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Herein we present the calculations conducted on an Ar– O2 surface-wave microwave discharge and
its afterglow, and show that this system can be effectively used for the oxygen-iodine laser
excitation. It is demonstrated that at pressures higher than 10 mbar O2共a兲 yields higher than the
threshold yield required for positive gain can be achieved along the afterglow. Additionally, the
density of O共 3P兲 atoms, which can quench the I共 2P1/2兲 excited state, can be tuned to the desired
level. © 2010 American Institute of Physics. 关doi:10.1063/1.3318253兴
The classical chemical oxygen-iodine laser operates on
the electronic transition of the iodine atom at 1315 nm,
where the population of the upper state I共 2P1/2兲 occurs in the
reaction of chemically generated singlet oxygen metastable
O2共a 1⌬g兲 with I2. Due to logistic problems with the chemical O2共a 1⌬g兲 generator, attention has been turned to a simpler system, in which O2共a 1⌬g兲 is produced in a stable discharge, i.e., the electric discharge oxygen-iodine laser
共DOIL兲 as demonstrated by Carroll et al.1 Carroll et al. suggest that in O2共a兲 and O containing plasmas I2 is dissociated
mostly by O atoms 共the O atom reacting with I2 gives rise to
IO, which is subsequently dissociated in collisions with O兲.
Thus, negligible O2共a兲 is consumed in I2 dissociation. Furthermore, excited Iⴱ is produced in the O2共a兲 + I → O2共X兲
+ Iⴱ process. Due to this excitation mechanism, population
inversion in the transition Iⴱ共 2P1/2兲 → I共 2P3/2兲 takes place
when the O2共a兲 concentration satisfies the condition
关O2共a兲兴 / 关O2共X兲兴 = Y ⬎ 1 / 2Keq, where 关O2共X兲兴 is the concentration of ground state oxygen molecule, the equilibrium
constant Keq is the ratio of rate constants of forward and
backward processes, and Y is the O2共a兲 yield. This expression is derived from the condition of inversion population
arising in the iodine atom, 关Iⴱ共 2P1/2兲兴 ⬎ 0.5关I共 2P3/2兲兴, and the
equilibrium equation in the atomic iodine-oxygen system,
Keq关O2共a兲兴 / 关O2共X兲兴 = 关Iⴱ共 2P1/2兲兴 / 关I共 2P3/2兲兴.2 According to
Rawlins et al.3 the equilibrium constant is Keq
= 0.75 exp共402/ T兲. Hence, in order to achieve a positive gain
the yield of O2共a兲 should be at least equal to the threshold
yield, Y th = 1 / 2Keq, which at 400 K is 24%.
In the last few years several discharge systems have been
suggested and investigated, where yields around and higher
than Y th have been achieved.2–7 In these investigations it has
also been shown that oxygen atoms can quench the desired
I共 2P1/2兲 state,8,9 which may lead to a decrease in the gain. To
reduce the O-atoms density, addition of NO to the plasma
has been considered,4 since NO is able to remove the
O-atoms. Woodard et al. have observed a considerable ina兲
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crease of the gain when NO has been added to the discharge
mixture.4
Here we propose a system, based on the afterglow of a
flowing surface-wave microwave discharge, where high
O2共a兲 yields can be achieved. In turn, the O-atoms density
can be adjusted by using different regions of the flowing
afterglow plasma, as the atoms recombine along the afterglow, and/or by tuning the O-atoms losses in the afterglow
through surface recombination, which is one of the main loss
channels of O-atoms. The atomic surface recombination depends on the wall temperature and the surface material.10,11
Thus, the O-atoms density can be changed by varying the
wall temperature, the size of the afterglow tube or by using
different tube materials.
The source of active species is a surface-wave microwave discharge generated with a surfatron in an Ar– O2 mixture in a quartz tube of 1 cm diameter. A detailed description
of this type of discharges can be found in Refs. 12 and 13.
The microwave field frequency used is  / 2 = 2.45 GHz.
The gas flow applied carries the species generated in the
discharge along an afterglow tube, which can have either the
diameter of the discharge tube or differ from it, depending on
the purpose of the application. Our goal is to find the conditions favorable for the oxygen-iodine laser excitation. To this
purpose, the species densities are determined in the discharge
and along the afterglow by plasma modeling.
The surface-wave microwave discharge is described
with a zero-dimensional kinetic model that is based on the
solutions of the electron Boltzmann equation in local approximation for the microwave field, coupled to a system of
rate-balance equations for the neutral and charged heavy species 共for more details the reader should refer to Refs. 14 and
15 where the gas phase and surface reactions taken into account in the model are also listed兲. Despite the importance of
nonlocal effects in several discharge systems,16 for the discharge type and pressure range under analysis here the local
approximation is well justified.
A surface wave microwave discharge is a plasma column
with a decreasing electron density profile, as discussed in
Refs. 12 and 13. At the end of plasma column the electron
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FIG. 1. 共a兲 Y = 关O2共a兲兴 / 关O2共X兲兴 yield and 共b兲 关O2共a兲兴 / 关O2兴0 ratio at the end
of the discharge as a function of Ar percentage for different pressures.

FIG. 2. 共a兲 关O2共a兲兴 / 关O2兴0 ratio and 共b兲 O2共a兲 yield as a function of flight
time of species in the afterglow for 60%Ar– O2 initial mixture composition.

density reaches the value of nec the critical density for surface wave mode propagation in a homogeneous, cold, collisionless plasma, surrounded by a dielectric of permittivity ⑀g.
The surface wave mode can only propagate provided the
electron density is larger than this critical value, obtained
from pe ⬎ 冑1 + ⑀g, with pe denoting the electron plasma
angular frequency, which for a quartz tube 共⑀g = 4兲 gives
nec = 3.74⫻ 1011 cm−3 at 2.45 GHz. Our calculations for the
discharge zone are conducted for this critical electron density, so that the species densities are obtained at the end of
the plasma column. The so obtained species densities serve
as input data for the afterglow model, which describes the
evolution of species densities downstream the discharge
along the afterglow tube. The afterglow model is based on
the same rate-balance equations as the discharge model,
however in the afterglow the excitation by electron impact is
neglected. The correctness of the present model has been
shown in Ref. 15, where a very good agreement between
calculated and experimental results has been found for a variety of conditions.
The calculations have been carried out in a wide range
of pressure, 1–300 mbar, in mixtures from pure O2 to
90%Ar– O2. The O2共a兲 yield, Y = 关O2共a兲兴 / 关O2共X兲兴, the
关O2共a兲兴 / 关O2兴0 ratio—with 关O2兴0 being the initial density of
O2 in the mixture—and the atomic concentration have been
determined at the end of the discharge and along the afterglow.
Figure 1共a兲 shows the yield at the end of the discharge as
a function of the Ar percentage in the initial mixture composition for different pressure values. In the 10–300 mbar pressure range the lowest yield is obtained at 10 mbar, while the
highest yield occurs at 100 mbar. At 10 mbar in a mixture
with 10% Ar the yield is about 25%, which is already higher
than the threshold yield required for positive gain, Y th
= 24%. The yield still increases with the Ar percentage,
which is related to the increase of O2 dissociation with Ar
addition. In fact, O2 is effectively dissociated by the Ar 4s
atoms, resulting in the decrease in the O2共X兲 density.15 As a
consequence, the highest yields are obtained in high Ar contain mixtures, the highest yield here observed is 56%, obtained at 100 mbar in 80%Ar– O2. A value higher than 50%
is also achieved at 50 mbar in 90%Ar– O2.
It is interesting to note that at the highest pressure here
investigated, 300 mbar, the yield is lower than at 50 mbar
and, depending on the mixture composition, can also be
lower than at 30 mbar. This occurs due to the decrease in O2
dissociation degree, and thus an increase in O2共X兲 relative
density 共relative to O2 initial density兲. At the same time, the
O2共a兲 relative density also increases as shown in Fig. 1共b兲,

where 关O2共a兲兴 / 关O2兴0 is presented. This figure reveals that the
highest O2共a兲 relative density can be achieved at 300 mbar in
80%Ar– O2, whereas at lower pressures the maximum of the
O2共a兲 relative density occurs in mixtures with smaller Ar
content.
As it was already suggested, the application zone of the
system is the flowing afterglow of a surface-wave microwave
discharge. Due to the recombination of atoms along the afterglow the yields obtained at the end of the discharge
change along the afterglow. Figure 2 depicts the evolution of
the yield and the 关O2共a兲兴 / 关O2兴0 ratio along an afterglow tube
for 60%Ar– O2 initial mixture composition. Data are presented as a function of the flight-time of species in the afterglow, determined at a given pressure and discharge tube radius by the gas flow. Figure 2共a兲 shows that the O2共a兲
relative density has a maximum in the afterglow that occurs
around 10 ms at 30 mbar, and is shifted to earlier times as the
pressure increases, taking place at 0.3 ms at 300 mbar. The
O2共a兲 yield, 关O2共a兲兴 / 关O2共X兲兴, shows also a maximum in the
afterglow, however it occurs earlier. Furthermore, the increase in the yield at the beginning of the afterglow is
smaller compared to that of 关O2共a兲兴 / 关O2兴0. The increase of
the O2共a兲 density in the afterglow is related with the deexcitation of O2共b兲 to O2共a兲.
The oxygen atomic density can be controlled in several
ways. Here, we present the effect of the surface recombination probability and of the tube radius. The former can be
varied by changing the surface temperature and/or the wall
material. Figure 3 shows the O共 3P兲 atom and O2共a兲 densities,
as well as the yield as a function of the afterglow time at 50
mbar in 50%Ar– O2 mixture for three different conditions

FIG. 3. O共 3P兲 and O2共a兲 densities 共left axis兲, and yield 共right axis兲 as a
function of afterglow time at 50 mbar in 50%Ar– O2 mixture for: R
= 0.5 cm and ␥ = 10−3 共full line兲, R = 0.5 cm and ␥ = 10−2 共dashed兲 and R
= 0.25 cm and ␥ = 10−3 共dotted兲.
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concerning the afterglow tube radius R and the O-atoms surface recombination probability ␥ as follows: 共i兲 R = 0.5 cm
and ␥ = 10−3, 共ii兲 R = 0.5 cm and ␥ = 10−2, and 共iii兲 R
= 0.25 cm and ␥ = 10−3. As shown in the figure, the decrease
in the atomic concentration due to recombination starts to be
noticeable at about 0.1 ms in the afterglow, the atomic density dropping two orders of magnitude in 10 ms. Meanwhile,
the O2共a兲 density peaks at about 1–10 ms and decreases
slowly after 20 ms. Notice that at about 2 ms the O2共a兲 and
O共 3P兲 densities become equal. At this high pressure the decrease in the tube radius has a lower effect on the O共 3P兲
density than the increase in the surface recombination probability. An increase in one order of magnitude in the surface
recombination probability produces a decrease in about a
factor of 2 in the atom density. Due to the decrease in the
O共 3P兲 density a minor change can be observed also in the
O2共a兲 density, and, as a consequence of the increase of the
O2共X兲 density, a somewhat more pronounced variation on
the O2共a兲 yield.
Our calculations have shown that the O2共a兲 threshold
yield necessary for positive gain can be achieved at 10 mbar,
the yield increases with pressure until it reaches a maximum
of about 56% at 100 mbar, being already as high as 50% at
50 mbar. It has also been shown that the yield increases with
Ar addition into O2, as a result of the increase in O2 dissociation with the Ar percentage. Moreover, the yield and the
关O2共a兲兴 / 关O2兴0 ratio have a maximum in the afterglow between 1 and 10 ms, depending on the pressure. It was further
demonstrated that the O-atoms density can be tuned to the
desired level in the afterglow. At the same time, O3, that was
also named as a possible quencher of the I共 2P1/2兲 state, has a
density of three to four orders of magnitude lower than that
of O共 3P兲.
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