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Development of a chemical oxygen —iodine laser with production
of atomic iodine in a chemical reaction

M. Censky, O. Spalek, V. Jirdsek, J. Kodymovd, 1. Jakubec

Abstract. The alternative method of atomic iodine generation
for a chemical oxygen—iodine laser (COIL) in chemical reac-
tions with gaseous reactants is investigated experimentally.
The influence of the configuration of iodine atom injection
into the laser cavity on the efficiency of the atomic iodine
generation and small-signal gain is studied.

Keywords: chemical oxygen—iodine laser, generation of atomic
iodine.

1. Introduction

A chemical oxygen—iodine laser (COIL) emits in the near-
IR region at the 1.315-um electronic transition in the iodine
atom

I(2P1/2) — I(2P3/2) + hv. (1)

Due to the energy transfer from the O, ('A,) state of singlet
oxygen molecules to iodine atoms, iodine atoms in the excited
electronic state are produced:

0, ('Ag) + 1(3P3p) — 02 (3Zg) + I(2Pyp). )

In a conventional COIL, atomic iodine used for lasing is
produced during the dissociation of molecular iodine inter-
acting with singlet oxygen. In this process, the energy of
several O, ('Ag) molecules is spent on dissociation of one I»
molecule. Thus, these O ('A,) molecules are lost for pump
reaction (2)

L+n0y('Ay) = 21+1n0, (L) (n = 4-6). 3)

It is obvious that employing another method of atomic
iodine production without the consumption of the O ('Ay)
energy will make it possible not only to save this energy, but
also will provide other advantages, for example, suppression
of the fast quenching of exited iodine atoms I* by I, molecules
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¥+ L—1+05 k=31x10""cm?s™. (4)

We assume that direct generation of atomic iodine in the
laser medium will eliminate the above disadvantages in the
usage of I, and probably, will increase the laser efficiency.
Several laboratories published their results on the use of
different configurations and technologies of discharge dis-
sociation of iodine atom donors. The review of these pub-
lications was presented by Schmiedberger et al. in [1]. The
idea of our paper is based on the chemical generation of
atomic iodine from suitable gaseous reactants injected into
the singlet oxygen flow. Two chemical processes were sug-
gested involving the fast reaction of hydrogen iodide with
either chlorine or fluorine atoms produced in preliminary
chemical reactions [2—9].

First, we studied the system with chlorine atoms, which
provided the atomic iodine yield up to ~ 80 % and was tested
in a supersonic COIL. The small-signal gain of 0.4 % cm ™'
and the laser output power up to 450 W were obtained. In
these experiments, all reacting gases were admixed into the
subsonic Oz ('A,) flow (upstream the nozzle throat). The
chemical efficiency of this COIL configuration did not
exceed that of a conventional COIL, which was, probably,
caused by some undesirable reactions between some reaction
components and O ('Ag). To avoid these reactions, we
suggested generating atomic iodine in two separate (side)
reactors, and then injecting it into the primary flow with
0> ('A). In this paper, we measured the atomic iodine yield
in reactions with Cl atoms and the gain for different con-
figurations of reactant injectors.

2. System of reactions

The production of iodine atoms proceeds in two successive
stages. First, atomic chlorine is formed in the fast reaction
of gaseous chlorine dioxide with nitrogen oxide

ClO; + 2NO — CI + 2NO», 5)

and then the Cl atoms react with gaseous hydrogen iodide
generating iodine atoms in the reaction

Cl + HI — HCI (HCI¥) + 1, (6)
ke =1.64x10""" ecm® s,

Besides these two principal reactions, the recombination
reactions of chlorine and iodine atoms are responsible for
the loss of these atoms:
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Cl + NO,; + Ny — CINO; + Ny, (7)
ks =72x10"" ecm®s7!,
CINO; + Cl — Cl, + NO», ®)
kg =3.0% 107" em?® s’l,
I + NO; + N; — INO, + Ny, )

kg = 1.4x107" ecm®s™!,

[ + INO; — I, + NO», (10)
ko =83x10""em®s7!,

[ + NO + N> — INO + N», (11)
ki = 1.8x107°%(7/298) ' em®s 7!,

I+ INO—1I, + Ny, (12)
ki =2.6x107" cm® 57!,

[+1+N,—1I+ N, (13)
ki3 = 6.15x10734(7/298)" Y eT433/RT) o6 =1,

[+1+HI—1,+ HI (14)
kg = 8.13x1073%(7/298) 7 em® s,

Todine atoms can also recombine on the walls
I+1+ wall > 1, + wall, (15)

probability y,5 = 1.0.

The system of reactions is described in detail in papers
[2,3,8,9], which present references on the rate constants. A
computational modeling of the whole system of reactions
assisted at designing the experimental configuration for
injection of individual reactants in the iodine reactors,
and helped to interpret the experimental results.

3. Experimental setup

Figure 1 shows the scheme of the experimental setup
employed to study a system with two side reactors for the
atomic iodine generation and its injection into the supersonic
nozzle region. Each reactor (/) consists of a rectangular
housing with the ClO; inlet (3), the NO injector (4), and
the HI injector (5). In this case, the injection of NO and HI
is termed the NO—HI order. In some experiments, we also
used the reverse injection of these gases and termed it the
HI-NO order (see Fig. 2a). Each NO injector consisted of
16 holes with a diameter 0.4 mm arranged in two rows, and
the HI injector consisted of 16 holes with a diameter 0.3
mm arranged in two rows. Both rows in each injector
formed the 60° angle to the primary flow direction (2).
Injectors (4) and (5) were tested also in three mutual
positions (Fig. 2b) to determine the optimal mixing of both
reactants. Generated atomic iodine was injected from the
reactors into the laser nozzle (sonic injection) through 16
openings with a diameter 2.3 mm arranged in one row and
15 openings with a diameter 0.8 mm arranged in one row.
All the holes were directed at the angle of 60° to the nozzle
wall. The rows of larger openings and smaller openings

Figure 1. Cross section of the COIL cavity with a supersonic nozzle and
two side reactors for chemical generation of atomic iodine in reactions
with CI atoms:

(1) reactor body; (2) primary flow with O2 ('A); (3) inlet of the (Cl10>—
N) mixture; (4) NO injectors; (5) HI injectors; (6) injection of I atoms;
(7) inlet of tertiary Np; (8) housing of the ‘tertiary’ Ny injector; (9)
supersonic cavity region, (/0) gain diagnostic region.

were located 2 mm and 3.2 mm, respectively, from the
nozzle throat. To increase the penetration of the secondary
gas with iodine atoms into the primary flow, in later
experiments every other larger opening 0.8 mm in diamter
was plugged. In addition, all the remaining openings had a
conical shape to attain a supersonic injection of the
secondary gas. The diameters of the larger openings were
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Figure 2. Injection order of NO and HI reactants into ClO; flow (a) and

three different positions of NO and HI injectors (UU — injection directed
up-up, DU — down-up, DD — down-down) (b).
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from 2.5 mm to 3.1 mm and the diameters of the smaller
openings were from 0.8 mm to 0.9 mm. Injector (8) in Fig.
1 served for introducing additional ‘tertiary’ nitrogen. A
critical cross section of the nozzle throat was 50 mm x 5
mm.

Undiluted nitrogen oxide and HI were used because the
diluting gas significantly accelerates the ternary loss reac-
tions (7), (9), (11)—(13), (14). Chlorine dioxide was diluted
with nitrogen in the ratio 1:10 for the safety reasons. The
concentration of atomic iodine and the gas temperature
were measured by means of the Iodine Scan Diagnostics
(ISD) method [10] based on the near-IR spectroscopy. This
method employed a narrowband tunable probe diode laser
to monitor the radiation absorption or gain on transition (1)
at 1.315 um. The ISD probe beam was directed perpendic-
ularly to the cross-section plane in Fig. 1 and was moved
either along the gas flow or perpendicularly to the flow to
measure the profile of the atomic iodine concentration or
gain. These profiles in the horizontal direction were recorded
at distances of 5286 mm from the throat, and in the vertical
direction — in the interval of 8 mm below and above the
nozzle axis.

4. Results and discussion

4.1 Generation of atomic iodine in side reactors and its
injection into a supersonic flow of the N> —He mixture

NO- HI injection order. In this configuration, the density of
atomic iodine across the laser cavity (perpendicularly to the
gas flow direction) was initially very inhomogeneous due to
insufficient mixing of injected iodine with the primary gas
flow. This situation was improved by introducing the ‘tertiary’
nitrogen (N5™) into the supersonic region downstream the
reactor. The influence of N5¥™ on the iodine concentration
profiles is shown in Fig. 3. One can see that N5™ favours
the homogenization of the iodine concentration in the cavity,
and also influences the production rate of iodine atoms,
which slightly increases with increasing the N5™ flow rate.
However, the addition of N5¥™ reduces the Mach number of

the gas stream in the cavity, which results in some increase

in the gas temperature. In this experimental setup, the maxi-
mum atomic iodine yield related to the initial CIO, flow
rate was 40 %.

The effect of NO flow rate on the atomic iodine yield at
different HI flow rates was measured in the ‘DD’ injector
position (see Fig. 2b). It was found that when the NO flow
rate was increased, the concentration of atomic iodine
increased almost linearly and reached a maximum at the
ratio [NO]J/[CIO,] = 3.3. This value is higher than the ratio
of 2 corresponding to stoichiometry of reaction (5). The HI
flow rate did not affects the change in the atomic iodine
concentration, which indicates that it is the production of Cl
atoms that was the main factor controlling the rate of
reactions under these experimental conditions [1.5 mmol s~
(ClO»), 1.5-6.5 mmol s~' (NO), 0.9-1.9 mmol s~' (HI),
‘DD’ position of injectors]. The maximum iodine concen-
tration of 5x10'* cm™! and the atomic iodine yield up to
55 % with respect to the ClO, concentration were attained.
According to the results of simplified 2D modeling, the
dimensions of some regions with a high local concentration
of Cl and a low concentration of HI can increase in the case
of the NO—HI injection order (near the NO jet), resulting in
acceleration of the ternary loss-reactions of Cl atoms.

An increase in the ClO, flow rate from 1.5 to 2.3 mmol s~
at the constant ratio [NO]/[ClO,] = 2 leads to a decrease in
the yield of iodine atoms from 40 % to 26 %. This can be
explained by an increase in the recombination rate of Cl and
I atoms due to the pressure growth in the reactor, caused by
an increase in the ‘secondary’ nitrogen in the ClO,/N, mixture.

HI- NO injection order. Figure 4 presents an example of
the concentration profiles of atomic iodine across the cavity,
measured in the case of the HI-NO injection order in the
‘UU’ position of injectors for the 2.3-mmol s~ CIO, flow
rate at different flow rates of HI. The comparison of Figs 3
and 4 shows that the yield of atomic iodine was substantially
higher in this experimental configuration than in the case of
the NO—HI injection order, approaching virtually 100 %
under optimal conditions. A very high density of iodine atoms
[(1.35-1.85) x 10" cm’S] was measured at the following flow
rates: 2.3 mmol s~ (ClO»), 7.5 mmol s~' (NO), 3 mmol s
(HI), 37 mmol s~' (N¥™), and ~ 80 mmol s' (He) and

1

6
I
*
g 5 N
E N w000
= Yr oV ¥ wk A
= 4 odn Ao v
o oi¥ 20, Ao 4
A % v . oks
E SR eAS J
3 T O © vy
W, D o¥ v
Vvvovvv'v * A *
2 Y X
* **** a N
1 T *2
A A v3
A o4
0 = '
-8 -4 0 4 8

Distance from the resonator axis/mm

Figure 3. Concentration profiles of atomic iodine across the laser cavity
(position 0 is the cavity center) at N5¥™ flow rates: 0 (7); 12 (2); 20 (3);
27 (4); at primary gas flow rates: 79 (He) + 22 (N»); at flow rates in the
side reactors: 1.5 (ClO,) + 13 (N,), 3 (NO), and 1.85 (HI) (in mmol s ');
NO-HI injection order, UU position of injectors.
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Figure 4. Concentration profile of atomic iodine across the laser cavity at
different flow rates of HI and NO in the side reactors (in mmol s™'): 1.34
(HI) + 6.6 (NO) (1);2.3 (HI) + 6.6 (NO)(2);2.95(HI) + 6.6 (NO)(3);
3.0 (HI)+7.55 (NO) (4), and 2.3 (CIO;> + 33 (N¥™); primary gas flow rate:
22 (N2) + 80 (He); HI-NO injection order, UU position of injectors.
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~ 22 mmol s™' (N>) in the primary flow. The production
rate of iodine atoms increased linearly with increasing both
NO and HI flow rates in the given flow rate range.

The higher yield of atomic iodine in the case of the
HI—NO order can be explained by a higher fraction of Cl
atoms produced at a low pressure in the supersonic nozzle
region, where the ternary loss-reactions are suppressed. The
modeling of reaction kinetics showed that the CI atoms are
formed in a shorter time in this injection order compared to
the NO—HI order and, hence, the ClO production is slower
due to an instantaneous consumption of Cl atoms by reac-
tion with HI molecules [reaction (6)]. Therefore, the ClO
concentration produced during the reaction

ClO; + Cl — 2CI0, kg =5.8x10""" em®s7!, (16)
decreases as does the overall rate of Cl atoms production in
reaction (5) (see details in paper [1]). This results in
generation of larger fractions of Cl and I atoms outside the
reactor (only in the supersonic region), where the pressure
and the loss of both Cl and I atoms are lower.

Most experiments with the supersonic injection of atomic
iodine were performed using the HI- NO injection order. It
was found that the penetration of the supersonically injected
secondary gas with atomic iodine into the primary flow was
much more efficient than in the case of sonic injection. The
concentration of I atoms across the cavity was rather homo-
geneous (except for boundary layers) and attained up to
14 x 10'* cm ™. “Tertiary’ nitrogen N5 enhanced the iodine
production and more homogeneous atomic iodine concen-
tration profile was achieved. However, N5 reduced the
Mach number from 2.3 to 1.8 in the cavity center, which
caused an increase in the gas temperature by ~ 100 K. The
yield of atomic iodine was above 60 % and reached even
100 % in some cases.

4.2 Small signal gain measurements

The small signal gain was measured in the configuration
with supersonic injection of atomic iodine at both NO—-HI
and HI-NO injection orders and with all three positions
of NO and HI injectors (Fig. 2b). In measuring the gain,
nitrogen in the primary flow was replaced by a gas con-
taining singlet oxygen O>('A,) obtained in a chemical jet
generator by means of a well-known reaction of chlorine
with hydrogen peroxide in an alkaline solution. The design
of this generator is described in detail in paper [11]. The
efficiency of the Ox('A,) generator determined by YaUc —
the product of the O, ('A,) yield and the Cl, utilisation
coefficient, was equal to 0.62.

HI- NO injection order. First, the measurements for the
HI-NO order were performed. An example of the gain
dependence on the HI flow rate is shown in Fig. 5. It was
found that the orientation of the injectors (DD or UU) had
no significant effect on the gain. The maximum gain was
achieved at the ratio [HI]/[ClO;] ~ 0.6, and then the gain
fell down to zero with increasing this ratio. We observed the
light absorption on transition (1) accompanied by a sudden
temperature rise. This effect was explained by a low fraction
of HI molecules consumed in reaction (6) in the side reactors.
The unreacted HI then flowed into the cavity where it
reacted with O, ('Ay) according to (17), thereby probably
producing the radical HO;:

HI + 0,('A,) — HO3 + 1. 17)
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Figure 5. Dependence of the gain (loss) on the HI flow rate (measured in
the region located in the resonator cross section 4 mm below its axis).
Gas flow rates into the O, ('Ag) generator (in mmol s71): 100 (He)+22
(Cl,); flow rates in the side reactors (in mmol s 1.5 (ClO,)+ 13 (N»),
3.5 (NO); HI-NO injection order, UU position of injectors.

The O, ('Ay) quenching rate by the HO5 radical is very
high [12] (kyo; = 3.3x107"" em?® s7"), which confirms our
hypothesis about the negative role of HO5 radicals. A signi-
ficant heat release accompanying the formation of atomic
iodine in the HI/O> ('Ag) mixture was observed in our earlier
experiments in the absence of ClO, and NO, i.e. without Cl
atoms in the reaction system [4]. This confirms our hypo-
thesis about the presence of HO, radicals in the gas flow
and their negative effect on the process under study.

NO- HI injection order. The small-signal gain with a
peak value of 0.38 % cm ™! in the cavity center was achieved
in this experimental configuration. As follows from Fig. 6,
due to the penetration of injected iodine into the primary
flow, the small-signal gain profile was rather homogeneous
(except for the boundary layers). The profile became in-
homogeneous at higher He flow rates in the primary stream
(100 mmol s’l) and lower HI flow rates (1—1.5 mmol s’l)
due to a weaker penetration of the secondary flow into the
cavity. In this case, the measured gain was minimal in the
cavity centre.
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Figure 6. Small-signal gain profile across the laser cavity at different HI
and Cl, flow rates: 2.2 (HI) + 29.5 (CL) ( /), 3.05 (HI) + 29 (Cly) (2),
3.0 (HI) + 24.5 (Cly); other flow rates: 60 (He), 1.5 (ClO»), 6 (NO) (in
mmol s~'); NO—HI injection order, DD position of injectors.
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Assuming that O, ('A,) is quenched by the HO, radicals,
we used DI instead of HI to measure the gain in some
experiments. We supposed that the DO, radical is a weaker
quencher of O2('Ag) than HO;. This assumption was not
confirmed because the values of the gains obtained using HI
and DI proved close. An example of the gain dependence
on the DI flow rate is shown in Fig. 7. The gain initially
increased with increasing DI flow rate, reached its max-
imum, and then decreased, probably due to reaction (17).
This indicates that the atomic iodine generation in the setup
with two side reactors was inefficient because of insufficient
HI (DI) consumption in the reactors and, hence, because of
the quenching of O>('A,) by some reaction products, prob-
ably the HO; (DOjy) radicals in the primary flow of the
COIL. A similar problem was previously observed in a setup
with the direct subsonic mixing of reaction gases in the
primary flow; however, this problem was not completely
solved even when separate reactors were used to generate
atomic iodine.
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Figure 7. Dependence of the small-signal gain on the DI flow rate
(measured in the region located in the resonator cross section 4 mm
below its axis). Gas flow rates of the primary gas (in mmol s™'): 87
(He) + 30 (Cl,); flow rates in the side reactors (in mmol s’l): 1.1 (ClOy),
3.1 (NO); NO—HI injection order, DD position of injectors.

5. Conclusions

We have studied the chemical generation of atomic iodine
in a supersonic COIL. The system consisted of two separate
side reactors for atomic iodine production in the reaction of
Cl atoms with HI molecules. The reactors were attached to
the laser cavity and were employed to inject secondary gas
with iodine atoms into the primary flow either in the sonic
or supersonic regimes.

The concentration profiles of generated iodine atoms
across the cavity and the small-signal gain were substantially
affected by the position of HI and NO injectors in the
reactors and by the additional supersonic injection of nitro-
gen downstream the laser nozzle throat. The maximum
iodine concentration in the optical resonator was very high,
1.8x10" em ™, which was almost twice higher than in the
previously used subsonic mixing of reactants (ClO,, HI and
NO) upstream the nozzle throat. The maximum yield of
iodine atoms (related to ClO, flow rate) was virtually 100 %
under the optimal conditions.

In the gain measurements performed with O, ('A,) in the
primary flow, both HI-NO and NO-HI injection orders

and different positions of NO and HI injectors were tested.
The maximum gain was 0.38 % cm ™', which is a rather un-
satisfactory result. The use of the side reactors for atomic
iodine generation with its subsequent injection into the laser
cavity had no significant advantages compared to the direct
mixing of reaction gases (ClO2, NO, and HI) in the primary
flow with O, ('A,). The reason was obviously an insufficient
HI consumption in the side reactors with a partial pene-
tration of HI into the primary flow, and the quenching of
0> ('A,) by some reaction product of HI oxidation.
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