Quantum Electronics 31(9) 794—798 (2001)

©2001 Kvantovaya Elektronika and Turpion Ltd

ACTIVE MEDIA AND LASERS

PACS numbers: 33.20.Tp; 42.55.Ks
DOI:10.1070/QE2001v031n09ABEH002046

Distribution of O, molecules over vibrational levels
at the output of a singlet-oxygen generator

V N Azyazov, S Yu Pichyugin, V S Safonov, N I Ufimtsev

Abstract. Simple formulas are obtained for determining the
population of the vibrational levels of singlet oxygen gene-
rated chemically in a singlet-oxygen generator. The rate of
decrease in the vibrational energy of oxygen is limited by the
exchange between its first vibrational level and the bending
mode of the water molecule. It is shown that the populations
of singlet oxygen molecules at the second and third vibratio-
nal levels are comparable with the population of oxygen in the
excited electronic state b 'E +. The possibility of formation of
electronically excited 10d1ne in the reaction O, (a A ,0=2)
+ Li(X) = 0,(X E ) + O,(4°11,,), which may be the inter-
mediate state in the process of dissociation of iodine in sin-
glet-oxygen medium, is substantiated.
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The emission spectra of an oxygen dimole at the output of a
chemical singlet-oxygen generator (SOG) were recorded in
Ref. [1]. A comparison of the intensities of the emission
bands at 579 and 634 nm showed a considerable deviation
of the population of oxygen at the first vibrational level
from equilibrium. The vibrationally excited singlet oxygen
(SO) may play a significant role in the formation of the
active medium of an oxygen —iodine laser, especially during
the dissociation of I, [2, 3], whose mechanism has not been
established unequivocally so far. In subsequent publications
[3, 4], a number of arguments were put forth suggesting that
the intermediate state during the dissociation of iodine is its
excited electronic state 1,(A’ 31'121,). It was assumed in Ref.
[3] that this state is populated through the reaction

OQ(LZ, L=

1) + 1 (X) — Oy(X) + I,(4"), (D

while the following reaction was proposed in Ref. [4]:
02([1, V=

0) + L(X, 10 < v < 20) — O,(X) + L,(4). (2)

Hereafter, O,(X), O,(a), OZ(b) are the oxygen molecules in
the electronic states X 2, ¢ and b2+, respectively,
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I,(X), I,(4'), and 1,(4) are the iodine molecules in the ele-
ctronic states XIZZI, A3, A%, respectively.

Vibrationally excited SO with v > 1 can also be involved
in the dissociation of I,. For example, it was assumed in
Ref. [5] that iodine dissociates during the process

O,(a,v=3) + L(X) — 0,(X) 4+ 21. 3)
Note that the excitation energies of the states of O, (a,
v=2) and I,(A) are almost identical (equal to 10823 and
10847 cm ™!, respectively). It can be assumed that the reso-
nance energy exchange between these states occurs in the
process

Os(a,v =2) + I1(X) < Oy(X) + 11 (4). “4)
The I,(A) state was observed during the dissociation of I, in
Ref. [6]. This excited electronic state can also be the
intermediate state in the dissociation of iodine in the SO
medium.

Thus, the processes involving the vibrationally excited
SO may dominate during the dissociation of molecular
iodine, and hence it should be certainly interesting to
determine the population of vibrational states of O,(a,v)
during the formation of the active medium of the oxygen—
iodine laser. This work is devoted to the study of the
distribution of oxygen molecules over the vibrational levels
at the output of a SOG.

The gaseous mixture at the output of the SOG consists
of oxygen, chlorine Cl, unreacted in the generator, a buffer
gas (N,, Ar or He), water (H,O) and hydrogen peroxide
(H,O,) vapours. The vibrational kinetics in this gaseous
mixture is mainly determined by the processes involving O,
and H,O molecules [3]. We will assume that the mixture
emerging from the SOG consists of only two gases — oxygen
and water vapour, with characteristic concentrations No ~

10" — 10" cm™ and N, ~ 10" — 3 x 10'® cm ™, respectiv-
ely. Oxygen may be in one of the electronic states X 32
1A and b 2+ with concentrations Ny, N,, N, and the
fractlon of the electronically excited singlet oxygen O,(a)
in the entire mass of oxygen may be significant: 5, =
N,/No ~ 0.4 — 1, where Nog = Ny + N,+N,,.
The relaxation of SO in the pooling reaction

0,(a) 4+ 0,(a) — O,(b,v) + 0, (X, V) (5

occurs with a characteristic time t, = (KsN,)~' ~ 0.01—
0.1 s, where Kjs is the rate constant for reaction (5). Such a
lifetime makes it possible to transport SO over relatively
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Table 1. Rate constants for the reactions in the O, — H,O medium

Rate constant K,‘/cm3 st References
Ks=2x10"" 7
Ks=6.7x 10712 [8]

K; =10712 [9, 10]

Ky =17x10"" [11]

K =2x10""8 [12]

Ky =1071° [13]
Kip=3x10"1 [3,14]

Ky =5x10"" [15]

large distances with insignificant losses. Table 1 contains
the numerical values of the rate constants of reactions
employed by us.

The electronically excited oxygen O,(b) formed in
reaction (5) is quenched upon collisions with water mole-
cules:

0,(b) + H,0 — O, (a,v) + H,0(v"); (6)

the characteristic quenching time being 14 = (K6NW)_1%
107° = 107*s. The steady-state concentration N, of the
electronically excited oxygen in the gas flow is established
during the same time. The fraction of O,(b) in the total
mass of oxygen 1, = N,/Ng is insignificant and can be
determined to a high degree of accuracy from the balance
of the rates of its production in reaction (5) and its
reduction in reaction (6): n, = Ksni/(KwW) ~107° - 1074
(see Table 1 and Fig. 1), where n,, = Ny /No.

The vibrational levels of oxygen are populated at the
output of SOG during electronic energy deactivation
processes (5) and (6). Oxygen is produced in reaction (5)
mainly at the second vibrational level [16]. The information
about the distribution of vibrational energy in the products
of reaction (6) is scarce. The probability of the vibrational
excitation of H,O(001) was estimated as 0.1 in Ref. [17].
Apparently, the main part of the energy released in the
reaction is spent for exciting the vibrational levels of oxygen
up to v =3.

The redistribution of the vibrational quanta between the
vibrational levels of SO occurs during the VV exchange:

OZ(a7U)+OZ(aaU,) <—>02((1,U— 1)+O2(a7u/+1)7 (7)

while the redistribution between the electronic states occurs
during the VV' exchange

0,(a,v) + 0,(X, V') « Oy(a,v — 1) + Oy (X, v + 1),
and the EE exchange
0, (a,v) + 0,(X, V') < Oy(X,v) + Oy(a, ). 8)

The characteristic time of the vibrational-distribution
establishment in oxygen is 7tyy = (K7No)’1 ~107°—
107> s, which is much smaller than the characteristic
relaxation time of SO.

A distinguishing feature of the oxygen medium is the low
rate of VT relaxation (see Table 1)

OZ(U)—’—M_)OZ(U_ 1)+M7 M:OZaHZOa (9)

with a characteristic time tyy = (K9 N, + KgoNO)’lz 0.1—

1 s. The conversion of the vibrational energy of O, into
thermal energy mainly occurs as follows [3]. At the first
stage, oxygen transfers vibrational quanta to water
molecules during the process

0,(v) + H,0O (000) — O,(v— 1) + H,0O (010). (10)
At the second stage, the vibrational energy is transferred to
the translational degrees of freedom during the process

H,0 (010) + H,O — H,0 (000) + H,O. (1D
It has been established experimentally [1] that the fraction
of vibrationally excited oxygen at the first vibrational level
at the SOG output does not exceed a few percent. The
population of oxygen at the levels v > 2 is even smaller than
at the first level, i.e., n; = N;/Ng < 1(i=1,2,...), where N,
is the oxygen concentration at the ith vibrational level.
Note that tyt > Tyy, 1, <€ - In this case, the vibrational
quanta are transferred to the first vibrational level of
oxygen in fact without any losses during the VV and VV'
exchange processes. Because the concentration N; of
oxygen at the first vibrational level is much higher than
at the higher vibrational levels, the process (10) makes a
significant contribution to a decrease in the number of
vibrational quanta of oxygen for the first level only.

Under quasi-equilibrium conditions, the concentration
of oxygen molecules at the first vibrational level and of
water molecules H,O(010) can be determined from the ba-
lance between the rates of formation and disappearance of
these molecules under the assumption that the distribution
of vibrational energy is established rapidly for all three
electronic states of oxygen:

nKsN2 — KigN\ Ny, + K1gNyi No exp(AE/kT) — Ny (K> N

(12)
+ K" Ny) + (K N§ + K*NoN,, ) exp(—E, [kT) = 0,

KioN, Ny, — K1gNy No exp(AE/kT) + mKsN?
(13)
— K11 NyNy1 + K Ny exp(—Ey /kT) = 0.

Here, N, is the concentration of H,O(010) molecules;
AE = E, —E; E, and E| are the energies of the vibrational
level of H,O(010) and of the first level of O,; n is the total
number of vibrational quanta of O, formed in reactions (5)
and (6); m is the average number of vibrational quanta for
the bending mode of the water molecule, which are excited
in reaction (6); K& and K, are the rate constants of pro-
cesses (9) and (10) for v=1. Because 1, > 74, the
deactivation rate of the electron energy is limited by
process (5). Eqn (13) takes into account the fact that the
VV exchange between the valence and bending modes of
H,O occurs much faster than the VT relaxation of valence
modes [3, 15].

The deactivation of the electronic energy in reaction (6)
may be accompanied by the excitation of SO molecules to
vibrational levels up to v = 3. Estimates show that vibra-
tionally excited oxygen with v = 2, 3 may play an active role
in the formation of the active medium of the oxygen —iodine
laser if its fraction in the total mass of oxygen is #; > 107°.
The concentration of oxygen molecules at these levels can be
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determined from the balance equations analogous to (12)
and (13):

7,KsN; + K NP + K3 0N3No

—K>gNoNo — K | NoNp =0, (14)

73Ks5N; + Ky 1NNy — K30N3Ng =0, (15)
where 7, is the sum of the excitation probabilities of the ith
vibrational level of O, in processes (5) and (6), and K;; are
the rate constants of the VV exchange [18]. The first terms
in Eqns (14) and (15) describe the pumping rate for the
corresponding level in processes (5) and (6), while the
remaining terms describe the single-quantum exchanges
between the vibrational levels of oxygen. Only the most
significant processes have been taken into account in
Eqns (14) and (15). If the pumping rate for the ith level
in processes (5) and (6) is much lower than the VV
exchange rate (i.e., the first term in Eqns (14) and (15) is
much smaller than the remaining terms), the well-known
Treanor distribution of oxygen molecules over vibrational
levels is established [18]:

Nn = NO CXp(—@I’Z) exp(_En/kT)a (16)
where E, is the energy of the nth vibrational level of the O,
molecule; a parameter § does not depend on the level
number and can be expressed in terms of the population of
the first vibrational level: 0 =In(No/N;)— E;/kT. The
population N; of the first level is determined from
Eqns (12) and (13).

Consider the characteristic parameters of a gaseous
medium, which are realised at the output of a SOG, namely,
ny=04-1and n, =0.01 —0.1. The case n,, <0.01 was
considered in Ref. [5]. The rate constants of process (10)
were not measured directly. According to the estimates
obtained in Ref. [3], K;p =~ 3x107" em® s™!, which coin-
cides with the value calculated in Ref. [14]. For K, >
107" em® s7!, the last and the next to last terms in Eqn (12)
can be neglected. Going over to the fractions of the
components, we obtain from Eqns (12) and (13)

Ksn; Ksn;
n = nA (n+ m)i“zexp(AE/kT) +exp(—E /kT),
Kiony, Kyng,
(17
Ksnj
Mt = (14 m) = =+ iy exp(=Ey /KT), (18)
w

where 1,,; = Ny1/No.

Considering that K; ; = K, and K,; = K3, we obtain
from (14) and (15) the relative population of oxygen
molecules at the second and third vibrational levels:

My =i + (72 +73)Ksn3/Kits 13 = s + 7:Ksn i/ Koy (19)

We are mainly interested in the vibrational population of
SO. The relative population 1,; = N4;/Ng of SO at the ith
vibrational level, can be found from the total relative
population #; assuming a rapid EE exchange in process (8):

_ i
i = 0,y = 1) exp(—AEJkT) + 1’ (20)

where AE; is the difference in the energies of the ith
vibrational level of the O, molecule in the states > and '4.

It follows from expression (17) that for the composition
of the medium considered here and for Kjj,> 3x
107 cm® 57!, the energy transfer from a vibrational to
a thermal reservoir will be limited by process (11), and the
vibrational population of the oxygen will slightly decrease.
On the other hand, the deactivation of vibrationally excited
molecules for K;p <3 x 107" em® s7! is limited by process
(10). It follows from (17)—(20) that the relative population
of the vibrational levels of oxygen is determined by the
medium composition and the rate constants of the process
only and does not depend on the pressure of the medium.
The fraction of vibrationally excited oxygen at the first level
at the output of the SOG is several percent. For example, for
ny=08, n,=001Ko=3x10"cm’s™ and T=
300 K (n = 4,m = 0.2), the fraction of vibrationally excited
oxygen is n; = 4.5 %, while for Kjp =3 x 1072 em® 57!, we
have ; = 2.6 %. Although the rate constant K, is higher by
an order of magnitude in the latter case, the value of n,
decreases only by a factor of 1.7.

In the '¥ state, the fraction 1, = N/ Ng of oxygen in the
gaseous medium is insignificant and is determined to a high
degree of accuracy from the condition that processes (5) and
(6) are stationary (see Fig. 1). It was assumed for a long time
that I, dissociates in collisions with the electronically excited
oxygen O,('Z) in a process with a rate constant close to the
constant for the gas-kinetic process (2 x 107* cm?® s™") [19]:

Oz(b) + Iz — Oz(X) + 21

Direct measurements of the rate constant showed that it
is much smaller (4 x 1072 cm? s_l) [20]. However, the
process with the gas-kinetic rate constant provides a fairly
correct description of certain observed dissociation rates in
the oxygen—iodine laser. The authors of Ref. [6] treat this as
an accidental coincidence.

Several mechanisms of dissociation of I, are being
considered at present [3, 4]. Each channel considered in
the literature makes its own contribution to the process of
dissociation. The main problem lies in determining the
dominating channel among these. We propose another
possible channel for dissociation of iodine and will try to
substantiate it. It is assumed that the electronically excited
state 1,(A4), which is populated as a result of collisions with
the vibrationally excited singlet oxygen O,(a, v = 2) [process
(4)], is the intermediate state in the process of dissociation.
The rate of EE exchange depends strongly on the defect in
the excitation energy of the colliding partners [21, 22]. In
this case, the energy gap is only 24 cm™', and hence the
process of population of I,(4) may be quite rapid. The
transfer of the electronic energy between the molecules
considered here is allowed only under the condition of
conservation of total spin of the system (the Wigner rule).
Indeed, process (4) occurs with the conservation of total
spin according to the scheme [22]

Ox(a)[T1] + L(X)[T1] = O(X)[T][1] + L (4[] [1];

where the brackets denote the orbits: paired electrons are
shown by two oppositely directed arrows, while unpaired
electrons are shown by single arrows. The transfer of the
excitation energy in this process occurs through the
electron-exchange transport. Therefore, the slight difference
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in the excitation energies of oxygen and iodine molecules
and the conservation of total spin of the electrons may be
responsible for a rapid energy exchange in process (4). The
results of experimental investigations [4, 6, 23] also suggest
a rapid electron energy exchange.

Using expressions (16)—(20), we can determine the
populations of SO at the second and third levels and
compare them with the population #, of the electronically
excited oxygen O,(b) for #,=0.75, y, + y3 = 2 and T =
300 K. Fig. 1 shows the dependence of the fractions of
vibrationally excited oxygen O,(a,v = 2) and the electroni-
cally excited oxygen O,(b) on n,. One can see that the
populations of these two components are of the same order
at the output of the SOG. For such concentrations of
O,(a,v=2), process (4) with the rate constant K, >
107" e¢m? s™! can ensure the experimentally observed dis-
sociation rates for iodine.

For a fraction #, < 0.04 of water in oxygen, the

Ma25M435Mp

0.01 0.03 0.05 0.07 0.09 n,

Figure 1. Fractions #,, of the vibrationally excited SO at the second level
(curves 1, 2) and 1,3 at the third level (curve 3), as well as the fraction
O,(b) n, of the electronically excited oxygen O,(b) (curve 4) as functions
of the water content 7,,; curves /, 3 were calculated by expressions (17)—
(20) for n,=0.75, vy, + y; = 2 and T =300 K, while curve 2 was cal-
culated using the Treanor distribution.

fractions of vibrationally excited SO at v =2 obtained
from the Treanor distribution (curve 2 in Fig. 1) are
identical to those obtained from formulas (17)—(20) (curve
1). Thus, for the above-mentioned compositions of the
medium, the pumping does not affect the form of the
steady-state vibrational distribution, which can be described
with a fairly high degree of precision by the Treanor
distribution.

If the excitation to the third vibrational level of oxygen
molecules in processes (5) and (6) occurs with a probability 0
and 1 (y, = 1, y3 = 1) respectively, pumping always
dominates over the arrival of vibrational quanta from lower
levels for the medium compositions considered here. It can
be seen from Fig. 1 that in this case, the fraction of SO
molecules at the level v = 3 (curve 3) is much smaller than at
the level v = 2, and is practically independent of the fraction
of water in oxygen for n, > 0.03. However, if the rate
constant of process (3) is close to the gas-kinetic rate
constant, the effect of this process on the dissociation of

iodine may turn out to be significant, especially for
Ny < 0.01 [5]. Note that the concentration of oxygen at
the levels v > 3 is much lower than at the levels considered
here; hence, their contribution to the formation of the active
medium can be neglected.

Thus, the population of oxygen at the output of SOG
deviates considerably from the equilibrium population. The
decrease in energy from the vibrational reservoir occurs
during the VV' exchange with water molecules. Since the
concentration of oxygen at the first vibrational level is
considerably higher than the concentration at higher levels,
process (10) accounts for a significant decrease in the
number of vibrational quanta from oxygen for the first
level only.

The rate of vibrationally translational VT exchange with
the medium components is much lower than the character-
istic rates of the remaining processes and does not affect the
steady-state distribution of the vibrational energy over the
levels. In some cases, the pumping rate of vibrational levels
of oxygen during the deactivation of the electron energy is
higher than the rate of their population from lower levels. In
this case, the relative population 1,4, of the lower vibrational
levels of SO is described by the formula

Ny = i L i=1,2,3,
(I/n4 — ) exp(—AE;/kT) + 1
where
Ksn; M4 < 1)
n=n——+n+m exp-—+exp|—-—%);
! Koty ( )Knﬂé kT kT
2
2 (a+r)Ksny
My =1 ‘1'7](111 ;
2
73K
N3y = N1, + .
3 112 Ky,

If the pumping is carried out to the levels with v < 2, the
population of levels for a water fraction 5, < 0.04 in the gas
flow is described to fairly high degree of precision by the
Treanor distribution.

The concentration of SO with v = 2 is comparable with
the concentration of the electronically excited oxygen O,(b),
which was treated for a long time as a potential ‘partner’
causing the dissociation of iodine. The electronically excited
state A°I1;, of iodine may be an intermediate state during
the dissociation of I,. The process described by (4) may
ensure the experimentally observed iodine dissociation rates

if its rate constant K, > 107" em?s~.

References

1. Azyazov V N, Nikolaev V D, Svistun M I, Ufimtsev N I
Kvantovaya Elektron. 28 212 (1999) [ Quantum Electron. 29 767
(1999)]

2. Azyazov V N, Igoshin V I, Kupriyanov N L Kr. Soobshch. Fiz
FIAN (1-2) 24 (1992)

3. Azyazov V N, Safonov V S, Ufimtsev N 1 Kvantovaya Elektron.
30 687 (2000) [ Quantum Electron. 30 687 (2000)]

4. Komissarov A V, Goncharov V, Heaven M C Proc. SPIE Int.
Soc. Opt. Eng. 4184 7 (2001)

S. Biryukov A S, Shcheglov V A Kvantovaya Elektron. 13 510 (1986)
[ Sov. J. Quantum Electron. 16 333 (1986)]

6. Heidner R F III, Gardner C E, Segal G I, El-Sayed T M J. Phys.
Chem. 87 2348 (1983)


http://dx.doi.org/10.1070/qe1999v029n09ABEH001568
http://dx.doi.org/10.1070/qe2000v030n08ABEH001792

798 V N Azyazov, S Yu Pichyugin, V S Safonov, N I Ufimtsev

7.  Derwent R G, Thrush B A Trans. Farad. Soc. 67 2036 (1971)

8. Aviles R G, Muller D F, Houston P L Appl. Phys. Lett. 37 358
(1980)

9. Collins R J, Hussain D J. Photochem. 1 481 (1972)

10. Bloemink H I, Copeland R A, Slander T G J. Chem. Phys. 109
4237 (1998)

11.  Jones I T N, Bayes K D J. Chem. Phys. 57 1003 (1972)

12.  Parker J G, Ritke D N J. Chem. Phys. 59 3713 (1973)

13.  Britan A B, Starik A M Zh. Prikl. Mat. Tekh. Fiz. 4 41 (1980)

14.  Teylor R L, Bitterman S Rev. Mod. Phys. 41 26 (1969)

15.  Finzi J, Hovis F E, Panfilov V N, Hess P, Moore C B J. Chem.
Phys. 67 4053 (1977)

16.  Schurath U J. Photochem. 4 215 (1975)

17.  Frimer A A Singlet O, (Florida, Boca Raton: CRC Press Inc.,
1985)

18.  Gordiets B F, Osipov A 1, Shelepin L A Kineticheskie protsessy v
gazakh i molekulyarnye lazery (Kinetic Processes in Gases and
Molecular Lasers) (Moscow: Nauka, 1980)

19. Derwent R G, Thrush B A J. Chem. Soc. Far. Trans. II 68 720
(1972)

20. Muller D F, Young R H, Houston P L, Wiesenfeld J R Appl.
Phys. Chem. 38 404 (1981)

21.  Bamford C, Tipper C (Eds) Comprehensive Chemical Kinetics
(Amsterdam: Elsevier, 1969; Moscow: Mir, 1973)

22.  Terenin A N Fotonika molekul krasitelei (Photonics of Dye Mol-
ecules) (Leningrad: Nauka, 1967)

23.  Bohling R, Becker A C, Minaev B F, Seranski K, Schurath U
Chem. Phys. 142 445 (1990)


http://dx.doi.org/10.1063/1.477029

