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A flowing afterglow apparatus in conjunction with laser induced fluorescence~LIF! diagnostics has
been used to determine the yield of OH~v50,1! produced by the dissociative recombination~DR!
of H3O1 ions with electrons at 300 K. The yield forv50 radicals~0.48 6 0.07! was determined
by two different methods:~1! by comparing it to the known OH yield of the ion-molecule reaction
Ar11H2O and ~2! by comparing it to that of the reaction of metastable Ar atoms~Ar* ! with
H2O. The yield of vibrationally excited OH~v51! ~0.126 0.02! was obtained relative to that inv50
by comparing LIF spectra. The results corroborate earlier experimental work which determined the
yields of OH in v50 and in unspecified vibrationally excited statesv.0. © 1997 American
Institute of Physics.@S0021-9606~97!04131-7#
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I. INTRODUCTION

Electron-ion dissociative recombination~DR!

e1AB1→A1B ~1!

is often the dominant de-ionization process in cold, wea
ionized plasmas. Studies of the neutral reaction products
important for models of the chemical evolution of such m
dia and they shed some light on the basic mechanism
dissociative recombination. Examples of ionized me
where DR plays an important role are the terrestrial and p
etary ionospheres,1 interstellar gas clouds,2,3 and industrial
plasmas such as laser plasmas,4 combustion flames5 and pro-
cessing plasmas used for etching6 and deposition on semi
conductor chips. If the gas phase chemistry of such med
to be understood, information is needed on both the rec
bination rate coefficients and product yields.

Total recombination coefficientsa, and their variation
with temperature, have been determined for a numbe
ions7 using techniques such as stationary afterglows,8–11

merged beams,12–14flowing afterglows,15–17and recently ion
storage rings.18,19 However, obtaining quantitative informa
tion on neutral products20,21 of DR is experimentally far
more difficult, and although considerable progress has b
made in the last few years there still is a paucity of relia
data. Flowing afterglows have been the major source of d
Electronically excited states of species such as OH fr
O2H1 and N2OH1 ions,22 NH from N2OH1,22 and N2H1

ions,23 CO from HCO1,23 and CO2
1 ions,24 and N2 from

N2H1 ions23 have been identified using emission spectr
copy. Yields for the production of O atoms from the reco
bination of H2O1 ~Ref. 25! and O2

1 ions,26 H atoms27 from
protonated species such as HCO1, H3O1, CH5

1 , HCO2
1 ,

and OH radicals28,29 from H3O1, HCO2
1 and HN2O1 ions

have also been determined. Merged-beam30 and
2430 J. Chem. Phys. 107 (7), 15 August 1997 0021-9606/97
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ion-storage-ring31,19 experiments have provided H atom
yields for H3

1 ions and branching fractions for the recomb
nation of H3

1 and H2D1 ions.
Quantum-chemical calculations of product channels

quite difficult and have been carried out only for simple sp
cies such as HCO1,32 O2

1 ,33 and H3
1 .34 For more compli-

cated ions, only semi-quantitative propensity rules have b
proposed. For instance, Green, Galloway and Herbst35–37

have used a statistical phase space model to predict the p
ucts of DR for a number of ions whereas Bates38–40has used
a more intuitive approach, arguing that the neutral produ
that involve the minimum rearrangement of atoms in t
intermediate complex will be favored. The agreement
tween the existing theoretical predictions and experime
results is not generally very good and it is widely recogniz
that more experimental data are needed to guide the the
In this paper, we will present measurements of the OH yi
from H3O1 recombination. Results for other protonated io
have been obtained also and will be published in the acc
panying paper.

Our flowing afterglow technique,41 the use of Langmuir
probes to measure electron densities,42 and product detection
by Laser Induced Fluorescence~LIF! share many feature
with earlier work,15,28 but we have added spatially resolve
LIF and rather extensive computer modeling of the aftergl
processes. These improvements enable us to separate re
bination products from those arising from extraneo
sources. While similar information can be obtained if obs
vations are carried out at a fixed location, position-sensit
detection of reaction products imposes a tighter constrain
the reaction models that are used in the analysis. For
stance, it contains information on the loss of product p
ticles to the walls, which otherwise has to be estimated.
test our methods, determination of OH~v50! and OH~v51!
yields from the recombination of H3O1 provides a good sys
tem for study, since Herdet al.29 measured a large OH yield
/107(7)/2430/10/$10.00 © 1997 American Institute of Physics
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2431Gougousi, Johnsen, and Golde: Yield determination of OH radicals
of 0.65 arising from two of the four exoergic channels43

H3O
11e→H2O1H16.395 eV ~2a!

→OH1H215.753 eV ~2b!

→OH1H1H11.275 eV ~2c!

→O1H21H11.363 eV. ~2d!

We note in passing that Bates38 has argued that channe
~2a! should be strongly favored over the other three beca
it involves the removal of only one valence-bound hydrog
atom. The experimental data do not seem to support
expectation.

II. EXPERIMENTAL METHODS

A. Flow tube apparatus

The flowing-afterglow technique28 is well established
and details of our flow tube41 have also been described pr
viously. The flow tube proper~a stainless steel tube of diam
eter 6 cm and length 36 cm! is shown in Fig. 1. A microwave
discharge in He carrier gas produces mainly helium me
stable atoms, He* ~23S!, which subsequently react with A
added through the opposite inlet to produce Ar1 ions via
Penning ionization. The metastable helium atoms are
stroyed in that process and none survive into the recomb
tion region. The D.C. discharge shown in Fig. 1 is used o
for certain calibration experiments as will be discussed
Section IV B; the two discharges are not operated at
same time. A quadrupole mass spectrometer at the do
stream end of the tube is used to determine the ion com
sition of the plasma. Two long spectroscopic windo
placed along the length permit spatially resolved obser
tions. A movable Langmuir probe is used to monitor t
electron densityne on the tube axis as a function of distan
z. Analysis of the electron density decay curves41,44provides
a value for the recombination coefficient of the ion th
dominates the plasma.

Under typical experimental conditions the electron de
sities in the upstream part of the tube are of the order o

FIG. 1. Schematic diagram of the apparatus. For clarity, reagent inlets
the Langmuir probe have been rotated into the plane of the drawing.
central section of the flow tube has an internal diameter of 6 cm and a le
of 36 cm. Spectroscopic and LIF observations are made through two q
windows of length 15 cm each.
J. Chem. Phys., Vol. 107,
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31010 cm23, the flow tube pressure is 0.9 Torr and the flo
is laminar with central velocity of;5500 cm/s. Reagen
gases are added mainly through a movable ‘‘horseshoe’’
let ~diameter 3 cm! positioned 10–15 cm downstream of th
Ar inlet and occasionally through four interconnected fix
finger inlets which are symmetrically positioned on a pla
perpendicular to the tube axis in the upstream part of the t
(;10 cm from the Ar entry port!.

B. Ion chemistry

The ion chemical steps in the production of the H3O1

ions are as follows: The microwave discharge in heliu
buffer gas produces primarily He* metastable atoms. Addi
tion of argon~at about 20% of the helium pressure! down-
stream converts He* into Ar1 ions and electrons via Pennin
ionization,

He*1Ar→He1Ar11e, ~3!

thus creating an essentially non-recombining atomic-
plasma. Addition of either pure H2O or, alternatively, a mix-
ture of H2O and H2 converts the Ar1 ions into H3O1 ions.
When pure H2O is added~at a concentration of@H2O#
;1013 cm23), the product ions of the reaction45

Ar11H2O→H2O
11Ar 68% ~4a!

→ArH11OH 32% ~4b!

~overall rate constant: 1.23 1029 cm3 s21) rapidly convert
into the desired H3O1 terminal ions,

H2O
11H2O→H3O

11OH, k51.731029 cm3 s21, ~5!

ArH11H2O→H3O
11Ar, k52.031029 cm3 s21. ~6!

Note that in this case OH radicals are produced at two pla
in reactions~4b! and ~5!. At the high H2O concentration
used, almost all Ar1 ions are converted to H3O1; one OH is
produced, irrespective of the route, and the precise branc
fraction in reaction~4! has little effect on the results pre
sented here. If, however, a large concentration of H2 is added
along with the water vapor~typically @H2#;1014 cm23,
@H2O#;1012 cm23) then the Ar1 ions are preferentially con
verted to H3

1 ions in the reactions

Ar11H2→ArH11H, k58310210 cm3 s21, ~7!

ArH11H2→H3
11Ar, k59310210 cm3 s21, ~8!

which subsequently transfer a proton to H2O

H3
11H2O→H3O

11H2, k54.331029 cm3 s21 ~9!

to produce H3O1. In this case the OH production from th
ion-molecule reaction is reduced, but for higher H2O concen-
trations ~@H2O#;1013 cm23) reactions~4b! and ~5! are not
entirely eliminated and should be included in a compl
model.

If one wishes to determine the OH production from t
recombinationof the molecular ions with electrons,

H3O
11e→OH~v !, ~10a!

H3O
11e→other products, ~10b!

nd
e
th
rtz
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2432 Gougousi, Johnsen, and Golde: Yield determination of OH radicals
and

H2O
11e→OH~v !, ~11a!

H2O
11e→other products, ~11b!

the contribution arising from ion-molecule reactions~4b! and
~5! must be separated. Our experimental method of dis
guishing the two sources consisted of adding an electron
tive gas ~SF6) that attaches free electrons rapidly46–48 and
thus eliminates electron-ion recombination. For SF6 with an
electron attachment coefficient of 3.131027 cm3/s at
300 K, addition of a very small amount~@SF6#;531011

cm23) in the afterglow suffices to produce the desired effe
Because the reaction of SF6 with Ar1 ions is fairly fast (k
51.2 31029 cm3/s!,49

Ar11SF6→SF5
11F1Ar ~12!

addition of too much SF6 has the undesired side-effect
changing the ion chemistry and producing free F ato
which could potentially disturb the neutral chemistry of t
system. For that reason, the diagnostic tests with SF6 were
carried out using only minute traces of SF6 added together
with the reagent gases.

Another complication can arise from reactions of me
stable Ar atoms, Ar* , which are also produced in the afte
glow at about 10–15% of the Ar1 ions. Their presence wa
traced by the appearance of N2~C-B! emission50 when N2

was added in the afterglow and their concentration was
termined from the measured ion yield from their reacti
with NO.51 The reaction of the metastables with H2O leads
to the production of both electronically excited and grou
state OH~total yield 0.54!52

Ar*1H2O→OH~X2P,v)1H1Ar ~13a!

→OH~A2S1,v)1H1Ar ~13b!

which may be a significant source of radicals when o
H2O reagent is used. When H2O/H2 reagents are used mo
of the Ar* will react with the H2 to produce H atoms, poten
tially complicating H atom measurements, and OH prod
tion from the reaction of the metastables with H2O would be
a minor channel.

In addition to ground-state OH, electronically excite
OH can also be produced by the recombination reacti
~10b! and ~11b! and by reaction~13b!. Indeed, OH~A→X!
emissions were observed when either H2O or H2O/H2 re-
agents were added to the afterglow. Although recombina
of H3O1 ions releases sufficient energy to produce electro
cally excited OH@Eq. ~2b!# our studies53 have proved this a
very small channel. Instead, we have found that the m
source of these emissions are the recombination of H2O1

ions and the reaction of Ar* with H2O. These emissions
constitute a constant background for the LIF measurem
which has to be considered when data are analyzed.

C. LIF detection of OH and data acquisition

The density of OH~v50! radicals in the afterglow is
determined by exciting the X2P ~v50!→ A2S1 ~v50! tran-
J. Chem. Phys., Vol. 107,
-
a-

t.

s

-

e-

y

-

s

n
i-

in

ts

sition of OH with UV laser light and observing the fluore
cence in the same transition. As shown in Fig. 1, the U
laser beam, generated by doubling the frequency of a pu
excimer-pumped dye laser, enters the flow tube downstre
in a direction perpendicular to the axis of the tube. An int
nal mirror, located in front of the mass spectrometer, defle
the laser beam on or very close to the tube axis towards
upstream direction. The beam exits from the tube throug
well-baffled window. Multiple black baffles surround the la
ser entry and exit ports to minimize the scattered light. T
mirror can be retracted from the tube, but it was found tha
did not interfere with the operation of the mass spectrome
and it was usually left in place.

The repetition rate for the laser varied between 5 and
Hz and the dye laser output power was monitored by div
ing a small fraction of the laser beam to a photodiode c
nected to an analog meter. The usual dye laser output en
was 0.1–0.5 mJ/pulse and care was taken that it did not v
by more than 5% throughout each experiment.

In most experiments, except for those described in S
IV C, the OH LIF signal was monitored by tuning the las
to the same transition, namely the Q1~3! peak. Using the
same line for all LIF observations has the advantage th
higher laser intensity can be used, ensuring a reasonable
signal, and that transition saturation affects all measu
ments, including the calibration, by the same amount. Al
the laser tuning is facilitated and the operation is more sta
at high intensities since the spectral lines are broadened
to the saturation effect.

A movable ~in z-direction! photo-tube detects photon
emanating from a small rectangular region~3 to 4 mm long!
near the flow tube axis by means of an optical system
consists of a quartz lens~focal length 3.8 cm!, a baffle and an
interference filter ~peak transmittance 0.22 at 310 nm
FWHM 15 nm!. After amplification and pulse-height dis
crimination, the photomultiplier pulses are transferred
time-gated counters.

Background signals due to scattered laser light, elec
magnetic interference and OH emissions from the reacti
were subtracted. The remaining signal reflects OH aris
from four different chemical sources, namely:~a! recombi-
nation of H3O1 ions @Eqs. ~2b! and ~2c!#, ~b! the ion-
molecule reactions@Eqs.~4b! and~5!#, ~c! the recombination
of the H2O1 intermediate ions@Eq. ~11a!, the OH yield has
been measured25 to be 0.55#, and ~d! the reaction of meta-
stable Ar* atoms with H2O @Eq. ~13!, the total OH yield has
been measured52 to be 0.54#.

The relative OH contributions from sources~a! through
~d! were separated by addition of the H2 reagent to reduce
sources~b! through~d!, and by adding SF6 to eliminate the
recombination contribution. In addition, a high water co
centration ~@H2O#;1013 cm23) was maintained to reduc
source~c!. The OH LIF signal was recorded as a function
z for differing reagent combinations, repeating each m
surement at least once to ensure reproducibility. Useful p
liminary estimates of OH yields can be obtained by insp
tion of the raw data, but an accurate analysis requ
No. 7, 15 August 1997
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2433Gougousi, Johnsen, and Golde: Yield determination of OH radicals
comparisons of the data to model calculations. Example
such data are presented in Sec. IV.

Typical contributions from the extraneous sources~per
100 laser shots! were of the order of: 5–10 counts for sca
tered light, 5 counts for OH produced in the discharge a
0–2 counts for electrical pick-up while for the Ar* 1 H2O
reaction a contribution of 30 counts was calculated.

D. Reagent preparation and purity

Since it was found difficult to measure and to control t
flow rate of H2O a mixture of H2O in He (;2.5% mole in
H2O! was prepared and the flow rate was calculated from
rate of pressure drop in a storage flask of known volum
The H2O concentration in the flow tube was derived from t
known flow conditions, pressure, mixture composition a
temperature.

High-purity gases ~He 99.997%, Ar 99.998%, H2
99.999%! were used without further purification except f
the use of cold traps in the gas handling system. The n
oxide used in Sec. IV B, supplied by Matheson with a sta
purity of 99%, was further purified by passing it through
soda lime trap at dry ice temperature, and by trap-to-t
distillation. Mass analysis showed that the distilled NO ha
purity better than 99.5%. The NO used in section IV C w
purified by passing it only through the soda lime trap. Ev
in this case no serious impurities were detected by the m
spectrometer. The H2O used for the H2O/He mixtures was
subjected to several freeze, pump, thaw cycles before u

III. COMPUTER MODELING OF THE AFTERGLOW

An afterglow is a rather complicated system in which t
various species diffuse and participate in the chemistry w
flowing along the tube. If absolute product yields are to
determined the LIF measurements have to be correlated
the absolute number densities of the relevant product, n
straightforward process because of the complexity of the
tem.

For example, in the afterglow the charge is transfer
from the Ar1 ions to intermediate ions until the desired te
minal ion is produced, and three different diffusion regio
can be identified: Upstream of the reagent inlet an Ar1/e
non-recombining plasma exists. In the region around the
agent inlet~gas mixing region! several different ions coexis
for 1–2 cm and a transition occurs from diffusion to reco
bination dominated plasma. Finally, the desired terminal
is produced and its recombination dominates the plas
Furthermore, recombination creates large gradients in
electron density in the axial direction which have to be
cluded in the diffusive description of the system. For
these reasons a simple description of the plasma process
not possible and the only way of understanding its ‘‘beh
ior’’ is by modeling it.

The continuity equation in a parabolic flow profile fo
each speciesi present in the afterglow is of the form:
J. Chem. Phys., Vol. 107,
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2v0S 12

r 2

R2D ]ni

]z
, ~14!

whereni(r ,z) is the species number density as a function
position along the flow tube,D is the ambipolar diffusion
coefficient for ionic species or the diffusion coefficient f
neutral species,v0 is the central velocity and R the flow tub
radius. The equation has three terms: The ‘‘chemistry’’ te
represents all ion-molecule and electron-ion recombina
reactions in which a specific species participates. The ‘‘d
fusion’’ describes axial and radial diffusion of the species
cylindrical geometry. Finally, the last term describes the g
flow which has a parabolic velocity profile. The equation
applicable to both uncharged and charged species if one
poses the constraint that the density of charged parti
tends to zero at the walls and that the plasma is electric
neutral.

Since this equation cannot be solved analytically we h
to use numerical methods. An explicit method might be
obvious choice but its poor convergence properties are a
jor drawback. For that reason a mixed explicit-implic
method @alternating-direction implicit~ADI !#54 was used,
and the equation was solved as a function of time u
steady state was reached which is the situation in the fl
tube. The basic idea of that method is to divide each ti
stepDt into two steps of sizeDt/2 and in each substep trea
implicitly a different dimension~axial–radial!. The radial
and axial steps were both chosen 0.1 cm, thus creating a
of 200 steps~20 cm! in the axial direction and 30 steps~3
cm! in the radial direction, and the time step was 1025 s. The
stability of the algorithm was checked by varying both t
space and time steps until we were convinced that with
above stated values convergence occurred to the co
steady-state values.

The equation could be applied in two ways, either for t
spatial distribution of a single species, using known conc
trations of all other relevant species; or simultaneously
several reactive species. The latter mode was used in
present system to analyze the plasma containing ArH1, H3

1,
H3O1 and electrons; then the former mode was used
simulate OH production from the channels discussed abo
The yield of OH production from H3O1 recombination was
determined by comparison of the calculated OH concen
tions and the measured OH signals.

In a realistic model many parameters have to be
cluded. Ambipolar diffusion coefficients for all the ions a
calculated from the measured mobilities55–57 in helium and
argon using Einstein’s relation between diffusion and mob
ity. In cases where the mobilities in argon are not known
Langevin formula58 is used to obtain an estimate.

The recombination coefficientsa for H3O1, H2O1 and
H3

1 enter critically into the model. A value o
a~H3O1)58.031027 cm3/s was determined in this
experiment,44 in good agreement with previously reporte
values.59,29 Because of the complicated reaction scheme
No. 7, 15 August 1997
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2434 Gougousi, Johnsen, and Golde: Yield determination of OH radicals
value for the H2O1 recombination coefficient could not b
obtained. However, a previous measurement60 gave a value
of 3.231027 cm3/s and this was used in the models.

There is an ongoing controversy regarding the recom
nation coefficient for H3

1 ions.61,62,41It has been previously
observed that the decay of a H3

1/e plasma is anomalous62,41

in the sense that it does not obey a simple binary recom
nation law. It recombines quite efficiently at high electr
densities ~for ne;531010 cm23, effective a;231027

cm3/s! but less rapidly as the electron density decays~for
ne;109 cm23, effective a;1028 cm3/s!. In our experi-
ments, the amounts of H2 and H2O added are such that th
Ar1 ions are initially converted into H3

1 ions, which subse-
quently transfer a proton to H2O to produce the H3O1 ter-
minal ions. The H3

1 ions are formed in a region of hig
electron densities and a value of 231027 cm3/s for the ef-
fective recombination coefficient which we measured un
similar experimental conditions is appropriate.

IV. RESULTS

A portion of the OH~v50 X2P→ v50 A2S1) excita-
tion spectrum was obtained by scanning the laser wavele
from 307.8 to 309.0 nm. Examination of the relative inten
ties of the lines showed that the rotational level populat
distribution of OH~X2P, v50! obeyed a Boltzmann distri
bution at 2906 40 K, which means that the rotational mod
of the OH product is thermalized to the gas temperature
fore laser excitation. However, collisional thermalization
the vibrational mode is much slower,63 so that the nascen
vibrational distribution persists long enough to be obse
able, and as will be discussed later, absolute yields for OH~X
2P) in the v50 andv51 levels were measured.

A. Yield determination of OH( v 50) from H 3O1

recombination using the ion-molecule reactions as a
reference source of OH

Addition of varying concentrations of H2O, H2O/H2 or
H2O/SF6 alters the relative OH contributions from differe
sources, as is clearly demonstrated by the data sample in
2. No LIF observation could be made close to the H2O re-
agent inlet because the OH~A→X! emissions masked th
LIF signal. From such data, the OH~v50! yield f from
H3O1 recombination was obtained by adjusting its value
the computer model until the model predictions best rep
duced the data. The rapid wall loss in the OH signal w
downstream from the reaction zone~see Fig. 2! is consistent
with wall removal of OH with unit efficiency. All the othe
parameters used in the model simulations are known f
the literature, as discussed earlier. The uncertainties in th
parameters would have insignificant effects on the deri
OH yield. In this method of fitting the data, the OH yield
the ion-molecule reactions~4b! and ~5! provides a known
source of OH, which permits the absolute yield determi
tion. The assumption is made that the ion-molecule reac
~4b! produces exclusively OH~v50!. It is not certain that this
assumption is valid and this was one reason why a sec
J. Chem. Phys., Vol. 107,
i-

i-

r

th
-
n

e-
f

-

ig.

-
ll

m
se
d

-
n

d,

independent method of calibrating the OH LIF signal w
used~see Sec. IV B!. Based on three different experimen
and a total of 40 points a value of

f 50.5160.09

was obtained for the OH~v50! production from the recom-
bination of H3O1 ions, the uncertainty being the standa
deviation of the measurements from the mean value.

A sensitivity analysis was undertaken to see h
strongly the assumed value for the yield of OH~v50! from
the recombination of H2O1 affected this result. The result
showed that variation of this yield from 0 to 1 changed t
best value off by at most 2%, which is not surprising, sinc
under our experimental conditions most H2O1 ions react fur-
ther rather than recombine.

B. Yield of OH( v 50) from H 3O1 recombination using
the reaction of Ar * with H 2O as a reference
source of OH

The reactions of metastable argon atoms, Ar* , with NO
and H2O

Ar*1NO→NO11e1Ar ~yield 0.2860.10! ~Ref. 51!,

~15!

Ar*1H2O→OH1H1Ar ~total OH yield 0.5460.04!

~Ref. 52!, ~16!

were used as an alternative way of calibrating the LIF opti
detection system. The known yield in reaction 16 refers
the total production of OH. Using the technique described
Sec. IV C we were able to determine that OH~v50! has a
0.48 6 0.10 production yield in reaction 16, and this valu
was used in the data analysis.

FIG. 2. OH~v50! LIF data~fluorescence photon counts per 50 laser sho!
obtained for H2O ~triangles!, H2O/SF6 ~squares! and H2O/H2 ~diamonds!
reagent gases. The solid lines are model generated OH distributions~using a
yield of 0.48 for the OH~v50! production from the recombination o
H3O1 ions! and the three data sets have been normalized to the m
predictions by a common factor.
No. 7, 15 August 1997
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2435Gougousi, Johnsen, and Golde: Yield determination of OH radicals
For these experiments Ar metastable atoms were
duced in a D.C. discharge running in argon buffer gas~0.67
Torr!, and helium~0.43 Torr! was added to increase the pre
sure in the flow tube. The number of Ar* produced was
found to depend critically on both the Ar and the total pre
sure in the flow tube. H2O was added through the reage
inlet and the OH~v50! LIF signal was recorded as a functio
of position. In order to measure the absolute concentratio
Ar* , the H2O was replaced by NO , thus converting Ar* to
NO1 ions and electrons, and the electron density was m
sured with the Langmuir probe. Since the electron den
produced by the Ar*1NO reaction was 1–23109 cm23, it
was unnecessary to correct for the recombination loss
NO1 ions.

Then, the normal buffer gas flow rates were reest
lished and the microwave discharge scheme was used to
duce H3O1 ions with the addition of H2/H2O reagents as
described earlier. The OH~v50! LIF signal was recorded a
a function of position and the model was used to calcu
OH contributions as described in Sec. III. Comparison
tween the LIF data, the model predictions and the calibra
factor derived above, provided the desired yield. Three
ferent experiments with a total of 15 points produced a yi
of

f 50.4460.11

the uncertainty including the propagated errors from
sources. Sample data for the OH~X2P, v50! LIF signal
from the Ar*1H2O reaction are presented in Fig. 3. The da
shown in the figure clearly indicate that the wall loss of O
was smaller under these conditions than those in Fig. 2.
will be discussed further in Sec. V, the rate at which OH
lost at the walls seems to depend on some poorly contro

FIG. 3. OH~v50! LIF data obtained for the reaction of Ar* with H2O.
Three different data sets are shown. In comparison with Fig. 2 the deca
the OH LIF signal is much slower.
J. Chem. Phys., Vol. 107,
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factors. It is one advantage of position-sensitive LIF me
surements that this quantity can be measured directly.

C. OH(v 51) yield from H 3O1 recombination

The yield of OH~v51! can be determined relative to tha
of OH~v50! ~yield 0.4860.07! by comparing OH LIF spec-
tra recorded for the same lines of the~0,0! and ~1,1! bands
for the OH~X2P→A2S1) transition~see Fig. 4!. Analysis of
the spectra involved comparison of both the peak heights
the peak areas for the Q1~3! line in both bands~308.16 nm
for the ~0,0! transition and 313.78 nm for the~1,1! transi-
tion!. In order to convert the ratio of signal intensities into
ratio of vibrational populations, corrections for differences
rotational line strengths, and Franck-Condon factors of
transition were required. In addition, the effects of part
saturation of the transition and the transmittance of the
nm narrow-band filter were considered.

Partial saturation of the transition at the relative hi
laser pulse energies used is the major problem of such
of analysis. In order to examine the saturation effects
Q21~3! and Q1~3! lines were chosen and spectra were
corded for laser pulse energies different by as much a
factor of four, as can be seen in Fig. 5. These lines origin
from the same lower level and comparison of the theoret
to experimentally determined intensities can provide us w
an estimate of the degree of the transition saturation.
expected ratio of the Q21~3! intensity to that of Q1~3! is 0.21
according to Dieke and Crosswhite,64 whereas the experi
mentally determined ratios were between 0.3 and 0.4,
laser pulse energies not having a big effect on the rela
peak heights. For unsaturated transitions the peak he
should vary linearly with the laser pulse energy. In our ca

of

FIG. 4. Laser excitation spectra of OH~v50! ~dashed line! and OH~v51!
~solid line! produced by the dissociative recombination of H3O1 ions with
electrons. The top~dashed! axis refers to the OH~v50! spectrum and the
bottom ~solid! axis to the OH~v51!. Both spectra have been corrected f
background. In the OH~v51! spectrum the intensity ratio of the Q21~3! to
the Q1~3! line is ;0.4 whereas the theoretical prediction is 0.21, indicati
that the transition has been partially saturated.
No. 7, 15 August 1997
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2436 Gougousi, Johnsen, and Golde: Yield determination of OH radicals
we find that the dependence is that of laser pulse energ
the power 0.6 which indicates that the transition is only p
tially saturated. Lowering the laser power might result in t
elimination of the saturation problems, but at the same t
the signal for the~1,1! transition would become very smal

If there are no saturation problems the full correction
the different Franck-Condon factors~0.906 for the~0,0! and
0.708 for the~1,1! bands!65 of the two transitions must be
applied. If, on the other hand, the transition is complet
saturated, then no correction should be applied. Since in
case we found that the exponent in the peak height vs. l
pulse energy plots is 0.6, the same correction for the diffe
Franck-Condon factors was applied.

Another complication may arise from the difference
the filter transmission for the two spectral regions, 308
for the ~0,0! and 314 nm for the~1,1! transition, used in the
LIF spectra comparison. Excitation of the Q1~3! line was
mainly used in those experiments. Rotational relaxation66 of
this state in collisions with Ar and He led to a populatio
redistribution prior to de-excitation and the observed fluor
cence signal originated from several branches throug
range of wavelengths. Analysis that included the spectra

FIG. 5. LIF spectra of OH~v50! ~fluorescence photon counts per 100 las
shots! produced by the dissociative recombination of H3O1 ions with elec-
trons for different dye laser pulse energies E~E in arbitrary units!. The
spectra were obtained by scanning the laser wavelength through the Q1~K!
lines of the OH~X2P→A2S1) transition.
J. Chem. Phys., Vol. 107,
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sponse of the filter, and the de-excitation through the vari
branches led to the conclusion that we were discriminat
against the OH~v51! by about 10%.

Taking all these effects into account a yield of

f 50.1260.02

for the OH~v51! produced by the recombination of H3O1

ions was found, which is the average derived for six expe
ments, the uncertainty including the propagated errors fr
all sources involved.

An alternative way of determining yields for vibra
tionally excited OH has been used by Adamset al.28 OH~v
.0! is known to vibrationally relax in collisions with NO
Thus, addition of NO downstream of the main reagent in
but upstream of the LIF port should lead to an increase of
OH~v50! LIF signal which would be attributed to th
quenching of OH~v>1! to the ground state. Once enoug
NO has been added, comparison of the LIF signal in
presence of NO to that when no NO is added, provide
yield for the production of OH~v>1!. Following that sugges-
tion we used the fixed side inlets~see Fig. 1! to add the
reagent gases and the movable reagent inlet to add NO
distance of about 6 cm downstream of the reagent gas a
tion port. Addition of NO indeed increased the OH~v50!
signal ~see Fig. 6! and comparison of the LIF signals, a
described above, provided a yield of

f 50.1760.04

for the production of vibrationally excited OH.

V. DISCUSSION

The absolute yield of OH~v50! was determined by two
independentmethods and the agreement was excellent. T
only previous measurement for H3O1 ions is that of Herd

FIG. 6. Variation of the OH~v50! LIF signal ~fluorescence photon count
per 100 laser shots! with the NO concentration added in the afterglow. Th
four data sets refer to observations at different distances from the rea
inlet ~open triangles: 5 cm, filled triangles: 7 cm, open squares: 12 cm, fi
circles: 15 cm!.
No. 7, 15 August 1997
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2437Gougousi, Johnsen, and Golde: Yield determination of OH radicals
et al.,29 also made in a flowing afterglow but without the u
of computer modeling. As can be seen in Table I, the yie
for OH~v50! are essentially the same, a most gratifying
sult in view of the differing experimental procedures.

Herd et al.29 determined the yield for vibrationally ex
cited OH~v>1! by quenching those to the vibrational groun
state. By using the same method, we derived a yield of

f 50.1760.04

for vibrationally excited OH, again in good agreement w
Herd et al.’s value of 0.19. Our specific yield of 0.12 fo
OH~v51! indicates that most of the vibrational excitation
concentrated inv51. Perhaps the additional yield of 0.056
0.04 should be ascribed to the production of OH~v>2!. Such
a result is consistent with a Boltzmann distribution with
vibrational temperature of approximately 20006300 K.

In order to check the validity of both the model and t
parameters used, the OH LIF signal produced by the rec
bination of H3O1 ions in an H2/H2O afterglow was recorded
for a constant H2 and three different H2O concentrations.
When a low H2O concentration~@H2O#;531011 cm23) is
used the time for the completion of the proton transfer re
tion is quite large. Efficient recombination (a;1027

cm3/s! for the H3
1 ions would then ensure a significant lo

of the precursor ion, resulting in low H3O1 and subsequently
OH production. For high H2O concentrations~@H2O#;5310
12 cm23), the proton transfer would proceed much fas
resulting in much larger H3O1 and OH production. If the H

3
1 ions do not recombine efficiently (a;1028 cm3/s! then no
significant difference in the production of OH should be e
pected. The experimental data~Fig. 7! show a considerable
difference in the OH signal between high and lo
H2O concentrations indicating efficient removal of the H3

1

ions because of recombination.
OH product distributions for the different condition

were determined by the model and were compared with
experimental data using a common weighting factor for
three data sets. As can be seen in Fig. 7 there is very g
agreement between the model predictions and the LIF d
in ~i! simulating the rise and the decay of the signal for ea
data set separately and~ii ! predicting the difference in the
OH concentrations for the different H2O reagent concentra
tions. The excellent agreement between the model pre
tions and the LIF data indicate that the values used for
parameters and especially those for the recombination c
ficients of H3O1 and H3

1 ions are realistic. It must be note
here that the same simulation was run with the values for
the parameters constant except that for the recombina
coefficient for H3

1 ions which was set at 231028 cm3/s.

TABLE I. Comparison between the results obtained in this work and th
of Herd et al.

Yield This work Herdet al.

OH~v50! 0.4860.07 0.4660.07
OH~v51! 0.1260.02 -
OH~v>1! 0.1760.04 0.1960.03
J. Chem. Phys., Vol. 107,
s
-

-

-

r

-

e
ll
od
ta,
h

ic-
e
f-

ll
on

Under these conditions the considerable difference in the
signal for the different reagent gas compositions could no
reproduced and a common weighting factor for all three d
sets could not be found. We consider that an adequate p
that at least in high electron density afterglow plasm
~ne.1010 cm23), a value of 231027 cm3/s should be used
for the recombination coefficient of H3

1 ions.
The importance of using spatially resolved LIF and t

detailed modeling is illustrated by the measured OH profil
In the Ar11H2O/H2 system ~Fig. 2 and Fig. 7! the OH
signal decayed rapidly downstream, consistent with effici
wall loss of this radical. In contrast, OH, generated via t
Ar*1H2O reaction, showed a much smaller wall loss,
shown in Fig. 3. We and others have observed a sim
behavior previously.67,68 Clearly, if measurements had bee
made at a single point far downstream, it would have be
very difficult to detect, and therefore allow for this differenc
in wall loss efficiency.

This study and previous work provide the following in
formation concerning the products of dissociative recom
nation of H3O1. OH~X2P) is formed in the majority of re-
combination events, but with less than unit efficiency. T
yield of electronically excited OH~A2S1) is very small. The
measured yield of H atoms27 suggests that the channels lea
ing to OH1H2 and OH1H1H are both important. It is an-
ticipated that H2O1H, rather than O1H21H, accounts for
most of the remaining;30% of recombination. It is of in-
terest to compare these findings with what is known ab
the structures of H3O and H3O1.

H3O1 has C3v symmetry with an H-H separation o
;0.130 nm.69 The formation of OH1H2, therefore, in-
volves a very large change in this distance and is expecte
be important only if the long-lived H3O* intermediate under-
goes extensive vibrational motion. Thus, an appreciable y
of OH1H2 would seem to provide evidenceagainsta ‘‘di-
rect’’ model for dissociative recombination, i.e. one dom

FIG. 7. OH~v50! LIF data~fluorescence photon counts per 50 laser sho!
obtained for a steady H2 concentration and three different H2O concentra-
tions. Noteworthy is the difference in the LIF signal for the high and the l
H2O concentrations. The solid lines are model generated OH distribut
and the three data sets have been weighted to the model predictions
common factor.

e
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2438 Gougousi, Johnsen, and Golde: Yield determination of OH radicals
nated by efficient crossing to a strongly-repulsive valen
state of H3O.

Ab initio calculations69 appear to support this conclu
sion. Because of the very large proton affinity of water,
ground state of H3O1 lies only 6.2 eV above H2O~X!1H
(2S!. At the equilibrium geometry of H3O1, the lowest two
electronic states of H3O, 12A1 and 12E, have appreciable
Rydberg character. The ground state is calculated to lie a
0.7 eV above H2O1H, but to be weakly bound with a sma
barrier of about 0.16 eV. This implies that access to
H2O~X!1H products can only occur via ground state H3O.
H3O~12A1) also correlates~via a change in symmetry! with
OH~X2P)1H2, via a larger barrier of;1 eV ~the transition
state could not be precisely located!.

OH~X2P)1H2 also give rise to another surface~e.g.2A9
in Cs symmetry!. This must correlate with the first excite
state of H3O, but details of this region of the potential ener
surface are not known. The calculations suggested a l
H-H separation in the transition state, such that dissocia
along this channel might yield OH1H1H.

At high energies, families of Rydberg states are e
pected, but very few valence states, only those correla
with OH~A2S1)1H2 and H21H1O. These lie at such high
energies that access from H3O11e may not occur readily
indeed, the yield of OH~A2S1) is clearly very small.

Because of the non-crossing of states of common s
metry below the ionization limit, recombination is likely t
lead initially to formation of high Rydberg states of H3O.
These may be relatively long-lived. Their decay can invo
two distinct mechanisms. First, coupling with other Rydbe
states can lead to population of lower-lying states but w
the total internal energy of the molecule remaining consta
Thus, if low-lying states such as 12A1 and 12E are populated,
the molecules will acquire very large amounts of vibration
energy. Second, radiative or even collisional relaxation le
to population of lower states of H3O, but with smaller ex-
tents of vibrational excitation.

This picture of the mechanism of dissociative recom
nation can explain the observation of several product ch
nels for this reaction. The large yield of OH is consiste
with extensive dissociation via the first excited state
H3O. If it is confirmed that H2O1H is the other major prod-
uct, this would suggest that part of the recombination occ
via the ground state of H3O. The small degree of vibrationa
excitation in OH is consistent with the fact that the O-H bo
lengths of H3O1, H3O~X!, H2O and OH are all very similar
Thus, there is no need for large changes in ROH to occur
during the dissociation process. In contrast, vibrational e
tation of any H2 product and rotational excitation of both O
and H2 are expected: unfortunately, neither can be stud
with the present form of the apparatus.

It is clear that we have not yet reached a clear und
standing of the mechanism of recombinations of polyatom
ions. For instance, the approach taken by Bates70 to explain
the vibrational excitation of recombination products provid
an intuitively appealing picture, but it does not truly repr
duce experimental data. In the case of H3O1 recombination,
Bates’ arguments predict that 18% of the OH radicals sho
J. Chem. Phys., Vol. 107,
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be vibrationally excited, which is not too different from th
experimental ratio of 29%. However, according to his mod
only the even~v50,2,4, ...! vibrational levels should be ex
cited, while our experiment shows that thev51 level is fa-
vored.

VI. CONCLUSIONS

The flowing afterglow technique combined with com
puter modeling has been developed for the determinatio
absolute yields for the production of OH~v50,1! from the
electron-ion dissociative recombination of H3O1 ions. Two
independent methods have been used for the determina
of OH~v50! yield and the results obtained are in excelle
agreement. The yield for OH~v51! has been determine
relative to that of OH~v50! by comparison of LIF spectra
with corrections applied for possible transition saturation
fects. Excellent agreement has been found with the res
obtained previously by Herdet al.29 Spatially resolved LIF
measurements combined with computer modeling of the
terglow were found to be both practical and useful tools
the derivation of absolute product yields.

After this article had been submitted for publication, tw
new measurements of product yields from H3O1 recombina-
tion have been published. Ion-storage-ring measurement
Andersonet al.71 have now yielded complete branching fra
tions for all channels of reaction 2 and Williamset al.72 re-
port flowing-afterglow measurements of the same branch
fractions. The ion storage ring data do not distinguish O
radicals in different vibrational states, but the total OH yie
agrees precisely with the numbers reported by us and
results of the earlier work by Herdet al.This most gratifying
convergence of results unfortunately does not yet exten
the O-atom channel~2d!, since the two new measuremen
gave rather different results.
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