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Mixing effects in postdischarge modeling of electric discharge
oxygen-iodine laser experiments
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In an electric discharge oxygen-iodine laser, laser action at 1315 nm on the I�2P1/2�→ I�2P3/2�
transition of atomic iodine is obtained by a near resonant energy transfer from O2�a 1�� which is
produced using a low-pressure electric discharge. The discharge production of atomic oxygen,
ozone, and other excited species adds higher levels of complexity to the postdischarge kinetics
which are not encountered in a classic purely chemical O2�a 1�� generation system. Mixing effects
are also present. In this paper we present postdischarge modeling results obtained using a modified
version of the BLAZE-II gas laser code. A 28 species, 105 reaction chemical kinetic reaction set for
the postdischarge kinetics is presented. Calculations were performed to ascertain the impact of a two
stream mixing mechanism on the numerical model and to study gain as a function of reactant mass
flow rates. The calculations were compared with experimental data. Agreement with experimental
data was improved with the addition of new kinetics and the mixing mechanism. © 2006 American
Institute of Physics. �DOI: 10.1063/1.2215355�
I. INTRODUCTION

Oxygen-iodine laser systems1 operate on the I�2P1/2�
→ I�2P3/2� �hereafter denoted I* and I, respectively� elec-
tronic transition of the iodine atom at 1315 nm. The popula-
tion inversion is produced by the near resonant energy trans-
fer between the metastable excited singlet oxygen molecule,
O2�a 1�� �also denoted O2�a� hereafter�, and the atomic io-
dine ground state. There are many system issues having to do
with weight, safety, and the ability to rapidly modulate the
production of the O2�a� which have motivated investigations
into methods to produce significant amounts of O2�a� using
flowing electric discharges. Several investigations have been
conducted into the possibility of a continuous flow hybrid
electrically powered oxygen-iodine laser with electric dis-
charges to produce the O2�a�.2–9 These studies have shown
that flowing electric discharges through oxygen containing
mixtures, typically diluted with a rare gas, can produce use-
ful quantities of O2�a�. Recent studies have demonstrated
O2�a� yields greater than 15% using electric discharges,4,5,7–9

gain,10–12 and cw laser power.13,14 Several modeling
studies2,5,6,15 have also been performed for electric discharge
oxygen-iodine laser �ElectricOIL� and similar systems.

Since ElectricOIL development is impacted by an imper-
fect understanding of postdischarge physics, the BLAZE-II

chemical laser model16 was improved to allow more exten-
sive studies of ElectricOIL postdischarge kinetics and laser
performance. In this paper, we present the results of a study
with an updated and more comprehensive reaction set than
previously utilized.2 The impact of a two stream mixing
mechanism, defined in terms of diffusion coefficients and a
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scheduled mixing approach, is examined. Simulations are
compared with experimental data. Also presented is a study
of laser gain as a function of reactant mass flow rates.

II. THE BLAZE-II GAS LASER MODEL

The BLAZE-II code16 was originally written to be as ge-
neric a gas laser model as possible. BLAZE-II can treat arbi-
trary combinations of chemical species characterized by as
many as 500 reactions and 40 species. BLAZE-II, which con-
tains one-dimensional fluid dynamic equations whose mixing
terms are derived from the two-dimensional �2D� equations
that describe the mixing flow field in a gas laser cavity, can
be used for axisymmetric and 2D flows. Lasing may occur
on a single atomic transition or on as many as ten vibrational
bands of a diatomic species. BLAZE-II is capable of perform-
ing premixed and mixing calculations. The gain g of an io-
dine laser is given by17–19

g =
7

12
�A21�

2

8�
������NI* −

1

2
NI� , �1�

where �=1315 nm, A21=5.0 s−1, NI* and NI are the number
densities of excited atomic iodine I* and ground state atomic
iodine I, and the Voigt line shape function ���0� at line cen-
ter is given by
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where R is the universal gas constant �8.314 J /mol K�, W is
the molecular weight of iodine �126.9 gm/mol�, T is the
temperature in Kelvin, Tref is a reference temperature taken
to be 295 K, P is the pressure in Torr, xi is the mole fraction
of species i, and the pressure broadening coefficients �i in
MHz/Torr �referenced to 295 K� are 16.2, 7.5, 3.6, 6.2, 10.0,
20.6, and 4.7 for I, O2, He, N2, Cl2, H2O, and, Ar
respectively.18,36

The BLAZE-II code was originally written to model a gas
laser in which reactants are injected at a single point. The
BLAZE-II code was modified to permit the injection of reac-
tants at an arbitrary number of points at arbitrary locations.
This modification allows the code to better model the current
ElectricOIL system in which reactants are injected at as
many as four positions. Automation was added to the code
that allows large parametric studies to be inputted, com-
pleted, and reduced quickly. The optimization of the code
was substantially improved in order to further reduce run
times. BLAZE-II chemical oxygen-iodine laser �COIL� runs
using a 33 reaction, 12 species set had previously required
	30 CPU seconds on an IBM RS/6000 machine,20 whereas
current BLAZE-II ElectricOIL runs using a 105 reaction, 28
species set now requires 	2 CPU seconds on an Intel Pen-
tium 4 machine and only 	1 CPU second on a Macintosh
G5. Code was added to automatically reduce calculation re-
sults from multiple cases in large studies. The improvements
in optimization and automation have made it possible to
complete and quickly analyze large parametric studies on the
order of tens of thousands of cases.

The BLAZE-II calculations presented in this paper are
based on a four section/injection-point ElectricOIL format,11

with the following sections: �i� discharge output flow, �ii�
NO2 injection, �iii� I2 injection, and �iv� tertiary diluent
�Ar/N2� injection, as shown in Fig. 1. The flow tube is ap-
proximately 4.9 cm in diameter and exhausts through a
Mach 2 nozzle. Simulations begin at the exit of the discharge
�which is treated as the first reactant section, X=0 cm�, NO2

is injected at X=53 cm, an I2 /He mixture is injected at X
=81.9 cm, Ar or N2 is injected at X=117.5 cm, and the
nozzle throat is at X=141.63 cm. The subsonic diagnostic
port, hereafter referred to as the diagnostic port, is at X

FIG. 1. Schematic of ElectricOIL apparatus that was modeled.
=101.9 cm.
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III. BLAZE-II KINETICS SIMULATIONS

The accuracy of BLAZE-II calculations is critically depen-
dent on the accuracy of the input chemical kinetic reaction
set. Several I*, O2�a 1��, O2�b 1�� �also denoted O2�b� here-
after�, NO, and NO2 dependent reactions that were not in-
cluded in previous BLAZE-II ElectricOIL modeling2 may af-
fect the accuracy of the model. As such, the chemical kinetic
reaction set was expanded to include 28 species and 105
reactions, Table I. Note that a number of temperature depen-
dent reactions have been included because the temperature
range in the postdischarge laser system can be as large as
600 K at the exit of the discharge to near 100 K in the su-
personic laser cavity. Further, while certain reactions in-
cluded in the 105 reaction set have rate coefficients that have
not yet been measured to a high degree of accuracy, their
inclusion in the kinetic package with best available rates in-
creased the agreement of the model with data.

Experiments11 demonstrated the importance of control-
ling atomic oxygen by titrating with NO2. Further, the O
+NO2, reaction 84, is highly exothermic25 �1.995 eV� and
therefore it is possible that significant fractions of O2�a�
and/or O2�b� could be produced. As such, reactions 84–86
that include possible branching to O2�a� and O2�b� were in-
cluded in the model. However, premixed predictions of spe-
cies concentrations and gain as a function of rf power were
in the best agreement with data when using a reaction set
without branching of reaction 84 to the O2�a� or O2�b� states
and therefore reactions 85 and 86 were assumed to not occur
for the purposes of this study. Further study of reactions
84–86 using the mixing model is planned.

A kinetic study base line case used reactant molar flow
rates of O2:He:NO2: I2=4:16:0.2:0.008 mmol/s and as-
sumed a 400 W rf discharge producing O2�a� :O2�b� :O flow
rates of 0.48:0.0086:0.32 mmol/s at X=0 cm and a total
pressure of 12.6 Torr. The O2�a�, O2�b�, and atomic oxygen
flow rates are based on experimental data.11 The three-body
quenching of O2�a� by O2�X�+O, reaction 98, was added to
the model and compared to a base line case without reaction
98; a plot of the concentration of O2�a� as a function of axial
position was found to decrease by approximately 5% after
50 cm. The effect of reaction 98 was found to be much more
significant in Refs. 7 and 23; we believe this is a conse-
quence of their flow conditions being much slower than ours,
630 cm/s versus 2762 cm/s. The importance of the internal
production of NO2 by the three-body recombination reac-
tions, O+NO+M→NO2+M, followed by the fast reaction
of NO2 with O is shown in Fig. 2, where the BLAZE-II base
line case with reactions 84–86 and 95–98 included was com-
pared with a case that also included the three-body recombi-
nation, reaction 100, where M is He. As shown there, the
presence of this reaction makes a dramatic difference in the
predicted atomic oxygen concentration downstream of the
discharge. The majority of the decrease in atomic oxygen in
the absence of reaction 100, Fig. 2, is due to the three-body
reaction where M is O2�X�, reaction 99. The deactivation
reactions 95–97 were included in separate calculations of I*,
I*, and O2�b� concentrations, respectively, and plots of these

species concentrations were found to change less than 1%

org/jap/copyright.jsp



023117-3 Palla et al. J. Appl. Phys. 100, 023117 �2006�
TABLE I. BLAZE-II ElectricOIL 105 reactions, 28 species set, and reaction rates. Reaction rates for three-body reactions have units of cm6/molecule2 s. Certain
specified quenching reactions have been assumed from other known reactions.

k Reaction Rate �cm3/molecules s� Ref.

1 O2�1�� � O2�1�� → O2�1	� � O2 9.8�10−28T3.8 exp�700/T� 26
2 O2�1�� � O2�1�� → O2 � O2 1.7�10−17 26
3 O2 � O2�1	� → O2�1�� � O2 3.7�10−17 27
4 O2�1	� � H2O → O2�1�� � H2O 6.7�10−12 26
5 O2�1	� � Cl2 → O2�1�� � Cl2 2.0�10−15 26
6 O2�1	� � He → O2�1�� � He 1.0�10−17 26
7 O2�1	� � Ar → O2�1�� � Ar 1.0�10−17 From 6
8 O2�1	� � Xe → O2�1�� � Xe 1.0�10−17 From 6
9 O2 � O2�1�� → O2 � O2 8.2�10−19 27

10 O2�1�� � H2O → O2 � H2O 4.0�10−18 26
11 O2�1�� � Cl2 → O2 � Cl2 6.0�10−18 26
12 O2�1�� � He → O2 � He 8.0�10−21 26
13 O2�1�� � Ar → O2 � Ar 8.0�10−21 From 12
14 O2�1�� � Xe → O2 � Xe 8.0�10−21 From 12
15 O2�1�� � N2 → O2 � N2 1.4�10−19 24
16 O2�1	� � N2 → O2 � N2 2.0�10−16 24
17 O2�1	� � N2 → O2�1�� � N2 1.8�10−15 24
18 O2�1	� � I2 → O2 � 2I 2.8�10−11 35
19 O2�1	� � I2 → O2�1�� � I2 2.3�10−11 27
20 O2�1	� � I2 → O2 � I2 6.0�10−12 35
21 O2�1�� � I2 → O2 � I2

* 7.0�10−15 26
22 O2�1�� � I2 → O2 � I2 5.0�10−16 27
23 I* � I2 → I � I2

* 1.4�10−13 exp�1600/T� 26
24 O2�1�� � I2

* → O2 � 2I 3.0�10−10 26
25 I2

* � O2 → I2 � O2 4.9�10−12 28
26 I2

* � H2O → I2 � H2O 1.7�10−11 28
27 I2

* � He → I2 � He 9.8�10−12 28
28 I2

* � Ar → I2 � Ar 4.0�10−12 26
29 I2

* � Xe → I2 � Xe 4.0�10−12 From 28
30 I2

* � Cl2 → I2 � Cl2 6.3�10−12 28
31 I2

* � N2 → I2 � N2 8.2�10−12 29
32 I � O2�1�� → I* � O2 2.3�10−8T−1 26
33 I* � O2 → I � O2�1�� 3.1�10−8T−1 exp�−403/T� 26
34 I � O2�1�� → I � O2 1.0�10−15 26
35 I* � O2 → I � O2 3.5�10−16 26
36 I* � O2�1�� → I � O2�1	� 4.0�10−24T3.8 exp�700/T� 26
37 I* � O2�1�� → I � O2�1�� 1.1�10−13 26
38 I* � I → I � I 1.7�10−13 26
39 I* � H2O → I � H2O 2.1�10−12 26
40 I* � He → I � He 5.0�10−18 26
41 I* � N2 → I � N2 6.5�10−17 30
42 I* � Ar → I � Ar 5.0�10−18 From 40
43 I* � Xe → I � Xe 5.0�10−18 From 40
44 I* � Cl2 → ICl � Cl 5.5�10−15 26
45 I* � Cl2 → I � Cl2 8.0�10−15 26
46 I* � ICl → I2 � Cl 1.5�10−11 26
47 I2 � Cl → I � ICl 2.0�10−10 26
48 ICl � Cl → I � Cl2 8.0�10−12 26
49 I2 � 2I → I2 � I2 3.6�10−30 26
50 N2 � 2I → N2 � I2 4.2�10−33 31
51 O2 � 2I → O2�1�� � I2 3.7�10−33 27
52 O2 � 2I → O2 � I2 3.3�10−32 27
53 He � 2I → He � I2 3.8�10−33 31
54 I2 � I*+ I → I2�B� � I2 3.6�10−30 26
55 I2�B� → I � I 1.0�106 26
56 2O � He → O2 � He 4.5�10−34 exp�630/T� 32
57 2O � O2 → O2 � O2 4.5�10−34 exp�630/T� 32
58 2O � O2�1�� → O2 � O2�1�� 4.5�10−34 exp�630/T� 32
59 2O � Ar → O2 � Ar 4.5�10−34 exp�630/T� From 56–58
Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp
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when compared to calculations without these reactions.
While the effects of all other new reactions combined re-
sulted in less than a 1% change when compared to calcula-
tions without these reactions, these reactions have been in-
cluded for completeness.

Data showed that although atomic oxygen produced by
the rf discharge plays a positive role in the chemistry of the
laser by dissociating I2, it also plays a negative role by
quenching I*.11 In order to eliminate the negative effects of
atomic oxygen, NO2 was used to scavenge some of the O
atoms upstream of the I2 injection point, as shown in Fig.

11

TABLE I.

k Reaction

60 2O � Xe → O2

61 3O → O2

62 O � O2+He → O3

63 O � 2O2 → O3

64 O � O2+O2�1�� → O3

65 O � O2+Ar → O3

66 O � O2+Xe → O3

67 2O � O2 → O3

68 O2�1�� � O → O2

69 O2�1	� � O → O2�1��
70 O2�1	� � O → O2

71 O2�1	� � O3 → 2O2

72 O2�1	� � O3 → O2�1��
73 O2�1	� � O3 → O2

74 O2��� � O2 → O2

75 O2��� � He → O2

76 O � O3 → O2

77 O2�1�� � O3 → 2O2

78 I2 � O → IO
79 IO � O → O2

80 IO � O → O2�1��
81 IO � IO → O2

82 I � O3 → IO
83 I* � O → I
84 NO2 � O → O2

85 NO2 � O → O2�1��
86 NO2 � O → O2�1	�
87 O � NO → NO2

*

88 NO2
* → NO2

89 O�1D� � O2 → O
90 O�1D� � O2 → O
91 O�1D� � O2 → O
92 O�1D� � O3 → 2O
93 O�1D� � O3 → O2

94 O2�1	� � CO2 → O2�1��
95 I* � NO → I
96 I* � NO2 → I
97 O2�1	� � NO2 → O2�1��
98 O2�1�� � O2+O → 2O2

99 O � NO+O2 → NO2

100 O � NO+He → He
101 O2�1	� � NO → O2�1��
102 O2 � 2NO → 2NO2

103 NO2 � O2 → NO
104 O2�1�� � CO2 → O2

105 O2�1�� � NO2 → O2
1. As such, a numerical study was performed to determine

Redistribution subject to AIP license or copyright, see http://jap.aip.
if we could model the experimental O2�a�, I*, and O2�b�
concentrations, and gain data as a function of rf discharge
power and NO2 flow rate with the reaction set given in Table
I. The calculations used molar flow rates of O2:He: I2

=4:16:0.008 mmol/s and were performed for rf discharge
powers from 4 to 800 W �in 4 W increments�, for each NO2

flow rate of 0.0, 0.1, 0.2, 0.5, and 1.0 mmol/s and the case
where NO2 and I2 flow rates are 0.0 mmol/s, and are pre-
sented in Figs. 3–6. These calculations were premixed. The
initial O2�a� yield at the exit of the discharge was determined
from ElectricOIL O �a� data11 as a function of rf discharge

ntinued.�

Rate �cm3/molecules s� Ref.

Xe 4.5�10−34 exp�630/T� From 56–58
O 4.5�10−34 exp�630/T� 32
He 5.1�10−27T−2.8 24
O2 5.1�10−27 T−2.8 24

O2�1�� 5.1�10−27T−2.8 24
Ar 5.1�10−27T−2.8 From 62
Xe 5.1�10−27T−2.8 From 62
O 5.1�10−27T−2.8 24
O 2.0�10−16 32
O 7.2�10−14 24
O 8.0�10−15 24
O 1.5�10−11 24
O3 3.3�10−12 24
O3 3.3�10−12 24
O2 4.0�10−14 24
He 1.3�10−13 24
O2 8.0�10−12 exp�−2060/T� 24
O 5.2�10−11 exp�−2840/T� 24
I 1.4�10−10 24
I 1.4�10−10 27
I 1.5�10−11 27

2I 8.2�10−11 27
O2 2.0�10−11 exp�−890/T� 24
O 8.0�10−12 35

NO 6.5�10−12 exp�120/T� 24
NO 0.0 24
NO 0.0 24

2.5�10−17 33
5.54�10−20 33

O2�1	� 2.6�10−11 exp�67/T� 24
O2�1�� 1.6�10−12 exp�67/T� 24

O2 4.8�10−12 exp�67/T� 24
O2 1.2�10−10 24
O2 1.2�10−10 24

CO2 4.1�10−13 24
NO 1.2�10−13 21
NO2 8.5�10−14 22
NO2 4.1�10−13 24

O 1.0�10−32 23
O2 4.68�10−28T−1.5 24

NO2 2.08�10−28T−1.41 24
NO 6.0�10−14 24

3.3�10−39 exp�530/T� 24
O3 1.8�10−12 exp�1370/T� 24

CO2 2.0�10−20 24
NO2 2.0�10−20 From 104
�Co

�
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power; this data had a peak O2�a� yield of 12% at 500 W of
rf power and flow rates of O2:He=4:16 mmol/s at the diag-
nostic port position. As discussed above, the O2�b� flow rate
was approximately 1.8% of the O2�a� flow rate.34 The data
from Ref. 11 showed that the production of atomic oxygen in
the discharge varied linearly with discharge power such that
the atomic oxygen flow rate is approximately 7.5
�10−4 mmol/s W of discharge power for these flow condi-
tions. The total number of BLAZE-II simulations performed
for this set of simulations was 4800, including the modeling
of the individual sections for each run.

The NO2 flow rates used in ElectricOIL and BLAZE-II

ElectricOIL calculations are on the order of the O atom flow
rate from the discharge. As a result, as discharge power and
O atom production are varied as a function of discharge
power for a given NO2 flow rate in the calculations, the
equivalence point between the discharge production of
atomic oxygen and titration by NO2 may be crossed. For the
purposes of this study, the O/NO2 equivalence point is de-

FIG. 2. Base line ElectricOIL mixing predictions of O concentration as a
function of axial location with and without the O+NO+He reaction 100,
Table I.

FIG. 3. Premixed predictions of O2�1�� concentration at the diagnostic port

vs discharge power vs NO2 flow rate.

Redistribution subject to AIP license or copyright, see http://jap.aip.
fined for a given NO2 flow rate as the rf power at which
atomic oxygen is produced in the discharge at a rate suffi-
cient to appreciably impact downstream kinetics, despite the
removal of atomic oxygen by NO2 titration and other kinetic
processes. In the modeled flow configuration, a quantity of
atomic oxygen typically must remain in the flow downstream
of the I2 injection point such that the fast dissociation mecha-
nism of I2 by atomic oxygen, reactions 78–81, appreciably
impacts the downstream kinetics. For example, reactions
that are critically dependent upon the presence of atomic
oxygen are the fast quenching of I* by O, reaction 83, and
consequently the I*+O2�a�→ I+O2�b� pooling reaction, re-
action
36.

As discharge power is varied, dramatic shifts in the be-
havior of the model are encountered as these equivalence
points are crossed. For the cases plotted in Figs. 3–6 with
NO2 flow rates less than or equal to 0.2 mmol/s, the dis-
charge produced flow of O atoms is generally greater than

FIG. 4. Premixed predictions of I* concentration at the diagnostic port vs
discharge power vs NO2 flow rate.

FIG. 5. Premixed predictions of O2�1	� concentration at the diagnostic port

vs discharge power vs NO2 flow rate.

org/jap/copyright.jsp
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the NO2 flow rate for most simulated discharge powers. It
should be noted, however, that a NO2 flow rate less than the
discharge produced atomic oxygen flow rate may still act to
completely remove the discharge produced atomic oxygen
from the flow by “recycling” of the NO2 via reactions 84–86
and the subsequent three-body NO recombination reactions
99 and 100. This recycling process is slower than the atomic
oxygen removal by full or overtitration with NO2. In cases
with a NO2 flow rate of 0.5 mmol/s, the discharge produc-
tion of O atoms is less than the NO2 flow rate for discharge
powers less than approximately 630 W. For cases with a
NO2 flow rate of 1.0 mmol/s, the discharge produced flow
of O atoms is less than the NO2 flow rate for all studied
discharge powers. In the premixed calculations, the equiva-
lence points for NO2 flow rates of 0.1, 0.2, and 0.5 mmol/s
occur at rf powers of approximately 300, 450, and 750 W of
rf power. These points are characterized by a sharp diver-
gence of behavior between concentration and gain curves for
the given NO2 flow rate and the curves for the next largest
NO2 flow rate, Figs. 3–6, particularly as seen in O2�a� con-
centration curves, Fig. 3.

For comparative purposes, the corresponding experimen-
tal data from Ref. 11 are illustrated here in Figs. 7–10. If we
compare Figs. 3–6 directly with Figs. 7–10, respectively, it
becomes clear that there are both many similarities as well as
some significant differences.

�1� There are strong qualitative similarities in the character
of the O2�a� curves �Figs. 3 and 7� and I* curves �Figs.
4 and 8� for NO2 flow rates of 0.0, 0.1, and 0.2 mmol/s.
However, for NO2 flow rates of 0.5 and 1.0 mmol/s
there are dramatic differences which are likely due to
mixing these larger quantities of NO2 into the flow in-
stantly, thereby increasing their impact on the down-
stream kinetics.

�2� There are qualitative similarities between the O2�b�
�Figs. 5 and 9� and gain curves �Figs. 6 and 10� for NO2

flow rates of 0.0, 0.1, and 0.2 mmol/s, but again there

FIG. 6. Premixed predictions of gain at diagnostic port vs discharge power
vs NO2 flow rate.
are dramatic differences for NO2 flow rates of 0.5 and

Redistribution subject to AIP license or copyright, see http://jap.aip.
1.0 mmol/s which are also likely due to the premixed
nature of the calculations.

�3� Comparing the O2�b� curves �Figs. 5 and 9� shows a
significant difference for the I2=0.0 mmol/s and NO2

=0.0 mmol/s case. In particular, the predicted curve is
very weak relative to the predictions for the cases with
I2 and with NO2 or 0.0, 0.1, and 0.2 mmol/s. This sug-
gests that there may be too much O2�b� production via I*

and O2�a� pooling, reaction 36, predicted by the model
in the presence of iodine.

The most dramatic difference between the calculations and
the data is the fact that the model does not predict the correct
qualitative behavior for the high NO2 flow rates of 0.5 and
1.0 mmol/s. Specifically, the NO2=0.5 and 1.0 mmol/s
equivalence points are not crossed as they are in the data.
The data shown in Figs. 7–10 suggest that a significant frac-
tion of the I2 is being dissociated for the NO2=0.5 mmol/s,

FIG. 7. Experimental O2�1�� emission data from ElectricOIL at the sub-
sonic diagnostic port vs discharge power as a function of NO2 flow rate, see
Ref. 11.

FIG. 8. Experimental I* emission data from ElectricOIL at the subsonic
diagnostic port vs discharge power as a function of NO2 flow rate, see

Ref. 11.
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rf power
300 W cases, and for NO2=1.0 mmol/s, rf
power
400 W cases. Because O atoms are the fastest dis-
sociation mechanism for I2, reactions 78–81, and because the
character of the 0.5 and 1.0 mmol/s NO2 calculations do not
agree with data, we theorize that the concentration of atomic
oxygen is not properly represented in these premixed calcu-
lations as a result of some or all of several possible factors.

�1� All of these simulations were performed as premixed
calculations where all injection positions were averaged
into the flow discontinuously and the calculation then
proceeded downstream as fully mixed. Physically, mix-
ing effects may cause regions of the flow where a larger
percentage of atomic oxygen produced in the discharge
is allowed to remain unmixed in the downstream flow
than in premixed calculations.

�2� Uncertainties in kinetic rates may affect the downstream
concentration of atomic oxygen or other species.

�3� Experimental diagnostics measuring O atom concentra-

FIG. 9. Experimental O2�1	� emission data from ElectricOIL at the sub-
sonic diagnostic port vs discharge power as a function of NO2 flow rate, see
Ref. 11.

FIG. 10. Experimental gain data from ElectricOIL at the subsonic diagnostic

port vs discharge power as a function of NO2 flow rate, see Ref. 11.

Redistribution subject to AIP license or copyright, see http://jap.aip.
tion do not access the entire cross section of the flow,
which may not be fully mixed. There is an estimated
15%–20% error associated with the experimental atomic
oxygen concentration data, but this error is not sufficient
to account for the observed differences at high NO2 flow
rates.

We believe that in a mixing simulation, a more signifi-
cant quantity of atomic oxygen produced by the discharge
may remain in the flow for the requisite distance to interact
with the I2, thus dissociating the I2 and influencing other
kinetics even when there is a flow of NO2 higher than the
equivalence point. In order to test this theory, the above cal-
culations were repeated with BLAZE configured to use a two-
stream mixing model. This mixing model includes diffusion
coefficients based on the thermodynamic properties of the
reactants and a surface stretching enhancement37,38 that uses
a simple analytic calculation of the penetration depths of the
reactants which are injected transversely to the mean flow.
The kinetic theory based laminar diffusion coefficients were
scaled by diffusion coefficient multipliers �DCMs� deter-
mined via the surface stretching enhancement scheme of
Driscoll.37,38 The DCMs were based on observed NO2 and I2

penetration depth estimates of 0.4 and 1.7 cm, respectively,
and were computed to be approximately unity for the NO2

stream and 2.3 for the I2 stream. Thus, while the NO2 mixing
was essentially laminar diffusive, the DCM changed the dis-
tance required for near complete mixing of the I2 stream
from approximately 40 to approximately 17 cm. Results us-
ing the mixing model are presented in Figs. 11–14.

The mixing model predictions for O2�a�, I*, and O2�b�
concentrations and gain, Figs. 11–14, are in better agreement
with data, Figs. 7–10, than premixed model predictions, Figs.
3–6. The equivalence points between NO2 and atomic oxy-
gen occur at the correct rf power levels in the mixing calcu-
lations for each NO2 flow rate. The rf powers at which the
NO2/O equivalence points occur are tuned by adjusting the
NO2 mixing rate �note that once the mixing rates for NO2

FIG. 11. Mixing predictions of O2�1�� concentration at the diagnostic port
vs discharge power vs NO2 flow rate.
and I2 are tuned for a particular set of flow rates, the mixing
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adjustment factor was then held fixed for all other NO2 flow
rates�. The mixing model predictions for the relative magni-
tudes of I* and O2�b� concentrations as a function of NO2

flow rate, Figs. 12 and 13, are in significantly better agree-
ment with data, Figs. 8 and 9, than are the premixed predic-
tions, Figs. 4 and 5. However, the mixing model still appears
to overpredict the concentration of O2�b� as a function of
NO2 flow rate and rf power with iodine in the flow with
respect to the case without iodine and without NO2 �I2,
NO2=0.0 mmol/s�. Since the primary kinetic pathway sus-
taining O2�b� concentration in the flow is O2�a� and I* pool-
ing to O2�b�, reaction 36, and since the uncertainty in the
experimental I2 flow rate is large, either an error in the input
I2 flow rate or the reaction rate k36 �or a combination of both�
could explain this error. Although the rate of reaction 36 is
well measured, e.g., k36= �1.3±0.4��10−13 at T=353 K, a
simulation of all of the mixing cases studied �in the range of
0–800 W of rf power� using a k36 at the lower bound of the
rate uncertainty eliminates approximately 1/3 of the previ-

FIG. 12. Mixing predictions of I* concentration at the diagnostic port vs
discharge power vs NO2 flow rate.

FIG. 13. Mixing predictions O2�1	� concentration at the diagnostic port vs

discharge power vs NO2 flow rate.

Redistribution subject to AIP license or copyright, see http://jap.aip.
ously mentioned O2�1	� discrepancy between the cases with
I2 and the case without I2 �not shown for brevity�. However,
the uncertainty in reaction 36 alone could not explain the
observed discrepancy and the more likely source of error is
the uncertainty in the I2 flow rate. To avoid performing a
curve fitting exercise in this work, the rate provided in the
literature and the measured I2 flow rate are used throughout
the paper. The mixing model predictions for the absolute
magnitudes of gain as a function of NO2 flow rate and rf
power, Fig. 14, are also in better agreement with data, Fig.
10, than are the premixed model predictions, Fig. 6. Overall,
the mixing model predictions for O2�a�, I*, and O2�b� con-
centrations and gain as a function of NO2 flow rate and rf
power are in very good agreement with data indicating that
mixing effects are a critical component of ElectricOIL simu-
lations. Agreement between the BLAZE-II model and data may
be further improved by continued study of critical kinetics
and more accurate determination of input conditions, dis-
charge atomic oxygen yield, and I2 flow rate, in particular.

IV. BLAZE-II GAIN AND POWER PREDICTIONS

BLAZE-II mixing calculations were performed with the 28
species, 105 reaction set to model current ElectricOIL gain
data as a function of I2 flow rate. Cases modeled used reac-
tant flow rates of O2:He:NO of 3:16:0.15 mmol/s with I2

flow rates of 0.008, 0.014, and 0.036 mmol/s at a total pres-
sure of 12.6 Torr. This set of flow conditions was chosen for
gain and power modeling because more precise gain data in
the supersonic laser cavity were available for these condi-
tions. Simulations assumed 450 W of rf discharge power.
The O2�a� yield at the exit of the discharge was determined
from ElectricOIL data14 for O2:He:NO=3:16:0.15
mmol/s flow conditions at 450 W of rf discharge power.
Atomic oxygen yield was estimated at 450 W of rf power
from NO2 titration experiments34 for the above conditions
with NO in the discharge and a numerical study. Estimates34

from titration experiments indicate that the O atom flow rate
is 	0.13 mmol/s at the NO2 injectors. Calculations were

FIG. 14. Mixing predictions of gain at the diagnostic port vs discharge
power vs NO2 flow rate.
performed for various discharge atomic oxygen yields and it
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was determined that an O flow rate of 0.25 mmol/s at X
=0 cm simultaneously provided reasonable agreement with
cavity gain data and O atom flow rate estimates at the NO2

injectors.
All of the simulations discussed in this section used the

same mixing parameters determined in Sec. III. For the flow
conditions discussed above with a rf power of 450 W, the
predicted O2�a� yield as a function of distance from the dis-
charge exit is shown in Fig. 15 for three different I2 flow
rates. There are four interesting features that are observed in
Fig. 15.

�1� The initial drop in O2�a� yield occurring until I2 injec-
tion is due to the three-body quenching O2�a�+O2+O
→O2+O2+O, reaction 98; the pooling reaction O2�a�
+O2�a�→O2�b�+O2, reaction 1; and quenching by O,
O3, and O2�a�, reactions 68, 77, and 2, respectively, in
order of significance.

�2� Higher I2 flow rates result in lower O2�a� yields down-
stream in the laser cavity, which is in large part due to
the effects of the I*+O quenching, reaction 83, because
the atomic oxygen concentration at the I2 injection point
is still approximately 30% of the discharge exit value.

�3� The decrease in yield decay after the cold N2 injection
occurs in part from the O2�b�+N2→O2�a�+N2 deacti-
vation channel, reaction 17, where new O2�b� has been
created via O2�a�+I*→O2�b�+I, reaction 36, after the
iodine injection position. There is also an effect from the
temperature dependence of reactions 1 and 17.

�4� The yield after the nozzle throat drops as the equilibrium
between the pumping reaction 32 and the reverse pump-
ing reaction 33 shifts further in favor of I* as the tem-
perature drops in the supersonic expansion, which sub-
sequently increases the rate of energy loss through the
I*+O energy channel.

Figures 16 and 17 illustrate the predicted gain for these
three I2 flow rates. A large drop in gain �increase in absorp-
tion� is observed between the I2 injection location and the

*

FIG. 15. Mixing predictions of O2�1�� yield as a function of axial position
vs I2 flow rate, O2:He:NO:N2=3:16:0.15:55 mmol/s.
N2 injection location, which is due to the I +O quenching

Redistribution subject to AIP license or copyright, see http://jap.aip.
that ultimately reduces both the I* and O2�a� concentrations.
There is a sudden rise in gain when the cold N2 is injected,
which is a consequence of the pumping reaction 32 favoring
colder temperatures; note that the gain then lowers as heat
is transferred from the warmer wall to the cooler flow be-
tween N2 injection position and the nozzle throat �BLAZE-II

includes a first order wall heat transfer term�. Downstream of
the throat the gain increases significantly in the supersonic
cavity, Fig. 17. For I2 flow rates of 0.008, 0.014, and
0.036 mmol/s, the peak gain in the nozzle is predicted to be
approximately 0.0085% /cm, 0.0095% /cm, and 0.0168% /
cm, respectively. As shown in Fig. 17, the prediction of gain
for both the 0.008 mmol/s of I2 and the 0.036 mmol/s of I2

cases are in reasonably good agreement with the measured
gains13 of 0.0067% /cm and 0.0156% /cm, respectively, for
these conditions.

Power calculations �not shown for brevity� were run for
the above gain cases. The predicted powers were a factor of
2–4 times larger than the measured powers despite the fact

FIG. 16. Mixing predictions of gain as a function of axial position vs I2 flow
rate, O2:He:NO:N2=3:16:0.15:55 mmol/s.

FIG. 17. Mixing predictions of cavity gain as a function of axial position vs

I2 flow rate, O2:He:NO:N2=3:16:0.15:55 mmol/s.
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that the gain was well predicted. We believe that this is likely
a problem related to the limited dimensionality of the model.
The model assumes flow uniformity across the nozzle and
therefore does not account for effects such as a thermal
boundary layer that would change the temperature of the
nozzle top to bottom. The gain is strongly dependent on tem-
perature; therefore the real device would likely have a gain
variation in the vertical direction. The gain data shown in
Figs. 16 and 17 were taken along the along the center of the
nozzle flow. If the gain data shown are the peaks of the
vertical gain profiles, then the real laser would produce a
power output based more on a lower average gain through
the laser mode volume. Hence while BLAZE-II is predicting
the centerline gain values very well, it is not accounting for
higher dimensional effects in the real laser system. Therefore
if BLAZE-II gain data were compared to data for average gain
across the height of the cavity, a discrepancy comparable to
the one in calculated powers would likely be seen. While
off-centerline supersonic gain data are not available for the
exact flow conditions modeled, gain data taken for similar
flow conditions using a 14-pass Herriott optical cell configu-
ration �which sampled the flow both vertically and horizon-
tally� were typically 25%–50% of the magnitude of the gain
data taken with a four-pass White optical cell �which only
sampled the flow centerline horizontally�.39 Investigation of
this with a higher dimensional model along with taking more
experimental gain measurements to establish a vertical gain
profile is recommended.

V. CONCLUDING REMARKS

Recent studies with the ElectricOIL system where the
O2�a 1�� was produced in a flowing electric discharge have
demonstrated O2�a 1�� yields greater than 15%, positive
gain, and cw laser power. To better understand the postdis-
charge physics, premixed and mixing calculations were per-
formed using the generic gas laser model BLAZE-II. BLAZE-II

was adapted to allow the multiple sections/injection points of
reactants used by ElectricOIL and was enhanced to allow
large parametric studies. The BLAZE-II kinetics set was sig-
nificantly updated and now includes 105 reactions and 28
species.

Premixed simulations were run with the updated BLAZE-

II model and compared with experimental data; many of the
trends in the data were modeled reasonably well, but simu-
lations with high NO2 flow rates were dramatically different.
We believe that these simulations did not properly represent
the concentration of atomic oxygen in the flow tube princi-
pally as a result of using premixed flow simulation rather
than mixing simulations. The use of a two stream mixing
model provided results that were in significantly better
agreement with experimental data for I*, O2�a 1��, and
O2�b 1	� concentrations, and gain at the diagnostic port as a
function of discharge power and NO2 flow rate. We believe
that a more accurate understanding of the discharge produc-
tion of atomic oxygen, kinetic rates �e.g., the I*+O quench-
ing reaction and the NO2+O→O2�X 3	 ,a 1� ,b 1	�+NO

branching ratio�, and experimental I2 flow rates may further

Redistribution subject to AIP license or copyright, see http://jap.aip.
improve the accuracy of future BLAZE-II calculations in this
respect.

BLAZE-II was used with the 105 reaction, 28 species set
to model current ElectricOIL gain data as a function of I2

flow rate. Atomic oxygen yield in the simulated ElectricOIL
conditions was estimated to be 0.25 mmol/s at 450 W of rf
power by base lining the model to NO2 titration experiment
results and gain data. For the I2=0.008 and 0.036 mmol/s
cases, the gain in the supersonic cavity was modeled well by
BLAZE-II.

Overall the BLAZE-II model with the inclusion of mixing
effects appears to be predicting many of the observed quali-
tative trends that have been measured, and several quantita-
tive comparisons to data are reasonable. However, we be-
lieve that improvements can be made to the modeling,
especially with the use of higher dimension mixing models.
Improvements in the knowledge of the kinetics will likely
also play a crucial role in better modeling of the system.
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