract RET rate
constants from the observed time evolution of the OH ro
© 1999 American Institute of Physics
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 This a
tional distribution, the data were fit using various models
the state-to-state RET rate matrix. An exponential-gap mo
is remarkably successful in reproducing the measured di
butions for all four bath gases. We compare the deriv
state-to-state and depopulation rate constants with prev
measurements of OH RET rates for both the ground
excited electronic states and with OH pressure-broade
studies. While generally good agreement is found, some
nificant discrepancies are noted.

II. EXPERIMENT

A. Overview

Photolysis of H2O2 at 266 nm produced rotationally ho
OH(v950) in a flow cell in the presence of excess bath g
~Ar, N2, O2, or H2O!, which collisionally relaxed the OH
The time evolution of the OH rotational population distrib
tion was monitored by laser-induced fluorescence~LIF! us-
ing a variably delayed probe laser~;282 nm!. The main
components of the apparatus were:~i! the photolysis laser
~ii ! the probe laser,~iii ! the H2O2 source and flow cell, and
~iv! the LIF collection and detection system. Each comp
nent and other experimental details are presented below

B. Laser systems

The photolysis laser produced 266-nm pulses of 100
duration and 30 mJ of energy at a repetition rate of 20 Hz
this system, selected pulses from a diode-pumped, m
locked Nd:YAG laser~Lightwave Model 131, 100-ps puls
duration! were amplified in a Nd:YAG regenerative amplifie
followed by two single-pass Nd:YAG amplification stag
~Positive Light!. The output of the final amplifier stage, co
sisting of 200-mJ pulses at 1064 nm, was frequency q
drupled using KD*P crystals. The 266-nm pulse energy w
reduced to;1 mJ incident at the photolysis cell using tw
beam splitters followed by a half-wave plate and Mg2

Rochon polarizer~Halbo Optics!. The photolysis beam wa
split into two beams of approximately equal intensity, whi
were crossed at a small angle in the flow cell. This geome
was a remnant of previous four-wave mixing experime
and was not required for the present study; it was adva
geous, however, for reducing optical damage to the cell w
dows.

The probe laser produced tunable;282-nm pulses of
;90-ps duration and 0.5 mJ of energy at a repetition rate
20 Hz. A Nd:YAG laser ~Coherent Infinity! pumped a
distributed-feedback dye laser~DFDL!, tunable from;562
to 565 nm. The DFDL produced nearly transform-limite
pulses of;90-ps duration and 0.15-cm21 linewidth, which
were frequency doubled in an angle-tuned BBO crystal~In-
rad Autotracker II!. The probe laser was attenuated to;50
mJ using a half-wave plate and polarizer to avoid satura
of the LIF transitions~see below!. This arrangement also
allowed the relative polarizations of the photolysis and pro
lasers to be varied; in most experiments, these polarizat
were parallel.

The probe laser was scanned from 281.2 to 282.1
allowing detection ofN951 – 12 ~Sec. II F!. Because of the
large line spacings at highN9, the laser was not scanne
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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continuously over this spectral region: slow scans were p
formed over the regions of interest, and the laser w
scanned quickly between these regions. The wavelengt
the DFDL was measured with a wavemeter~New Focus
Model 7711, 0.001-nm resolution! and recorded at eac
point in a spectral scan; transmission of the DFDL outp
through an etalon~1.0-cm21 free-spectral range! was also
recorded to linearize the scan~i.e., to interpolate between
wavemeter readings!.

Each laser beam was collimated to a diameter of;4 mm
prior to entering the flow cell. The copropagating bea
were crossed near the center of the cell, providing a seve
cm-long overlap region. The delay between the photoly
and probe pulses was electronically variable over a w
range~.20 ms! with a jitter of at most61 ns. The pulse
energies of the two lasers were monitored with pyroelec
detectors~Molectron J3!.

C. H2O2 source and flow cell

Hydrogen peroxide was obtained by flowing the bath g
through a bubbler~10–20-mm pore size! containing 50 wt. %
aqueous H2O2 ~Aldrich!. The flow rate of the bath gas wa
1–5 standard cm3 s21. The concentration of the H2O2 solu-
tion was verified prior to and following the experiments b
measuring its density and its absorption spectrum in
300–400-nm region. Comparison with literature values15,16

indicated a composition of 4861 wt. % at the beginning of
these experiments and 5561 wt. % at the end~i.e., the H2O2

solution had partially distilled during the course of the e
periments!. For the experiments with Ar, N2, and O2, the
bubbler pressure was maintained at;750 Torr, correspond-
ing to a gas-phase composition of 99% bath gas, 0.82% H2O,
and 0.069% H2O2 ~the vapor pressure of 50 wt. % H2O2 at
20 °C is 6.68 Torr, with 92.3% H2O!.15 For experiments with
H2O as the bath gas, the boil-off from the bubbler was us
directly ~i.e., no additional flow was provided!. The flow
from the bubbler passed through a Teflon metering valve
a short length of PFA tubing before entering the cell.

The flow cell was a Pyrex cross with fused-silica wi
dows terminating each arm. The laser beams propag
along the long axis of the cell, and the LIF was collect
along one of the perpendicular arms. The cell could
evacuated to;25 mTorr. For the present experiments, t
cell pressure was regulated using a needle valve on the
put port to within60.1 Torr ~60.05 Torr for a single scan!
at ;1–8 Torr~depending on the bath gas!. The pressures in
the bubbler and flow cell were measured with capacita
manometers~MKS Baratron!. The residence time in the
;300-cm3 cell was typically;30 s.

D. LIF collection and detection system

The LIF emitted perpendicular to the propagation axis
the laser beams was collected with an f/2 lens and focu
with an f/4 lens onto the entrance slit of a 0.25-m monoch
mator ~Oriel!. A wide monochromator bandpass@;20 nm
full width at half maximum~FWHM!# was used to allow
collection of fluorescence originating from bothv850 and
v851. The spectrally filtered fluorescence was attenua
ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
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 This a
with neutral density filters, as needed, before detection b
photomultiplier tube~PMT, Hamamatsu R955!. The PMT
pulses were amplified with a charge-integrating amplifi
~EG&G Model 142!, whose output was digitized using
12-bit A/D converter. Similar A/D converters digitized th
outputs of the pyroelectric detectors and of the photodi
that monitored the etalon transmission.

The digitized signals were recorded with a comput
which also controlled and recorded the DFDL waveleng
The LIF signal was normalized by the photolysis-and pro
laser energies on each shot before being averaged. Typi
20 shots were averaged at each wavelength, with a DF
step size of 931024 nm ~corresponding to 0.05 cm21 in the
UV!.

E. H2O2 photolysis and the initial OH rotational
distribution

Gericke et al.17 studied in detail the scalar and vect
properties of the OH produced by 266-nm photolysis
H2O2. In this process, 10% of the 20 700 cm21 of available
energy is partitioned into OH rotation and 90% is partition
into relative translation of the fragments~,0.2% appears as
OH vibrational energy!; the nascent OH is well characterize
by a rotational temperature of 15306150 K. The OH spin-
orbit states are statistically populated, and there is a sm
preference for theP(A9) ~or f ! L doublet.18 The photodis-
sociation process is rapid~i.e., instantaneous on the tim
scale of the present experiment!: the lifetime of the electroni-
cally excited H2O2 is ,60 fs.17

Translational relaxation of the nascent OH occurr
more rapidly than rotational relaxation, as evidenced by
temporal evolution of the LIF line shapes~see Sec. II F!.
Moreover, for the bath gases Ar, N2, and O2, the OH rota-
tional distribution measured at the earliest time~i.e., the
smallest pressure-time product! was in good agreement wit
the expected nascent distribution17 ~Sec. III A!. Thus, for
these bath gases, translational relaxation of the nascen
allowed RET to be monitored without the complication
distorted~broadened! line shapes and, more importantly, e
sured that the measured RET rates correspond to therm
equilibrated collisions. For H2O, RET was faster, and som
rotational relaxation had occurred even at the earliest ti
This result is in accord with a previous measurement7 of the
rate constant for OH translational relaxation by H2O at 300
K of .2.3310210 cm3 mol21 s21, corresponding to a relax
ation time of,130 ns at 1 Torr. The H2O RET data in the
present experiment may therefore have a contribution fr
superthermal collisions, particularly at the earliest times.

The rate constant forL-doublet-changing collisions is
comparable to that for translational relaxation;9,10 the
L-doublet states were therefore thermally equilibrated un
our experimental conditions. The transitions accessed in
LIF detection scheme~Sec. II F! probed only theP(A8)
state.18,19

An advantage of the use of photolysis rather than che
cal reaction for generating rotationally excited OH is t
separation of time scales between OH production and R
generation of OH occurred only during the laser pulse,
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub

130.63.180.147 On: Thu,
a

r

e

,
.
-
lly
L

f

all

d
e

H

lly

e.

m

er
he

i-

T:
l-

lowing subsequent rotational relaxation to be monitor
without the complication of continued OH production.

F. Determination of OH „n950,N9… populations from
the LIF spectra

The probe laser was tuned over theR1 andR21 branches
of the A 2S1(n851)2X 2P3/2(n950) transition withN9
51 – 12. For these branches, the total angular momen
(J9) is N911/2 andN8 is equal toN911; both branches
originate in theP(A8) ~or e! L doublet.18,19N9511 was not
recorded because of a spectral overlap with theR2(9) line.

Nonlinear least-squares fits to the LIF spectra were u
to extract relative populations of the OH(n950,N9) levels.
Line positions were taken from Dieke and Crosswhite,19 and
B coefficients were calculated using the line strengths gi
in LIFBASE.20 Each spectrum was modeled as a sum
Gaussian profiles whose widths were varied in the fitt
procedure to account for variations in the laser linewidth a
in the OH Doppler width following photolysis~important
only at the earliest times!. The line positions were also al
lowed to vary~slightly! to account for nonlinearities in the
scanning rate of the DFDL. The integrated line intensity
eachN9 level was determined from a weighted average
the integrated line intensities for the corresponding m
(R1) and satellite (R21) branches. A representative OH LI
spectrum and the corresponding fit are shown in Fig. 1; F
2 shows spectra at various pressure-time products for
bath gases.

To obtain relative populations, the integrated line inte
sities from the spectral fits were corrected for variations
the fluorescence quantum yield~F! with N8 according to

F5
A

A1kB@B#1kH2O@H2O#
, ~1!

whereA is the spontaneous emission rate,kX is the OH col-
lisional quenching rate for moleculeX, @X# is the density of

FIG. 1. OHA 2S1(v851)2X 2P3/2(v950) LIF spectrum~points! and the
least-squares fit~line!; the residuals are shown below the spectrum. Ea
point represents an average of 20 laser shots, corrected for the photo
and probe powers on a shot-by-shot basis. Line assignments are given
the spectrum. The bath gas was Ar, the pressure was 7.7 Torr, and the
between the photolysis and probe laser pulses was 10 ns. Note the
discontinuities on the abscissa.
ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
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 This a
X, andB denotes the bath gas. BothA andkX are functions of
N8. A values were obtained fromLIFBASE.20 kX values were
determined from Gaussian fits to literature values21–25 of kX

vs N8 ~these fits were required to interpolate and extrapo
the reported quenching rates to unmeasuredN8!. For the
range of conditions in the present experiment,F varied be-
tween 0.015 and 0.54, the variation with bath gas was m
pronounced than that withN8 ~less than627% variation for
a given bath gas!.

At early times, the spectral lines were broadened due
the large translational energy imparted to the OH fragme
by the photodissociation@e.g., the bottom spectra in Fig
2~a! and 2~b!#. Because OH translational relaxation is fas
than rotational relaxation for Ar, N2, and O2, the spectral
lines sharpened prior to substantial cooling of the nasc
rotational distribution for these bath gases; for H2O, some
RET had occurred before translational equilibration w
complete~Sec. II E!.

G. Experimental checks

A number of experimental checks were performed:

~1! As discussed in Sec. II C the composition of the aque
H2O2 solution was checked by measuring its density a
UV absorption spectrum.

~2! In most of the experiments, OH rotational distributio
were measured at a fixed pressure with various time
lays between the photolysis and probe lasers. For
bath gases N2 and H2O, rotational distributions were re

FIG. 2. OH(v950) LIF spectra at the indicated pressure-time produ
following 266-nm photolysis of H2O2 for the bath gases~a! N2 ~6.3 Torr!
and ~b! H2O ~0.98 Torr!. Note the scale discontinuities on the abscissa.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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corded at a second pressure. The measured distribu
at different pressures but the same pressure-time pro
were identical within experimental uncertainty, verifyin
that the results are independent of the residence tim
the flow cell.

~3! The polarization of the probe laser was rotated by 9
~perpendicular photolysis and probe! to check for align-
ment or orientation effects; no difference in the me
sured OH rotational distributions was observed.

~4! The photolysis and probe power dependences were
corded several times throughout the course of these
periments to ensure that the LIF signal was linear in b
the photolysis and probe powers, i.e., that neither
photolysis nor the LIF transitions were saturated.

III. RESULTS

A. Measured OH rotational distributions

Figure 2~a! shows OH LIF spectra recorded at vario
times following H2O2 photolysis in N2; Fig. 2~b! shows a
similar set of spectra, but with H2O as the bath gas. Th
dramatically faster RET rate of H2O is evident from these
figures; for example, the OH rotational distribution is nea
thermal by 190 ns•Torr for H2O, while significant population
is observed inN957 – 12 at 980 ns•Torr for N2.

The time evolution of the OH(v950) rotational distri-
bution is most conveniently presented as a Boltzmann
@i.e., a plot of the population of eachN9 level divided by the
level degeneracy (2N912) versus the rotational energy# at
various pressure-time products. Such plots are shown
Figs. 3–6 for the bath gases Ar, N2, O2, and H2O, respec-
tively. The OH rotational distributions for Ar, N2 and O2

have qualitatively similar behavior: the lowest rotational le
els (N9,6) attain thermal equilibrium relatively quickly
while the higher levels relax on a slower time scale, result
in a kinked rotational distribution at intermediate times. O
in H2O behaves differently, however: in addition to havin
an overall faster relaxation rate, the difference in relaxat
rates between high and lowN9 is not as pronounced, leadin
to only slight curvature of the Boltzmann plot; the rotation
relaxation is primarily characterized by a monotonic increa
in the slope with time. These observations will be made m
quantitative in Sec. IV A, in which modeling of the OH ro
tational relaxation is discussed.

For Ar, N2, and O2, the initial OH rotational distribution
is well characterized by a temperature of 16606120 K,
in good agreement with previous experimen
(15306150 K).17 Moreover, the OH linewidths had nar
rowed to their room-temperature values by;200 ns•Torr,
before significant rotational relaxation had occurred. This
sult confirms that translational relaxation of the nascent
occurs on a time scale faster than RET for these bath ga
For H2O, some rotational relaxation had occurred at the e
liest time, as seen in Fig. 6~and as mentioned in Sec. II E!.

The measured rotational distributions have a small c
tribution from OH produced by H2O2 photolysis by the probe
laser. This contribution, which was most significant for hi
N9 at late times, was measured to be generally,1% and
always,3%. Because this interference was minor, no c

s
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 This a
rection was applied to the data. Similarly, the small amo
~,1%! of H2O present in the Ar, N2, and O2 ~from the aque-
ous H2O2 solution! contributed to the measured RET rat
for these bath gases. Quantification of the H2O contribution
requires knowledge of the form of the RET rate matrix~see
below! and is discussed in Sec. IV A.

B. RET models

The present measurements do not provide a unique
termination of the matrix of state-to-state RET rate consta
k. The elements ofk are denotedkf i , wheref and i corre-
spond to the final and initial rotational states~Nf and Ni ,
respectively!. By assuming a functional form for the depe
dence ofkf i on Nf and Ni , however,k can be determined
from a fit to the measured rotational population distributio
We investigated several functional forms fork, including,

~1! exponential gap:kf i5a exp$2b(Ef2Ei)/kBT%,

~2a! modified exponential gap:
kf i5a(11gNi)exp$2b(Ef2Ei)/kBT%,

~2b! modified exponential gap:
kf i5a exp$2b(11gNi)(Ef2Ei)/kBT%,

FIG. 3. Boltzmann plots of the OH(v950) rotational distribution at the
indicated pressure-time products following 266-nm photolysis of H2O2 in Ar
at 7.9 Torr. The points are the experimental data; the lines are the c
sponding distributions from the best-fit exponential-gap model~Model 1,
Sec. III B!. Data at the different times have been offset for clarity.

FIG. 4. Same as Fig. 3, but for N2 bath gas at 6.2 Torr.
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~3! mJ-scrambling exponential gap:
kf i5a(2Nf12)exp$2b(Ef2Ei)/kBT%, and

~4! DN9561: kf i5a id(Nf ,Ni11).

In these formulas,a, b, andg are adjustable parameters,Ef

and Ei denote the rotational energies of levelsNf and Ni ,
respectively,kB is Boltzmann’s constant, andT is the abso-
lute temperature~293 K for the present experiment!; kf i rep-
resents an upward rate (Nf.Ni), and the downward rate
were determined by microscopic reversibility.

Model 1 is the standard exponential-gap form, which h
often been found to provide a good description of RE
rates.26,27The modified exponential-gap formulas, 2a and 2
allow a first-order dependence ofa or b on Ni . Model 3
weightskf i by the degeneracy of the final state, (2Nf12).
Model 4 allows transitions only between adjacent rotatio
levels~a i may be different for eachNi!; this model was used
by Holtzclawet al.8 to fit their OH RET data.

The best-fit parameters for each model and bath
were determined by minimizing the function

x5(
j 51

Tf

(
N951

12 S Pmeas~ t j ;N9!2Pcalc~ t j ,N9!

Pmeas~ t j ,N9! D 2

, ~2!

where j, the time index, runs from 1~the initial time! to Tf

~the final time!, Pmeas(t j ,N9) is the measured population o

re-

FIG. 5. Same as Fig. 3, but for O2 bath gas at 2.8 Torr.

FIG. 6. Same as Fig. 3, but for H2O bath gas at 0.98 Torr.
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level N9 at time t j , and Pcalc(t j ,N9) is the corresponding
calculated population. The calculated populations were
termined by evaluating the expression

Pcalc~ t j !5exp$k~ t j2t1!%Pmeas~ t1!, ~3!

wherePcalc(t j ) is the vector of populations,$Pcalc(t j ,N9)%,
at time t j , and Pmeas(t j ) is the corresponding measure
population vector. Note that the calculation was initializ
with the rotational distribution measured att1 ~i.e., at the
smallest pressure-time product!. In evaluatingx, we omitted
levels that were not measured because their populations
too small~high N9 at larget! or because of spectral interfe
ence (N9511). Minimization ofx was performed using the
softwareSTEPIT.28

To ensure conservation of population in the measu
rotational distributions, the~unmeasured! populations ofN9
511, 13, and 14 were filled in by interpolating/extrapolati
the measured populations ofN9510 and 12: the ‘‘tempera
ture’’ corresponding to thePmeas(t j ,10)/Pmeas(t j ,12) ratio
was determined for eachj, and the corresponding popula
tions of N9511, 13, and 14 at this temperature were th
calculated. This procedure ensured proper normalization
the measured population distributions~for comparison with
the calculated distributions! and did not significantly influ-
ence the analysis. The populations of the interpolated
extrapolated levels were not included in the determinat
of x.

The best-fit parameters for the exponential-gap mo
for the four bath gases are listed in Table I; the correspo
ing calculated rotational distributions are shown by the so
lines in Figs. 3–6. For Ar and O2, the best-fit parameters fo
Models 2a and 2b are also given in Table I. These R
models are discussed further in the following section. W
estimate the uncertainty of the model parameters to be
proximately615% fora, 65% for b, and65% for g; these
uncertainties are based on the results of multiple fits to e
data set~i.e., they reflect the nonindependence of the para
eters! and on fits to comparable data sets recorded on dif
ent days.

IV. DISCUSSION

A. RET models

As seen in Figs. 3–6, the exponential-gap model~Model
1! provides a remarkably good description of the obser

TABLE I. Best-fit parametersa for the exponential-gap and modifie
exponential-gap RET models.

Bath gas Model a b g

Ar 1 1.0 1.73 ¯

2a 0.44 1.34 20.062
2b 0.38 1.28 0.019

N2 1 4.0 2.06 ¯

O2 1 1.3 1.67 ¯

2a 0.82 1.42 20.041
2b 0.73 1.40 0.0093

H2O 1 4.2 1.21 ¯

aUnits of a are 10210 cm3 s21; b andg are unitless.
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time evolution of the OH rotational population distribution
this model is able to reproduce the kinked rotational dis
butions at intermediate times for Ar, N2, and O2 as well as
the less-pronounced curvature of the Boltzmann plots
H2O. These fits were obtained with only two adjustable p
rameters~a andb! for each bath gas.

By allowing a first-order dependence ofa or b on N9
~Models 2a and 2b!, a somewhat better fit was obtained f
the bath gases Ar and O2 ~x was decreased by 35% and 15%
respectively, compared to Model 1!; this improvement was
comparable for Models 2a and 2b, i.e., the data do not al
us to distinguish between these two models. For interpola
or extrapolation of the measured distributions, we reco
mend using the parameters from Model 2a or 2b for Ar a
O2. The modified exponential-gap models did not provide
significantly better fit for N2 or H2O.

The mJ-scrambling exponential-gap model~Model 3!
was not as successful in fitting the observed distributions
the standard exponential-gap model for all bath gases:
values ofx were 4%–20% larger for Model 3 than for Mode
1. Similarly, Chandler and Farrow29 found close agreemen
with an exponential-gap model but unsatisfactory agreem
with anmJ-scrambling exponential-gap model for their me
sured RET rates for HD(v951) colliding with thermal HD
at 296 K. Sitz and Farrow30,31 measured state-to-state RE
and alignment-transfer rates for N2(v951) in collisions with
thermal N2; this work showed directly that the rate o
mJ-changing collisions is slower than that ofJ-changing col-
lisions and that alignment~i.e., a nonstatisticalmJ-state dis-
tribution! is preserved inJ-changing collisions. Although the
present OH RET results are consistent with this observat
they do not allow an explicit determination of the effect
collisions on themJ-state distribution.

Model 4 (DN9561) provided a better fit to the dat
than Model 1~x was reduced by 20%–40%!. This result was
expected because Model 4 has 12 adjustable parameters~one
for eachN9! while Model 1 has two parameters. Given th
large increase in the number of adjustable parameters,
reduction in x for Model 4 is minimal. Previous RET
measurements2,29,30,32for both polar and nonpolar diatomi
molecules have shown thatDN9 is not restricted to61, par-
ticularly at low N9, where the energy gaps are small~Be

518.9 cm21 for OH!.33 The exponential-gap results~Table I!
indicate the importance of multiple-quantum transitions:kf i

is reduced by a factor of two from its maximum value wh
Ef2Ei is 67–120 cm21 ~depending on bath gas!. We there-
fore conclude that Model 4 is unlikely to provide an accura
representation of the state-to-state RET rate matrix.

We used the calculated rate matrices to investigate
contribution of RET by H2O to the other bath gases~Sec.
III A !. Specifically, subtractingk for H2O ~weighted by its
mole fraction! from k derived for another bath gas measur
in the presence of water yieldsk for the bath gas alone. Fo
Ar ~the bath gas with the slowest RET rate!, removing the
H2O contribution to the exponential-gap rate matrix reduc
a by 3.7% andb by 1.7%; for the N2 and O2, the effect is
even smaller. We therefore conclude that the effect of
residual H2O in the other bath gases is insignificant.
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B. Total depopulation rates

For spectroscopic applications~e.g., determination of
linewidths!,30 a particularly important parameter is the ra
of population transfer out of a given level,i. These depopu-
lation rates, denotedki , correspond to the diagonal matr
elements ofk, i.e., ki5S fkf i , where f Þ i but f can be
greater or less thani. Although the values ofki are somewhat
dependent on the assumed form of the rate matrix, they
better determined in the present experiment than are the
dividual state-to-state rate constants,kf i .

Figure 7 shows the total depopulation rate as a func
of N9 for the bath gases Ar and H2O. The results of the
exponential-gap and modified exponential-gap models
shown to indicate the model dependence ofki . For Ar at low
N9, Models 2a and 2b yieldki values as much as 50%
smaller than Model 1; this difference is generally diminish
at higherN9, whereki is dominated by downward, single
quantum transitions~i.e., where the energy gaps are larg!.
For H2O, the differences between the models are sma
~;15%!, as expected from thex values ~Sec. IV A!. We
conclude that the present experiment is likely able to de
mine ki values to an accuracy of;650%. Plots ofki vs N9
for N2 and O2 ~not shown! are similar to that for Ar@Fig.
7~a!# in both shape and magnitude. In contrast, for H2O @Fig.
7~b!#, theki values are approximately an order of magnitu
larger and depend less strongly onN9, consistent with stron-
ger attractive forces for this bath gas.21 Note that the differ-
ences between H2O and the other bath gases are significan
larger than the uncertainties inki .

The results shown in Fig. 7 are in accord with the qua
tative RET observations presented in Sec. III A concern
the dependence of the RET rate onN9 ~i.e., the kinked rota-

FIG. 7. Total depopulation rates,ki ~diagonal elements ofk!, calculated
using the indicated RET models for~a! Ar and ~b! H2O.
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tional distributions for Ar, N2, and O2! and the differences
between H2O and the other bath gases.

C. Average relaxation rates

RET has often been characterized by a single ‘‘rate’’34

such an approach was taken by Gericke and Comes7 to de-
scribe their measurements of OH(v950) RET in collisions
with H2O. We have extracted ‘‘average RET rate constan
from our measured OH rotational distributions by calculati
the ensemble average of the OH(v950) rotational energy as
a function of time~Fig. 8!. To illustrate theN9-dependence
of this rotational-relaxation ‘‘rate,’’ we compared the effe
of including all of the levels in calculating the rotation
energy@Fig. 8~a!# with including only the lowest five levels
@Fig. 8~b!#. In all cases, the data are reasonably well d
scribed by single exponential decays, from which the av
age RET rate constants given in Fig. 8 are obtained. The
constants for Ar, N2, and O2 are a factor of;2 smaller for
N951 – 5 than forN951 – 14. In contrast, the average RE
rate constant for H2O is not strongly dependent on the num
ber of levels included in the analysis.

D. Comparison with previous results

We can compare our results with several previous R
studies of both ground-state and electronically excited O

FIG. 8. Ensemble average of the OH(v950) rotational energy versus
pressure-time product for Ar, N2, O2, and H2O: ~a! N951 – 14, ~b! N9
51 – 5. The points are the data, and the lines are single-exponentia
corresponding to the average RET ‘‘rate constants’’ shown in parenth
~units of 10210 cm3 s21!. The ensemble-average rotational energy at timet j

is given bySPmeas(t j ,N9)EN9 /SPmeas(t j ,N9), where the summations run
over the relevant range ofN9.
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1. State-to-state rate constants

We first compare the OH(X 2P3/2,v950) kf i values de-
rived from the present experiment with measur
OH(A 2S1,v850,1) state-to-state rate constants35,36 ~Fig.
9!. Although there is noa priori reason to expect comparab
RET rates in theX andA states, Zizaket al.37 found them to
be similar; specifically, by modeling saturated OH LIF me
surements, they concluded that RET is 30% faster in thX
state than in theA state. Similarly, comparison of the prese
v950 measurements withA-state data for bothv850 and
v851 is justified because the RET rates in these two vib
tional levels are nearly equal.23,35,36,38As shown in Fig. 9,
the agreement between the previously measured and ou
rived kf i values is surprisingly good, both for the magnitu
of the rate constants and for their dependence onDN and
bath gas. The main area of disagreement is for H2O, which
shows a stronger dependence onDN ~i.e., a stronger prefer
ence forDN521! in the state-to-state measurements. W
cannot determine if this result reflects a real difference
tween theX andA states or is an artifact of the RET mod
used to analyze the present data.

FIG. 9. Comparison of measured state-to-state RET rate constants~symbols,
A state! ~Refs. 35 and 36! with those derived from modeling of the prese
data~lines,X state! for the indicated bath gases. Noted in each panel are
initial rotational state (Ni) and the vibrational level of the state-to-sta
measurements (v); the abscissa corresponds to the final rotational s
(Nf). For Ar, the lines correspond to Model 2b~which best reproduced the
experimental results!; for N2 and H2O, the lines correspond to Model
~which gave results indistinguishable from Model 2b!. TheA-state data refer
to symmetry-preserving transitions within the F2 manifold.
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2. Depopulation rate constants

Depopulation rate constants,ki , have been reported fo
both theA andX states. Care must be taken in comparing o
ki values~the diagonal matrix elements! with other measure-
ments because we detected only one of theL doublets~Sec.
II F!. Previous studies have shown that nearly elas
L-doublet-changing collisions (DN950,DJ950) are rapid:
for OH(X 2P3/2,v952,J951.5) colliding with H2O, the rate
constant for suche↔ f transfer is 4310210 cm3 s21 ~Ref.
10!; for OH(X 2P3/2,v951, J951.5) colliding with H2, the
rate constant is (5.161.1)310210 cm3 s21 ~Ref. 9!. For
comparison with previous measurements, we therefore ad
4.5310210 cm3 s21 ~the average of the twoe↔ f rate-
constant measurements! to the ki values derived from the
RET models; this procedure is reasonable because~i! the
e↔ f rate does not appear to have a strong dependence ov9
or bath gas, and~ii ! for the range ofN9 under consideration
theL-doublet splitting is,2 cm21, i.e., we do not anticipate
a strong dependence of the rate onN9.

Copeland and Crosley10 measured ki to be 9
310210 cm3 s21 for OH(X 2P3/2,v952,J951.5) colliding
with H2O, in excellent agreement with the present value

e

e
FIG. 10. Comparison of measured depopulation rate constants for thA
state~symbols! with the present,X-state values~lines!. Filled symbols de-
note v850 and open symbols denotev851; triangles are from Ref. 39,
squares are from Ref. 36, filled circles are from Ref. 38, and open circles
from Ref. 23. The values from the present experiment include a correc
for the contribution of nearly elastic,L-doublet-changing collisions (4.5
310210 cm3 s21).
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FIG. 11. Comparison of the OH de
population rate constants derived from
the present experiment~293 K,v950!
to those of Holtzclawet al. ~Ref. 8!
~100 K, v951 – 3! for collisions with
O2.
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8.9310210 cm3 s21 for OH(v950,J951.5). Andresen
et al.9 obtained a similar value of (529)310210 cm3 s21

for collisions of OH(v951,J954.5) with H2O2.
Figure 10 shows a comparison of previously measu

depopulation rate constants for theA state23,36,38,39with our
calculated,X-state values for all four bath gases. TheA-state
rates are generally larger than the present rates, in ac
with the conclusion of Zizaket al.37 For Ar, N2, and O2, the
X-state rates are larger by factors of;2–7; this difference is
almost wholly accounted for by the contribution ofe↔ f
exchange toki , i.e., rotationally inelastic energy-transfe
rates are nearly equal in the two electronic states~as indi-
cated in Fig. 9!. For H2O, thee↔ f rate constant is a smalle
fraction of ki , and theX-state andA-state depopulation rat
constants are therefore nearly equal. For Ar, N2, and O2, ki is
not strongly dependent onNi in either theA or X state for the
rangeNi51 – 6.

Holtzclaw et al.8 reported RET rate constants for th
process OH(v9,N9)1O2→OH(v9,N921)1O2 for v9
51 – 3 at 100 K. Because the data analysis assumed
multiple-quantum transitions~Model 4, DN9561!, these
rate constants correspond to depopulation rates,ki ~for the
range ofN9 under consideration, the correction for tran
tions with DN9511 is insignificant!. Moreover, these rate
constants are directly comparable to our depopulation
constants because both experiments were characterized
equilibrium distribution between theL-doublet levels. Our
results are compared to those of Holtzclawet al. in Fig. 11.
Where the data sets overlap (N958 – 12), ourki values are a
factor of;10 smaller than the previous values. This discre
ancy is puzzling. It is likely partially attributable to the a
sumption of DN9561 in the data analysis procedure
Holtzclawet al.: Model 4 yields consistently largerki values
than any of the other models~although it is able to fit both
our data set and that of Holtzclawet al.!; this result, how-
ever, accounts for no more than a factor of two forN9
58 – 12. The main differences between the two experime
were ~i! we detectedv950 while Holtzclawet al. detected
v951 – 3, and~ii ! our experiment was performed at 293
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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while that of Holtzclawet al. was performed at 100 K. The
former difference is unlikely to account for a factor of 5–1
because the RET rates are not strongly dependent
v9.8,23,36,38Although a rapid increase in the RET rate wi
decreasing temperature could account for the discrepa
OH pressure-broadening measurements40,41 indicate that this
increase would have to occur at temperatures below 20
~see below!.

3. Pressure-broadening coefficients

The width of absorption lines is often determined
collisional processes. If elastic dephasing collisions are
sumed to make an insignificant contribution to the linewid
the pressure-broadening coefficient for the transition
tween levelsNi andNf(g i f , FWHM! is related to the total
depopulation rates of these levels~ki

tot andkf
tot , respectively!

by:42

g i f 5
ki

tot1kf
tot

2pc
, ~4!

whereki
tot and kf

tot include RET and, where relevant, vibra
tional energy transfer and electronic quenching.

Table II compares measured pressure-broadening co
cients of several OH lines with values calculated using E
~4!. The first five entries refer to microwave transition
within v950 of theX 2P3/2 state, and the remaining entrie
refer to the P1(2)UVA(v850) –X(v950) transition. For
the X state, only RET contributes to the depopulation ra
(kj

tot5kj), and we used thekj values obtained from the
present experiment~e.g., Fig. 10!. For theA state, we used
measured depopulation rates~kf

tot including RET and
quenching! for N2 and O2

38; for Ar, we used thekf value
~RET only! for F2(5) in v851 of Kienle et al.36 ~this ap-
proximation is justified because electronic quenching by
is insignificant andg i f for this transition is dominated by
RET in the ground state!. Note that forA–X transitions with
v8.0, vibrational energy transfer will contribute tokf

tot .25
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The agreement between the measured and calculateg i f

values is remarkably good. In particular, Eq.~4! correctly
predicts the dependence of the linewidth on bath gas for b
the microwave and the UV transitions (Ar<O2,N2). The
calculated pressure-broadening coefficients for theA–X
transition are;30% too small for O2 and Ar, presumably
because of the neglect of collisional dephasing; a calcula
of g i f that includes only RET in theX and A states shows
that RET accounts for over half of the pressure broaden
for this transition for all three bath gases. These results in
cate that RET dominates pressure broadening for the
microwave transitions and makes a significant contribut
to broadening of the UV transitions. Note that nearly elas
L-doublet-changing collisions are the dominant contribu
to theX-state depopulation rates, and hence to the press
broadening coefficients, for Ar, N2, and O2; however, the
calculated dependence on bath gas derives from variation
the rate of rotationally inelastic collisions.

The microwave pressure-broadening measurements
vide information on the temperature dependence of
ground-state RET rates. Chanceet al.40 and Parket al.41

measured a change of,30% in g i f for O2 upon decreasing
the temperature from 296 to;200 K. If the discrepancy
discussed above between the present results and tho
Holtzclaw et al.8 is caused by an increase in the RET ra
with decreasing temperature, this increase must therefore
cur between 200 and 100 K.

4. Other comparisons

Gericke and Comes17 reported an ‘‘RET rate constant’
of (2.260.5)310210 cm3 s21 for OH(v950) colliding with
H2O. This value is in reasonably good agreement with
‘‘average RET rate constant’’ for H2O of
3.8310210 cm3 s21 @Sec. IV C, Fig. 8~b!#.

Holtzclaw et al. reported that OH RET by Ar is at leas
two orders of magnitude slower than RET by O2.

8 Although
our results also show Ar to be slower than O2, we found this
difference to be no more than a factor of two~e.g., Fig. 8!.
Similarly, Ar and O2 have comparable depopulation rate co
stants forA-state OH@Figs. 10~a! and 10~c!#.

TABLE II. Calculated and measured OH pressure-broadening coeffici
~g i f , FWHM! at ;300 K.

Transitiona
Bath
gas

Calculated
coefficientb

~cm21 atm21!

Measured
coefficient

~cm21 atm21! Ref.

X; J951.5→J952.5 Ar 0.13 0.099960.0004 43
N2 0.19 0.19460.003 41
O2 0.14 0.13460.004 41

X; J952.5→J953.5 N2 0.20 0.18260.003 40
O2 0.15 0.09660.012 40

X, J952.5→A, J851.5 Ar 0.094 0.14160.002 44
N2 0.20 0.21760.005 44
O2 0.10 0.14360.005 44

aX denotes the2P3/2(v950) state;A denotes the2S1(v850) state.
bUsing Eq.~4!.
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V. CONCLUSIONS

From measurements of the collisional relaxation of a
OH(2P3/2,v950) rotational distribution, we have derive
OH(N951 – 12) RET rate constants at 293 K for the ba
gases Ar, N2, O2, and H2O. These and previous measur
ments show that:

~1! RET rates for H2O are approximately an order of mag
nitude faster than for the other bath gases;

~2! For Ar, N2, and O2, RET rates are significantly faster a
low N9 than highN9; for H2O, the RET rate is not as
strongly dependent onN9;

~3! For Ar, N2, and O2, the total depopulation rate of a give
level is dominated by nearly elastic,L-doublet-changing
collisions (DN950,DJ950); for H2O, rotationally in-
elastic collisions (DN9Þ0) are comparably important;

~4! RET is the dominant source of pressure broadening
OH microwave transitions;

~5! RET makes a significant contribution to pressure bro
ening for OH UVA–X transitions;

~6! Rotationally inelastic energy-transfer rates are similar
the X and A states, but total RET rates~including
L-doublet-changing collisions! are faster in theX state
than theA state; and

~7! Multiple-quantum transitions make a significant cont
bution to OH rotational relaxation.

We find generally good agreement with previous O
RET and pressure-broadening measurements. One exce
is the study of Holtzclawet al.,8 who obtained RET rate
constants for collisions with O2 at 100 K that are a factor o
;10 larger than the present values. This previous experim
predicts a microwave pressure-broadening coefficient at
K that is an order of magnitude larger than the measu
values at 300 and 200 K.40,41 Holtzclaw et al. reported that
OH RET is a factor of.100 faster for O2 than for Ar; the
present study yielded a factor of,2.

The present data are well described by an exponen
gap model for the state-to-state RET rate matrix. This obs
vation does not permit the conclusion that the actual r
matrix is characterized by an exponential-gap law. State
state measurements are required to gain a detailed un
standing of OH RET, to resolve the remaining discrepanc
and to investigate more quantitatively the conclusions o
lined above.
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