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Chemical oxygen-iodine lasers(COIL) are attractive for diverse industrial applications because they
are capable of high efficiency, high power operation, and because the 1.315mm wavelength can be
transmitted through fiber optics and couples efficiently with most metals. Conventional COILs are
pumped with O2s1Dd that is generated by reaction of Cl2 in a basic H2O2 solution. Current trends in
pumping COILs involve producing the O2s1Dd in electric discharges, thereby circumventing the
hazards, complexity, and weight associated with pumping and storing caustic liquids. In this work,
we have investigated the scaling of O2s1Dd yields with specific energy deposition in He/O2 mixtures
in flowing radio frequency(rf) discharges at pressures of a few to tens of Torr using a global plasma
kinetics model. We found that O2s1Dd yield increases nearly linearly with specific energy deposition
in O2 molecules up to a few eV per molecule, with yields peaking around 30% by 5–8 eV. Further
increases in specific energy deposition serve only to increase O2 dissociation and gas heating,
thereby reducing the O2s1Dd yield. We also found that variations in peak yields at a given specific
energy deposition are caused by secondary effects resulting from dilution, pressure, and power level.
We show that these secondary effects alter the O2s1Dd yield by shifting the O2s1Sd /O2s1Dd ratio.
© 2004 American Institute of Physics. [DOI: 10.1063/1.1768615]

I. INTRODUCTION

Chemical laser operation on the2P1/2→2P3/2 transition
in atomic iodine has been investigated due to its high effi-
ciency and potential for multikilowatt cw power.1–6 The con-
ventional chemical oxygen-iodine laser(COIL) dissociates I2
by collisions with O2s1Dd. Subsequent collisions with O2s1Dd
then excite the atomic iodine in a near resonant transfer to
create a population inversion and lasing on the Is2P1/2d
→ Is2P3/2d transition. In order to achieve the flow rates and
temperatures required for high power applications, the gas
stream is often expanded through a supersonic nozzle. Con-
ventional COILs generate the O2s1Dd metastable with yields
up to 0.7 using liquid phase chemistry by reaction of Cl2 in
basic H2O2.

7 This method is less than optimum for some
applications because of the complexity, weight, and opera-
tional hazards associated with the liquid chemical storage
and pumping systems. Therefore, recent efforts have been
investigating the development of all gas phase O2s1Dd
generators.8,9

Current research in gas phase O2s1Dd generation in-
volves capacitive, inductive, and microwave self-sustaining
electric discharges in pure O2 and in mixtures with diluents
such as N2 and He, ande-beam non-self-sustained discharges
in similar mixtures.10–16The thresholdfO2s1Ddg / fO2s3Sdg ra-
tio required for positive laser gain for conventional systems

depends on the cavity temperature and can be derived from
the equilibrium of the forward and reverse rates of the pump-
ing reaction,17

fO2s1Ddg
fO2s3Sdg = 0.67 expS−

401.4

T
D , s1d

where the temperatureT has units K. At room temperature
the threshold ratio is 0.18. Early attempts by Benard and
Pchelkin using a microwave discharge as a source of O2s1Dd
produced fO2s1Ddg / fO2s3Sdg fractions of 0.11.18 Later,
Fournieret al. proposed that the maximum achievable exci-
tation fraction in a discharge is 0.135, based on excitation
equilibrium calculations and experiments using an electron-
beam sustained discharge at 1.15 bars.19

More recent investigations on electric discharge produc-
tion of O2s1Dd have centered on engineering the reduced
electric fieldsE/Nd nearer to the optimum value for O2s1Dd
production which, based on calculations of the electron en-
ergy distribution for discharges in pure O2, is
<10 Td s1 Td=10−17 V cm2d.11,14,20,21This value is too low
for self-sustained discharges. In an attempt to circumvent the
loss of efficiency of O2s1Dd excitation that occurs in self-
sustained discharges, Hill developed a controlled avalanche
discharge in which short, high voltage pulses ionize the gas
while a lower electric field sustains the discharge between
the pulses.10 This method has been used by Hill to obtain
0.16 yield and has also been investigated by Verdeyenet al.22

Electron beam sustained discharges have also been in-
vestigated by Ioninet al.14 With the addition of Ar and CO
or H2 to the O2, they were able to increase the specific en-
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ergy input obtainable with ane-beam up to about 1.5 eV per
molecular component. Their modeling results for non-self-
sustained discharges predicted yields up to 0.25 with O2s1Dd
excitation efficiencies of'0.4 when using molecular addi-
tives such as CO, H2, or D2. Inert gas diluents and molecular
additives have also been used with success by Schmied-
berger with a hollow cathode radio frequency(rf) jet
discharge.12 At 0.43 Torr, a 0.32 yield was obtained by flow-
ing an O2/N2/NO mixture through the discharge jet and then
chilling the gas by mixing with a cold Ar/NO2 stream. How-
ever, the pressure was lower than typical high power COIL
system pressures.

Moderate yields at higher pressures have been recently
achieved by Rakhimovaet al. and Savinet al.15,16 Rakhi-
movaet al. performed experiments in a transverse electrode
capacitive discharge in pure O2 and in mixtures with Ar and
He from 1 to 40 Torr.15 They obtained anfO2s1Ddg / fO2s3Sdg
ratio of 0.3 in pure O2 and 0.4 in mixtures with He and Ar
which showed good agreement with a numerical model.
Savinet al. obtained 0.25–0.30 yield in 1–2 Torr of pure O2

in a traveling microwave discharge, also obtaining good
agreement with a model.16 Both of these kinetic models in-
clude a three-body O2s1Dd quenching reaction proposed by
Ivanov,11,15,16

O + O2s1Dd + O2 → O + O2 + O2, k = 10−32 cm6 s−1.

s2d

In this paper, we present results from a computational
investigation of O2s1Dd yields produced by self-sustained
discharges in He/O2 mixtures. A global plasma kinetics
model was modified to address one-dimensional steady-state
plug flow and was validated against experiments. The effects
of typical discharge variables—mixture, pressure, flow rate,
and power—were investigated. We found that yields of
O2s1Dd increase linearly with O2 specific energy deposition
up to a saturation regime at 5–8 eV per molecule before
decreasing again as O2 dissociation begins to dominate the
kinetics. We also found that the dissociation fraction reaches
0.5 when the peak O2s1Dd yield occurs. The dissociation
fraction increases monotonically with specific energy depo-
sition, exceeding 0.9 by 20 eV per molecule. However, after
correcting for specific energy deposition, the peak yield in
the saturation regime is still influenced by composition,
power deposition, and pressure. Moderate changes in these
parameters cause up to a 50% variation in the peak yield at a
given energy deposition. We found that the variations in
yield are caused by changes in gas density and mole frac-
tions which affect the O2s1Dd and O2s1Sd kinetics and that
the variations are largely independent ofE/N.

The plasma kinetics model used in this investigation,
GlobalKin, is described in Sec. II. The gas phase and elec-
tron impact reaction kinetics are discussed in Sec. III. Scal-
ing of O2s1Dd yield is discussed in Sec. IV. Concluding re-
marks are in Sec. V.

II. DESCRIPTION OF THE MODEL

A schematic of a typical electrical discharge COIL de-
vice is shown in Fig. 1. Oxygen and a diluent such as He are

first fed through a quartz tube, where the plasma is sustained
by a capacitive or inductive discharge. Powers of tens to
hundreds W are deposited into gases flowing at hundreds to
thousands cm/s. Pressures are a few to tens of Torr for O2

mixtures with mole fractions of 0.03–1 with the balance an
inert gas diluent. The gases may be precooled before entering
the discharge but usually enter at about 300 K. The discharge
section is usually a few tens of centimeter in length and a
few centimeters in diameter. Following the plasma, the ex-
cited oxygen and diluent are fed through a nozzle where I2 is
injected into the flow. To aid in I2 mixing the I2 secondary
flow is typically injected tangentially to the primary flow in
the subsonic portion of a supersonic nozzle. The gases then
mix, react and cool as they flow through the transonic and
supersonic portions of the nozzle. Ideally the gases are
cooled to around 140 K as they flow through the laser cavity
and are drawn into the exhaust system.23

GlobalKin, a global plasma kinetics model,24 was modi-
fied to simulate steady-state plug flow for this investigation.
GlobalKin consists of three main modules: a reaction chem-
istry and transport module, a Boltzmann equation solver for
the electron energy distribution(EED), and an ordinary dif-
ferential equation(ODE) solver module. The reaction chem-
istry and transport module constructs differential equations
for the time evolution of species densities and temperatures
using results obtained by the Boltzmann solver for electron
impact rate coefficients. The differential equations are then
integrated by the stiff ODE solver.25

The chemistry and transport module first constructs con-
tinuity equations for neutral[Eq. (3)] and charged[Eq. (4)]
species, accounting for diffusion to and from the walls and
reaction sources,

dNi

dt
= − = · S− = sDiNid + o

j

= · sDjNjdg j f jiD
+ Si −

Ni

Tg

dTg

dt
, s3d

dNi
±

dt
= − = · f− = sDa,iNidg + Si , s4d

where Ni and Ni
± are the densities of neutral and charged

speciesi, Di andDa,i are the regular and ambipolar diffusivi-
ties of speciesi in the mixture, and the sum is over all spe-
cies.g j is the wall reactive sticking coefficient of speciesj ,
f ji is the returned fraction of speciesj as speciesi from the
wall, andSi is the reaction source term for speciesi. The last
term accounts for excursions of the gas temperatureTg as-

FIG. 1. Schematic of typical electric discharge COIL. O2 is mixed with an
inert gas and flowed through the discharge. The gases are then cooled by
supersonic expansion before entering the laser cavity.
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suming constant pressure operation. The diffusivities are es-
timated from Lennard-Jones potentials and are calculated for
each species as a function of the local gas composition. The
ambipolar diffusion coefficients for charged species are
based on the instantaneous ion and electron mobilities and
diffusivities. Ion mobilities are obtained from experimental
databases26–29 or estimated based on Langevin values. The
electron mobility is obtained from the EED.

For the spatially uniform volumetric model, the second-
order partial derivatives in the continuity equations can be
approximated by substituting the diffusion lengthL, and
simplify to

dNi

dt
=

1

L2S− DiNi + o
j

DjNjg j f jiD + Si −
Ni

Tg

dTg

dt
. s5d

The source terms for the gas phase and electron impact re-
actions are obtained from rate expressions for all species,

Si = o
j

saij
RHS− aij

LHSdkjp
l

Nl
aij

sLHSd
, s6d

where theaij are the stoichiometric coefficients of speciesi
in reactionj on the right-hand side(RHS) and left-hand side
(LHS), kj is the reaction rate coefficient for reactionj , and
the product is over all LHS species in reactionj . Rate coef-
ficients are obtained from Arrenhius expressions for the gas
phase reactions and from the EED for the electron impact
reactions.

For the relatively high pressuress1–100 Torrd typical of
COIL discharges, the ions and neutrals are in near thermal
equilibrium and can be described by a single temperature.
The energy conservation equation for the heavy species in-
cludes terms for contributions to gas heating from elastic and
inelastic collisions with electrons, from gas phase reaction
sources, and from conduction to the walls,

d

dt
sNcPTgd = o

i

3

2
nenmiS2me

Mi
DkBsTe − Tgd

+ o
j

nekjNjD« j − o
j

DHj +
k

L2sTw − Tgd

−
d

dt
S1

2
MwNvx

2D , s7d

whereN is the total gas density andcP is the mixture aver-
aged heat capacity.nmi is the momentum transfer collision
frequency between electrons and speciesi, me is the electron
mass,Mi is the mass of speciesi, kB is the Boltzmann con-
stant,Te is the average electron energy,kj and D« j are the
rate constant and energy contribution from inelastic process
j , andDHj is the heat of reaction for processj . The second to
last term represents conduction to the wall, wherek is the
mixture averaged thermal conductivity andTw is the wall
temperature. The mixture averaged heat capacity and thermal
conductivity are estimated from the Lennard-Jones poten-
tials. For some of the most prevalent species in the discharge
[He, O2, and O2s1Dd], the heat capacities are obtained from
polynomial correlations for greater accuracy.30 The last term
of Eq. (7) accounts for the transfer of internal energy to
kinetic energy as the gas expands and the flow velocityvx

increases. In this term,Mw is the mixture averaged molecular
weight.

Energy conservation for electrons includes contributions
from Joule heating and energy transferred in elastic and in-
elastic collisions with heavy species,

d

dt
S3

2
nekBTeD = Pd − o

i

3

2
nenmiS2me

Mi
DkBsTe − Tgd

+ o
l

neklNlD«l , s8d

wherePd is the power deposition. In a plug flow model, a
circuit parameter(e.g., current density or power) must be
specified as a function of distance along the flow direction.
We chose to specify power deposition. When used in this
manner,Pd represents the time-averaged power deposition
into the electrons over multiple rf cycles. In this regard, the
discharge kinetics are analogous to a dc positive column
model or inductive discharge with an axially varyingE/N as
might occur when conductivity is a function of position.

The electron transport coefficients required for Eqs.
(4)–(8) are generated by solving Boltzmann’s equation for
the EED. The Boltzmann solver is invoked at specified inter-
vals during the simulation to reflect changes in the composi-
tion of the gas mixture. The EED is obtained by iterative
solution of the two-term spherical harmonic expansion of the
Boltzmann equation.31 The Boltzmann module tabulates av-
erage electron energies, transport coefficients, and rate con-
stants for a range of values ofE/N and the results are ex-
ported to GlobalKin. GlobalKin then interpolates from the
tables based on the instantaneous average electron energy
obtained by integrating Eq.(8) to obtain electron impact re-
action rate coefficients and theE/N required to produce the
derived average electron energy.

In order to address the flow conditions of the COIL sys-
tem, the global model was converted to a pseudo-one-
dimensional plug flow model by introducing the flow veloc-
ity vx and by accounting for gas expansion at constant
pressure[Eqs. (3) and (5)]. The change in flow speed is
obtained by conservation of mass flux,

dvx

dt
= −

vx

r

dr

dt
, s9d

where the mass densityr is obtained from the instantaneous
mixture averaged molecular weightMw and the number den-
sity N. Integrating the flow velocity gives the location of the
initial gas plug as a function of time.

The resulting ordinary differential equations for species
densities[Eqs.(3) and(4)], gas and electron energy[Eqs.(7)
and (8)], and flow velocity[Eq. (9)] are normalized in Glo-
balKin to increase computational efficiency before being in-
tegrated. Integration is performed by a double precision
variable-coefficient ODE solver developed at LLNL as part
of ODEPACK.25

III. REACTION MECHANISM

The mechanism used in this investigation involves reac-
tions in the gas phase discharge and afterglow as well as
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recombination and quenching reactions on the discharge tube
walls. The species in the mechanism include ground state
neutrals O2, O, O3, and He; vibrational and electronic states
O2svd, O2sa1Dd, O2sb1Sd, Os1Dd, Os1Sd, and Hes2Sd; and
ions O2

+, O+, He+, O2
−, O−, and O3

−. [O2svd represents the total
vibrational population consisting of the first four vibrational
levels of O2.] The complete gas phase reaction mechanism is
shown in Table I. Wall reactions are listed in Table II. Typical
densities and temperatures are shown in Fig. 2(to be dis-
cussed in full below).

Electron impact reactions dominate the kinetics in the
discharge region. At the discharge inlet, where only ground
state O2 and He are present, the O2 is excited and dissoci-
ated, mainly by the four reactions,

e+ O2 → O2s1Dd + e, s10d

e+ O2 → Os1Dd + O +e, s11d

e+ O2 → O + O +e, s12d

e+ O2 → O2s1Sd + e. s13d

In the first section of the discharge, most of the O2s1Dd is
produced by direct electron impact[Eq. (10)]. However, the
rates of the dissociation reactions[Eqs. (11) and (12)] are
also large in the discharge, producing large densities of O
atoms. These atoms are then excited to Os1Dd by electron
impact, thereby creating more O2s1Dd through a sequence of
collisions with O2,

Os1Dd + O2 → O + O2s1Sd,

k = 2.03 10−1 cm3 s−1 sRef. 32d, s14d

O + O2s1Sd → O + O2s1Dd,

k = 7.23 10−14 cm3 s−1 sRef. 32d, s15d

wherek is the rate coefficient at 300 K.
As the O2s1Dd density increases in the downstream por-

tion of the discharge, processes which remove O2s1Dd
through excitation to upper states, through dissociation, and
through superelastic deexcitation to the ground state begin to
dominate the kinetics,

e+ O2s1Dd → O2s1Sd + e, s16d

e+ O2s1Dd → Os1Dd + O +e, s17d

e+ O2s1Dd → O + O +e, s18d

e+ O2s1Dd → O2 + e. s19d

These processes produce more long lived O atoms and de-
plete the O2 available for excitation to O2s1Dd. In this down-
stream region the discharge becomes less efficient at produc-
ing O2s1Dd, and atomic O is produced instead.

Ozone is also created early in the discharge, primarily
through collisions of O2s1Dd and O− ions and through a
three-body reaction,

O− + O2s1Dd → O3 + e,

TABLE I. Discharge and afterglow reaction mechanism for He/O2.

Reaction Rate constanta,b Reference

e+He→He* +e fsTed 39

e+He→He* +e fsTed 39

e+He→He++e+e fsTed 40

e+He* →He++e+e fsTed 41

e+He* →He+e fsTed c

e+He+→He* 6.76310−13Te
−0.5 42

e+e+He+→He* +e 5.12310−27Te
−4.5 42

e+O2→O−+O fsTed 43

e+O2→O2svd+e fsTed 43

e+O2→O2svd+e fsTed 43

e+O2→O2svd+e fsTed 43

e+O2→O2svd+e fsTed 43

e+O2→O2s1Dd+e fsTed 43

e+O2→O2s1Sd+e fsTed 43

e+O2→O+O+e fsTed 43

e+O2→Os1Dd+O+e fsTed 43

e+O2→O2
++e+e fsTed 43

e+O2→O++O+e+e fsTed 44

e+O2+M→O2
−+M 3.60310−31Te

−0.5 45

e+O2
+→O+O 1.20310−8Te

−0.7 46

e+O2
+→Os1Dd+O 8.88310−9Te

−0.7 46

e+O2svd→O−+O fsTed d

e+O2svd→O2+e fsTed c

e+O2svd→O2s1Dd+e fsTed e

e+O2svd→O2s1Sd+e fsTed e

e+O2svd→O+O+e fsTed e

e+O2svd→Os1Dd+O+e fsTed e

e+O2svd→O2
++e+e fsTed e

e+O2svd→Os1Dd+Os1Dd+e fsTed e

e+O2svd→O++O+e+e fsTed e

e+O2s1Dd→O−+O fsTed 47

e+O2s1Dd→O2s1Sd+e fsTed 48

e+O2s1Dd→O2+e fsTed c

e+O2s1Dd→O+O+e fsTed e

e+O2s1Dd→Os1Dd+O+e fsTed e

e+O2s1Dd→O2
++e+e fsTed e

e+O2s1Dd→Os1Dd+Os1Dd+e fsTed e

e+O2s1Dd→O++O+e+e fsTed e

e+O2s1Sd→O−+O fsTed f

e+O2s1Sd→O2s1Dd+e fsTed g

e+O2s1Sd→O2+e fsTed c

e+O2s1Sd→O+O+e fsTed e

e+O2s1Sd→Os1Dd+O+e fsTed e

e+O2s1Sd→O2
++e+e fsTed e

e+O2s1Sd→Os1Dd+Os1Dd+e fsTed e

e+O2s1Sd→O++O+e+e fsTed e

e+O3→O−+O2 fsTed 49

e+O3→O2
−+O fsTed 49

e+O→Os1Dd+e fsTed 50

e+O→Os1Sd+e fsTed 50

e+O→O++e+e fsTed 50

e+Os1Dd→O+e fsTed c

e+Os1Dd→O++e+e fsTed h

e+Os1Sd→O+e fsTed c

e+Os1Sd→O++e+e 6.60310−9Te
0.6exps−9.43/Te

d i

e+O−→O+e+e 1.95310−12Te
0.5exps−3.4/Te

d 51

e+O+→Os1Dd 5.30310−13Te
−0.5 42

e+e+O+→Os1Dd+e 5.12310−27Te
−4.5 42
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TABLE I. (Continued.)

Reaction Rate constanta,b Reference

O−+O2
+→O+O2 2310−7T0

−1 46

O−+O2
+→O+O+O 1310−7 46

O−+O+→O+O 2310−7T0
−1 46

O−+H+→O+He 2310−7T0
−1 46

O2
−+O2

+→O2+O2 2310−7T0
−1 46

O2
−+O2

+→O2+O+O 1310−7 46

O2
−+O+→O2+O 2310−7T0

−1 46

O2
−+He+→O2+He 2310−7T0

−1 46

O3
−+O2

+→O3+O2 2310−7T0
−1 46

O3
−+O2

+→O3+O+O 1310−7 46

O3
−+O+→O3+O 2310−7T0

−1 46

O3
−+He+→O3+He 2310−7T0

−1 46

O−+O2
++M→O+O2+M 2310−25T0

−2.5 cm6 s−1 46

O−+O++M→O+O+M 2310−25T0
−2.5 cm6 s−1 46

O−+He++M→O+He+M 2310−25T0
−2.5 cm6 s−1 46

O−+O→O2+e 2310−10T0
0.5 33

O−+O2s1Dd→O3+e 3310−10T0
0.5 33

O−+O2s1Sd→O+O2+e 6.9310−10T0
0.5 46

O−+O2→O3+e 5310−15T0
0.5 46

O−+O3→O2+O2+e 3.01310−10T0
0.5 33

O−+O3→O3
−+O 1.99310−10T0

0.5 33

O−+O3→O2
−+O2 1.02310−11T0

0.5 33

O2
−+O→O−+O2 1.5310−10T0

0.5 33

O2
−+O→O3+e 1.5310−10T0

0.5 33

O2
−+O2s1Dd→e+O2+O2 2310−10T0

0.5 33

O2
−+O3→O3

−+O2 6310−10T0
0.5 33

O3
−+O→O2

−+O2 2.5310−10T0
0.5 33

O+O+→O+O+ 1310−9T0
0.5 j

O+O++M→O2
++M 1310−29T0

0.5 cm6 s−1 46

O2+O2
+→O2+O2

+ 1310−9T0
0.5 28

O++O2→O2
++O 2310−11T0

−0.4 33

O++O3→O2
++O2 1310−10 46

Os1Dd+O→O+O 8310−12 46

Os1Dd+O2→O+O2s1Sd 2.56310−11exps−67/Tg
d 32

Os1Dd+O2→O+O2s1Dd 1.6310−12exps−67/Tg
d 32

Os1Dd+O2→O+O2 4.8310−12exps−67/Tg
d 32

Os1Dd+O3→O2+O+O 1.2310−10 37

Os1Dd+O3→O2+O2 1.2310−10 36

Os1Dd+He→O+He 1310−13 52

Os1Sd+O2→Os1Dd+O2 3.2310−12exps−850/Tg
d 36

Os1Sd+O2→O+O2 1.6310−12exps−850/Tg
d 36

Os1Sd+O2s1Dd→O+O2 1.1310−10 46, k

Os1Sd+O2s1Dd→Os1Dd
+O2s1Sd

2.9310−11 46

Os1Sd+O2s1Dd→O+O+O 3.2310−11 46

Os1Sd+O→Os1Dd+O 1.67310−11exps−300/Tg
d 36

Os1Sd+O→O+O 3.33310−11exps−300/Tg
d 36

Os1Sd+O3→O2+O2 5.8310−10 36,1

O2s1Dd+O→O2+O 2310−16 36

O2s1Dd+O2→O2+O2 3310−18exps−200/Tg
d 32

O2s1Dd+O2s1Dd→O2+O2 9310−17exps−560/Tg
d 36, m

O2s1Dd+O2s1Dd→O2s1Sd
+O2

9310−17exps−560/Tg
d m

O2s1Dd+O2→O+O3 2.95310−21T0
0.5

O2s1Dd+O3→O2+O2+O 5.2310−11exps−2840/Tg
d 37

O2s1Dd+He→O2+He 8310−21T0
0.5 53

O2s1Sd+O2s1Sd→O2s1Dd
+O2

3.6310−17T0
0.5 32, j

TABLE I. (Continued.)

Reaction Rate constanta,b Reference

O2s1Sd+O2→O2s1Dd+O2 3.6310−17T0
0.5 32

O2s1Sd+O2→O2+O2 4310−18T0
0.5 32

O2s1Sd+O→O2s1Dd+O 7.2310−14T0
0.5 32

O2s1Sd+O→O2+O 8310−15T0
0.5 32

O2s1Sd+O3→O+O2+O2 7.33310−12T0
0.5 34

O2s1Sd+O3→O2s1Dd+O3 7.33310−12T0
0.5 34

O2s1Sd+O3→O2+O3 7.33310−12T0
0.5 34

O2s1Sd+He→O2s1Dd+He 1310−17T0
0.5 j

O2svd+O→O2+O 1310−14T0
0.5 32, j

O2svd+O2→O2+O2 1310−14T0
0.5 32, j

O2svd+He→O2+He 1310−14T0
0.5 32, j

O+O+O2→O2+O2 2.56310−34T0
−0.63 cm6 s−1 46

O+O+O→O2+O 9.21310−34T0
−0.63 cm6 s−1 46

O+O+He→O2+He 1310−33 cm6 s−1 46,53

O+O+O2→O2s1Dd+O2 1.93310−35T0
−0.63 cm6 s−1 46

O+O+O→O2s1Dd+O 6.93310−35T0
−0.63 cm6 s−1 46

O+O+He→O2s1Dd+He 9.88310−35 cm6 s−1 46,53

O+O2+O2→O3+O2 6310−34T0
−2.8 cm6 s−1 32

O+O2+He→O3+He 3.4310−34T0
−1.2 cm6 s−1 53

O+O2+O→O3+O 3.4310−34T0
−1.2 cm6 s−1 j

O+O3+O2→O2 8310−12exps−2060/Tg
d 32

O3+M→O2+O+M 1.56310−9exps−11,490/Tg
d 54, j

He* +He* →He+He++e 1.5310−9T0
0.5 55

He* +O2→O2
++He+e 2.54310−10T0

0.5 56

He* +O3→O2
++O+He+e 2.54310−10T0

0.5 56, n

He* +O2s1Sd→O2
++He+e 2.54310−10T0

0.5 56, n

He* +O→O++He+e 2.54310−10T0
0.5 56, n

He* +Os1Dd→O++He+e 2.54310−10T0
0.5 56, n

He* +Os1Sd→O++He+e 2.54310−10T0
0.5 56, n

He++O2→O++O+He 1.07310−9T0
0.5 33

He++O3→O++O2+He 1.07310−9T0
0.5 n

He++O2→O2
++He 3.3310−11T0

0.5 33

He++O2s1Dd→O++O+He 1.07310−9T0
0.5 n

He++O2s1Dd→O2
++He 3.3310−11T0

0.5 n

He++O→O++He 5310−11T0
0.5 j

He++Os1Dd→O++He 5310−11T0
0.5 j

He++Os1Sd→O++He 5310−11T0
0.5 j

He++He+→He+He+ 1310−9T0
0.5 28

aRate coefficients have units of cm3 s−1 unless otherwise noted.T0

=sTg/300d; Tg has units K;Te has units eV.
bfsTed indicates that the rate coefficient is obtained from the EED
using cross section from indicated reference. Rate coefficients are
compiled as a function ofE/N and interpolated based on instantaneous
values ofTe.
cSuperelastic cross section calculated using detailed balance.
dEstimated to have the same cross section as the ground state reaction.
eCross section estimated by shifting and scaling the ground state cross sec-
tion by the excitation threshold.
fCross section estimated by shifting and scaling the O2s1Dd cross section by
the excitation threshold.
gSuperelastic cross section calculated using detailed balance for excitation
from O2s1Dd.
hCross-section estimated by shifting the ground state cross section by the
excitation threshold.
iScaled from O ionization rate expression(Ref. 51) using correlation given
by Vriens (Ref. 57).
jEstimated.
kRate given by(Ref. 46); assumed branching to ground state.
lRate given by(Ref. 36) with branching given by(Ref. 46).
mRate given by (Ref. 36); assumed half branches to O2 and half to
O2s1Dd.
nEstimated same as O2.
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k = 3.03 10−10 cm3 s−1 sRef. 33d, s20d

O + O2 + M → O3 + O2 + M,

k = 6.03 10−4 cm6 s−1 sRef. 32d. s21d

However, later in the discharge region the O2s1Sd density
becomes large enough so that the dissociation reaction,

O2s1Sd + O3 → O + O2 + O2,

k = 7.33 10−12 cm3 s−1 sRef. 34d, s22d

controls the O3 density, keeping the O3 fraction in the ppm
range throughout the discharge.

In the early afterglow, there is a brief increase in O2s1Dd
density as the remaining O2s1Sd is deexcited by O atoms
[Eq. (15)]. The O2s1Dd metastable has a 64.4 min. radiative
lifetime,35 so high densities persist far downstream in the
afterglow. The dominant afterglow reactions reduce the
O2s1Dd density through collisions with O and O3, and
through pooling reactions,

O2s1Dd + O→ O2 + O,

k = 2.03 10−16 cm3 s−1 sRef. 36d, s23d

O2s1Dd + O3 → O2 + O2 + O,

k = 4.03 10−15 cm3 s−1 sRef. 37d, s24d

O2s1Dd + O2s1Dd → O2 + O2,

k = 1.43 10−17 cm3 s−1 sRef. 36d, s25ad

O2s1Dd + O2s1Dd → O2s1Sd + O2,

k = 1.43 10−17 cm3 s−1 sRef. 36d. s25bd

Ozone is rapidly depleted immediately after the discharge as
its primary source[Eq. (20)] is diminished by O− recombi-
nation. Later in the afterglow, the O3 density again increases.
O2s1Sd, the dominant quencher of O3 [Eq. (22)] is depleted
by reactions with O atoms[Eq. (15)], thereby allowing the
weaker three-body association reaction[Eq. (21)] to repopu-
late O3.

A simple wall reaction mechanism describes species dif-
fusing to and returning from the walls. In this mechanism, all
ions are neutralized at the wall and return as ground state

species. Excited species are quenched on the walls with the
probabilities given in Table II, and return to the gas in the
ground state. Some of the atomic O reaching the wall recom-
bines to form ground state O2.

GlobalKin has been validated with a similar reaction
mechanism for microwave discharges by Zimmermanet al.38

using results from Benard and Pchelkin,18 and for rf dis-
charges by Carrollet al.,13 using results from capacitive dis-
charges at 2–10 Torr in Ar/He/O2 mixtures. Good agree-
ment was obtained between the model and experimental
results in both cases. Results from GlobalKin using the reac-
tion mechanism discussed in this paper are shown in Fig. 3
with experimental results from Carrollet al.13 The gas tem-
perature was experimentally obtained from the O2s1Sd rota-
tional spectra. GlobalKin predicts the gas temperature well
despite the simplicity of the radial heat conduction model.

FIG. 2. Plasma properties for the base case(O2 at 3 Torr,L=20 cm,nx,in

=1000 cm/s,Pdep=0.5 W/cm3). (a) O2s1Dd, O2s1Sd, and O atom densities.
(b) O3 and electron densities.(c) Electron and gas temperatures.

TABLE II. Wall reaction mechanism.

Wall reaction Reaction probability Reference

O2svd+wall→O2 0.20
O2s1Dd+wall→O2 10−5 46
O2s1Sd+wall→O2 0.02 46
O+wall→1/2 O2 0.02 46
Os1Dd+wall→O 1.00 46
Os1Sd+wall→O 1.00 46
Hes2Sd+wall→He 1.00
M++wall→M 1.00
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The predicted peak gas temperature is somewhat lower than
the experiment because GlobalKin assumes constant tem-
perature at the discharge tube wall. Due to the difficulty of
experimentally obtaining an absolute O2s1Dd or O2s1Sd den-

sity, the O2s1Sd density from GlobalKin is compared on a
relative basis to optical emission sidelight from O2s1Sd. The
fast decay of the O2s1Sd density predicted by GlobalKin is
markedly different than the slower decay measured in the
experiment. The kinetic model developed Savinet al. in
agreement with their experimental results also predicts a fast
decay in O2s1Sd density.16 The rate of decay of O2s1Sd in the
afterglow is a current topic of discussion.

Comparisons were also made to reported absolute
O2s1Dd densities. The difficulty of experimentally obtaining
absolute O2s1Dd densities is apparent from the broad range of
reported O2s1Dd yields as a function of specific energy. Re-
ported values of O2s1Dd yield per eV deposited into inlet O2
molecules range from 0.01 eV−1 (Ref. 15) to 0.39 eV−1 (Ref.
22) GlobalKin predicts yields between the results reported
by Benard and Pchelkin18 and Savinet al.,16 from 0.06 to
0.08 eV−1. These values are near the median of the results
discussed here which correspond to the peak O2s1Dd yield
being at 5–8 eV per molecule of inlet O2. These scaling will
be discussed further below.

There are two definitions of O2s1Dd yield currently used
when discussing COIL systems. The first is the traditional
method used when characterizing conventional liquid phase
O2s1Dd generation systems,

Y =
fO2s1Ddg

fO2s3Sdg + fO2s1Ddg
, s26d

whereY is the O2s1Dd yield and the denominator includes
only the ground state O2s3Sd and excited O2s1Dd species.
Equation(26) accurately describes O2s1Dd yields for conven-
tional systems because yields are high and there is little dis-
sociation or excitation to other states.7 Equation(26) is also
convenient when comparing to the threshold yield, which
can be derived from Eqs.(1) and(26). However, to describe
the O2s1Dd yield in an electric discharge COIL, dissociation
and populated electronic states should be included,

Y =
fO2s1Ddg

fO2s3Sdg + fO2svdg + fO2s1Ddg + fO2s1Sdg + 0.5fOg + 1.5fO3g
. s27d

The denominator of Eq.(27) includes all major oxygen spe-
cies in the discharge on an O2 equivalent basis, giving the
yield Y as the fractional conversion of inlet O2 to O2s1Dd.
The latter method for computing yield[Eq. (27)] was used in
this investigation.

IV. SCALING OF O 2„
1D… YIELD

The base case uses conditions similar to experiments
performed by others.20 The electric discharge COIL experi-
ments typically use a 4.83 cm ID Pyrex discharge tube with
an axial capacitive or inductive discharge over 20–30 cm of
length. Pressures range from a few to tens of Torr, with flow
velocities of hundreds to thousands cm/s, giving residence

times on the order of a few to tens of milliseconds.20 Ab-
sorbed power in the discharge ranges from tens to hundreds
W, corresponding to power depositions from 0.01 to
1 W/cm3. The base case has a 20 cm discharge length, pure
O2 at 3 Torr, and power deposition of 0.5 W/cm3.

Densities and temperatures as a function of position are
shown in Fig. 2. The O2s1Dd density rises in the discharge
primarily by direct electron impact excitation from ground
state O2 [Eq. (10)], while the O density increases due to
dissociation from the ground state[Eqs.(11) and (12)]. The
O atom yield on an O2 equivalent basis is roughly equal to
the O2s1Dd yield for conditions providing peak O2s1Dd yield
(5–8 eV/molecule), giving O densities twice that of the

FIG. 3. Comparison of computed results with experiments by Carrollet al.
for 5 mmol/s of pure O2 at 2 Torr flowing through a 4.83 cm ID quartz tube
(Ref. 13). 265 W was deposited between electrodes spaced 30 cm apart.(a)
Gas temperature as a function of position. GlobalKin predicts gas tempera-
ture well with a simple heat conduction model.(b) O2s1Sd relative density
as a function of position.
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O2s1Dd density.(Note that the conditions for Fig. 2 are less
than optimum.) The O2s1Sd density also initially rises due to
electron impact excitation[Eq. (13)], but then plateaus after
the O density becomes large enough so that the rate of
quenching by O atoms[Eq. (15)] balances the rate of exci-
tation. This is not intrinsically bad as the product of the
quenching is dominantly O2s1Dd. Some O3 is also produced
in the discharge region by reaction of O− and O2s1Dd [Eq.
(20)], but the density also saturates. The source of O3

changes to O+O2 association as the O density increases and
quenching by O2s1Sd [Eq. (22)] balances the source. The gas
temperature rises nearly 150 K in the pure O2 discharge,
primarily through Frank-Condon heating, which emphasizes
the need to cool the gas flow if laser gain is to be achieved.

The electron density quickly rises to 0.631010 cm−3 (at
3 Torr) early in the discharge and then slowly increases to
1.531010 cm−3 by the end of the discharge. The increase in
ne while power is constant is largely due to the dissociation
of O2 and thermal expansion of the gas, both of which reduce
the power dissipationseV/cm3 sd per electron. The electron
density then increases to compensate. The small spike inne

at the end of the discharge results from loss processes de-
creasing at a higher rate than ionization processes asTe de-
creases. The electron temperature peaks before falling to a
stationary value near 2 eV as the electron density saturates.

The initial spike in electron temperature is partly due to
the simplicity of the plug flow model, which does not ac-
count for upstream electron transport and thus assumes a
fairly low electron densitys105 cm−3d at the beginning of the
power deposition envelope. A finite power deposited into a
small inventory of electrons requires a largeTe to dissipate.
Te thermalizes quickly at the end of the discharge region.
The small knee in the electron temperature at the end of the
discharge results from superelastic electron heating, prima-
rily from the vibrational state O2sv=1d at 0.19 eV. Electron

impact excitation is unimportant downstream for these con-
ditions though electron collision quenching persists for an-
other 10–15 cm.

In the afterglow, O2s1Dd and O densities continue to rise
as the gas cools. Conversely, the most important two reaction
pathways in the afterglow are O2s1Dd quenching by O atoms
[Eq. (23)] and O3 formation [Eq. (21)], which reduce the
O2s1Dd and O mole fractions slightly even though the gas
density is increasing. Both the O2s1Dd metastable and the O
atom densities persist far downstream, with no appreciable
changes in density by 50 cm downstream of the discharge
inlet (30 cm from the end of the discharge). The O2s1Dd
yield for this case was 0.108 at the end of the discharge and
0.111 at the end of the flow tube(30 cm downstream of the
discharge).

With the goal of maximizing the yield of O2s1Dd, a full
factorial experiment was designed to investigate the effects
of discharge parameters. The parameters of primary interest
for laboratory COIL experiments are pressure, flow velocity,
He/O2 ratio, and power deposition. Other parameters such as
the length of the discharge, the discharge tube wall tempera-
ture, and the discharge diameter are also of interest, but these
were deemed less important than the primary four variables
because of their more easily predictable effects.

A four factor, four level full factorial computational ex-
periment(256 cases) was run. Inlet velocities ranged from
500 to 5000 cm/s, total pressures from 1 to 20 Torr, power
depositions from 0.1 to 1.5 W/cm3, and O2 fractions in He
from 0.03 to 1. Although this design allows resolution of
linear effects, two-, three-, and four-way interactions, all four
variables were expected to have strong interactions that in-
fluence O2s1Dd yield by changing the net amount of energy
deposited into the oxygen species. Therefore, the expected
four-way interaction of the independent variables was ac-
counted for by defining a new variable, the specific energy

depositionĒd which, like the yield, is calculated on a mo-
lecular oxygen basis,

Ēd =
Ed

fO2s3Sdg + fO2svdg + fO2s1Ddg + fO2s1Sdg + 0.5fOg + 1.5fO3g
, s28d

whereEd is the total energy deposited into the gas in eV/cm3

andĒd is the total energy deposited in eV/molecule on an O2

equivalent basis. Implicit in Eq.(28) is the assumption that
little energy is deposited into the He species, which as we
show below, is a reasonable assumption for moderate mole
fractions of O2. The choice of values for the independent
variables(inlet velocity, pressure, power deposition, and O2

fraction) results inĒd ranging from 0.004 to 265 eV for a

20 cm discharge. BecauseĒd has a much stronger and
clearer effect on O2s1Dd yield than any of the four indepen-
dent variables taken separately, we propose a scaling law

giving the O2s1Dd yield Y as a function of the specific energy

depositionĒd,

Y = fsĒdd. s29d

Results of the full factorial experiment for the scaling of

O2s1Dd and O yields withĒd are shown in Fig. 4. The O2s1Dd
yield is at the exit of the discharge region. O2s1Dd yield

increases almost linearly withĒd at low specific energy
depositions before saturating with yields of<0.3 by
5–8 eV/molecule. Since the O2s1Dd state lies at 0.977 eV,
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this corresponds to 0.04–0.06 excitation energy efficiency
into O2s1Dd in the peak yield range of 5–8 eV/molecule.

As more energy is deposited into the oxygen species,
dissociation increases[see Fig. 4(b)], reducing the available
O2 that can be excited to O2s1Dd. The depletion of O2s1Dd by
electron impact processes also becomes important. As the
O2s1Dd yield peaks at 5–8 eV/molecule, dissociation into O
atoms has reached 50%. O yield continues to monotonically
increase as specific energy deposition rises to 20 eV. By
30 eV, almost all of the oxygen is dissociated, and further

increases inĒd serve only to further excite and ionize the O
species. This emphasizes the importance of including O den-
sity when discussing O2s1Dd yields [Eq. (27)]. Although
these results show that O2s1Dd yields follow the scaling law

[Eq. (29)], there is a large variation in yields forĒd

=5–8 eV/molecule, suggesting secondary effects linked to
changes in the independent variables. For example, O2s1Dd
yield as a function of energy deposition and O2 mole fraction
is shown in Fig. 5.

The impliedE/N as a function of axial position in pure
O2 is shown in Fig. 6(a). The E/N is large at the leading
edge of the plasma zone for two major causes. First, the
electron density is initially smalls108 cm−3d. Dissipating a
finite power by a small inventory of electrons requires a large
power dissipation per electron. This is accomplished by hav-
ing a largeTe which requires a largeE/N, as shown in Fig.
2(c). (Analogously, the conductivity is small and so to dissi-
pate a finite power, the electric field must be large.) The large
Te avalanches the plasma, thereby increasing the electron

density. As the electron density increases, the power dissipa-
tion per electron decreases, thereby requiring a lowerTe and
smaller E/N. Second, the gas composition at the leading
edge of the plasma zone has few excited states and so elec-
tron impact ionization is almost exclusively from ground
state species, thereby required a higherTe and largerE/N. As
the excited state inventory builds, the efficiency of ionization
increases, thereby requiring a lowerTe and smallerE/N to
sustain the plasma.

In electric discharge COIL systems an inert diluent such
as He is often added to the O2 to reduce the temperature rise
in the discharge and aid the gas dynamics by increasing the
system pressure. The diluent also reduces the amount of flow
expansion caused by O2 dissociation, which in turn increases
the residence time in discharge region. The increased resi-
dence time leads to higher specific energy deposition with a
consequent rise in yield.

When adding He to the discharge at constant O2 partial
pressure(thereby increasing total pressure) and constant spe-
cific energy deposition, O2s1Dd yields can increase, as shown

in Fig. 5. At low Ēd, adding He has little effect. In the range

of Ēd=5–8 eV/molecule where the yield peaks, adding He
can increase the yield several percent. When the He fraction
is above<0.8 more specific energy deposition is required to
obtain the peak yield. This additional energy is largely de-
posited into He through electron momentum transfer colli-
sions. It has been suggested that the addition of an inert
diluent such as He may promote higher O2s1Dd yields by
allowing the discharge to operate at a more favorableE/N
for O2s1Dd production.11,13,20 For our particular conditions
the addition of He produces a less favorableE/N than does
pure O2, and a different mechanism is responsible for the
increased yields.

Adding He to a O2 discharge does reduce the quasi-
steady-stateE/N, as shown in Fig. 6(a). E/N rises rapidly at
the discharge inlet to avalanche the low electron density be-
fore falling to a quasi-steady-state value, showing the same
trend as the electron temperature in Fig. 2(c). The quasi-
steadyE/N is approached as the rate of ionization balances

FIG. 4. Yields for a 4 level full factorial design-of-experiments for a 20 cm
discharge.(a) O2s1Dd yields. (b) O yields. The peak O2s1Dd yield reaches

<0.3 as dissociation reaches 0.5 atĒd=5–8 eV/molecule.

FIG. 5. O2s1Dd yield as a function of O2 mole fraction(balance He) and
specific energy deposition into O2 for a constant partial pressure of O2 of
4.2 Torr,Pd=21 W/cm3, vx,in=2500 cm/s, and length was varied to obtain
the specific energy depositions. The O2s1Dd yield increases as He is added

for parameters near the peak yieldsĒd=5–8 eVd.
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the rate of loss by diffusion to the walls, attachment, and
recombination. The ionization rate exceeds the rate of loss by
collisions by the diffusion loss. As such, in the limit of there
being no charged particle losses to the walls, the quasi-steady
E/N would correspond to a net ionization rate by collisions
of zero. The quasi-steady-stateE/N predicted by GlobalKin
for discharges in pure O2 at 3 Torr is<40 Td. Napartovich
et al. also calculated a quasi-steady value of 40 Td for pure
O2 at 10 Torr using a dc positive column model.11 For typi-
cal He/O2 ratios near 4/1, the discharge operates from 20 to
30 Td, andE/N falls to below 10 Td for He/O2=99/1. As
the O2 partial pressure is held constant, adding He increases
the total pressure. Therefore a portion of the reduction in
E/N reflects reduced charged particle loss by diffusion.

In order for the addition of He to increase the yield of
O2s1Dd the fraction of power dissipated in electron impact
excitation of O2s1Dd should increase asE/N decreases. The
fraction of power expended in excitation of O2s1Dd [Eq.
(10)] for mixtures of O2 and He at the inlet conditions is
shown in Fig. 6(b). For pure O2, the maximum power dissi-
pated into O2s1Dd occurs near 10 Td, but the discharge op-
erates near 40 Td. As He is added, theE/N at which the
O2s1Dd excitation is a maximum decreases as does the oper-
atingE/N while the fraction of power dissipated into O2s1Dd
decreases. The reduction in operatingE/N made possible by
the addition of He does not fully counteract the decrease in
the fraction of power dissipated in O2s1Dd excitation. There-
fore, for these conditions the addition of He actuallyde-
creasesthe efficiency of electron impact excitation of O2 to
O2s1Dd.

Further along the discharge, after some O2s1Dd has
formed, the net fraction of power to O2s1Dd by direct elec-
tron impact decreases, as the rate of electron quenching col-
lisions with O2s1Dd through upward excitation[Eq. (16)],
dissociation[Eqs. (17) and (18)], and superelastic deexcita-
tion [Eq. (19)] begin to dominate. For example, the fraction
of power dissipated in O2s1Dd excitation after 15% of the
inlet O2 has been converted to O2s1Dd is shown in Fig. 6(c).
In addition to the loss process for O2s1Dd, there is a signifi-

FIG. 7. Effect of He dilution on gas heating.(a) Tg as a function of specific
energy deposition and mixture, showing a decrease in gas temperature when
O2 is diluted to 5%.(b) O2s1Dd yield as a function of O2 mole fraction and
specific energy deposition. The conditions are the same as Fig. 5, except that
Tg is fixed at 300 K. The dependence of O2s1Dd yield on He addition is less
pronounced when there is no gas heating.

FIG. 6. Effect of diluent on discharge electrodynamics for mixtures of
1% –100% O2 in He at 3 Torr O2 partial pressure.(a) E/N for various
mixtures as a function of discharge length.(b) Fraction of electron power
exciting O2 to O2s1Dd as a function ofE/N at 0% yield, and(c) 15% yield.
The operating line shows where the quasi-steady discharge sustains for each
mixture. Electron power spent exciting O2s1Dd decreases as He addition
increases.
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cant density of O at this time which also dissipates power.
Below 10 Td, at high He fractions the O2s1Dd density is high
enough that more electron impact events remove power from
O2s1Dd by superelastic collisions[Eq. (19)] than deposit
power by direct electron impact, resulting in negative power
fractions to O2s1Dd. Sustaining of the O2s1Dd density at this
juncture requires indirect processes such as excitation and
subsequent quenching of O2s1Sd. The fraction of power into
O2s1Dd continues to decrease as the yield increases for self-
sustained discharges with He addition, as adding He reduces
the rate of direct electron impact.

Inert gases are often added to the discharge to cool the
flowing O2 to make the laser gain kinetics more favorable.
The gas cooling also increases the residence time, in turn
raising the specific energy deposition at a given power. The
higher average gas density also reduces diffusion losses of
both excited states and charged particles. The maximum gas
temperature is shown in Fig. 7(a) as a function of O2 mole

fraction andĒd (O2 partial pressure is fixed). Due to the
increase in heat capacity and thermal conductivity that oc-

curs with He addition, the peak gas temperature decreases

with He addition. For example, atĒd=8 eV, Tg can be re-
duced to ,1000 K with 90% He addition. Although the
dominant effect of He addition is to increase the residence
time, the gas density also increases relative to the pure O2

case. Both the reduction in temperature and the net increase
in density influence many of the rates in the reaction mecha-
nism, which on the average increases O2s1Dd yield. For ex-
ample, O2s1Dd yield is shown in Fig. 7(b) as a function of O2
fraction andĒd when the gas temperature is held constant at
300 K. Yields are significantly higher than when including
the gas dynamics(see Fig. 5), but the dependence on He
fraction is less pronounced as the peak yield increases.

The disposition of O2s1Sd is an important consideration
in determining the ultimate O2s1Dd yield. In optimistic sce-
narios the vast majority of O2s1Sd can be converted to
O2s1Dd in the downstream region by quenching collisions,
principally with O atoms. In this regard we can define an
effective yieldY8 which includes the contribution of O2s1Sd:

Y8 =
fO2s1Ddg + fO2s1Sdg

fO2s3Sdg + fO2svdg + fO2s1Ddg + fO2s1Sdg + 0.5fOg + 1.5fO3g
. s30d

Effective yieldY8 is shown in Fig. 8(a) for the same condi-

tions as Fig. 5. Up to the value ofĒd in which peak yield is
obtaineds5–8 eV/moleculed, there is little dependence of
yield on mixture. This result suggests that there is a rela-
tively constant dependence of the combined densities of
O2s1Dd and O2s1Sd on energy deposition and that the addi-
tion of He serves primarily to partition the densities more in
favor of O2s1Dd.

To demonstrate this trend, the fraction of total excitation
in O2s1Dd,

f =
fO2s1Ddg

fO2s1Ddg + fO2s1Sdg , s31d

is shown in Fig. 8(b) as a function of O2 fraction andĒd

(same conditions as in Fig. 5). There is a 25% increase in the
fraction of O2s1Dd as He dilution increases, corresponding to
the 25% increase in raw O2s1Dd yield shown in Fig. 5. This
improvement in O2s1Dd yield with He addition can be attrib-
uted to the decrease in temperature and corresponding rise in
density, shifting the ratio of O2s1Sd and O2s1Dd towards a
lower value. This is the primary mechanism causing the scat-
ter in yield shown in Fig. 4. As will be discussed below, the

improved O2s1Dd yields at constantĒd that result from in-
creasing the total discharge pressure and reducing the power
deposition can also be attributed to a shift in the fractionf
[Eq. (31)].

The effect of power depositionPd on O2s1Dd yield at

constantĒd and O2 partial pressure is shown in Fig. 9(a).

Peak O2s1Dd yields are obtained at relatively low power
depositionsø1 W/cm3. In simulations of discharges with
Pd,0.3 W/cm3 the electron density did not consistently
avalanche, and thus the discharge could not self-sustain. As
Pd increases from 0.6 W/cm3 (peak yield) to 30 W/cm3 the
yield roughly halves and is nearly independent of He addi-
tion. However, varyingPd has a smaller effect on the effec-
tive yield Y8, as shown in Fig. 9(b). Although the peak still
occurs at relatively low power depositions,Y8 decreases just
5% whenPd is increased to 30 W/cm3. The cause for this
result, as shown in Fig. 9(c), is that the fractionf of excited
O2s1Dd roughly halves whenPd is increased from 0.6 to
30 W/cm3, which largely replicates the same trend as for the
O2s1Dd yield. Therefore, as with He addition, the increase in
O2s1Dd yield as Pd decreases is primarily caused not by a
change inE/N, but by a shift in the O2s1Sd disposition in
favor of O2s1Dd. Operation at lower power depositions re-
quires longer discharge lengths(longer residence times) to

reach the Ēd at which peak yield is obtained
s5–8 eV/moleculed, allowing for more efficient heat trans-
fer. This leads to lower gas temperatures and higher species
densities, reducing thefO2s1Sdg / fO2s1Ddg ratio and increas-
ing the O2s1Dd yield.

Discharge operation at the lower power depositions at
which O2s1Dd yields are optimized requires longer discharge
lengths than are typically used in COIL experiments. The
power deposition selected for the discharge is ultimately a
function of the desired O2s1Dd yield Y and the gas flow rate.

To optimize the O2s1Dd yield, Ēd should be
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5–8 eV/molecule. For a typical discharge in a He/O2

=90/10 mixture at 30 Torr flowing at 3000 cm/s the resi-
dence time in the 30 cm discharge region is 10 ms. Thus,
500–800 eV/s molecule must be deposited into O2 species,
corresponding to 8–12 W/cm3 at an O2 partial pressure of
3 Torr. This value ofPd is well above that which optimizes

O2s1Dd yield, as shown in Fig. 9(a). For comparableĒd at
low power depositions, a much longer discharge is required.
For example, forPd=0.6 W/cm3 [in the peak O2s1Dd yield
zone] the discharge length would need to be 4–6 m to reach

Ēd=5–8 eV/molecule—an order of magnitude longer than
the 10–30 cm discharge lengths of current
experiments.15,16,21

When the specific energy depositionĒd and the power
depositionPd are optimized and the discharge is operating
near peak yield, varying the total pressure has little effect on
the O2s1Dd yield. O2s1Dd yield Y is shown as a function of

the total pressure and O2 mole fraction in Fig. 10(a) for Ēd

=8 eV andPd=1 W/cm3 Torr O2. For moderate total pres-
sures above 20 Torr, the O2s1Dd yield is nearly independent
of pressure. The effective yieldY8 is also nearly independent
of pressure above 20 Torr, as shown in Fig. 10(b). The small
dependence ofY8 on pressure is due to the already small

fO2s1Sdg / fO2s1Ddg ratio for these conditions. Near the peak
valuessY<0.31,Y8<0.35d, the fO2s1Sdg / fO2s1Ddg ratio is
<0.13.

To summarize the secondary effects of He addition,
power deposition, and pressure, the effective yieldY8 is
shown in Fig. 11 for the same full factorial experiment of
Fig. 4. The raw O2s1Dd yield has.50% variation at a given

Ēd near its peak values5–8 eV/moleculed, but the effective

yield fO2s1Dd+O2s1Sdg has,20% variation at the sameĒd.
Since most of the O2s1Sd generated in the discharge is con-

FIG. 8. Effect offO2s1Sdg / fO2s1Ddg partition on O2s1Dd yield. (a) Effective
yield Y8 of O2s1Sd+O2s1Dd as a function of specific energy deposition and
mixture. (b) f =fO2s1Ddg / sfO2s1Ddg+fO2s1Sdgd as a function of specific en-
ergy deposition and mixture. Conditions are the same as in Fig. 5. The
fraction of O2s1Dd increases as He is added to the discharge, causing the
O2s1Dd yield to increase, but the effective yieldY8 is relatively unaffected.

FIG. 9. Yields as a function of power deposition and O2 mole fraction for

Ēd=8 eV/molecule and O2 partial pressure of 3 Torr.(a) O2s1Dd yield Y.
(b) O2s1Dd and O2s1Sd combined yieldY8. (c) O2s1Dd fraction f. O2s1Dd
yield and fraction are higher at lowPd because more O2s1Sd has been
converted to O2s1Dd, but the combined yield is relatively constant from 1 to
10 W/cm3.
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verted to O2s1Dd in the near afterglow,Y8 is likely a better
indicator for COIL discharge performance. In this regard,
O2s1Dd production for typical flowing COIL conditions is
almost exclusively a function of specific energy deposition
into the oxygen species, and is nearly independent of He
addition, power deposition, and pressure if enough energy
s5–8 eV/moleculed is deposited.

In the context of the effective yieldY8 the reaction
mechanism can be conceptually simplified to five classes of

processes which either generate or deplete O2s1Dd and
O2s1Sd. The classes of production reactions are direct elec-
tron impact from the ground state and excitation transfer
from Os1Dd. The classes of loss processes are quenching by
collisions with molecules, superelastic electron collisions
and electron impact dissociation. The fractional contributions
of these processes for a discharge in pure O2 are shown in
Fig 12(a) as a function of energy deposition.

As Ēd increases, dissociation becomes more important.
O atoms generated by dissociation are excited to Os1Dd
through electron impact[Eq. (32)] and then excite ground
state O2 to O2s1Sd [Eq. (14)]. Excitation transfer from Os1Dd

FIG. 10. O2s1Dd yields atĒd=8 eV/molecule as a function of total pressure
and O2 mole fraction at aPd of 3 W/cm3Torr O2. (a) O2s1Dd yield Y. (b)

O2s1Dd and O2s1Sd combined yieldY8. When Ēd and Pd have been opti-
mized, neitherY nor Y8 are strong functions of total pressure above 20 Torr.

FIG. 11. Effective yieldY8 for same conditions as Fig. 4. At fixedĒd in the
peak effective yield regimes5–8 eV/moleculed, there is less scatter than for
the O2s1Dd yield Y [Fig. 4(a)].

FIG. 12. Importance of classes of reactions as a function of specific energy

depositionĒd in pure O2. (a) O2s1Dd and O2s1Sd production or loss pro-
cesses as a percentage of the total production rate.(b) Sensitivity of the
effective yieldY8 to ±10% uncertainty ink32. Conditions are the same as in

Fig. 5. As Ēd increases later in the discharge, Os1Dd collisions dominate

O2s1Dd production. AtĒd=8 eV/molecule, Os1Dd reactions also account for
most of the sensitivity in the model, where ±10% variation ink32 causes
±1% variation inY8.
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becomes the most important source of O2s1Dd and O2s1Sd at

higherĒd. Electron impact excitation of ground state O2 de-

creases asĒd increases and O2 is depleted[Eqs. (10) and
(13)]. Superelastic electron impact and molecular quenching
reactions are secondary loss mechanisms, making up less

than 40% of the losses atĒdù1 eV/molecule.
The sensitivity of results from the model to the values of

rate coefficients for the reactions in Table I was determined
by individually varying the rate coefficients in a sensitivity
analysis. When the individual rate coefficients were changed
by ±10%, only four reactions caused variationù1% in Y8.
These four reactions are the primary reactions influencing the
effective yield in high yield discharges and are repeated here
in order of decreasing model sensitivity:

e+ O→ Os1Dd + e, s32d

Os1Dd + O2 → O + O2s1Sd , s148d

e+ O2 → O2s1Dd + e, s108d

Os1Dd + O→ O + O. s33d

A full factorial sensitivity analysis showed that the two-,
three-, and four-way interactions between variations in the
rate coefficients of these four reactions were insignificant
compared to their individual(first-order) effects. The sensi-
tivity of Y8 to individual variations in these four reaction rate
coefficients is +10%, +7%, +5%, and −5%. For example,
increasing the most sensitive rate coefficient,k32 [Eq. (32)],
by +10% changes the effective yieldY8 by only +1%.

Predicted yields obtained by varyingk32±10% from its

default value are shown in Fig. 12(b). Even at Ēd

=8 eV/molecule, the effective yield is relatively insensitive
to reasonable uncertainties ink32. Y8 ranged from 31 to 33%,
whenk32 was varied ±10%. It is therefore unlikely that rea-
sonable uncertainties in the rate coefficients will significantly
change our qualitative conclusions; however, there may be
systematic quantitative changes. It is important to note that
there are physical phenomena that are not captured by the
pseudo-plug-flow model which may limit the optimum yields
predicted here. Some of these processes are axial diffusive
transport of mass and energy and discharge instabilities such
as constriction and striations.

V. CONCLUDING REMARKS

The gas phase kinetics of flowing He/O2 discharges
used in COIL systems have been investigated. Using a modi-
fied global plasma kinetics model to simulate the plug flow,
the effects of velocity, pressure, power deposition, and He
addition on the O2s1Dd yield were investigated. The O2s1Dd
yield was found to scale principally with specific energy
deposition into oxygen species. Increasing the specific en-
ergy deposition increases the O2s1Dd yield up to a peak value

of <0.3 nearĒd=5–8 eV/molecule. At a constant specific
energy deposition near peak yield, adding He, reducing the
power deposition, and increasing the pressure increases the
O2s1Dd yield to lesser extent than specific energy deposition.

Although these secondary effects increase O2s1Dd yield in
the discharge, they have little effect on the combined O2s1Dd
and O2s1Sd yield. Since most of the O2s1Sd is converted to
O2s1Dd in the early afterglow, the discharge performance for
COIL systems will likely be determined by specific energy
deposition.
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