
Abstract. Laser-induced êuorescence is used for measuring
the concentration of iodine molecules at the output of an
electric-discharge generator of atomic iodine. Methyl iodide
CH3I is used as the donor of atomic iodine. The fraction of
iodine extracted from CH3I in the generator is �50%. The
optimal operation regimes are found in which 80%ë90% of
iodine contained in the output êow of the generator was in the
atomic state. This fraction decreased during the iodine
transport due to recombination and was 20%ë30% at
the place where iodine was injected into the oxygen êow. The
fraction of the discharge power spent for dissociation was
�3%.

Keywords: oxygen ë iodine laser, atomic iodine generator, electric
discharge, laser-induced êuorescence, CH3I.

1. Introduction

The active medium of a chemical oxygen ë iodine laser
(COIL) is usually obtained by mixing molecular iodine
vapour with a êow of oxygen in the excited singlet state
O2(

1D) in which iodine molecules rapidly dissociate to
atoms. The COIL operates at the spin ë orbit
I( 2P1=2)! I( 2P3=2) transition in atomic iodine. Inversion
at the laser transition is achieved due to the resonance EE-
exchange in the process

O2� 1D� � I� 2P3=2� $ O2� 3S� � I� 2P1=2�:

The method of preparation of the active medium of a
COIL by mixing molecular iodine vapour with the oxygen
êow has both advantages, for example, the absence of an
additional unit in the scheme for generating iodine atoms,
and disadvantages. First, the sublimation of the I2 vapour in
the COIL is performed by using a molecular-iodine vapour
generator. The temperature of the heated iodine êow in

high-power COILs achieves 420 K [1]. To avoid the
condensation of iodine on the walls, the transportation
channel and the mixing unit are heated. This leads to the
heating of the active medium, which reduces the laser
eféciency. Second, about 10% of singlet oxygen O2(

1D)
is spent for the dissociation of I2. The energy spent for this
can be transformed to laser radiation by using iodine atoms
instead of molecules. According to the optimistic estimate
[2], this can enhance the chemical eféciency of a COIL up to
40%. Third, I2 molecules eféciently quench I( 2P1=2), which
reduces the energy loss, decreases the length of the active
zone along the êow and restricts the optimal concentration
of iodine atoms and, therefore, restricts the small-signal
gain. In the absence of I2 in the active medium, the gain and
the active-zone length along the êow can be increased. Thus,
the injection of preliminarily prepared iodine atoms into the
singlet oxygen êow instead of iodine molecules can be used
to increase the COIL eféciency.

A promising method for obtaining the required amounts
of atomic iodine is the dissociation of iodine-containing
molecules in electric-discharge plasmas. The érst experi-
ments with self-sustaining discharges were performed [3, 4]
by using I2 as the donor of iodine atoms, He and Ar as gas
carriers for iodine vapour, and microwave and radiofre-
quency discharges as plasma sources. It was found [3] that
only 20%ë40% of I2 molecules dissociated, but never-
theless the increase in the output power was observed in
both cases. Recently [5], a dc discharge was used for the
external production of iodine atoms in a supersonic COIL.
The degree of preliminary dissociation of I2 in this work was
low (only 2%). However, even such a small amount of
preliminarily produced atomic iodine resulted in the increase
in the output power by 80% due to increase in the
dissociation rate of iodine molecules along with a relatively
low consumption of atomic iodine. When the iodine
consumption was increased only by 30%, the output
characteristics of the laser in the presence and absence of
the discharge were almost identical. The improvement of the
output parameters of COILs observed in regimes with the
preliminary dissociation of iodine is explained in [3 ë 5] by
favourable conditions for the dissociation of I2 in the active
medium due to the presence of I atoms required to initiate
the chain dissociation reaction. A low dissociation degree of
iodine molecules in the discharge plasma is explained by a
relatively low cross section for dissociation of I2 by
electrons.

It was shown in [6 ë 9] that methyl iodide CH3I is a
suitable donor of iodine atoms. A pulsed COIL with the
volume production of iodine atoms in a pulsed electric
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discharge was investigated in [6, 7]. Laser pulses of duration
�10 ms were obtained when the concentration of atomic
iodine achieved 1:8� 1015 cmÿ3. No inêuence of the
products of reactions initiated by the electric discharge
on the output parameters of the laser was observed during
the pulse. The operation regimes of a continuous electric-
discharge generator of atomic iodine in a vortex gas êow
were studied in [8, 9]. The concentration of iodine atoms up
to 1016 cmÿ3 was achieved for the pressure of the argon
carrier gas up to 30 Torr [9] and the gas temperature at the
generator output about 500 K [8].

The gas pressure in the iodine êow in conventional
COILs is p5 20 Torr and the gas temperature is maintained
at 320 ë 330 K to avoid the condensation of iodine vapour
on the walls of the transportation channel and gas mixing
unit [1, 10 ë 14]. A high temperature in the iodine êow is
undesirable because the conversion eféciency of energy
stored in singlet oxygen to laser radiation decreases with
increasing the active medium temperature. Thus, the param-
eters of the êow at the output of the atomic iodine generator
should be as follows: the total gas pressure p > 20 Torr, the
concentration of iodine atoms NI 5 1016 cmÿ3, and the gas
temperature T4 350 K. The higher the gas pressure in the
iodine êow, the more efécient systems for gas mixing can be
used. However, an increase in pressure is restricted by two
factors. First, as pressure is increased, the discharge
becomes unstable and, second, the rate of homogeneous
recombination of iodine atoms increases both in the
discharge zone and in the transportation channel between
the atomic iodine generator and the injector of the iodine
êow into the active medium of the laser. The concentration
ratio of atomic and molecular iodine at the output of the
discharge device depends on its parameters and is unknown
beforehand. In addition, during the transport of iodine to
the region of its mixing with singlet oxygen the iodine atoms
have time to recombine partially. The recombination rate
strongly depends on the carrier gas temperature, which
changes during the transport of atoms from the discharge to
the active medium. Thus, to obtain reliable data on the
concentration of I2 in the carrier-gas êow, experimental
measurements are needed. The aim of this paper is the
experimental measurement of concentrations of I2 in the
products of an electric-discharge generator of iodine atoms.

2. Experiment

We used in experiments an electric-discharge generator of
iodine atoms based on a dc glow discharge with coaxial
electrodes [9] producing iodine atoms at concentrations up
to 1016 cmÿ3 at the Ar carrier gas pressure up to 30 Torr.
The donor of atomic iodine was methyl iodide CH3I which
eféciently dissociates in the discharge. Examples of its
application in similar experimental setups are presented in
[15, 16].

To measure the concentration of I2 behind the discharge
zone and along the carrier-gas êow, we developed the
method for measuring the concentration of molecular iodine
based on the laser-induced êuorescence (LIF) of I2 vapour,
which was excited by the second harmonic of a cw Nd laser
at 532 nm. This method can be used to measure the
concentrations of I2 in the range from �1013 cmÿ3, which
are typical for the active medium of COILs; the size of the
region being measured in these experiments was only several
millimetres.

Fluorescence was excited by a diode-pumped, frequency-
doubled cw WL-LAG532-5 Nd :YAG laser. The laser
linewidth was smaller than the distance between rotational
transition lines in I2 molecules, and therefore to obtain LIF,
it was necessary to provide the laser tuning. We found that
this could be achieved by slightly varying the laser housing
temperature.

The temperature was varied by using a device consisting
of a Peltier cooler, an ohmic heater, a thermal sensor, and
an electronic temperature controller. Our experiments
showed that the concentrations of I2 could be measured
most reliably when temperature changed approximately by
1 8C for the time �30 s (rather than upon precise temper-
ature stabilisation). In this case, the maximum LIF signal
was observed when the laser frequency coincided with the
frequency of one of the rotational transitions in the I2
molecule. Figure 1 shows the typical LIF spectrum recorded
in the spectral range from 600 to 800 nm by using an
AvaSpec 3648 spectrometer with a resolution of 0.4 nm.

The concentration of I2 was measured in a continuous-
êow chamber located behind rake-type or jet injectors.
Figure 2 shows the scheme of the experimental setup.
The parameters of a continuous-êow chamber are described
in detail in [17, 18]. Iodine was produced with the help of an
electric-discharge generator with coaxial electrodes [9, 17].
The pressure of the Ar carrier gas in the atomic iodine
generator and in the transportation channel was 20 Torr, the
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Figure 1. LIF spectrum of I2 molecules recorded with a resolution of 0.4
nm.
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Figure 2. Scheme for measuring the I2 concentration in a continuous-
êow chamber behind an iodine injector.
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gas êow rate in the generator was 2.5 mmol sÿ1, and the
discharge current was 1.2 A. The discharge voltage was
varied from 290 to 350 V and depended on the CH3I êow
rate in the electric-discharge generator almost linearly.

Calibration was performed by using the known concen-
trations of I2 measured from the absorption of radiation at
495 nm in a cell of length 50 cm. The temperature of the cell
and water êowing around electrodes was maintained equal
to 320 K. It should be taken into a account that the
measurement error of the concentration of I2 can depend
on the difference in gas temperatures in the presence and
absence of the discharge. The LIF signal intensity decreases
with increasing temperature due to a decrease in the popu-
lation of the zero vibrational level of I2 molecules, the
Doppler broadening of the absorption line and a decrease in
the gas density. The gas heating DT in the discharge zone
due to intense heat exchange with the walls was insigniécant
and did not exceed �30 K. The numerical simulation per-
formed by using the Comsol software packet showed that
for the transportation time of 6 ms the average temperature
of the êow due to its heat exchange with the walls of the
channel exceeds the wall temperature only by DT � 5 K,
and therefore the measurement error of the concentration of
I2 by the LIF method does not exceed 10%.

To exclude the inêuence of scattered radiation from the
exciting laser, the LIF signal was detected through an
MDR-6 monochromator at 580 nm with the transmission
band of 10 nm. The êuorescence emission of iodine
molecules at the I2(B ëX) transition was delivered at the
monochromator input through an optical ébre. The light
êux at the monochromator exit was detected with a FEU-
69b photomultiplier. The output electric signal of the
photomultiplier was ampliéed in a U-7-1 precision ampliéer
with the passband 0 ë 1000 Hz. Laser radiation was modu-
lated with a mechanical chopper at a frequency of �100 Hz.
The data were accumulated with a National Instruments
ADC board. The data were digitally processed in a personal
computer. It was found experimentally that CH3I molecules
at concentrations typical for our experiments did not affect
LIF signals.

Figure 3 shows the dependences of the LIF signal
amplitude on the êow rates of I2 (in the presence of the

discharge) and CH3I in the discharge generator for a jet
injector. In this measurement cycle, Ar was delivered at the
low rate 2.5 mmol sÿ1 into the continuous-êow chamber
instead of singlet oxygen. The dissociation degree Z of
methyl iodide in the discharge, estimated from the results
of previous experiments [17], was �50%. If all the iodine
atoms recombined, the dependence on CH3I would coincide
with that on I2 in Fig. 3. Our measurements showed that
under conditions typical for the active oxygen ë iodine
medium, depending on the CH3I êow rate, the content
[I]/([I] + 2[I2]) of iodine atoms in the iodine êow after the
rake-type injector was 20%ë40% and after the jet injector
ë30%ë50%.

Iodine atoms recombined in the discharge chamber,
transportation channel, and the iodine injector. Contribu-
tions from all these regions to recombination were
determined by measuring the concentrations of I2 along
the gas êow at a pressure of 20 Torr, which was equal to
that in the discharge camber. In these experiments, a steel
cylindrical tube with the inner diameter of 1.5 cm, heated
with ohmic heaters, was located directly behind the dis-
charge part of the atomic iodine generator.

An aperture with some openings providing the required
êow rate of the carrier gas was mounted in different places
along the gas êow. At a distance of 5 cm behind the
aperture, a Plexiglas insert was located in which LIF was
excited and observed. Pressure behind the aperture at the
observation point was 2 ë 3 Torr, and the possible recombi-
nation of iodine atoms in the low-pressure region was
neglected.

Figure 4 shows the results of measurements for three
positions of the aperture. For the minimal initial êow rate of
CH3I (GCH3I

� 0:04 mmol sÿ1), the êow rate of I2 is the
same for all three gas transportation times ttr � 3:1, 9.1, and
13.4 ms. This means that almost all iodine atoms produced
in the discharge zone have recombined. The gas residence
time in the discharge zone was 6 ms. One can see that the
dependence of the êow rate of I2 on the êow rate of CH3I
has a maximum in all cases, which is displaced to the greater
êow rates of CH3I with increasing the gas transportation
time. It seems that this effect is related to the increase in the
carrier gas temperature and a change in the plasma
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Figure 3. Dependences of the LIF signal amplitude for I2 molecules on
the I2 (^) and CH3I (~) êow rates in the discharge generator for the jet
injector at a pressure of 20 Torr and discharge current 1.2 A; the CH3I
dissociation degree is �50%.
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different positions of the aperture corresponding to different iodine
transportation times.
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parameters with increasing the êow rate of CH3I. Indeed, as
shown in Fig. 5, the voltage U at the constant discharge
current I � 1:2 A increases linearly with increasing the êow
rate of CH3I, and the voltage U0 in the absence of CH3I is
�250 V.

The fraction ZGCH3I
qb=(UI ) of the discharge power

spent for the dissociation of CH3I molecules remains almost
constant under our experimental conditions and is equal to
�3% (qb is the C ë I bonding energy equal to 234
kJ molÿ1). As the discharge voltage is increased, plasma
parameters change so that the fraction of iodine atoms in
gas increases.

The results of measurements were compared with one-
dimensional numerical simulation of the recombination of
iodine atoms in the transportation channel in reactions

I� I�M! I2 �M, (1)

I� I�wall! I2�wall, (2)

where M = Ar, CH3I and I2 at temperature 350 K and
argon pressure 20 Torr. We used in calculations the
temperature dependences of the rate constants of thee-
body processes (1) measured in cm6 sÿ1, which were taken
from [19, 20, 21], respectively

KAr�T � �
109:439ÿ2:418L�1:911L

2

6:022
� 10ÿ40, L � (T=300),

KCH3I �
1015:36e 1283=T

�6:02� 1023�2 ,

KI2
�T � � 1010:65T 1:5e 2677=T

�6:02� 1023�2 .

The recombination probability of iodine atoms on the wall
[reaction (2)] was set equal to 0.001 [22, 23].

The mass transfer of iodine atoms to the walls and their
recombination were described as in [22]. Under our exper-
imental conditions, the contribution of heterogeneous
recombination (2) during the transportation proved to be
small. The experimental points in Fig. 6 were obtained for
GCH3I � 0:08 mmol sÿ1. The best agreement between the

calculated and experimental concentrations of I2 was
achieved at T � 350 K and the initial concentrations of
components [CH3I]=1.4�1016 cmÿ3, �I� � 7:8� 1015 cmÿ3,
�I2� � 8� 1014 cÏÿ3:

The calculated curves in Fig. 6 illustrate the inêuence of
the gas temperature on the recombination rate of iodine in
the transportation volume. One can see that within 10 ms
after the discharge, the fraction of iodine atoms at 350 K
decreases from �90% down to 35%, while at 450 K it
decreases only down to 60%.

3. Conclusions

The atomic iodine generator based on a glow discharge
with coaxial electrodes using CH3I as the donor of iodine
atoms can produce iodine atoms at concentrations up to
�1016 cmÿ3 at Ar pressures in the discharge zone up to 20
Torr. The dissociation degree of CH3I is �50%. The LIF
measurements of the I2 concentration have shown that the
fraction of atomic iodine in iodine vapour at the output of
the electric-discharge generator depends on the êow rate of
methyl iodide, increasing with the êow rate.

The fraction of iodine atoms in the iodine êow at the
generator output in optimal regimes was 80%ë 90%. This
was achieved for GCH3I � 0:1ÿ 0:2 mmol sÿ1 and the
temperature of water êowing around the electrodes equal
to 330 K. Nevertheless, due to the design of the setup, the
iodine êow in the injector into singlet oxygen, depending on
the injector type and the CH3I êow rate, contained only
20%ë50% of atomic iodine and 50%ë80% of molecular
iodine. Iodine atoms had time to recombine to a great extent
both during the transportation time (�6 ms) and during the
residence time in the rake-type injector. Therefore, the
electric-discharge generator and the transportation system
should be designed so that the iodine êow would be injected
into the singlet oxygen êow immediately after the discharge.

At the constant discharge current, the discharge voltage
increases linearly with the CH3I êow rate, so that the
fraction of energy spent for the dissociation of CH3I
molecules remains constant. The achieved total eféciency
of the discharge energy input to the iodide dissociation did
not exceed 3%. The studies of electric-discharge generators
of iodine atoms are at the initial stage at present, and it is
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Figure 5. Dependence of the discharge voltage U on the CH3I êow rate
at the constant discharge current 1.2 A.
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hoped that their energy eféciency will be increased in the
future.

The use of the atomic iodine generator in COILs makes
it possible to increase the inversion lifetime in the active
medium [17], which is important when efécient resonator
schemes requiring the extended active medium along the gas
êow are used in COILs. At present this is achieved by
increasing the the gas velocity in the resonator. For this
reason, light but expensive helium is used as a diluent in
supersonic COILs [24]. However, in COIL schemes using
atomic iodine generators and low-cost gases (nitrogen [10,
11, 13, 14] or carbon dioxide [12]) as diluents, the acceptable
extension of the active medium along the gas êow also can
be obtained.
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