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The relative populations of the oxygen-atom fine-structure levels *P; have been measured for the bimolecular reaction
H+0,-0H +0 and the unimolecular reaction NO, + Av— NO+ O using two-photon laser-induced fluorescence. In this method
the 3s *S;, « 3p *P; fluorescence intensity at 845 nm is recorded following the two-photon transition 3p *P; +2p °P; at 226 nm.
In the H+ O, reaction, the fine-structure distribution is approximately in the ratio of the statistical degeneracies (5:3:1) ata
collision energy of 1.6 eV, whereas at a collision energy of 2.4 ¢V the population favors the fine-structure levels with lower energies.
For NO, photolysis, the O(°P,) distribution is described by a temperature of 200 K at 355 nm, whereas at 226 nm the O(°P;)
distribution is inverted, i.e. the population distribution favors fine-structure levels with higher energies. Those observations are
compared with predictionsﬁrom a model in which the kinetic energy of the recoiling products is responsible for fine-structure

changing transitions. ‘

1. Introduction

In most bimolecular reactions (full collisions) and
photodissociation processes (half collisions), the re-
sulting products have an open-shell electronic struc-
ture characterized by fine-structure splittings that
result from magnetic interactions (spin-orbit cou-
pling). Despite the prevalence of open-shell prod-
ucts, little attention is given to fine-structure popu-
lation distributions because such distributions are
often difficult to quantify and because the theoreti-
cal interpretation of these branching ratios is at a
primitive stage of development [1]. The advent of
laser techniques for product state analysis has made
it possible to determine fine-structure population
distributions for those systems whose spectroscopy
is well understood. Such measurements may spur
theorists to consider more deeply how these fine-
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structure distributions mirror the dynamics of a bi-
molecular or unimolecular reaction.

In this paper we concentrate on clementary pro-
cesses in which a ground-statc oxygen atom is a
product. Specifically, we study the O(*P,) fine-struc-
ture population distribution for the bimolecular re-
action H+0,-0OH+0 and the unimolecular dis-
sociation process NO,+hrv—-NO+0. For the oxygen
atomn, P, is the lowest-lying multiplet, °P, lies 158.5
cm~! above °P,, and P, lies 68 cm ™' above P, [2].
Tunable UV and VUV lasers make the interroga-
tion of the O(®P;) fine-structure levels possible.
Miyawaki et al. [3] have used one-photon laser-in-
duced fluorescence (LIF) at 130 nm (3s3S+2p °P).
Bamford, Jusinksi and Bischel [4] have used two-
photon LIF at 226 nm (3p°P; «2p°P;) in which
either the 3s %S, «3p °P;, or 2p°P,. «3p P, transi-
tion was monitored, and several groups [4-6] have
developed (2+ 1) resonance-enhanced multiphoton
ionization (REMPI) via the 3p*P;, level. By now,
the photolytically generated O(°P;) distribution has
been analyzed for a number of molecules, including
NO, [3,7], SO, [8], O; [9], 0,[5,10],CO, [7] and
CO [11]. In addition, the O(*P;} atoms produced
in the reaction H+ O, at 2.1 and 2.5 eV collision
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encrgies have been reported by Matsumi et al. [6].
We describe here our measurements of the O(°P;)
fine-structure population distribution via two-pho-
ton LIF in which the red fluorescence (845 nm) is
monitored. We apply this method to examine the
O(*P,) fine-structure distribution in the H+O, re-
action at collision energies of 1.6 and 2.4 eV and in
the photolysis of NO; at 355 nm (0.52 eV excess en-
ergy), 266, and 226 nm (2.4 ¢V) when NO, is at
room temperature or cooled by nozzle beam expan-
sion. A comparison of our relative population dis-
tribution will be made with those obtained by other
workers under nearly comparable conditions.

2. Experimental

The experimental setup has been described in de-
tail elsewhere [12,13]. As shown in fig. 1, two coun-
terpropagating laser beams are focused and over-
lapped in the center of a reaction vessel in which
reactant gases are mixed with a total pressure on the
order of 100 mTorr (10 Pa). The photolysis laser
beam is focused by a | m focal length lens to a spot
size of approximately | mm in diameter. The probe
laser is focused by a 0.5 m focal length lens to a spot
size of approximately 0.2 mm in diameter. Laser-in-
duced fluorescence is collected perpendicular to the
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laser beams and detected with a red-sensitive pho-
tomultiplier (RCA 31034A) using a gated detector
with a 50 ns window. The delay between the pho-
tolysis laser and the probe laser is 30 ns; the gated
detector is opened immediately after the probe laser
is fired. Under these conditions, collisional relaxa-
tion of the O(3P;) product is negligible.

Analysis of the fine-structure population distri-
butions of the O(P;) atom relies upon fluorescence
resulting from the 3p *P; «2p P, two-photon tran-
sitions near 226 nm. This wavelength is generated by
mixing 1064 nm light (the Nd: YAG fundamental)
with the doubled output of a Nd: YAG-pumped dye
laser (Quantel TDLS0; rhodamine 550 dye). The
probe laser has a pulse energy of 1.5 mJ and a band-
width of 0.2 cm~'. Fluorescerice was detected at 845
nm from the 3s°S;, < 3p ’P; transition (lifetime 35
ns [4]). The 3p *P;, fine-structure levels are split by
0.7and 0.2 cm~". Thié splitting was not resolved. By
integrating the fluorescence intensity, the signal is
directly proportional to the relative population of the
O(2p°P,) fine-structure levels, as shown by Saxon
and Eichler [14]. With the use of partially crossed
polarizers, the probe laser power was kept low (<100
wJ/pulse) to minimize probe-aser-induced photol-
ysis as well as amplified spontaneous emission
(ASE). Huang and Gordon [7,10] have shown that
ASE can be a source of experimental error.
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Fig. 1. Schematic of the experimental setup.
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For the study of NO, photolysis, 355 and 266 nm
laser pulses were directed into the reaction vessel.
These wavelengths are generated directly as the third
and fourth harmonics of the 1064 nm output from
a Nd: YAG laser (Quanta Ray DCR 2A). In addi-
tion, probe-laser-induced photolysis of NO, can be
studied at a wavelength of 226 nm,

A microwave discharge source was used to gen-
erate room-temperature oxygen atoms from pure O,.
This allowed a test of the reliability of the detection
method. The relative population of the O(*P;) mul-
tiplet levels was described by a temperature of
293+ 13 K, giving us confidence in our detection
method.

In the study of NO, photodissociation, NO, could
be introduced into the vessel via a pulsed nozzle
(General Valve, Inc., diameter of orifice 500 pm,
measured pulse duration 600 ps) to study the effect
of rotational cooling of reagents on the product ox-
ygen-atom fine-structure distribution. In this study,
only the probe-laser-induced photolysis was inves-
tigated.

The H+ O, reaction was initiated by photolysis of
HI at 266 or at 226 nm (the probe-laser wave-
length). The collision energies of the resulting H at-
oms at 266 nm are 1.6 and 0.7 ¢V, resulting from
production of I atoms in its ground fine-structure
level (*P5,,) or excited fine-structure level (°P, ).
At 226 nm, the collision energies of the H atoms are
2.4 and 1.5 eV. The experimental technique devel-
oped by Rinnen et al. [15] has been used to remove
the contribution of reaction products formed after
photolysis of the HI by the focused probe laser. For
this purpose the time delay between the photolysis
and probe lasers was varied shot by shot between
7=15 ns and t=70 ns. The difference in the mea-
sured fluorescence signal as a function of time delay
then reflects the buildup of product oxygen atoms
induced by the 266 nm photolysis laser itself. The
probe-laser-induced reaction contributes equally to
both signals, and this contribution is eliminated by
subtraction. The fluorescence signals, accumulated
over 10-40 laser shots, were corrected for long-term
laser power fluctuations before being converted to
fine-structure relative populations. The number of
shots accumulated per point was varied depending
on the signal intensity to obtain a satisfactory signal-
to-noise ratio.
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3. Results and discussion
3.1. NO, photolysis

Fig. 2 shows the LIF spectra of the O(°P;) product
of the photodissociation process NO,+h2y—-NQO+0
at three different photolysis wavelengths. Table 1
summarizes the relative population distributions and
compares these results to those obtained from a mi-
crowave discharge of O,, which gives a statistical dis-
tribution at a temperature of 293+ 13 K, and with
a theoretical distribution for infinite temperature. It
is seen that the population in the higher fine-struc-
ture levels grows with increasing photolysis energy.
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Fig. 2. LIF spectra of O(°P;) lines measured using detection of
the 845 nm fluorescence from the two-photon excitation near 226
nm. Photolysis of NO, is induced at (a) 355 nm, (b) 266 nm,
and (¢) =226 nm.
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Measured O (*P;) distributions from photolysis of NO,. The errors in parentheses represent one standard deviation

Conditions Jj=2 Jj=1 j=0 Ref.
microwave discharge ! 1 0.27¢1) 0.07(1) this work
statistical ® 1 0.60 0.20

355 nm photolysis, bulk I 0.18(1) 0.04(1) this work
355 nm photolysis, seeded beam (1) 1 0.19(4) 0.03(1) (31

351 nm photolysis, bulk 1 0.15(3) 0.07(3) [7]

337 nm photolysis, seeded beam (1) © 1 0.23(5) 0.04(1) 31

266 nm photolysis, bulk 1 0.23(2) 0.07(2) this work
266 nm photolysis, seeded beam (1) © I 0.17(4) 0.03(1) 3]

226 nm photolysis, bulk 1 0.71(3) 0.25(3) this work
226 nm photolysis, neat expansion (1) 4 | 0.68(3) 0.27(1) this work
226 nm photolysis, neat expansion (2) 4 1 0.61(3) 0.22(1) this work
226 nm photolysis, neat expansion (3) ¢ 1 0.52(4) 0.20(1) this work
226 nm photolysis, seeded beam (1) ¢ 1 0.50(5) 0.17(3) this work
226 nm photolysis, seeded beam (2) © 1 0.50(5) 0.17(3) this work
226 nm photolysis, bulk 1 0.59(9) 0.26(4) [7

226 nm photolysis, bulk 1 0.62(6) 0.29(8) [18]

212 nm photolysis, seeded beam (1) © 1 0.35(7) 0.08(1) [3]

) This distribution reflects a temperature T=293(13) K.

b Reflecting the 2j+ I degeneracy factors (i.c. infinite temperature).
(1) 10:1 He:NO,, (2) 100: 1 Ne:NO, 560 Torr stagnation pressure.

9 (1) 72 Torr, (2) 230 Torr, (3) 590 Torr stagnation pressure.

At a photolysis wavelength of 355 nm, the O(’P))
fine-structure distribution is described by a temper-
ature of approximately 200 K; at 266 nm, this dis-
tribution only changes moderately; whereas at 226
nm, the distribution has a negative temperature, 1.e.
higher multiplet levels are more populated than lower
ones, after correcting for the (2j+ 1) statistical de-
generacy of each level /. We note that at 226 nm, there
is sufficient energy to form NO+O('D). Clearly,
some drastic change occurs on decreasing the pho-
tolysis wavelength.

In a separate experiment the dependence of the
observed LIF signal on probe laser power was in-
vestigated. For 355 nm photolysis, the LIF signal
varies as the square of the probe laser power, which
is expected for a two-photon process. In contrast, for
226 nm photolysis, the LIF signal varies as the cube
of the probe laser power, as anticipated for a process
in which the same wavelength causes (one-photon)
photolysis as well as two-photon LIF. The detection
sensitivity for O (®P;) is approximately 4 X 10° atoms
cm ™3, which appears to be an order of magnitude
more sensitive than the (2+1) REMPI detection
scheme reported by Sultan, Baravian and Jolly [16].

We observe changes in the measured distributions

when NO, is expanded from a pulsed nozzle. As seen
in table 1, the distribution becomes colder with in-
creasing stagnation pressure. This effect is indepen-
dent of whether the stagnation pressure stems from
NO, itself or a seeding gas, indicating that it is not
a consequence of the formation of NO, dimers or
clusters in the expansion. Also, because NO, is pho-
tolyzed and O(°P) is probed within the same laser
pulse (i.e. within a maximum time delay of 5 ns of
each other), the O atoms experience negligible cool-
ing of the translational and internal degrees of free-
dom within the nozzle heam before they are de-
tected. Such cooling has been seen to pool population
in the lowest fine-structure state in NH, for example
[17]. Thus, although the available energy upon ro-
tational cooling is very small (2%) with respect to
the observed changes, it appears that the rovibra-
tional state of the NO, influences directly the pho-
todissociation dynamics, with lower energy NO,
states giving rise to electronically “colder” O atoms.

A variety of techniques has been used to probe the
fine-structure distribution of oxygen atoms pro-
duced in the photolysis of NO,. Gordon [7] has used
two-photon LIF, detecting both the 845 nm fluores-
cence and VUV fluorescence at 130 nm, while
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Orlando et al. [18] have probed O atoms using a
REMPI scheme. Both of these studies agree with the
present results to within respective error bars, as seen
in table 1. Miyawaki et al. [3] have determined the
O(®P,) fine-structure distribution from the photol-
ysis of NO, at 355, 337, 266 and 212 nm using sin-
gle-photon LIF detection. The NO, gas was seeded
in He gas in these studies. Nevertheless, the fine-
structure distributions are comparable with our re-
sults for NO, gas at room temperature at those wave-
lengths where they can be compared (see table 1).
We conclude that several reliable techniques exist to
determine the relative population of the O(°P,) fine-
structure levels.

Zacharias et al. [19] measured the product state
distributions of the NO(°Ilg, », N) resulting from
NO, photodissociation. They observed an increase
in the 15,71, ratio (*I1,, being the higher en-
ergy spin-orbit component) when the photolysis
wavelength is changed from 351 to 307 nm. This re-
sult is in agreement with our finding that higher en-
ergy fine-structure components of O(°P;) are in-
creasingly populated as the photolysis wavelength is
lowered.

NO, photolysis remains poorly understood be-
cause the dissociation process creates two open-shell
fragments, allowing a variety of electronic transi-
tions to occur as the fragments separate. Much more
remains to be learned by continued experimental ef-
forts, such as the measurement of O atom product
velocity distributions as a function of photolysis
wavelength.

3.2. H+0,-0H+ O reaction
The H+0,-0H+O reaction has been studied

previously by many workers. Emphasis has been

Table 2
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placed on the reaction rate as a function of temper-
ature, as determined by various kinctics studies [20-
241, the internal state distributions, and on the OH
reaction product as a function of initial relative col-
lision energy, as revealed by laser-induced fluores-
cence [12,25-28]. In addition, various theoretical
studies have been undertaken to provide insight into
the reaction dynamics [1,29-31]. We concentrate
our attention here on the fine-structure distribution
of the O(°P;) product.

In our studies fast H atoms are generated by pho-
todissociation of HI at 266 and 226 nm. Because of
the branching into different spin—orbit levels of the
iodine atom, each photolysis wavelength produces H
atoms with two different initial relative kinetic ener-
gies. At 266 nm, 64% of the H atoms have a collision
energy of 1.6 eV and 36% have a collision energy of
0.7 eV. Because the H+ O, reaction is endoergic with
a threshold of 0.72 eV [32], the contribution of the
slow H atoms can be neglected at this wavelength. At
226 nm, 90% of the H atoms have a relative collision
energy of 2.4 eV and 10% have a relative collision
energy of 1.5 ¢V, so that both photodissociation
channels lead to reaction. At this wavelength, the
O(’P,) product has approximately a cubed depen-
dence on the laser power, as would be expected.

Table 2 lists the O(*P;) fine-structure population
distributions at the two different photolysis wave-
lengths used. By taking into account the I(*P,,;)/
1(*P;,,) branching ratio and the increased collision
rate of 2.4 eV H atoms compared to 1.5 eV H atoms,
the fine-structure distribution for a collision energy
of 2.4 eV can be extracted from this data by assum-
ing that the reactive cross sections are equal at the
two different collision energies. This result is listed

Measured O (*P;) distributions from the H+0, reaction at 226 nm

Collision energy Jj=2 j=1 j=0 Ref.

(eV)

1.6 1.0 (03) 0.49 (3) 0.20 (2) this work
24415 1.0 (03) 0.33 (1) 0.16 (1) this work
2.4 1 0.31 0.145 this work
2.1 1.0 (03) 0.40 (3) 0.19 (3) 6]

2.5 1.0 (03) 0.30 (3) 0.13 (3) [61
statistical 1 0.60 0.20
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in table 2, which also presents the fine-structure dis-
tribution at infinite temperature.

We note that the O atom reaction product has a
fine-structure distribution that cools with increasing
relative collision energy of the reagents. We also list
in table 2 the O atom fine-structure distribution for
this reaction found by Matsumi et al. [6] using pho-
tolysis of HBr and H,S at 193 nm. It is gratifying to
find that our distribution agrees with theirs.

Graff and Wagner [1] have performed a theoret-
ical treatment of the exothermic reverse reaction
O(*P;)+OH(’II). They have explicitly taken into
account long-range electrostatic and spin-orbit in-
teractions related to the different fine-structure states
and have calculated the corresponding potential sur-
faces. We note here that the OH(*I1,) and O(3P;)
give rise to eighteen doubly degenerate potential en-
ergy surfaces within 400 cm™". The transition prob-
ability between various surfaces is governed by non-
adiabatic couplings. Graff and Wagner found that at
collision energies lower than 100 meV (1000 K) only
the O(°P,_,) +OH(*Tl,_;,;) channel is reactive.
Transitions between fine-structure states are not ex-
pected below collision energies of 0.8-2.1 eV [2].
From the work of Graff and Wagner it might be ex-
pected that the reactions proceed adiabatically. The
present experimental results, together with those of
Matsumi et al., suggest otherwise; that is, nonadi-
abatic transitions play an important role in the re-
action dynamics for H+O,-OH+0O. Apparently
changes in the fine structure occur in the exit chan-
nel, caused by the kinetic energy of the recoiling
products. Clearly, more theoretical work is needed to
understand the H+O, reaction. Conversely, the
present measurements may serve Lo guide more so-
phisticated theoretical treatments.
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