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Kinetics of an oxygen—iodine active medium with iodine atoms
optically pumped on the *P,;,—2P5/, transition

M.V. Zagidullin, M.S. Malyshev, V.N. Azyazov

Abstract. The Kkinetics of the processes occurring in an
0,-1,-He-H,O gas flow in which photodissociation of molecular
iodine at a wavelength close to 500 nm and excitation of atomic
iodine on the 2P;;,—2Pj, transition by narrow-band radiation near
1315 nm are implemented successively has been analysed. It is
shown that implementation of these processes allows one to form an
oxygen—iodine medium with a high degree of dissociation of molec-
ular iodine and a relative content of singlet oxygen O,(a'A) exceed-
ing 10 %. Having formed a supersonic gas flow with a temperature
~100 K from this medium, one can reach a small-signal gain of
about 102 cm™! on the ?P,;,—2P5), transition in iodine atoms. The
specific power per unit flow cross section in the oxygen-—iodine
laser with this active medium may reach ~100 W cm2.

Keywords: optical pumping, singlet oxygen, iodine atom, oxy-
gen—iodine laser, diode laser.

1. Introduction

Currently, interest is being shown in the development of high-
power gas lasers with laser-diode pumping, where atoms of
alkali metals [1-5] or rare gases [6, 7] are proposed to be
active particles. An optically pumped oxygen—iodine laser is
also considered, in which an oxygen molecule is excited to the
alA state as a result of energy transfer from a photosensitizer,
e.g., a fullerene molecule [8]. Inversion on the >P;;,—>Ps, tran-
sition in a iodine atom in an oxygen—iodine laser is formed as
a result of resonant energy exchange with a singlet oxygen
molecule O,(a'A):

[+ 0y(a) & I' + Ox(X). )

Hereinafter, I", I, Ox(X), Oy(a) and O,(b) are, respectively,
iodine atoms in the 2P, 2P, states and oxygen molecules in
the X3%, a'A and b!'T states. The key characteristic of the
active medium of an oxygen—iodine laser is the quantity Y:
the ratio of the concentration of oxygen molecules in the a'A
state to the total concentration of oxygen in the a!A and X3%
states.
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The inverse population on the 2P;,—2P5, transition of
iodine atom occurs at Y > Yy (T) = (2K, + 1)7!, where K(T)
=0.75exp(401/T) is the equilibrium rate constant for reaction
(1) at a temperature 7. For example, the threshold values Y,
at 7= 300 and 100 K are 0.15 and 0.012, respectively. The YV
value for an oxygen—iodine laser with a chemical singlet oxy-
gen generator generally exceeds 0.4, and an inverse popula-
tion is formed at room temperature [9]. In an electric-dis-
charge oxygen—iodine laser, Y'<0.15. Therefore, gas-dynamic
cooling of the active medium is applied to obtain inverse pop-
ulation [10].

In this study, we consider the possibility of developing an
optically pumped oxygen—iodine laser (OPOIL), in which the
energy transfer from excited iodine atoms to oxygen mole-
cules provides energy pumping of the O,—I medium. To form
an OPOIL active medium, a gas flow containing iodine atoms
and oxygen molecules in the ground states is irradiated at the
frequency of the 2P;,,—2P5, transition in the iodine atom. The
radiation may be incoherent and multidirectional, e.g., emit-
ted by a diode laser array. The excited iodine atoms transfer
energy to oxygen molecules, exciting them to the alA state.
With an increase in radiation intensity, Y - Y,(77), where T}
is the flow temperature. Then the flow is subjected to sharp
gas-dynamic cooling to a temperature 7, < T, retaining the
obtained relative content of O,(a) molecules. Due to the cool-
ing, the inequality Y > Y,(75) can be satisfied.

In this case, inversion is formed on the 2P, —2Ps, transi-
tion in the iodine atom, and lasing becomes possible. To
implement this scheme of an oxygen—iodine laser, one must,
first, provide a sufficiently high concentration of iodine atoms
using optical radiation. Second, in this method of optical
pumping, the production rate of O,(a) molecules should
exceed their de-excitation rate. The purpose of this study was
to show that the kinetics of oxygen—iodine medium is not a
hindrance for developing an OPOIL in principle.

2. Initial equations modelling the kinetics
of an optically pumped oxygen—iodine medium

Figure 1 presents a block diagram of an OPOIL. An
0,-1,—-He-H,0 gas flow (without iodine atoms) arrives at
section ( /), where it is illuminated by radiation of type A at a
wavelength A, ~ 500 nm. This radiation causes photodisso-
ciation of iodine molecules. Then the mixture arrives at sec-
tion (2), where it is illuminated by radiation of type B at a
wavelength Az ~ 1315 nm. This radiation excites iodine atoms
to the 2Py, state.

The formation of excited iodine atoms initiates energy-
exchange and relaxation processes, which are listed in Table 1.
The rate constants are given for a temperature of 300 K, for
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Figure 1. Block diagram of OPOIL: (/) section for photodissociation
of iodine molecules; (2) section for optical pumping of oxygen mole-
cules; (3) nozzle array; (4) cavity active region; (5) diffuser; (6) com-
pressor and heat exchanger.

which they have been reliably determined. The processes lead-
ing to dissociation of iodine molecules in chemical reactions
in section (2) are especially important for forming an active
OPOIL medium. Iodine dissociation in the presence of O,(a),
0O,(b) and I" is known to occur via a complex multichannel
mechanism [11]. This dissociation can be described in a sim-
plified form within the Heidner phenomenological model [15]
with two dissociation channels. In one of them, an iodine
molecule dissociates upon a collision with an O,(b) molecule
(reaction 2). O,(b) molecules are mainly formed in reaction
6a. At a high degree of iodine molecule photodissociation
(~10%), the production rate of O,(b) molecules in the pulling
reaction O,(a) + Oy(a) > O,(b) + O,(X) with a constant rate
~4x107'7 cm?® s7! [17] is much lower than in reaction 6a.

Table 1. Rateconstants of the processes occurring in an oxygen—iodine
medium at a temperature of 300 K.

Reac-
tion  Reaction Reaction rate constants/cm’ s~!
number
1 0s(a) + 1> 0x(X) + 1" kip=17.6x10"""[12]
O,(X)+ 1" > 0y(a) + 1 kip = kK., K. =2.85
2 L+ Oyb) = 20+ 0xX) ko= 10710[13]
3 I'+L,->1+1; ey =3.6x10"1[14]
4 3 +0ya)» 21+ 0x(X) &, =3x 10711 [15]
Sa Os(a) + 1> 0yX) +1 ks,

5b O0,(X) +1" > 0x(X) +1 ksps Ks = ks, + Kksy = 10713 [16]
6a Oy(a) + 1" > Oy(b) +1 key = 2.1x10713[17]
6b Oy(a) + 1" > Oy(X) + I’ kb

6c  Oja)+1 > Oxa) +1 e

. fegas Ko = kega + kg + hege + 2kigq =
6 Oy +I'=>0,)+1 (g 0T
7 05(b) + H,0 = Oy(a) + H,O k; = 6.7x 1012 [19]

k' =3x1071% M = H,0),

8 L+M->L+M 3x1072(M = 0,),
1074 (M = He)"),
9 I' + H,0 - I + H,0 ko =2x10"12[14]

kYD =3.8%107 (M = 1,) [20],
3.8x1073(M = He) [21],
1.2x10732, (M = 0,) [21],

10 [+II)+M->1L+M

*) assumed equal to 27 [15]; £}( is measured in cm® s

Therefore, the influence of the pulling reaction on the produc-
tion rate of O,(b) molecules can be neglected.

In the second channel, iodine dissociation occurs in two
stages. In the first, a vibrationally excited iodine molecule I, is
formed in reaction 3 (v = 20—40), which is denoted as I3 in
Table 1. In the second stage, this molecule dissociates in reac-
tion 4. The contribution of this channel to the dissociation
rate of I, increases with increasing concentrations of O,(a)
molecules and I" atoms in the mixture. Quenching of electron-
ically excited particles occurs in reactions 5, 6b—6d, 7 and 9,
and recombination of iodine atoms occurs in reactions 10.
The V-T cascade relaxation of iodine molecules from the
vibrational levels with v = 20—-40 to the levels with v < 20 is
described by reaction 8. A small impurity of water provides
transition of oxygen molecules from the b'Z state to the a'A
state in reaction 7.

Let us assume the zones where the gas flow is illuminated
by radiations of different types to be spatially separated: only
photodissociation of iodine molecules occurs in section (/)
and only optical pumping of iodine atoms is implemented in
section (2). Sections (/) and (2) are considered to be located
in a heat exchanger, which provides a constant gas flow tem-
perature: 7} = 300 K. During the gas flow propagation in sec-
tion (2), the relative concentration of O,(a) molecules
increases. Having passed through nozzle array (3), the flow
acquires a supersonic velocity and penetrates cavity (4).
During gas-dynamic expansion, the gas temperature
decreases, and inverse population arises on the *Py;,—2Ps,
transition in iodine atoms. The energy accumulated in the gas
mixture is converted into laser radiation in cavity (4). The
developed laser medium is pumped out into atmosphere or
repeatedly used in a closed cycle, as shown in Fig. 1.

The dependence of the total concentration of iodine atoms
ny on the coordinate z along the flow direction in section (/)
is found by solving the equation

M o r g, — 2Kt )
dz :

with the initial condition 7;(z = 0) = 0. Here, K}y = k{* No, +
ke Ny + kllénlz; No,, Ny and le are, respectively, the ini-
tial concentrations of O,, He and I; ny, = Ny, — 0.5n; is the
concentration of iodine molecules; V7 is the flow velocity in
sections (/) and (2); and I'y is the photodissociation rate
iodine molecules under radiation of type A. The specific
energy E, absorbed in a unit flow volume, can be determined
from the equation

Vldﬂ =ealzny,, (3)

dz

where g4 ~ 4x107"° J is the energy of a photon with a wave-
length A ~ 500 nm.

In section (2), the changes in the component concentra-
tions along the flow direction are described by the rate equa-
tions:

I/{% = 2k2]’lb}’l]2 + 2k4}’l[;na - 21{1()"12’ (4)
dl’l[*
Vldi =—FBg+k1fnan1—F1*n1*, (5)
z
dn,
Vi =—ILun, + kipnxny + kyny Nuso, (6)

dz
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dn
Vld—b = keaanr — Ty, (7)
z
d *
e N (8)
A
where

I = (kip+ ksp) nx + (kip + Kea + kise + ka) 1 + ksny, + ko Npy05
I, = k7 Nuyo + kaniy;

Iy = kang + k> No, + k§* Nye + kg>° Nig,0:; and

I, = (kie + ksa) iy + (Kea + Keb + koa — kur — ksa) ni + kanys.

In these equations, ny, n, and ny are the current concen-
trations of oxygen in the X%, a'A and b!'Z; n*is the concen-
tration of iodine atoms in the 2P, state; n;» is the total con-
centration of iodine molecules in the vibrational excited states
with v =20-40; and g = 1.51* — 0.5n; is the inversion density
on the 2P, ,—2P5, transition in a iodine atom. The other desig-
nations in Eqns (2)—(8) are given in Tables 1 and 2.

3. Calculation results

Numerical calculations were performed for a wide range of
gas mixture compositions, flow characteristics and optical
pumping parameters. Table 2 contains close-to-optimal val-
ues of the parameters of the oxygen—iodine flow and optical
pumping, for which the formation of the OPOIL active
medium will be considered. The temperature of the medium
was chosen to be 300 K, because reliable values of rate con-
stants are known for this temperature; correspondingly, the
calculation results are expected to be reliable.

Table 2. Parameters of an oxygen—iodine medium of the O,:1,:He: H,0 =
100:2:500: 1 composition and optical pumping.

Parameters Parameter values
Flow temperature (77) 300 K

Pressure (p;) 74.5 Torr
Oxygen concentration (No,) 4x10"7 cm™

Concentration of iodine molecules (No2 =0.02 No,) 8x10' cm™
Concentration of water molecules (NH20 =0.01 NOZ) 4%10' cm™3

Concentration of helium atoms (Ny, = 5No,) 2x 108 cm=3

Flow velocity in sections (/) and (2) (V) 300ms!
(Mach number M) (0.45)
Length of section (/) (z4) 10 cm
Length of section (2) (zp) 12 cm
Photodissociation rate of iodine molecules (774) 500 57!
Probability of induced transition between the P, 2%105 &1

and 2Ps, in the iodine atom (1)

The numerical solution to Eqn (1) shows that, at a dis-
tance z4 = 10 cm from the point where illumination by radia-
tion of type A begins, the concentration of iodine atoms is ry,
= 2.4x10" cm™ (with about 14% iodine molecules dissoci-
ated). The radiation energy absorbed in a unit volume is E5 ~
0.5mJ cm™.

Let us now consider the change in the component concen-
trations in section ( 2). To this end, we will simplify the system

of Eqns (4)—(8) to two equations for the concentration of
iodine atoms and relative content Y. The inequalities 7+ >
107s7!, I, > 4x10*s7!, and I3: > 106 57! are satisfied for the
gas mixture under consideration. The times corresponding to
these frequencies, as will be shown below, are much shorter
than the characteristic times for which the concentrations of
iodine atoms and singlet oxygen change significantly.
Therefore, assuming that dnp*/dz ~ 0, dny/dz ~ 0, and dnyr/dz
~ 0, we obtain the following quasi-steady-state approxima-
tions for the component concentrations and inversion den-
Sity:

ne=n k]fl’la + OSFB] g = 0.5 3k1f}’la - Fl* (9)
S T S S+ I
e~ kéananl[klfna+0.5FB] . k}”lgnl[klfna-i-o.srg (10)
*Tn, 1A+ PR Iy |15+ I |

Under the conditions considered here, the following inequal-
ity is satisfied: n, << No,; therefore, No, ~ n, + nx and Y ~
n,/No,. Let us substitute expressions (9) and (10) into Eqns (4)
and (6). Taking into account that I'y << I'* and I'*/(kyn, +
kipnx) ~ 1, we obtain the equations for the concentration of
iodine atoms,

V]ﬁ = 2]’!1}’!]2 Y
dz

{ ki YNo, + 0.5 Hkaéa kaks

— 2Ky — kidnpni, (11
X Inl(Ke— ) Y11l T FIE] (2Kyo — kignpny, (11)

and for the relative content of O,(a) molecules:

l(‘% ) _Ofécsze—l;ﬁ{[(ZKC“)Y—ll + %} (12)
where
K= K(1; Ty = U0 v,
+ ko Nu,o + n, <k3 + NOZIZC“h N No, ;:fzkéa)

The energy of B-type radiation, absorbed in a unit flow vol-
ume, is found by solving the equation

dE
VlTB =—Igepg,
z

(13)
where e = 1.51x1071 J is the energy of a photon with a wave-
length A = 1315 nm. The initial conditions for Eqns (11)—(13)
are, respectively, nj, =2.4x10" cm™, Y= 0and Ep = 0.

Let us consider the stationary solutions to Eqns (11) and
(12). In the zero approximation, having neglected the de-exci-
tation of excited particles (I'y = 0) and recombination of
iodine atoms (Ko = 0, k{3 = 0), we obtain stationary values
Y = (2K, + 1)1 =0.15 for the relative content of O,(a) and #;
= 2N}, for the concentration of iodine atoms. The value (2K,
+1)"'=0.15is equal to the limiting attainable relative content
of O,(a). Equating the right-hand side of Eqn (12) to zero and
assuming that FY = (1 - Yth)KSNOZ/Ke + YSIKVé]Vo2 + k‘)NHzO’
we find a stationary value for the relative content of singlet
oxygen in the first-order approximation:
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Y.

L (), 2Ky )*1 (14)

TO2K 4+ 1\ K.+ 1)

Let us now find Y for the conditions listed in Table 2. For
the gas mixture under consideration, I'y & Y, KgNo,. The rate
constant K was determined with a rather large spread (from
22x10713 cm? s7! [16] to 6x10713 cm? s7! [18]). At K =
6x10713 cm? s7! and I'; ~ 2x10° 57! (values from Table 1),
one can obtain Y as high as ~0.13. At the same time, if Ky =
2.2x10713 cm? 571, the same Y, value can be reached at I'y ~
7x10%s7!,

Then we estimate the stationary value of the molecular
iodine fraction, with allowance for the fact that iodine atoms
recombine mainly on oxygen molecules and helium atoms.
Equating the right-hand side of (11) to zero and assuming
that Y = Yy,, we find a stationary value for the fraction of
undissociated iodine:

ny,

, o (Ke— )Yt 1
= 4(k1? No, + kiy NHe)( ) %

kokea k4k3]*1
+— .
Ny, Y#K.No,

I Iy,

Based on this value, we reveal that n, /Ny, << 1 for the gas
mixture under consideration. Thus, for a sufficiently long sec-
tion (2), one can obtain a relative content of O,(a) molecules
close to Y(77) and a high degree of iodine dissociation.

The dependences of Y, n; and g on the coordinate along
the flow direction, obtained by solving numerically Eqns (11)
and (12), are presented in Fig. 2. It can be seen that a value Y
= 0.125, close to Y, is reached at a distance of ~12 cm, and
that iodine completely dissociates at a distance of 8 cm from
the point where flow illumination by B-type radiation begins.
Obviously, it is expedient to locate nozzle array (3) at a dis-
tance z = 12 cm, where Y ~ Y. It follows from the solution to
(13) that, for the residence time of the gas in section (2), the
radiation energy absorbed in a unit volume is Ep =
17.5mJ cm™3.

I3 =2x10s"
1 1 1 1 1 0

0 5 10 zfem

Figure 2. Changes in the concentration of iodine atoms, inverse popu-
lation density on the 2P;,,—2Ps, transition and relative content of O(a)
along the flow direction, beginning with the instant of flow irradiation
at a wavelength of 1315 nm.

Let us now consider as an example the formation of an
OPOIL active medium by a nozzle array with equal sizes
(1 cm) of the subsonic and supersonic parts along the gas
flow. Primarily, we will estimate the energy loss in the sub-
sonic region of the array, where optical pumping is absent.
Figure 2 presents the calculated dependences of Y, n; and g on
the coordinate along the flow direction (in the range z >

12 cm) at I'y = 0 and a constant flow velocity 7. One can see
that the fraction of O,(a) molecules decreases to Y, ~ 0.11 by
the end of the subsonic part of the nozzle; however, since the
flow velocity increases in the subsonic region, the fraction of
O,(a) molecules will be larger.

We assume that the total pressure loss and the increase in
the stagnation temperature in the expanding part of the noz-
zle array are insignificant (i.e., the flow regime is close to
isoentropic) and that a supersonic flow with a Mach number
M, = 3 and stagnation temperature of about 300 K is formed
at the nozzle array output. According to the formulas of gas
dynamics [22], the supersonic flow under these conditions will
have a velocity ¥, = 1100 m s, a temperature 7> = 86 K and
a pressure p, = 2.65 Torr, and the flow cross-sectional area in
the supersonic region will be larger by a factor of 2.23 than in
section (2). The concentration of iodine atoms, helium and
oxygen molecules in the supersonic flow will be, respectively,
nj ~ 2x 101 em™, nye & 2.5%10'7 cm™ and ng, ~ 5% 106 cm™.

The residence time of the gas mixture in the expanding
part of the nozzle array is 7, &~ 10> s. The increase in the flow
temperature for this time, which is caused by the relaxation of
accumulated energy in the fastest reactions 6a—6d is AT” ~
EAT reg Y0n02n§K6/[(2.5nHe + 3.57102)/kB] ~ 10 K [, = 1.56%
107" J molecule™! is the excitation energy of the O,(a) mole-
cule and kg is the Boltzmann constant], which is much smaller
than the initial value (~300 K). Along with the assumption
about small loss of total pressure in nozzles, this fact justifies
the calculations of the active-medium parameters using the
formulas for an isoentropic flow with an initial stagnation
temperature of 300 K.

The maximum specific laser power that can be obtained
from unit flow cross-sectional area in the cavity is egV10,( Yo
— Yy ~ 86 W cm™?, where Yy, = (2K (T3) + 1) ~ 0.005.
Under these conditions, the optical efficiency egNo (Yo —
Y)/(Ex + Eg) ~ 0.35, where Eg = 0.5 + 17.6 mJ cm™ =
18.1 mJ cm™ is the absorbed light energy. In the centre of the
emission line on the 2Py ,(F = 3) > 2P;,(F = 4) transition, the
small-signal gain is

T DAY,
s 1o BB+ 098K ) o652 oy,
127 (K(B) — DYy + 1
where o(cm?) = 2.3x1071%(T,) %3 is the stimulated-emission
cross section on this transition under conditions of Doppler
broadening.

4. Conclusions

In this study, we did not intend to determine the optimal com-
positions of the O,—I,—He—H,0 medium and OPOIL opera-
tion conditions. The initial data were chosen to demonstrate
only the possibility of optical pumping of the oxygen—iodine
medium. For example, the temperature of the medium
(300 K) was chosen only based on the reliability of known
rate constants at this temperature to make the calculation
results reliable. We showed that successive illumination of an
0,-1,-He-H,O mixture flow by blue-green light (1 =
500 nm) and IR radiation (A = 1315 nm) provides a high
degree of dissociation of iodine molecules and a large fraction
of singlet oxygen (above 10%).

Gas-dynamic cooling of the mixture obtained leads to the
formation of an inversely populated medium. No minor
products are formed in the working medium, and, after the
recombination of iodine atoms, its composition is recovered
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to the initial state. When recirculating the working mixture,
iodine molecules may adsorb on the working surfaces of the
gas-flow channel; however, using special coatings of the sur-
faces and choosing their appropriate temperatures, one can
minimise this effect.

Let us find the radiation intensities providing the optical
pumping rates considered here. Molecular iodine has a wide
photodissociation band in the blue-green spectral region. In
the wavelength range of 500+£20 nm, the absorption cross
section of iodine molecules is 05 ~ 3x107'® cm?, and the
quantum photodissociation yield at pressures of several tens
of Torr is unity [23, 24]. The iodine molecule photodissocia-
tion rate I'y, = 500 s will be obtained at the radiation inten-
sity Jo = eal'slon = 66 W cm™. The optical length necessary
for absorption of 95% radiation is 3/(goNy,) & 300 cm. At
Ja =660 W cm™ (I'y = 5000 s7!), one can obtain a degree of
iodine dissociation as high as approximately 87% and n;, =
1.4x10'® cm™ at the output of section ( 7). It follows from the
calculations that in this case the OPOIL optical efficiency at
I's = 2x10° s7! can be increased to 60%, a value comparable
with the alkali laser efficiency [3].

There are six lines near 1315 nm in the absorption spec-
trum of the iodine atom. At the flow parameters listed in
Table 2, the spectral width of each line is ~400 MHz, and they
are barely overlapped. In the centre of the strongest line
[which is due to the ?P;,,(F = 3) < 2P3,(F = 4) transition], the
absorption cross section o ~ 3.5x107'% cm?. The induced-
transition probability I'; = 2x10° s~! will be obtained at Jg =
eplplog = 8.6 kW cm™. A pump intensity of the same order of
magnitude is necessary for alkali lasers [25]. For the B-type
radiation, the absorption coefficient a = og(-g) ~ (3.5%
10718 em?)(2x 101 em™3) = 7x 102 cm™!. An optical length 33/a
~ 450 cm is necessary to absorb 95% radiation energy. For
sections (/) and (2) with transverse sizes of about 1 m, this
degree of radiation absorption is obtained for three or four
passes. The spectral width of the absorption band of B-type
radiation can be increased to a certain extent by diluting the
mixture with a large amount of the buffer gas. The absorption
spectrum can also be broadened due to the Zeeman splitting
of iodine atom lines by applying a magnetic field to the active
medium in section (2) [26]. However, in both cases this broad-
ening reduces the absorption coefficient of B-type radiation.

The issue of the possibility of providing (with expected
progress in the development of diode laser arrays) necessary
radiation intensities in the blue-green spectral region and at a
wavelength of 1315 nm remained open in this study.
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