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Nonequilibrium population of the first vibrational level of O,(1X)
molecules in O,—0,('A)-H,O gas flow at the output of chemical

singlet-oxygen generator

M.V. Zagidullin

Abstract. The concentrations of electron-excited particles have
been determined by measuring the absolute spectral irradiance in
the range of 600—800 nm of O,—0,('A)-H,O gas mixture at the
output of a chemical singlet-oxygen generator (SOG). A nonequi-
librium population of the first vibrational level of O,('Z) molecules
has been clearly observed and found to depend on the water vapour
content. In correspondence with the results of these measure-
ments and according to the analysis of kinetics processes in the
0,-0,('A)-H,0 mixture, the maximum number of vibrational
quanta generated in the O,('A) + O,('A) = 0,('Z) + 0,(3) reac-
tion is 0.05+0.03. It is concluded that the vibrational population of
0,('A) at the output of the SOG used in a chemical oxygen—iodine
laser is close to thermal equilibrium value.

Keywords: singlet oxygen, vibrational excitation, oxygen—iodine
laser.

1. Introduction

The exchange in vibrational energy and its relaxation in
0,-H,0 gas mixture is of interest for physics of atmosphere
[1,2]; these processes have also been investigated in post-dis-
charge oxygen flow [3]. The O,—0,(a'A)—H,O mixture serves
as an energy source in a chemical oxygen —iodine laser (COIL).
Despite significant progress in the development of high-power
COILs, the mechanism of dissociation of the molecular iodine
mixed with an O,—0,(a)—H,O flow is still to be understood.
In some kinetic models the energy transfer from vibrationally
excited O,(a) molecules to iodine is assumed to be the primary
stage of their dissociation [4]. In this context, it is interesting to
know to what extent the populations of levels of vibrationally
excited oxygen molecules in O,—0,(a)-H,O gas mixture
exceed their thermal equilibrium populations. This excess of
the population of vibrational levels of oxygen molecules above
the thermal value is obviously determined by the ratio of the
pump and relaxation rates of vibrational levels of these mole-
cules. In a chemical singlet-oxygen generator (SOG) O,(a) mol-
ecules are produced in the reaction of gaseous chlorine with an
alkaline solution of hydrogen peroxide [5]. In the
0,-0,(a)—H,0 mixture, emerging from the peroxide alkaline
solution, oxygen molecules in the second electron-excited
state b'Y are formed in the reaction
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Oy(a) + Oy(a) = O,(b) + 05(X) (1
which is followed by the quenching reaction

05(b) + H,O — O5(a) (or O5(X)) + Hy0. 2

Reactions (1) and (2) can be primary sources of vibrationally
excited O, and H,O molecules [6—8]. Fast VV [9] and EE
exchanges [1] between oxygen molecules lead to the formation
of a vibrational reservoir, which contains oxygen molecules in
the X, a, and b states. Water molecules are captured by this
reservoir through the fast resonant VV exchange with oxygen
molecules [10]. However, VR and VT relaxations, as well as
the deexcitation on walls lead to energy loss from this reser-
voir. It was previously established that the probability of
forming O,(b,v=2) in reaction (1) is 0.64, whereas the prob-
ability of forming O,(b,v =1) does not exceed 0.04 [3]. In the
earlier publication [6] the probability of O,(b,v=1) produc-
tion in reaction (1) was found to be 0.05, but no O, (b,v=2)
molecules were found. As far as we know, there are no other
data in the literature on quantitative determination of the
yield of vibrationally excited oxygen molecules in reactions
(1) and (2).

The purpose of this study was to determine the excess con-
tent of vibrationally excited O,(b) and O,(a) molecules above
their thermal equilibrium content, depending on the amount
of water vapour in the O,—0,(a)—H,O gas mixture generated
by a SOG and estimate the maximum number of vibrational
quanta formed in oxygen molecules as a result of reaction (1).

2. Experimental

A schematic of the experimental setup is shown in Fig. 1. An
0,-0,(a)-H,0 gas mixture was formed by a jet SOG [11],
which worked at a temperature of hydrogen peroxide alkaline
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Figure 1. Schematic of the experimental setup: (/) SOG, (2) WVT,
(3) bath with coolant, (4) ORDERS, (5) AvaSpec-3648 spectrometer,
and (6) optical cell.
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solution of —13°C and a chlorine molar flow rates of 0.4 mmol s,
and transmitted through a water vapour trap (WVT). The
trap is followed by an optical diagnostic system (ODS) — a
caprolon channel having a rectangular cross section and the
following sizes: length 8 cm, width L = 2.5 cm, and height 0.8
or 1.5 cm, with several holes closed by optical windows 2 mm
thick. The experiments were performed at a total pressure of
26 Torr in the SOG and ODS. The absolute spectral irradi-
ance of the O,—05(a)—H,O mixture in the range of 600—800
nm was measured with an AvaSpec-3648 optical fibre spec-
trometer (Avantes, Netherlands) with a CCD detector line. The
absolute spectral sensitivity R of the spectrometer (in photons
counts™! cm? nm™') was calibrated by the manufacturer with
an error of 9.5%. By definition, the R(4)34 value is the num-
ber of photons emitted from 1 cm? of the surface of diffuse
continuous-spectrum source into a narrow spectral range
A,A+084, corresponding to one pixel of the CCD line, which
leads (at the detecting fibre axis oriented normally to the
emitting surface) to an increase in the number of its counts by
unity. The receiving end of the optical fibre was located
directly before the optical window. The spectrometer recorded
the radiation from only the bulk of the gas present in a cone
with an angle of 15° and the vertex located in the fibre core, or
only from the central part of the gas flow: a layer with a height
oh = 2 mm between the ODS walls. Simultaneously we
recorded collision-induced emission spectra: O,(a,v=0) +
0,(a,v=0) = 0,(X,v=0) + O,(X,v=0) + /v ((0,0-0,0) band,
A = 634 nm); Oy(a,v=0) + Oy(a,v=0) = O,(X,v=1) +
O,(X,v=0) + v ((0,0-0,1) band, 4 = 703 nm); and (0-0),
(1-1), (1-0), and (2—-2) bands of the b—=X system. The
number of counts of the CCD line C(4) was used to determine
the specific volume spectral irradiance Sey,(4) = 4C(A)R(1)/
(t.LT;) of the gas in the ODS. Here, T, = 0.92 is the optical-
window transmittance in the range 4 = 600—800 nm and z, is
the exposure time. The absolute concentrations n, and ny, of
O,(a,v=0) and O,(b,u=0) molecules were found from the
relations

kqn2 = f Sexp(A)dA,  Apmy = f Sexp (A)d1, 3)

where kq = (6.06 £ 0.19)x 1023 cm? s ! is the collision-induced
emission rate [(0,0—0,0) band] and 4, = (7.48 £0.08)x 102 5!
is the Einstein coefficient of the b—X(0-0) transition. The
integration in the right-hand side of (3) was performed over
the corresponding spectral bands. The k4 value was deter-
mined from the relation
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where By = (3.23 £0.1)x 104} cm* is the integrated cross sec-
tion of collision-induced absorption O(X,v=0) + O,(X,v=0) +
hv = Oy(a,v=0) + Oy(a,v=0) [12]; gjow/gup = 1 is the ratio of
statistical weights of the states of O,(a): O(a) and O,(X): 0,(X)
dimoles, involved in the radiative process [13]; and A = 634 nm
is the central wavelength of the collision-induced absorption
band. The Einstein coefficient 4, was calculated using the lat-
est data for the b—X (0-0) band strength [14].

The water vapour content in the ODS is estimated using
the condition for the balance of production (1) and destruc-
tion (2) rates of O,(b) molecules: kyn2 = k,nyny; hence,

ki ni
ny = -——, 4
W= 0
where n,, is the water concentration; k; = (2.7+0.4)%

107 cm?® s and k, = (6.7 £0.53)x 107! cm?® 57! are the rate
constant of reactions (1) [15] and (2) [16], respectively. As will
be shown below, formula (4) fairly exactly determines the water
concentration, because in the experiments the destruction rate
of O,(b) molecules in reaction (2) significantly exceeds their
destruction rate upon collisions with O, and Cl, molecules and
on ODS walls. When calculating n,,, we assumed that the ratio
ki/k, is temperature-independent in the range of 300-400 K.
The error in determining n,, from formula (4) was estimated
to be about 30% (because of the uncertainty in the k1, k,, and
R values).

To estimate the gas temperature and O,(b,v=1) content,
we compared the experimental and synthesised emission
spectra of the b—X transition in O, molecules. The partially
resolved rotational structure of the b—X (0—0) band was syn-
thesised using the HITRAN database [17] and the instrumental
function of the spectrometer at a wavelength of 762 nm. The
total synthesised spectrum of the b—X (0-0) and b—X(1-1)
bands can be presented as

S(l, T) = SOO(A" T) + S]](l, T)a (5)

where Syy(4, T) and S|;(A, T) = 0.85/,1Se0(A — AL, T') are the
synthesised spectra of the (0-0) and (1-1) bands at a rota-
tional temperature T; fy; = nyi/ny, is the O,(b,v=1) fraction;
ny1 1s the O,(b,v=1) concentration; 0.85 is the ratio of Franck—
Condon factors [18] of the (1-1) and (0-0) transitions of
the b—X system; and AL = 8.91 nm is the spectral shift of the
(0-0) and (1-1) bands. Both S¢,,(4) and S(4, T') were norma-
lised to unity in the spectral peak of the R branch of the (0-0)
band. S(A, T) was fitted to Se,(4) in the wavelength range of
763—780 nm to determine 7 and f,;. The total content fy,; was
represented as the sum of two components: fi; = foir + foi1
where fi,;7 = exp(-2021/T) is the thermal equilibrium content
of Oy(b,v=1) molecules and fi, is its nonequilibrium fraction.

The chlorine concentration was determined (with an error
of 2x 105 cm3) from the absorption of nitrogen laser radia-
tion in the optical cell located below the ODS (along the flow
direction), where the gas temperature was equal to that of
walls (295 K). The pressures in the SOG, ODS, and optical
cell were measured with an error of 1.5%. The known values
of pressure, temperature, and concentrations n, 1,, and n, in
the ODS were used to calculate the chlorine concentration
(ncy,) and the total concentration oxygen (no,), the water con-
tent (F,, = ny/no,), the Oy(a) yield (Y =n,/ng,), and the degree
of chlorine utilisation (Ug, = no,/(nci, + no,))-

3. Results

One of the C(4) spectra recorded for the exposure time 7, = 4 s
is shown as an example in Fig. 2. These spectra were mea-
sured at a WVT temperature of —80°C for an ODS 0.8 cm
high, through an optical window located 4 cm below (along the
flow) the WVT output. No emission in the (2—-2) (A = 780 nm)
and (2—-1) (1 = 695 nm) bands of the b—X transition was
revealed. The presence of O,(b,v=1) molecules in the gas flow
is evidenced by the (1-0) emission band (Fig. 2, inset) against
the background of the collision-induced (0,0—-1,0) band. The
normalised Sey,(4) and Sgy(4,370 K) spectra of the b—X sys-
tem in the range of 763—778 nm are presented in Fig. 3. First,
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Figure 2. Emission spectrum of singlet oxygen in the range of 600—800 nm.
The inset shows the emission spectrum in the range of 680—710 nm, mag-
nified by a factor of 20.

Sexp(l) - SOO(}'a T)

— 0.6
g z 0.015
[
- e ~
< M 0.010
~ <
S < 0.005
0.2 fdgj 0 : . . .
P branch 768 771 774 A/nm
of the (0-0)
0.0 Fband
765 770 775 A/nm

Figure 3. Normalised experimental Se,(4) (®) spectrum Sy(4,370 K)
and synthesised spectrum (solid line) of O,(b) emission in the range of
763-778 nm. The insets show (top) the difference Sey,(1) — Spo(4, T) in
the peak of the P branch of the b—X(0-0) band at three temperatures
and (bottom) the difference Sey,(4) — Spo(4,370 K) (1) and synthesised
S11(4,370 K) spectrum (2) at fi,; = 0.014.

the synthesised Syy(4, T') spectrum was fitted to Se,,(4) near
the peak of the P branch of the b—X (0—0) band. Figure 3 (top
inset) shows the difference Sey, — Soo(4,T) in the range of
763.5-766.5 nm for three temperatures 7 to illustrate the
fitting procedure. Since the minimum of | Sey, — Soo(4, T)| is
obtained at 7 = 370 K and the differences |Spy(4,370 K) —
Soo(4,380 K)| and |Syy(4,370 K) — Spo(4, 360 K)| exceed the
relative noise level of the CCD line (10-3), the gas temperature
is 370 K with an error not larger than 10 K. The difference
Sexp(4) = Soo(4, 370 K) in the wavelength range of 767—778 nm
is shown in Fig. 3 (bottom inset). The minimum discrepancy
between S1,(4,370 K) and Seyp(4) — Sgo(4,370 K) in Eqn (5) is
obtained at f;,; = 1.4x1072. Thus, in this specific test the ther-
mal part of the content of vibrationally excited O,(b,v=1) is

foir = (42x£1)x1073 and the nonequilibrium part is f,;; =
Jfor —foir= (1£0.1)x1072. The error of +1073 in determining
Jfo1x 18 due to the uncertainty in the gas temperature (=10 K)
and the CCD line noise (=5 counts). In this specific experiment
we obtained the following concentration components: ng, =
6.6x10"7 cm=, 1, =2.3x10"7 cm™ (Y = 34%), n, = 8.5x10* cm 3,
ney, = 2.8x10'% cm (Ugy, = 94%), and ny, = 2x 10" em 3 (F,, =
3x107%). The error in determining n,, and F,, from (4) in this
test can be estimated as follows. At the maximum (from the
known values) probability of O,(b) destruction on nonmetal-
lic surfaces, ~1072 [6], an estimation of the O,(b) destruction
rate on walls yields ~ 60 s [15]. The total O,(b) destruction rate
under interaction with O,(X) and Cl, molecules is estimated
to be 40 s~! at the corresponding quenching-rate constants of
4x1077 cm?s1[19] and 4.5x 1071 cm? s 71 [20], respectively. The
0,(b) destruction rate in reaction (2) is 1.3x103 s . Thus, the
systematic error in determining n,, from (4) does not exceed 8 %.

In a series of experiments the water vapour concentration
in the O,(X)—0,(a)-H,O flow was varied by changing the
temperatures of peroxide alkaline solution and coolant in the
WVT. Depending on the WVT temperature and gas-dynamic
conditions, the degree of chlorine utilisation was 90%—98%
and the singlet oxygen yield was 32%-38% at a distance
of 4 cm from the WVT. The gas temperature changed within
340-390 K by varying the O,(a) concentration in the range of
(2.1-2.5)x10"7 cm3. The dependence of f;;, on the water vapour
content F,,, obtained in a series of experiments, is shown in Fig. 4.
It can be seen that the nonequilibrium fraction fy,;;, = 1072
barely changes at F,, < 107, The error in determining F,, can
only shift the upper boundary of this range. Therefore, in this
range of F,, values water molecules are not the main relaxant
for vibrationally excited oxygen molecules. Random changes
in the degree of chlorine utilisation within 90% —98% from
test to test did not affect the £, value. Beginning with 1073,
an increase in F, leads to a decrease in the f,;, content, which
is indicative of the increasing role of water molecules in the
relaxation of vibrational energy. At F,, = 1072 the f;;;, = 0
value is approximately zero within an error of 1073,

Soue (107

10 -

il
1073
Figure 4. Dependence of the nonequilibrium content of vibrationally

excited O,(b,v=1) molecules on the fraction of water vapor in the
0,(X) - Oy(a)—H,0 mixture at ODS heights of (=) 8 and (4) 15 mm.

At a water vapour content F,, < 107> a number of experi-
ments were performed with the optical window located 1.5, 6,
and 8 cm below the WVT (along the flow). No rise in f;,;, with
increasing distance from the WVT was found. An increase in
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the distance from the WVT within 4—8 cm led to a change in
the gas temperature from 370 to 350 K, and the concentration
n, changed within (2.3—1.5)x10' cm . At a distance of 1.5 cm
from the WVT the gas temperature was 310 K. For the ODS
with a channel height of 1.5 cm the f;,;;, value generally reached
1.2x1072. Some experiments (Fig. 4) yielded f;;;, = 1.5x102.

4. Analysis and discussion

Let us relate the number of vibrational quanta generated in
reactions (1) and (2) to the found nonequilibrium O,(b,v=1)
content. The prodiction of vibrationally excited O, and H,O
molecules is followed by fast resonant EE and VV exchanges
between oxygen molecules:

0,(b,v=1) + 0,(X,v=0) == 0,(X,v=1) + O5(b,v=0), (6)
0,(b,u=1) + Oy(a,v=0) <= Oy(a,v=1) + Ox(b,v=0), (7)
Ox(a,0=1) + 0,(X,v=0) <= Oy,(X,v=1) + Ox(a,v=0), (8)
0,(X,0=2) + 0,(X,v=0) == O,(X,v=1) + O,(X,v=1), (9)

VV exchange with water molecules,

H,O(1) + O5(0) = H,0(0) + O5(1) (10)
and vibrational relaxation

0,(1) + M —= 0y(0) + M, (11)

0,(1) + wall = O(0) + wall, (12)

H,O(1) + M —= H,0(0) + M, (13)

H,0O(1) + wall —= H,0(0) + wall. (14)

Here, H,O(1) = H,0(010); H,O(0) = H,0(000), and O,(0) and
O,(1) are oxygen molecules with v=0 and v =1, respectively,
in any electronic state. The rate constants of direct reactions
(in cm3 s7!) are as follows: kg = 1.5x 1071 [21], kg = 5.6x 10!
[1], ko =2x10 713 [9], k(M = Oy, T=370K) = 1017, k(M =
H,0) = 4x10°15, k%M = H,0) = 5.1x10° !, k(M = 0,) =
4x10714 [10], k35 = 6.6x10°13 for O,(X) [10]. Since O(X) and
0O,(a) molecules are characterised by similar energies of vibra-
tional quanta, it is reasonable to assume that ki) = kiy for
O5(a) in reaction (10). The rate constants of the reverse reac-
tions ki, = kN exp[(Ex — Ey)/T] and k%, = kiyX exp[(E, —
E,)/T], where E,, = 2295 K, Ex = 2239 K, and E, = 2134 K
are the vibrational energies of H,O(1), O,(X,v=1), and
O,(a,v=1) molecules, respectively. The rate constant k{7 is
assumed to be the same for Oy(X,v=1) and O,(a,v=1) mole-
cules [22,23].

As far as we know, the rate constant k5 of reaction (7) has
not been measured, but it is pertinent to equate it to 10! cm?s !,
as for reactions (6) and (8). The rate constants of reverse reac-
tions (6)—(8) are as follows: k¢, = k¢X exp[(Ex — EW)/T], k7, =
krexp[(E, — Ep)IT], kg, = kgexp[(Ex — E,)/T]. Since the depen-
dence of f,,1, on the degree of chlorine utilisation was not observed
in these experiments, we can suggest that k52(M = Cl,) < k7.

The destruction rate of vibrationally excited molecules of the
ith type, concentrated in a narrow layer between the ODS walls,
on these walls can be estimated from the formula

A
KC! - <8D + Zjlyl) )

(15)

where y; is the surface deexcitation coefficient, u is the aver-
age thermal velocity, D is the diffusion coefficient, and / is the
ODS height. For the on-wall H,O(1) deexcitation probability
vw ~ 1 the H,O(1) destruction rate is K, ~ 10% ¢ ..

Let us find fy,; at F,, < 107 The rate of EE-exchange reac-
tions (6)—(9) significantly exceed the rate of reactions (10)—(14),
because under our experimental conditions n,, << n,, ny, 1, <<
Ny, nx, Ny << N1, Nx1, where ISUAROE and ny are Oz(b,v = l),
Oy(a,v=1), O,(X,v=1), O5(X,v=0) concentrations, respec-
tively. The possible formation of O,(v=2) in reactions (1) and
(2) is accompanied by fast EE exchanges O,(b,v=2)+
0,(X,v=0) == Oy(b,v=0) + Oy(X,v=2), Oy(a,v=2)+
0,(X,v=0) = Oy(a,v=0) + Ox(X,v=2) [1] and VV exchange
(9). As a result most of generated vibrational quanta are accu-
mulated in O,(a,v=1) and O,(X,v=1) molecules. The time
scale on which reactions (6)—(8) occur is much smaller than
3% 1072 s — the time of gas flow passage by a distance of 4 cm
from WVT to the spectrum measurement point. Under these
conditions the following equations for the quasi-stationary
relative contents f,; = ny/n, and fi,; = ny/ny, for Ox(a,v=1)
and O,(b,v=1) molecules were obtained in [24, 27]:

prkoFy

1 = Ca + faims = o
Ja1 = Cafii * farrs for = eofik k(L= V)4 Fo¥

+ foirs (16)

where py; is the production probability of O,(b,v=1) in reac-
tion (1); fix = (nax + nxix)/no, is the nonequilibrium part of
the relative content of oxygen molecules in the vibrational
state with v = 1; n,y, and nyy; are nonequilibrium concentra-
tions of O,(a,v=1) and O,(X,v=1) molecules, respectively; c, =
SarlYfur+ (= fxarl ™ o = forr[Yar+ (1= Y) fxar] .

The values fx 7 = exp(—Ex/T) and f, 17 = exp(-E,/T), as
well as the previously found f;,; 7 value, determine the thermal
equilibrium fraction of vibrationally excited molecules in the
corresponding electronic state.

Let us determine the nonequilibrium part fj; of the rela-
tive content of O,(a) and O,(X) molecules in the vibrational
state with v = 1 at F,, < 10->. As was shown above, f;;; does
not increase when the gas flow passes a distance of 4—8 cm
from the WVT. Therefore, both the fi, and fi,;; values are
quasi-stationary along the flow and determined by the bal-
ance between the pumping and vibrational energy relaxation.
Reactions (1) and (2) produce vibrational quanta of O, mol-
ecules at the rate kyn2q, + konyhpg, = kinZ(q, + ¢») and vibra-
tional quanta of H,O molecules at the rate konnym, = kynZms,
because n, = (ki/k,)n2/n,. Here, ¢, and g, are the average
numbers of vibrational oxygen quanta, generated in reactions
(1) and (2), and m, is the average number of ‘bending’ vibra-
tional quanta of water molecules, generated in reaction (2).
Under the experimental conditions kygng, > K, + kj3ny, +
k%znoz; hence, H,O(1) molecules supply vibrational quanta
mainly to the O,(1) reservoir rather than to the thermal reser-
voir, and the total production rate of vibrational oxygen
quanta is kyn2(q, + g, + m,). The relaxation rate of the none-
quilibrium part of vibrational energy, which is independent of
the water concentration, is fx10,(K.o, + klolznoz), where Koo, is
the rate constant of O,(1) vibrational relaxation on walls in pro-
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cess (12). The balance of the production and annihilation rates
of vibrational quanta k\n2(q; + g, + m) = fixno,(Keo, + ki%no,)
yields the following expression for the nonequilibrium part of
relative O,(b,v=1) content:

pika Fy
kel = Y)+ ko~

& (q1 + g2+ m2)k1n§

n [6)
02 KcOz + kllznoz

Joik = (17)

When estimating the sum ¢; + ¢, + m, the second term in (17)
can be neglected, because it is smaller than 103, while fi,,, = 102
at F,, < 1073, According to [15,25], k; = (3.5%0.5)x 1077 cm3 57!
at 7= 370 K. Unfortunately, we could not find any published
data on the O,(1) deexcitation probability yo, in reaction (12).
To evaluate yo, and K.o,, we use the fact that in the above-
described experiments the maximum increase in fp;;, with an
increase in the ODS height from 0.8 to 1.5 cm was a factor of
1.5. Using Eqns (15) and (17), we obtain the estimate yo, =
(0.4—1.5)x107. This value is close to the relaxation coef-
ficient of N,(v=1) molecules on nonmetallic surfaces [26].
At T =370 K, pressure of 26 Torr, and 4 = 0.8 cm, we have
¢y = 1.61 and the relaxation rate Ko, + kPng, = 18-30s71.
Substitution of f;;, = 102and 1, = 2.3x10'7 cm? into Eqn (17)
yields kin2(q; + q» + my) = 107 em> st and g, + ¢o + m, =
0.05%0.03. The error £0.03 for ¢; + ¢, + m, is determined by
the errors of the parameters k; (13%), n2 (9.5%), fix (10%),
and yo,.

The maximum values ¢; = 0.05 and probabilities p;; = ¢,
= 0.05, and p;, = ¢;/2 = 0.025 of production of O,(b,v=1) or
O,(b,v=2), respectively, in reaction (1) were obtained on the
assumption that ¢, = m, = 0 and a zero contribution from
other potential sources of O,(v >0) and H,O(v > 0) molecules.
For example, if deexcitation O,(a) + M — O,(X,v>0) + M
occurs, the parameter ¢;, according to the estimation, should
be even smaller. The value p;; = 0.05 is in agreement with the
result of [6]. The obtained estimate of probability p;, = 0.025
is much smaller than that reported in [3]: 0.64. Note that the
probability p, = 0.64 was obtained in [3] by comparing the
emission intensities of O,(b) molecules from the first three
vibrational levels in post-discharge O, flow. As was noted in
[21], the high content of O,(b,v =2) molecules, observed in [3]
in post-discharge O, flow, is most likely to be caused by the
secondary processes with participation of atomic oxygen.

COILs are most often based on SOGs generating O,—
0,(a)-H,0 gas at a temperature 7> 320 K and relative con-
centrations F,, > 3x102 and Y = 0.6 [8]. In this case, [ Yk{y, +
(1= V)kioelny, > (k{tno, + ki'iny, + Keo,) and (k3no, + kiskny, +
K,) > [Ykiy + (1 - Y)I_cl)f)]noz; i.e., O5(1) molecules dissipate
mainly through the energy transfer to H,O(0) molecules in
reaction (10) with subsequent H,O(1) relaxation. The balance
between pumping and vibrational energy relaxation for oxy-
gen molecules, [Ykio, + (1 - Y)kjodny(fieno,) = kind(gr + q2),
yields [27]

(q1+ g2k Y?

Jik=— .
[kalOr + (1 - Y)kl)(()r]Fw

(18)

After substituting ¢, + ¢, < 0.08, F,, > 3x1072, k; = 3.5x
1017 em? s, k8, = k{5, = 5%103 ecm® 571, and Y = 0.6 into
Eqn (18), we obtain fj; < 10~*. The thermal equilibrium of
O,(a,v=1) content at the SOG output exceeds 103, whereas
its nonequilibrium part £, = ¢, fix < 10* at > 320 K. Accord-
ing to [27], at py, = 0.025 the nonequilibrium O,(a,v=2) con-
tent with respect to O,(a,v=0) is 1077, whereas the thermal
equilibrium O,(a,v=2) content exceeds 10~¢ at 7 > 320 K.

Therefore, at the output of SOGs that are used in COILs, the
vibrational populations of both O,(a,v=1) and O,(a,v=2)
are very close to the thermal equilibrium value. In [5,28], the
Os(a,v=1) content in the O,(X)-0,(a)-—H,0 gas flow at a
high pressure of O,(a) (few tens of Torr) was ~1072. Such a
high O,(a,v=1) content is likely to be caused by the high gas
temperature (above 450 K) at the SOG output as a result of
the heat release in reaction (1) at a high O,(a) pressure [29].

5. Conclusions

The measurements of the absolute spectral irradiance in the
range of 600—800 nm in the O,—0,(a)— H,O gas mixture pro-
duced by a chemical singlet-oxygen generator made it possible
to determine the concentration of electronic-excited particles.
Nonequilibrium population of the first vibrational level of
O,(b) molecules was clearly observed. Under our experimental
conditions, the nonequilibrium O,(b,v =1) content (~10-2) was
found to be independent of the concentration of water vapour
when its relative content did not exceed 10 3. The analysis of
the results obtained, using the data on the kinetic processes in
the O,—0,(a)—H,O mixture, showed the maximum average
number of vibrational quanta generated in reaction (1) is
0.05%0.03. This value is in agreement with the earlier result
of [6]. The predicted content of Oy(a,v=1) and O,(a,v=2) in
the gas mixture at the output of SOGs that is most often used
in chemical oxygen-—iodine lasers corresponds to a greater
extent to thermal equilibrium. Nevertheless, this conclusion
does not exclude the potentially important role of O,(a,v=1)
and O,(a,v=2) molecules in the mechanism of molecular iodine
dissociation in the active medium of oxygen—iodine laser.
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