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Deactivation rate of I, molecules (X, v > 30) in the medium
of a chemical oxygen—iodine laser

S.Yu. Pichugin

Abstract. The effective deactivation rate constants are
calculated for I,(X) molecules at vibrational levels with
v > 30 colliding with N, and O, molecules in the medium of
a chemical oxygen—iodine laser. The calculated constants
4 x 102 em®s™! and 3 x 1072 em® s71) are less by half
plus than the corresponding constants found earlier in the
paper of Lawrence et al., where the dissociation of I, was
neglected in calculations.
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The relaxation of the electronic energy in the active medium
of a chemical oxygen—iodine laser (COIL) emitting at the
I(2P1/2) — I(2P3/2) transition in atomic iodine leads to the
nonequilibrium population of the vibrational levels of
oxygen and iodine molecules [1—11]. The energy stored at
the vibrational levels of O, and I, molecules can be
involved in the dissociation of molecular iodine. The
dissociation mechanism in which the intermediate states
are excited electronic states I,(A’, A) populated in collisions
with vibrationally excited singlet oxygen was described in
papers [4, 6, 12]. The energy of singlet oxygen excited to the
third vibrational level is sufficient for dissociation of the I,
molecule per collision [9]. In the model of Heidner et al.
[13], the intermediate states in the dissociation process are
excited vibrational states of molecules [,(X). It is known
that iodine atoms in the *P, /2 state, which we denote below
by I*, are rapidly quenched by I,(X) molecules in the
reaction I* + I,(X) — I + I;. The probability of vibrational
excitation of I,(X) molecules to levels with v < 45 in this
reaction is quite high [14]. Therefore, it is reasonable to
expect that iodine molecules in the COIL medium will be
vibrationally excited to a great extent. The population of
vibrational levels of I,(X) molecules in mixtures containing
oxygen in the a'A state [which we denote below by O,(a)]
was experimentally studied in papers [2, 3]. It was found
that the population of vibrational levels of iodine molecules
in such media was substantially nonequilibrium. In this

S.Yu. Pichugin Samara Branch of the P.N. Lebedev Physics Institute,
Russian Academy of Sciences, ul. Novo-Sadovaya 221, 443011 Samara,
Russia; e-mail: theor@fian.smr.ru

Received 18 April 2007; revision received 24 August 2007
Kvantovaya Elektronika 38 (8) 736—738 (2008)
Translated by M.N. Sapozhnikov

case, I,(X, v) molecules occupying vibrational levels above
some threshold value vy can dissociate in collisions with
0,(a) molecules:

0,(a) + L(X,v = vy) — 05(X) + 2L

The minimal value of v at which the sum of the vibrational
and electronic energies of molecules I,(X, v) and O,(a)
exceeds the dissociation energy of 1,(X), is 23. It is often
assumed that vy, = 30, and in this case the L,(X,v > vy,)
molecules colliding with singlet oxygen molecules occupy at
once the dissociation term of I,. Thus, to find the
dissociation rate of iodine in the COIL medium, it is
important to determine the deactivation rate of
LL,(X,v = vy) molecules in the medium. The aim of this
paper is to calculate the effective deactivation rate constants
of I,(X, v = vy,) molecules in the COIL medium taking into
account the vibrational excitation, relaxation, and dissoci-
ation of iodine molecules.

Let us denote the total concentration of I,(X,v) mol-
ecules with v > vy, by N;'. Tt is obvious that the rate of
changing NJ due to the VT exchange in collisions of iodine
molecules with molecules of the component M of the COIL
medium will be determined by the rate of changing the
concentration of I,(X, vy) due to exchange by vibrational
quanta with I, molecules occupying the vy, — 1 vibrational
level,

dny
de

= Z[KM(Uth ol Uth)NIz(Uth - 1)
M

— Km (v — vy — )Ny, (0)] N M

Here, Ky (v — w) is the rate constant of the process
L(X,v) + M — L(X,w) - M. Let us denote by Ky the
effective deactivation rate constant of I,(X,v > vy) mole-
cules in collisions with molecules M:

dngt
dl“ = —Ky Ny Ny

Taking (1) into account, we find

Ky = ©

Km0 — vy — 1)N12(U1h) L U Uth)le(Uth -1)
NIJr
2

Because
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AE,
Ko~ 1= o) = Kl = v~ Dexp (= 550,

where AEy, is the difference of the energies of molecules
I,(X, v) occupying the vy, and vy, — 1 levels and T is the gas
temperature, we obtain

K=

Ku (v — vy — 1)[NIZ(Uth) - eXp(_AEth/kT)NIZ(Uth —1)]
Ny

In particular, for vy, = 30 and 7= 300 K, we have

Ky (30 — 29)[Ny,(30) — 0.42N,,(29)]

Ky =
v Ny;

: (©)

The main processes proceeding in the COIL medium,
which are considered in our paper, and the corresponding
rate constants K; (j = 1 — 9) are taken from [7] (Table 1). It
is assumed that a gas flow entering a laser reactor consists of
molecular oxygen in the electronic states XX, a'A, and b'S
at concentrations Nx, N,, and N, respectively, water
vapour at the concentration N,,, and molecular iodine in
the ground electronic state I,(X) at the concentration Np,.
We also assume that the flow has a constant cross section
and the components of the mixture are mixed instantly. The
equations describing the dependences of relative concen-
trations n of components (concentrations divided by the
oxygen concentration) and temperature 7 on the distance x
along the flow have the form

dn, _ (Nox)o (&

2
A~ U, T) (=2Kn; — Kangny- — Kanm

+ Kanxy + Kstiyty, + Kottty — Kaniii 1)

dn,  (Newo (To)’
i {};0 7 ) (Kind + Kanne = Ksngn,

—Ksnyii, — Koty )s

dr’I* _ (Nox)() (ﬂ

2
dx U, T) (= Koy + Kanyiy — Kanyny-

= Kgmy,m- — Kanyny),

Table 1.

Reaction rate

No  Reaction constant K/ em’ s”

0,(a) + 05(a) — 0y (b) + 05(X) 9.5 x 1073738 exp(700/T)

1
2 Oy(a)+1" — Oy(b) +1 4 x 107738 exp(700/T)
3 0,5(a) +1— O,(X) + 17 7.8 x 107!
4 Oy(X)+1" = 0,(a) +1 2.7 x 1071
5 0,(b) + H,O0 — O,(a) + H,0 6.7 x 107"
6 I'+LX)—>I+L 3.5%x 107!
7  I"+H,0—I1+H,0 23 % 10712
8 Oy(b) +,(X) — 05(X) +2I 3.3 x 107!
9 0,(b) + L,(X) — 0,(X) + I3 2.5x 1071

dny (Nox)o { To : +

P Uo <7) (Ksnpm, + Kati, 1)

dT (Nox)o (To >2 >

— = — ) (@i King + @Komn,nys
dx (CIS)Z -‘rCIEVIﬂM)U() T ( 18581 a 28203

+4sKsnyiy, + g6 Ko, + 47K + 4o Konpiy, )-

Here, K is the rate constant of the reaction O,(a) + I,(X,
v = vy) — 0,(X) + 2I; the subscripts 1" and 1 refer to
iodine atoms in the electronic states P, 2 and ’p, 2 M
denotes N, or He; 0 denotes the initial value of the
corresponding parameter; N,, is the total concentration of
oxygen molecules; U, is the gas flow velocity; g; is the
energy effect of the jth reaction; Cp02 and C,,M are the molar
heat capacities of O, and the buffer gas M.

Equations for the relative population #, of iodine
molecules at the vth vibrational level have the form:

for 1 < v < vy,

dng, (N, Ty \>
o _ Wody (70> {“/UKMIZ’?I* + Z[KM(qu L= vy,
M

dx UO

+[<M(U -1 — U)”v—l - KM(U — V- 1)’71}

~K(v = v+ 1w )
for v = vy,

d'?v (N x) TO ?

i ULOO - {70[(617[217[* + zM:[KM(UJF 1 — v)n,,

+[(M(U e U)"v—l - KM(U —U— 1)771)

_KM (U — U+ 1)%]’71\4 - Kd”lvna}' (5)

Here, y, is the probability of producing vibrationally
excited 1,(X, v) molecules in the reaction I* + L,(X)—I + L.

It was assumed that I,(X, v) molecules were produced
only at levels with v > 23 during the quenching of T* by
I,(X) [14], while the lower levels were populated during
vibrational relaxation. The probabilities of producing vibra-
tionally excited I,(X,v) molecules in the reaction 1"+
L,(X)—I1+1, were assumed equal to y, = a,y, where 7y is
the total probability of producing I,(X, v > 23) molecules in
this reaction, and the values of the coefficient a, were found
from Fig. 7 in paper [14]. According to different estimates,
the value of y can be 0.05-0.2. Note, however, that the
values of K calculated in this paper were almost inde-
pendent of the value of y used in calculations.

By using relations (2) and (3), we calculated the effective
deactivation rate constants for I,(X,v > 30) molecules in
collisions with O, and N, molecules in the typical COIL
medium: O,:N, = 1:1 Torr, n, = 0.6, 4 =0.01, 5, =
0.03, and Ty, = 300 K. The above equations were calculated
numerically for the relative concentrations of the compo-
nents of the COIL medium together with equations (4) and
(5). The rate constants of the VT relaxation of I,(X) in
collisions with O, and N, molecules were taken from [14].
As a result, the populations of iodine molecules at different
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vibrational levels, in particular, at levels with v = 29 and 30
were found and the total concentration of I,(X, v) molecules
with v > 30 was determined at distances x where molecular
iodine begins rapidly to dissociate. By using expression (3),
we obtained the rate constants KJZ ~3x 1072 em’s™! and
KN+2 ~4x 1072 cm® s7!. These values are smaller by a
factor of 2.2 than the values obtained for these constants
in [14]. Note that the values of K5 and Ky, depend on the
dissociation rate constant Ky used in calculations (we
assumed that Ky =3 x 101 cm3s_l). In particular, if we
assume that Ky = 0, the values of K and Ky, will increase
by a factor of 1.6. i

Thus, expressions have been obtained for the effective
deactivation rate constants of I,(X, v = vy,) molecules in the
COIL medium and these constants have been calculated for
v = 30 in collisions with O, and N, molecules. These
constants  (Ky, ~#4x 1077 cem’s™ and  KJ ~3
x10712 em® s! are smaller by a factor of 2.2 than the
effective deactivation rate constants of I,(X, v = 30) mole-
cules calculated in [14]. This discrepancy is mainly explained
by the fact that Ky was calculated in [14] by neglecting the
dissociation of I,.

References

1. Antonov 1.O., Azyazov V.N., Pichugin S.Yu., Ufimtsev N.I.
Chem. Phys. Lett., 376, 168 (2003).

2. Van Benthem M.H., Davis SJ. J. Phys. Chem., 90, 902 (1986).

3. Barnault B., Bouvier A.J., Pigache D., Bacis R. J. Phys. IV, 1,
C7-647 (1991).

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

5. Antonov 1.O., Azyazov V.N., Ufimtsev N.I. J. Chem. Phys., 119,
10638 (2003).

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

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

8. Azyazov V.N., Pichugin S.Yu., Safonov V.S., Ufimtsev N.I.
Kvantovaya Elektron., 31, 794 (2001) [ Quantum Electron., 31, 794
(2001)].

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

10. Azyazov V.N., Antonov 1.O., Pichugin S.Yu., Ufimtsev N.I.
Kvantovaya Elektron., 33, 811 (2003) [ Quantum Electron., 33, 811
(2003)].

11.  Azyazov V.N., Antonov 1.O., Pichugin S.Yu., Ufimtsev N.I.
Kvantovaya Elektron., 34, 1116 (2004) [ Quantum Electron., 34,
1116 (2004)].

12.  Azyazov V.N., Heaven M.C. ATAA J., 44, 1593 (2006).

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

14.  Lawrence W.G., Van Marter T.A., Nowlin M.L., Heaven M.C.

J. Chem. Phys., 106, 127 (1997).



