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Quenching of metastable Ar, Kr, and Xe atoms by oxygen
containing compounds: A resonance fluorescence study of 
reaction products 

John Balamuta and Michael F. Golde 

Department of Chemistry. University of Pittsburgh. Pittsburgh. Pennsylvania 15260 
(Received JO September 1981; accepted 20 November 1981) 

Quenching of electronically excited Ar, Kr, and Xe(' P d atoms by diatomic and triatomic oxygen-containing 
compounds has been studied by atomic resonance fluorescence in a discharge-flow system at room 
temperature. Absolute branching ratios for molecular fragmentation in the quenching reactions have been 
obtained, showing that this channel is dominant in many cases. While single R-O bond cleavage is usually the 
favored process, cleavage of both bonds of H 20 occurs in nearly 50% of quenching collisions with Ar*, and 
evidence is obtained for analogous atomization of NO, and SO, by Ar*. Emission by electronically excited 
fragment species has been found to be mostly weak; thus, dissociative excitation is a minor channel except for 
the reactions of Ar* with N,O and H 20. 

I. INTRODUCTION 

In recent years, the rate constants for quenching of 
metastable electronically excited noble gas atoms (A*), 
He( 2 1,3 S), and Ne to Xe [npS (n + 1) S3 PQ,2] by a wide range 
of simple molecules have been measured, 1-6 yielding 
values close to the collision rate in most cases. Many 
studies of product channels have also been made. For 
He* and Ne*, chemi-ionization has been found to be 
the dominant channel,5-9 although the data for Ne* as 
yet are sparse. For Ar*, Kr*, and Xe*, light emis
sion from energy transfer 

A*+BC-A+BC* , 

-A+B*+C, 

or from noble-gas halide excimer formation 

A* + RX- AX* +R 

(1 ) 

( 2) 

( 3) 

has been observed from many reactions10- 15 and detailed 
studies made in a few instances. For instance, 
anomalous rotational distributions in the N2 (C 3IIu) 
state, formed from reaction of Ar* with N2, were ob
served several years ago16 and shown, recently,17 to 
differ Significantly in the reactions of Are P2) and 
Ar(3 Po). Novel emission channels, such as 

Ar*+COCI2-Ar+CO+CI~ (Ref. 18), 

Ar* + SClz - Ar+ S + Cit (Ref. 10) 

have also been observed. 

(4) 

( 5) 

However, these studies provided no information on 
the branching ratios for these emission channels ( 1) - ( 5) 
and thus no overall understanding of the A* quenching 
mechanisms was possible. Very recently,19,20 it has 
been concluded that channel (3) is dominant for reaction 
with halogen molecules (secondary predissociation of 
ArCI, ArBr, ArI, and KrI leads to intense atomic halo
gen emission21,22), but for the other quenching agents, 
with a few notable exceptions, the excimer emission 
represents a minor channel. Similarly, channels (1) 
and (2) are rarely dominant (reactions of Ar* with Kr23 
and N20 24 have been found to be exceptions). For sev
eral quenching agents, Penning ionization by Ar* is 

exothermic and ions have been detected, 14,25 but no 
branching ratios were measured. 

The present study is part of a project to determine 
the major products of quenching of the metastable states 
of Ar, Kr, and Xe, which have excitation energies, 
respectively, of 11. 55, 9.92, and 8.32 eV for the 3 P2 

states and 11. 72, 10.56, and 9.45 eV for the 3 Po states. 
This project is of direct relevance to excimer lasers 
and other discharge and plasma systems. More general
ly, it is hoped that such data can be applied to reactions 
of other excited species, extending the realm of relevance 
to fields such as flames and atmospheric chemistry. 
The specific question addressed in this paper is the im
portance of "dark channels, " those in which no ioniza
tion or emission is observed. It is expected that dis
sociation of the reagent is the most likely such channel 
and this is being studied by atomic resonance fluores
cence of the products. Of major interest is the rela
tive importance of simple bond cleavage releasing an 
atom, e. g., 

Ar* +H20- Ar+ H+OH (6) 

and molecular elimination [cf. Eqs. (4) and (5)1, such 
as 

Ar* + H20 - Ar + 0 + H2 . (7) 

The results for several oxygen- containing compounds 
are presented in this paper and molecular dissociation 
found, indeed, to be the major channel for most of 
these reagents. 

II. EXPERIMENTAL 

A single discharge-flow system, illustrated in Fig. 1, 
has been used for both emission and resonance fluores
cence studies of the reactions of metastable Ar, Kr, and 
Xe atoms. Ar, or mixtures of Kr or Xe in Ar, were ex
cited in a weak dc discharge 300 V, 1 mA between cy
lindrical tantalum electrodes, and flowed into a 7 cm 
diameter Pyrex observation vessel, mounted in the en
trance port of a vacuum monochromator (Minuteman 
305 MV, half-meter Czerny-Turner). Because of the 
high linear velocity of the gas, typically 50 ms-1 in 
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FIG. 1. Experimental reaction vessel. A: movable reagent 
loop; B, C: reagent inlets; W: MgF2 window. M: microwave 
cavity. 

the 1 cm diameter inlet tube, the flow emerges as a jet, 
which retains its shape throughout the observation re
gion. Reagents were usually added through the concen
tric inlet tube sometimes with a small flow of Ar carrier 
gas, and reacted on diffusing into the jet of metastable 
atoms, producing a conical reaction flame, visible for 
some reagents. The movable reagent loop injector A, 
shown in Fig. 1, was not used in most experiments re
ported here. 

The whole inlet assembly was made movable through 
the use of an O-ring seal to the observation vessel. For 
emission studies, the assembly was fully raised, bring
ing the reaction flame fully into the field of view of the 
monochromator. For resonance fluorescence, the as
sembly was lowered; the reaction flame occurred large
ly out of the monochromator field of view, while the 
reaction products flowed upwards, where they were il
luminated by radiation from a resonance lamp. The 
lamp employs flowing gases, excited by a microwave 
discharge. In the current design, shown in Fig. 1, used 
for detection of Hand 0 atoms, the Pyrex lamp is at
tached to the observation vessel by means of an O-ring 
seal, which also supports a cylindrical Teflon light 
baffle, to which a MgF2 window is attached by epoxy 
cement. With this design, the microwave cavity can be 
placed within 1 cm of the window and, even at discharge 
powers as low as 10 W, the plasma extends to the win
dow. In early experiments, atomic oxygen lines were 
generated by flowing O2 and He through the lamp. Later, 
the O2 was replaced by H20, held in a trap at O°C and 
swept into the lamp by a small flow of He. Typically, 
the total He flow rate through the lamp was 200 ilmol S-l 

at a pressure of 2 Torr, and the H20 concentration was 
5x1012 to 2X1013 cm-3 • The 0(3S_3pJ ) line intensity 
ratio was about 2: 2 : 1, compared to 5: 3: 1 for a com
pletely unreversed source. This He/H20 mixture 
proved to be a stable, reproducible, bright source of 
both 0 and H lines, at 130 and 122 nm, respectively (as 
well as of OH emission), and was used for the experi
ments presented here. 

Emission and resonance fluorescence from the reac
tions were dispersed by the vacuum monochromator and 
detected by one of three photomultipliers. For vacuum 
uv emission (A< 190 nm) and for the resonance fluores
cence studies, a solar-blind photomultiplier (EMR 
542G) was used in the pulse-counting mode. Near UV 
emission was detected by an EM! 9789QB, and visible 
and near IR emission (300-900 nm) by a cooled RCA 
C31034-02 phototube (with this detector, the 2400 g/mm 
holographic diffraction grating was replaced by a 1200 
lines/mm ruled grating). For the last two detectors, 
the output was measured dir~ctly on a picoammeter, 
the dark currents being typically 0.2 and 0.06 nA, re
spectively. In all cases, the output could be obtained 
on strip chart recorders. The spectral responses of 
the detectors were measured by recording vibrational 
progressions of band systems of N2, CO, H2, and NO, 
and, for the region 400-900 nm, the air afterglow from 
the reaction of 0 atoms with NO. 26 

Although the data presented in this paper are basically 
relative emission or fluorescence intenSities, provision 
was made for absolute measurements. Absolute con
centrations of atoms for calibration of the resonance 
fluorescence system were prepared by titration reac
tions using inlets Band C (Fig. 1). For instance, Br 
atoms were prepared quantitatively by adding small 
measured flows of Br2 to an excess of discharged O2 

0+Br2-0Br+Br, 

0+OBr-0 2+ Br , 

and 0 atoms by the reaction 

N+NO-N2+0. 

(8) 

(9) 

(10) 

Concentrations of the metastable argon atoms were 
determined by IR absorption measurements. An Oriel 
spectral calibration lamp was mounted opposite to the 
entrance slit of the monochromator and IR lines [811. 5 
nm for Are P2) and 794.8 nm for Arepo) 1 detected by 
the RCA photomultiplier. For these experiments, the 
dc discharge was modulated at 1 or 10 Hz and the signal 
processed by an Ortec 9315/9320 pulse counting system, 
operated in the synchronous counting (chop) mode. 
Previous measurements27 with a similar lamp have 
found an effective emission Doppler temperature of 
about 3700 K; this value was used in analyzing the mea
sured absorption by Ar* atoms. 

Flow conditions were chosen to maximize signals. 
For reactions of Ar*, the typical Ar flow rate and 
pressure were 300 ilmOI S-l and 1. 2 Torr. The'result
ing measured concentration of Ar(3 P2) was 1-2x 1010 

cm-3, with that of Ar(3 Po) a factor of 5-10 smaller. 
For study of Kr* and Xe*, the Ar carrier flow rate and 
pressure were typically 600 ilmOI S-l and 3.0 Torr. 
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Under these conditions, the Ar* and Xe* concentrations 
were similar and approximately one-half that of Ar* at 
the lower pressure, while the Kr* concentration was 
typically a further factor of 2 smaller. A range of con
centration was used for each reagent molecule, typically 
2x1013 to 4x1014 cm-3

• 

The carrier gases Ar (Matheson UHP) and He (Mathe
son HP) were purified further by passage through a red
hot copper furnace and a dry-ice-cooled silica-gel trap 
at atmospheric pressure, followed by a Uquid-N2 cooled 
trap at low pressure. The Kr was Matheson, Research 
Purity, and the Xe, Matheson CP grade (99.9% mini
mum). Of the reagent gases, NO was passed through 
Ascarite and purified further by bulb-to-bulb distilla
tion, and OC8 was pumped on at 77 K, these gases being 
stored in bulbs; O2, CO, C~, N20, and 802 were used 
directly from lecture bottles. For all these gases, flow 
rates were measured by the capillary pressure drop 
method. H20 (deionized) was stored in a cold trap at 
low pressure and swept into the reaction vessel by a 
small Ar flow. N02 was stored in a cooled trap in a 
section of line separated from the reaction vessel by a 
needle valve. The N02 partial pressure in this line 
(0.1 to 1 Torr) was monitored by absorption of Xe 
resonance lines at about 470 nm and the vapor swept 
into the reaction vessel by Ar carrier gas, whose flow 
rate (about 10 Ilmol S-l) and pressure (about 100 Torr) 
were also measured. This procedure allowed deter
mination of the N02 flow rate. 

III. RESULTS 

A. Resonance fluorescence studies 

Absorption measurements of the Ar(3 P2 ) metastables 
revealed concentrations of (1-2)x 1010 cm-3, and lower 
concentrations of Kr* and Xe* metastables were ex
pected. At these concentrations of atoms such as 0, 
H, and Br, and a path length of 1 cm, as used in this 
system, the resonance fluorescence intensity is ex
pected to be accurately proportional to atom concen
tration, irrespective of the resonance lamp line shape. 28 

No detailed tests were carried out with the present lamp 
configuration, but the expectation was confirmed for Br
atom resonance fluorescence in earlier experiments, in 
which Br atoms were generated by Reactions (8) and (9) 
and a collimated-hole-structure was used to collimate 
the lamp output. From the data acquired for Br-atom 
concentrations in the range 3 x 1010 to 3 X 1011 cm-3, it 
was confirmed that the resonance fluorescence signal 
varies linearly with [Brl up to about 1011 cm-3. 

Because of the low atom concentrations, monochroma
tor slit-widths of 1 mm were used, equivalent to a res
olution of 0.7 nm. This prevented separation of the 
0(3 P J ) spin-orbit states; under the conditions used, the 
oxygen atoms suffer more than 1000 collisions while 
in the detection region, and a Boltzmann distribution 
among the states is expected. Because of the resulting 
modest fluorescence intenSities, great care was taken to 
allow for background contributions to the measured sig
nals. The major background was scattered light from 
the lamp, which was measured with the dc discharge 
source of the metastable atoms switched off. Back-
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FIG. 2. The dependence of emission intensities at 130 nm on 
[°21 in the reaction of Ar* with 02' • Background emission, 
measured with only the dc discharge on; 0 scattered llgnt. 
from the resonance lamp; I the resonance fluorescence signal. 

ground emission from the AI"! continuum and from the 
Ar* + Q reaction was also measured and both background 
Signals were subtracted from the total signal with both 
discharges on, to yield the resonance fluorescence signal. 
With the most recent lamp configuration, typical sig
nals in the reaction of Ar* with O2 were: a scattered 
light level of 10 count S-l, a background emission signal 
of less than 2 S-l and a resonance fluorescence signal of 
100-150 S-l. The resonance fluorescence signals from 
Kr* and Xe* +02 were smaller, but usually greater than 
50 S-l. The absolute O-atom calibration showed that 
these Signals represented O-atom concentrations of 
typically (1-5)x 1010 atom cm-3. 

The dependences of scattered light, background emis
sion, and resonance fluorescence intensity on reagent 
concentration for Ar* +02 are shown in Fig. 2. Once 
sufficient O2 has been added to quench all the metastable 
atoms, further addition has no effect on the background 
emission or the scattered light from the lamp; further, 
the resonance fluorescence signal varies little with [02], 
the small increase probably not being significant. These 
results help confirm the validity of the technique. First
ly, absorption of the 130 nm radiation by O2 does not 
cause a significant depletion of the signal, in accord with 
known absorption coefficients. 29 Next, the 0 atoms 
detected clearly do not arise from photodissociation of 
the O2, Thirdly, there is no evidence of depletion of the 
o atoms by secondary reactions, again as expected. 
The resonance fluorescence signal thus represents the 
O-atom concentration following complete reaction of 
the Ar* with O2, Comparison of the signal with that ob
tained by interaction of Ar* with another reagent al
lows determination of the relative yields of 0 atoms in 
the two reactions. In subsequent tests, the reference 
reaction with O2 was always included to allow for any 
drifts in Ar* concentration or lamp output. A similar 
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TABLE I. Ar*+NO: Dependence of O-atom resonance 
fluorescence intensity on NO concentration. 

2.0 

4.3 

7.1 

10 

15 

Resonance fluorescence 
intensity (Hz) 

110.5±2% 

122.5 

137.1 

141. 0 

136.2 

routine was adopted for the reactions of Kr* and Xe* . 

Results similar to those in Fig. 2 were found for 
the reactions of Ar*, Kr*, and Xe* with CO2, CO, OCS, 
S02 (except for Kr* +SOa at very high S02 concentra
tions-see Sec. IV), and for H20 (no flow rates were 
measured for this reagent but the temperature of the 
cooled reservoir was varied over a wide range). N20 
absorbs very strongly at 130.1 nm, resulting both in a 
20% decrease in the scattered light intensity at the high
est concentration used (2 x 1014 cm-3 ) and in the absence 
of a true plateau in the resonance fluorescence signal. 
The data were corrected for the absorption using pub
lished absorption coefficients30

; these predict absorp
tions roughly 80% of that of the scattered light, which 
presumably does not follow the most direct path through 
the reaction vessel. 

For the reaction of Ar* with NO, as shown by the data 
in Table I, the resonance fluorescence signal rose with 
reagent concentration much more rapidly than in the re
action with 02. This is due to the secondary reaction 

N+NO-Nz+O, (11) 

which has a rate constants 1 of between 2x 10-11 and 6 
x 10-11 cm3 S-I, depending on the electronic state of N. 
The observed variation could not be modeled be-

0.6 

ON 0.5 
r ! L_l __ 

t ...... 
'-

N 

0 
z 
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If ---f 

, 
..... ..... I 1 ~ --- , f f---"l / 
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10- 13 [N0
2
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FIG. 3. The dependence of the measured O-atom resonance 
fluorescence signal [(NOz) from the reaction Ar* + NOz on NOz 
concentration. I(Oz) is the O-atom signal from the reference 
reaction Ar* +Oz. The various symbols refer to separate ex
periments. 

cause of the complexity of the reagent mixing region, 
in which the NO concentration is not uniform; instead, 
most data were obtained at high NO flow rates, with the 
reaction time maximized by use of low pumping speeds 
in an attempt to drive Reaction (11) to completion. The 
results, analyzed on this assumption, lead to a lower 
limit to the true O-atom yield. 

The reactions with N02 are more difficult to analyze 
than those with NO, as a secondary reaction removes 
o atoms 

(12) 

for which k= 9. 5x 10-12 cm3 S-I. As shown in Fig. 3 for 
the reaction with Ar*, it was not possible to drive the 
primary reaction to completion without the secondary 
reaction occurring. Again, no simple quantitative 
analysis of the plot was possible and only a lower limit 
to the true O-atom yield can be estimated from the 
maximum in the curve. 

The oxygen atom yields relative to those from the re
actions of Ar*, Kr*, and Xe* with Oz, which are set 
arbitrarily equal to 2, are listed in Table II; these are 
discussed in Sec. IV. The observation of 0 atoms from 
the reactions of Ar* and Kr* with H20 prompted a care
ful study of 0 and H production in the reactions with 
HzO and D20. The H(D) yields were compared to those 
from the reactions wth H2(Dz)' The results are listed 
in Table III. 

B. Emission studies 

The resonance fluorescence results show that molecu
lar dissociation is a major channel for the reagents 
studied. This channel includes dark channels, in which 
all fragments are formed in nonemitting states, and dis
sociative excitation [Eq. (2)], in which the molecular 
fragment is formed in an emitting excited electronic 
state. Although emission has been observed previously 
in many of the reactions studied here, branching frac
tions are available only forthe reactions of Ar* withN20 
and OCS.Z4 Therefore, emission from the reactions of Ar* 
with COz, SOz, HzO, and NOz was investigated. For all these 

TABLE II. Relative oxygen atom yields. 

Reagent Ar* Kr* Xe* 

Oz 2 2 2 
COz 0.98 ± O. 02 1. 02 ± O. 08 O. 98± O. 02 
S02 0.94±0.04 0.96±0.06a 1. OO± O. 02 
NzO 1.12±0.02b 1.04 ± O. 06 b O. 82± O. 04b 

CO 0.84±0.02 o ± O. 02 o ± 0.02 
OCS 0.10±0.02 0.12±0.02 0.06 ± O. 02 
NO ~1.38±0.06c ~ 1. 34± O. 04c ~ 1. 66± O. 04c 

NOz > O. 98 ± O. 06d 

aAt low [SOz1. The O-signal decreases to 0.80 ± O. 06 at high 
[SOzIo 

hcorrected for absorption of 130 nm radiation by NzO. The 
raw data are Ar*: 1.02±0.04; Kr*: 0.96±0.04; Xe*: 0.76 
±0.04. 

CLower limits, as the secondary reaction N+NO-Nz+O, may 
not have been driven to completion. 

dLower limit, as removal of 0 by 0+N02-NO+02 is occurring. 
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TABLE Ill. Relative atom yields and branching fractions in the 
reactions of Ar*, Kr*, and Xe* with H20 and D20. 

(AlRelative 0- and H(D)-atom yields [02 =2, H2(D2) =21. 
Results for D20 in parentheses. 

Ar* Kr* Xe* 

0(3p ) yield 0.46±0.04 0.14±0.04 0±0.02 
(0. 48± O. 02) (0.10± O. 02) (0±0.02) 

H yield 1. 52±0.10 1. 08± O. 06 1.00 ± 0.06 
0.42± O. 06) (1. 08 ± O. 08) O. OO± 0.14) 

(B) Branching fractions. 

H+OH O. 54± O. 04a O. 86± O. 04 1.00±0.06 
H2+O 0 O. 03± 0.03 o ± 0.06 
2H+0 0.46±0.05 0.11±0.05 Endothermic 

D+OD O. 52± O. 04 O. 90± O. 02 1.00±0.14 
D2+O O. 03± 0.03 o ± O. 04 0±0.14 
2D+0 0.45±0.05 0.10±0.04 Endothermic 

arhe branching fractions for formation of OH(X 2 IT) and OH(A 2:E+) 
are, respectively, 0.26±0.09 and 0.2S±0.09. 

reagents, the strongest emissions occur in the near UV 
and the integrated intensities were compared with that of 
N2 (C 3nu-B

3n,.) from the reaction of Ar* with N2, for 
which the branching fraction has been measured as 0.60 
± O. 0932 and nearly unity33; a value of O. 80± O. 20 was 
used in the present work. In each case, the reagent 
concentration was adjusted to obtain the maximum emis
sion intensity, the flame, under these conditions, lying 
completely within the field of view of the monochroma
tor (reagent inlet assembly fully raised). The emitting 
states detected and preliminary branching fractions are 
listed in Table IV. For 802, N02, and H20, the observed 
emitting states are sufficiently short-lived for all emis
sion to occur within the field of view of the monochroma
tor. Even the longest-lived states observed NO(B2TI) 
and OH(A 2~.) are expected to suffer negligible quench
ing31 ,34,35 and the spectra can be compared directly with 
the N2( C-B) system. The reaction Ar* + CO2 yields 
CO(a 3TI), which has a radiative lifetime of about 7± 2 
ms,31 and is thus largely pumped out of the detection 
volume. Direct estimation of the fraction emitting with
in the detection volume is hazardous as the reagent mix
ing zone occupies an appreciable part of the field of view. 
The emitting fraction was therefore estimated experi
mentally by observing the quenching of the emission by 
small additions of H2, which quenches CO(a 3TI) rapidly31 
(k=1.8xl0~10 cm3s~I), but quenches Ar* a factor of 9 
more slowly than does CO2, 1 Data at two concentrations 
of CO2 are included in Fig. 4, together with calculated 
fits. These use a model based on visual inspection 
of the conical reaction flames, namely formation of 
CO(a 3TI) in a step function at the cone, and radiative 
loss and quenching by H2 and CO2 downstream. The 
CO(a), CO2, and H2 were assumed to be homogeneously 
distributed within the jet downstream of the cone, and 
bulk flow of the gas was assumed. The length of the 
observation region was fixed by the geometry of the 
optical system but the cone height was allowed to vary. 
Both quenching of CO(a) by CO2 and of Ar* by H2 were 
included, the latter being monitored directly by intensity 

5 

4 

3 

...... 
""-

0 ...... 

2 

2 4 6 

10- 13 [H 2 ] , cm-3 

FIG. 4. Dependence of COla-X) emission intensity from Ar* 
+C02 onaddedH2• 10: noH2. (i)[C02l=1.3x1014 cm-3:o: 
experimental points; - calculated with flame cone height 
= 1. 5 cm; (ii) [C021 = O. 73x 1014 cm-3: I: experimental points; 
- - - calculated, with cone height = 2. 0 cm. 

measurements of the H2(a3~;-b3~~) continuum. The 
best fits to the data gave reasonable cone heights which, 
as expected, decreased as the CO2 concentration was 
increased. It was concluded that 4.3% of the CO( a) 
emits within the observation region, with an uncer
tainty, including that in the radiative lifetime, of about 
± 50%. 

The reaction of Ar* with H2 provides a further in
stance of emission accompanying a dissociative channel. 
The characteristic blue flame is due to a continuum, 
peaking at about 290 nm, ascribed to the H2(a-b) transi
tion.1O The lower state is repulsive, dissociating to 
ground-state H atoms. The intenSity of the continuum 
was measured in order to estimate the fraction of dis
sociative events, which occur via the H2(a) state. 

TABLE IV. Observed dissociative excitation channels 
in the reactions of Ar*. 

Reagent Emitting states Branching fraction 

CO2 CO(a 3m, v=0-2 O. I6±0.08 

S02 SO(A 3 m, v = 0-6 0.03+0.01 
SO(8 3:E-) 

H2O OH(A 2:E+), v =0, 0.28 + O. 09 

N02 NO(A 2:E+, B 2n, ~ 0.13 
n 2:E+, B,2A ) 

Hz H2(a 3:E;) 0.05 
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IV. DISCUSSION 

This section has three main aims: (i) to establish 
that molecular dissociation is a major reaction channel, 
for the reagents studied; (ii) to introduce an unexpected 
form of dissociation of the triatomic quenching agents, 
direct fragmentation into three atoms; and (iii) to dis
cuss the product distributions in terms of models of 
energy transfer, with particular emphasis on the role 
of charge transfer in these reactions. 

A. Branching fractions for dissociation 

The data of Table II show that CO2, S02, and N20 
give 0 atom yields, which are consistently about one
half of those given by the reactions of O2, suggesting 
that O2 is dissociated into two atoms, while the other 
reagents suffer a single R-O bond cleavage. This con
clusion is consistent with a previous study of Ar* + 
+N20,24 which found N2(B 3rrK) to be the dominant prod
uct, and with an EPR study of Ar* +02,36 as well as with 
consideration of other channels in the O2 reaction. 
Penning ionization of; this molecule is endothermic and 
no ions are detected in reaction with Ar*. 37 Direct 
excitation transfer to nondissociative states of O2 is 
less easy to rule out as many such states are metastable 
and would emit only weakly. Very weak IR emission 
was detected from 02( b I ~;) in the reaction of Ar* with 
O2; however, the strong dependence of the intensity on 
O2 concentration implies that it arises via a secondary 
process 

(13) 

and that 02(bl~;) is not a major primary product of Ar* 
+ O2, As this state has a radiative lifetime of about 12 S,39,40 
other excited states of O2 should be detectable in our 
system if they are produced efficiently. Their absence 
is thus taken as evidence against nondissociative energy 
transfer as a major Quenching channel. 

Reaction (13) raises the important possibility that dis
sociation of O2 produces significant quantities of 0 atoms 
in states, which are not detected by the present Oe P) 
resonance fluorescence technique. Any OeD) formed 
suffers quenching by Ar or O2, That by Ar alone is suf
ficiently rapid41 for the lifetime of Oe D) in the present 
system to be less than 0.1 ms, sufficiently small to 
ensure that, in the resonance fluorescence experiments, 
complete deactivation occurs before the gas reaches 
the observation region. Both Ar and O2 quench O(ID) 
to the ground state, so that OeD) atoms are not dis
tinguished from primary Oe P) atoms [an estimate of the 
primary yield of OeD) in the reaction of Ar* with O2 is 
presented elsewhere42 j. 

Formation of OeS) is exothermic in the reactions of 
Ar* and Kr* with O2, OeS) is quenched slowly by Ar and 
0 2

41 and would not be detected by Oe P) resonance fluores
cence. OeS-ID) emission has been reportedlO from the 
reaction with Ar* and our studies confirmed the presence 
of very weak 557. 7 nm emission. Formation of Oe S) 
was shown to be a very minor channel by studying Oe P) 
resonance fluorescence from Ar* + O2 in the presence of 
NO, at concentrations sufficient to quench OeS) to Oe P) 
but insufficient to quench Ar* appreciably. No signi-

ficant change in the fluorescence signal on addition of NO 
was seen. This discussion implies that the data in Table 
II can be interpreted as absolute O-atom yields, and they 
thus give the branching fractions for those dissociation 
channels, which lead to release of a single oxygen atom. 

Having established that molecular dissociation is the 
dominant channel for reactions of O2, CO2, S02, and N20, 
we wish to consider the results for each reagent in 
more detail. CO2 appeared to show the simplest be
havior in its reactions, closely analogous to that of O2, 
Any OeD) would be quenched rapidly to Oe p)41 and de
tected. OeS), which would be quenched only slowly, 
was shown to be a minor product by comparison of the 
557. 7 nm line intensities from the reactions of Ar* with 
CO2 and O2, The small yields of ortS) and CO(a 3 II) in 
the reaction with CO2 agree with a previous, less quanti
tative study.43 The reaction of Ar* with N20 gave an 
atomic 0 yield which, after correction for absorption of 
130 nm radiation by N20, was slightly higher than ex
pected. As the other principal product is N2(B

3 rrK), 

which emits to the metastable N2(A 3~:) state, it is pos
sible that the excess 0 atoms result from a secondary 
process 

(14) 

A small yield of NO + N has been detected in a previous 
study24 of Ar* + N20 and may arise from approach of the 
Ar* to the end nitrogen atom of N20. 

Great care was taken in the reactions with S02' as this 
reagent quenches OeD) rapidly and by a chemical reac
tion41 

(15) 

In the reaction with Ar*, the O-atom signal changed by 
less than 5% when the S02 concentration was varied be
tween 1. 1 x 1013 and 5 x 1014 cm-3; quenching of Oe D) by 
S02 is slight at the lower end of the range and dominant 
at the upper end. It was concluded that ort D) is not a 
significant product of Ar* + S02' In the reaction with 
Kr*, in contrast, the O-atom signal dropped significant
ly when the S02 concentration was increased over a com
parable range (see footnote to Table 11). This was as
cribed to Oe D) formation in approximately 20% of Kr* 
+ S02 quenching coLHsions and the value entered in Table 
II is that at low S02 concentration. 

For CO, dissociation by Kr* and Xe* is endothermic 
and, even for reaction with Ar*, the yield is significant
ly below unity. This result is consistent with the ob
servation of emission from several excited states of 
CO, including c 3rr, b3~ .. a 3rr, and A 1rr; the latter 
state appears to be the strongest emitter. 

For NO, only lower limits to the O-atom yields were 
obtained; however, this includes contributions from 
ort D) and 0(1 S), which are rapidly quenched to 0(3 Pl. 44 

The data imply that at least 69% of the reaction with Ar* 
yields atoms. This result is consistent with information 
on other possible channels; no appreciable emission 
from the parent molecule is seen, but saturation ion 
measurements37 show that approximately 28% of the re
action occurs via chemi-ionization. Ionization is prob
ably a contributing channel also in the reaction of Kr* 
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with NO. 

Very low yields of 0 atoms were seen in the reac
tions of Ar*, Kr*, and Xe* with OCS, although condi
tions favoring quenching of Oe D) to Oe P) were used. 
Chemi-ionization is exothermic in the reaction with Ar* 
and has a branching fraction37 of 0.30. Emission spec
tra show appreciable CO and S-atom emission and it is 
expected that fragmentation into CO + S, including dark 
channels, accounts for the residue of the reactions and 
is the major channel. The low yield of 0 + CS would 
thus be analogous to that of N + NO in the reaction with 
N20. 

The detection of 0 atoms from the reactions of Ar* 
and Kr* with H20 was surprising. Secondary reactions 
of H or OH with H20 or Ar* can be excluded as a source 
and, indeed, the detected yields were independent of 
H20 flow rate over a factor of 5 (estimated from the 
temperatures of the H20 reservoir). The resulting 0 
and H atom yields were analyzed in terms of the pro
cesses 

Ar* +H20- Ar+H+OH , 

-Ar+H2+O, 

- Ar+ 2H+0 . 

(16) 

(17) 

(18) 

Channel (18) is exothermic by 2.0 eV and the analogous 
reaction of Kr* by 0.5 eV. The results, listed in Table 
III, show that channel (17) is of negligible importance, 
but channel (18) accounts for half of the reactions of 
Ar* with H20 and D20. It should be noted that Oe D) 
formation is endothermic for this channel; any 0(1 D) 
formed by channel (17) would be quenched by Ar to 
0(3 P) at the lowest H20 concentrations used and so would 
not invalidate the analysis. 

The results for N02 are the least certain, as dis
cussed in Sec. III. The lower limits to the 0 atom 
yields again show dissociation to be the dominant chan
nel, assuming that 0+ NO is the major product. The 
negligible yields of parent emission and of chemi-ioniza
tion37 are consistent with this, as is the detection of 
strong NO emission. However, two independent experi
ments suggest that for Ar* + N02 the true 0 yield may be 
significantly higher and that some atomization 

Ar* + N02 - A r + N + 0 + 0 (19) 

is occurring. Firstly, resonance fluorescence inten
sities from the reactions of Ar* with excess CO2 or 
S02 are reduced by about 30% when N02, at a concen
tration of 1 x 1013 cm-3, too small to compete for re
moval of Ar*, is added. This implies that appreciable 
reaction of 0 atoms with N02 lReaction (12)J is occurring 
even at the peak of Fig. 3. Secondly, a preliminary 
search for N atoms was carried out, using low reagent 
concentrations :( 1013 cm-3. Under these conditions, 
product atoms such as Nand 0, at concentrations of 
- 1010 cm-3, can compete weakly with the parent mole
cule for reaction with residual Ar*, giving characteris
tic vacuum uv emission 

Ar*+OeP)-Ar+O(3 3 S) , 

0(3 3S)-Oep)+hv(130 nm) (Ref. 45), 

(20) 

(21) 

Ar*+N(4S)-Ar+N(3 2p) , (22) 

N(3 2P)_ N(2n, 2 P)+ hv(149, 174 nm) (Ref. 46) . 
(23) 

N atom emission at 149.2 nm was detected from the 
reactions of Ar* with NO and N02 with comparable in
tensities, further evidence, in conjunction with the high 
O-atom yield, for the importance of channel (19). (It 
should be noted that no such emission was detected in the 
absence of reagent; however, the N line is observed if 
less pure Ar is used, via dissociation of impurity N2 to 
N atoms in the dc discharge. ) 

This section of the discussion, dealing with observed 
branching fractions for dissociation, is completed by 
consideration of the reactions of Ar* with H2 and N2. 
In analyzing the H20 results, it was assumed that H2 
is dissociated with unit efficiency. Accessible excited 
states of H2 are the repulsive H2( b 3L~) and the bound 
B1L~ state, emission from which is extremely weak 
and has been ascribed to the reaction of H2 with the 
resonant state Are P1). 47.48 Two further states of H2 
lie just above the energy of Are Po), the metastable c3nu 
state and the a3~; state, emission from which to b3~ 
accounts for about 5% (this study) to 10% (Ref. 32) of 
the reaction. Because of the small yield of a 3L;, it is 
expected that that of c 3nu , which has a very similar 
potential curve, will not be much greater. Thus, the 
only possible alternative to dissociation is vibrational 
excitation of ground state H2, which, by analogy with all 
the other quenching molecules studied here, is expected 
to be unimportant. 

It is interesting to apply the results of this study to 
the reaction of Are po•z) with N2 • Although the bond 
energy of N2(9. 75 eV) makes dissociation pOSSible, no 
evidence for N atom formation has been reported and 
only two channels appear to be important 

Ar* +N2- N2 (C 3 nu) +Ar , 

-N2(B 3 ng )+Ar. 

(24) 

(25) 

Much controversy exists over the relative branching 
fractions for these channels, an early discharge-flow 
study16 favoring channel (25) over channel (24) by a fac
tor of 6, whereas a beam study49 found no evidence of 
B 3ng formation. In a recent flow study,32 cascade for
mation of the B state by (C - B) emission was carefully 
allowed for, and it was concluded that primary forma
tion of the B state occurs dominantly into l' = 0, and that 
this accounts for about 40% of the reaction. This highly 
specific process, involving an energy mismatch of more 
than 4 eV, contrasts markedly with the findings of the 
present study, in which no Significant formation of low 
lying states of the parent molecule is found. As the 
branching fraction of 0.6 for channel (24) was assigned 
an uncertainty of only 15%, it seems possible that a 
further channel exists. Therefore, we tested for N 
atoms in the way described above for NO and N02. N 
atom emission was found and it is estimated50 that 20% 
± 10% of the reaction occurs via dissociation. The 
magnitude of the emission intensity precludes the pos
sibility that the N atoms arise via a secondary process, 
such as energy pooling of metastable Nz(A) molecules, 
which are the cascade products of molecules formed 
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initially in the N2(B) or N2( C) states. Following this 
experiment, a further measurement33 of channel (24) was 
published, yielding a branching fraction of unity. As 
both recent determinations32 •33 appear equally valid, but 
both are possibly subject to systematic errors of at 
least 20%, we suggest that the best presently available 
branching fraction is 0.8 ±O. 2, consistent with dis
sociation as the principal competing channel. These 
results suggest that N2 does in fact fit into the pattern 
established by the other reagents and that direct for
mation of N2(B) is a rather minor channel. 

B. The atomization channel 

The most surprising result of this work was the ob
servation of atomization of H20 in collisions with Ar* 
and Kr*. The allowed atomization reactions of Ar* 
with the triatomic molecules studied here are 

Ar*+H20-Ar+2H+0+2.0 eV , 

Ar*+N02-Ar+N+20+1.9 eV, 

Ar* +S02- Ar+S+ 20+0.5 eV , 

Ar*+N20-Ar+2N+0+0.1 eV, 

the exothermicities referring to reaction of Are Pz). 

(26) 

(27) 

(28) 

(29) 

As discussed above, indirect evidence favors channel 
(27) as at least a minor channel for the reaction with 
NOa. The O-atom yield from Ar* + SOa is consistent 
with simple fragmentation to SO + 0, but, again, two 
pieces of evidence suggest that atomization [channel 
(28) 1 may also be occurring. Firstly, emission from 
SO(A 30), albeit weak, extends fully to the dissocia
tion limit. Secondly, a preliminary search for S atoms 
via secondary excitation by Ar* has revealed atomic S 
emission lines throughout the vacuum UV. More de
tailed studies are needed to distinguish firmly between 
S + O2 and S + 20 formation and to obtain branching 
ratios. 

For Ar* + N20, the predominance of N2(B) formation 
precludes channel (29) as a major channel, in accord 
with its very small exothermicity. 

C. Mechanisms of quenching 

A detailed discussion of the mechanisms of quenching 
is hindered by a lack of information concerning relevant 
potential surfaces. Nevertheless, it is of interest to 
consider the possible mechanisms, which could explain 
the great differences in the reactions of Ar* with, for 
instance, N20, which gives predominantly N2(B 3nK)+o, 
and N02, which yields appreciable quantities of NO in 
the xZn, A 2

Z;+ and B2n states as well as N+20. The 
principal models that have been invoked to explain rate 
constants and product distributions from the reactions 
of excited atoms are: energy transfer via long-range 
multipole interactions, energy transfer via curve
crossing of entrance and exit surfaces, and reaction 
via an intermediate, for instance of a charge-transfer 
nature, which may be sufficiently long-lived for statis
tical models to be applicable. 

In the long-range model, rate constants as high as the 
collision number cannot be generally obtained, unless 

the transitions of the species-quenching of the excited 
atom and excitation of the collision partner-obey di
pole selection rules. This clearly reduces the likeli
hood of its usefulness to metastable noble gas atoms and 
the observed excitation channels also do not in general 
match the photolysis products. For instance, triplet 
state products are often observed, such as Na( C 3nu ) 

from N2 and Hz(a 3Z;;) from Hz, showing that spin con
servation is the more important factor for these reac
tions. For COa, the yield of O(lS) is low, in contrast 
to the high yield from photolysis between 105 and 110 
nm. 51 Furthermore, the atomization channel, ob
served for H20, is apparently not important in photo
lysis by photons of comparable energy. 52-54 Finally, 
photodissociation of NO at 107 nm causes photoioniza
tion55 with a yield of - 0.70, in contrast to the lower 
chemi-ionization branching fraction of 0.28 found37 in 
the reaction of Ar* with NO. 

Curve-crossing models for energy transfer from A* 
to BCD require crossing of potential surfaces correlat
ing with A* + BCD (or N + BCD- if charge transfer has 
taken place) and the product surfaces, correlating with 
A + BCD*. In the reactions studied here, BCD* dis
sociates or predissociates to yield products, e. g. , 
B + CD*, and thus BCD* may be populated initially at 
an energy well above that of the asymptote. In addi
tion, there may be repulsion between A and BCD* in 
the nascent A. BCD* intermediate, so that it is dif
ficult to predict the dissociation products on energetic 
arguments alone. However, in general terms, if the 
entrance surface is flat or purely repulsive, crossing 
can occur only with surfaces leading to products with 
energies close to that of the reagents, unless the prod
uct surfaces are strongly repulsive. But, if the en
trance surface is strongly attractive, then there is an 
enhanced probability of intersections with several prod
uct surfaces, including those with considerably lower 
energies in the asymptotic region. 

Another possible outcome of approach on an attractive 
surface is a long-lived intermediate (A. BCD)*, which 
decays statistically to all the product states accessible 
from the intermediate with its particular energy. In 
this case, several electronic states of the products B 
+ CD are expected and broad vibrational distributions 
may be found, in contrast to the direct curve-crossing 
model, where narrower Vibrational distributions, pos
sibly related to Franck-Condon factors for vertical ex
citation of the CD fragment, would be expected. 

A widely-proposed attractive surface for excited 
atom-reagent interactions is provided by the charge
transfer model. In the simplest form of this model, 56 
the covalent A* + BCD and ionic A+ + BCD- surfaces cross 
at an A - BCD separation Rc , given by 

Rc=eZ/(I.P. -E.A.), (30) 

where I. P. is the ionization potential of A* and E. A. 
is, most simply, the vertical electron affinity of BCD. 
When the reagents approach within Rc , an electron 
jump causes transfer to the attractive (Coulombic) ionic 
surface, allowing many intersections with possible exit 
surfaces. The reaction cross section according to this 
model is 
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TABLE V. Comparison of charge-transfer and total quenching cross sections for reactions of Ar*. 

Electron affinity (e VIa 

Measured 
Reagent \reference) Derived Rc(A)b uCT(A z)C uQ(A2)d 

H2 v: - 3± 1 (63) 2.0 13. 3.0 

CO v: -1. ti ± o. 4(63) 2.5 19 2.3 

O2 ad: 0.44(64) v: o ± 0.1 3.4 36(46) 35 

NO ad: 0.024(65) v: -0.4±0.1 3.1 31(37) 36 

N02 ad: 2.36(66) v: ~ 2.0' 6.5 130(190) 

802 ad: 1.10(67) v: ~ O. 9t 4.4 61(68) 126 

H2O v: <0 < 3.4 < 37 67 

NzO ad: 0.22; v: -2.2(68) 2.3 lli(41) 81 

CO2 ad: - O. 6(69); v: -3.5(70) 1.9 11(28) 97 

OC8 ad: 0.5(69); v: -1. 2(71) 2.7 22(48) 155 

~: vertical; ad: adiabatic. 
hcalculated from Eq. (30), using vertical electron affinities. 
cCalculated from Eq. (31), Values using adiabatic electron affinities in parenthesis. 
~eference 1. 
'u sing data from Ref. 66. 
tu sing data from Ref. 67. 

aCT =1T~ • 

The strongest evidence for the applicability of this 

(31) 

model to reactions of metastable atoms was the dis
covery of the atom-transfer channel for noble-gas halide 
excimer formation57,58 [Eq. (3)] as the excimer state is 
largely ionic in character59 and the dynamics and cross 
sections of the reactions of A* with halogen molecules 
are similar to those of the analogous ground-state alkali 
atom reactions. 1.19,20,60 For most of the reagents studied 
here, no comparison with alkali reactions is possible, 
but aCT can be estimated from Eqs. (30) and (31), for 
those reagents whose electron affinities are known. In 
several cases, only adiabatic electron affinities have 
been measured61 ; these would be appropriate only if the 
molecule distorts suitably during the electron jump. 
For this analysis, vertical electron affinities have been 
estimated using spectroscopic constants, where avail
able. 62 The results and the measured quenching cross 
sections for reactions of Ar* are listed in Table V. 
Despite the simplicity of the model and the uncertain
ties in the electron affinities, several conclusions can 
be reached. For H2 and CO, the model is clearly not 
applicable. Rc is so small that repulsive forces are 
operative. Even if charge-transfer takes place, it is 
very unlikely that the ionic curve is very attractive in 
this region and low energy product surfaces would not be 
accessible. For O2 and NO, aCT and aQ are very simi
lar, so that it is possible that charge transfer occurs 
and is important in determining the products of the 
quenching process. The charge transfer mechanism 
has been invoked recently for the quenching of Na* (3 2 P) 
by NO and O2, 72 and of Cd*(lp) by NO. 73 In comparison 
with Na* and Cd*, Ar* has a larger ionization potential, 
and thus smaller values of Rc , so that it is possible 
that repulsive forces are active in the Ar* reactions but 
not in those of Na*. Indirect evidence against charge 

transfer as the sole mechanism for Ar* + NO quenching 
has been adduced from the observation of chemi-ioniza
tion with a branching fraction of about 0.28, analogy with 
the reactions with N02, C~, and Brz being taken to imply 
that chemi-ions (Ar + Q+ + e-) are not favored end products 
once charge transfer to Ar+Q- has taken place. 37 Thus, 
Ar* + NO may offer the interesting case of two competing 
channels, one involving charge transfer, the other not. 
The value of aCT for Ar* + NOz is very large and, al
though a quenching cross section is not available, it is 
very likely that charge transfer is dominant. ArO* for
mation is not exothermic, but ionization, though exo
thermiC, is not observed and dissociation of N02 is the 
major product. The diversity of products, including NO 
in the x 2rr, A 21:., B 2rr, D Z1:+, and B'Z!:::. states as well 
as N + 0 + 0, is consistent with access from the strongly 
attractive ionic potential. A rich vibrational distribu
tion is observed in several of these states, with 11 = 0 
rarely dominant [except in NO(B), where vibrational 
relaxation is possible under our conditions] and this 
would make an interesting subject for calculations, to 
try to distinguish a direct reaction from complex for
mation. 

For the other reagents, NzO, COz, OC8, H20, and 
80z, O'CT, although not negligible, is considerably 
smaller than O'Q. Either quenching takes place at separa
tions larger than Rc, or another attractive nonionic 
potential acts on the reagents at long range to draw them 
to closer range for reaction to occur: in this case, 
charge transfer is not an essential part of the quenching 
mechanism. The strongest interactions are likely to 
be those with HzO and 80z; for 8Oz, aCT is large and may 
dominate the mechanism; for H20, ab initio calcula
tionsH of the interaction with Ne* show a strongly at
tractive potential for Czv approach of the atom towards 
the oxygen end of the HzO molecule. Here, HzO acts 
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as a Lewis base and similar attractive potentials are 
expected for all such electron donors. In agreement 
with the expectation of an attractive potential, several 
quenching channels are seen for Ar* +S02 and H20, in
cluding low-lying channels leading to ground-state SO 
and OH. Atomization of H20 by Ar* gives evidence of 
an efficient, high-energy pathway to surfaces of H20, 
which correlate with repulsive or predissociating states 
of OH and/or H2. The latter include the repulsive first 
excited state H2(b3~:) and the former include the 
OH(A 2~+) state, whose lowest two vibrational levels are 
largely stable (up to N-26 in v=O and N-17 in v=l) 
and contribute emission, equivalent to about 28% ± 9% of 
the overall reaction. The published rotational and vibra
tional distributions 75 can be used to define rotational and 
vibrational temperatures of 2050 and 1750 K, respective
ly, from which the initial extent of population of higher, 
predissociated levels of the OH(A) state can be esti
mated. This suggests a large initial branching ratio 
for OH(A) formation of 0.52, predissociation of levels 
v>-- 2 and of high rotational levels of v=O, 1 (a minor 
contribution) accounting for about one-half of the yield 
of 0+2H. 

The weakest interactions are thus expected for CO2, 
N20, and OCS. For N20, formation of N2(B 3 II,.) has been 
found to be dominant, which is possibly consistent with 
the absence of a strongly attractive entrance channel. 
However, the major channel for OCS appears to be 
the low energy route to CO(X) + Se P), with ionization 
accounting also for 30% of the reaction. The higher 
energy of the repulsive surface correlating with CO + S 
may be due to the fact that it also correlates with the 
much higher energy limit of Oe P) + CS(XI~+). Al
ternatively, Charge-transfer may be important, espe
cially if OCS can bend as Ar* approaches. 

Ar* + CO2 is interesting in that formation of CO(a 3II) 
is remarkably efficient, branching ratio: 0.16, con
Sidering the weak exothermicity of this process. How
ever, the rest of the reaction occurs efficiently to 
CO(XI~+) + Oe P, In), which is less easy to understand 
on the basis of the simple considerations employed 
here. 

An implication of the approach taken here is that ef
ficient quenching of different excited atoms by a given 
reagent molecule need not be expected to give identical 
products. Striking examples of this can be found by com
paring the efficient quenching of Na(3 2 P), excitation en
ergy 2.1 eV, and of Cd(l PI), at 5.4 eV, with Are PO,2)' 
For Na*, electronic-to-vibrational energy transfer is 
dominant. 72 For Cde PI), deactivation to Cde PJ ) ap
pears to be the major channel for CO, NO, and several 
hydrocarbons. 76 These findings suggest that the quench
ing mechanisms for Are Po) may differ from those of the 
lower-lying Ar(3 P2 ) state and experiments to probe such 
differences are underway. 77 
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