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Chemical oxygen-iodine lasef€OIL) are attractive for diverse industrial applications because they
are capable of high efficiency, high power operation, and because the Adn3i%avelength can be
transmitted through fiber optics and couples efficiently with most metals. Conventional COILs are
pumped with Q(*A) that is generated by reaction of,@h a basic HO, solution. Current trends in
pumping COILs involve producing the 8A) 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(@\) yields with specific energy deposition in HeJ ®ixtures

in flowing radio frequencyrf) discharges at pressures of a few to tens of Torr using a global plasma
kinetics model. We found that{}'A) yield increases nearly linearly with specific energy deposition

in O, 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 incregsdig3ociation and gas heating,
thereby reducing the £'A) 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 th¢4) yield by shifting the Q(*3)/0,(*A) ratio.

© 2004 American Institute of Physid©OI: 10.1063/1.1768615

I. INTRODUCTION depends on the cavity temperature and can be derived from
the equilibrium of the forward and reverse rates of the pump-
Chemical laser operation on th@,,,— 2P, transition  ing reaction’
401.4
0.67 ex - ) (1)

in atomic iodine has been investigated due to its high effi- 1
[0,(*A)] _
where the temperatur€ has units K. At room temperature

ciency and potential for multikilowatt cw pow&t® The con- -
ventional chemical oxygen-iodine lag&@OIL) dissociates, [02(32)]

o ) i the threshold ratio is 0.18. Early attempts by Benard and
crea;te a population inversion and lasing on 1))  penelkin using a microwave discharge as a source,6fX)
—1(“Pg,) transmor?. In order. to achieve thg ﬂoyv rates and produced [O,(*A)]/[0,(38)] fractions of 0.11% Later,
tempera}tures required for high power apphcgﬂons, the gagqrnieret al. proposed that the maximum achievable exci-
stream is often expanded through a supersonic nozzle. Cogsion fraction in a discharge is 0.135, based on excitation
ventional COILs generate the,GA) metastable with yields equilibrium calculations and experiments using an electron-
up to 0.7 using liquid phase chemistry by reaction of @ peam sustained discharge at 1.15 Bars.
basic HO,.” This method is less than optimum for some  More recent investigations on electric discharge produc-
applications because of the complexity, weight, and operation of O,(*A) have centered on engineering the reduced
tional hazards associated with the liquid chemical storagelectric field(E/N) nearer to the optimum value for,GA)
and pumping systems. Therefore, recent efforts have begsroduction which, based on calculations of the electron en-
investigating the development of all gas phase(‘®) ergy distribution for discharges in pure ,O is
generator§:® ~10 Td (1 Td=1017 Vv cm?). 11142021 This value is too low

Current research in gas phase(fd) generation in- for self-sustained discharges. In an attempt to circumvent the
volves capacitive, inductive, and microwave self-sustainindoss of efficiency of Q(*A) excitation that occurs in self-
electric discharges in pure,@nd in mixtures with diluents sustained discharges, Hill developed a controlled avalanche
such as Nand He, ang-beam non-self-sustained dischargesdischarge in which short, high voltage pulses ionize the gas
in similar mixturest®*®The thresholdO,(*A)]/[0,(33)] ra-  While a lower electric field sustains the discharge between
tio required for positive laser gain for conventional systemghe pulses® This method has been used by Hill to obtain

0.16 yield and has also been investigated by Verdeyen®
“Electronic mail: dstaffor@uiuc.edu Electron beam sustﬁtined discharges have also been in-
bAuthor to whom correspondence should be addressed; electronic mai¥estigated by loniret al.™ With the addition of Ar and CO
mjk@uiuc.edu or H, to the Q, they were able to increase the specific en-
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supersonic

ergy input obtainable with ae-beam up to about 1.5 eV per
2 nozzle

molecular component. Their modeling results for non-self-
sustained discharges predicted yields up to 0.25 wiitt/0 \,
excitation efficiencies 0of~0.4 when using molecular addi-
tives such as CO, §ior D,. Inert gas diluents and molecular
additives have also been used with success by Schmied- He
bgrger ngh a hollow CathOde. radio frequgn@f) Jet FIG. 1. Schematic of typical electric discharge COIL; i® mixed with an
discharge? At 0.43 Torr, a 0.32 yield was obtained by flow- inert gas and flowed through the discharge. The gases are then cooled by
ing an G,/N,/NO mixture through the discharge jet and then supersonic expansion before entering the laser cavity.

chilling the gas by mixing with a cold Ar/Ngstream. How-

ever, the pressure was lower than typical high power COllir; fed through a quartz tube, where the plasma is sustained
system pressures. . by a capacitive or inductive discharge. Powers of tens to

Moderate yields at higher pressures havEr) 1bﬁeen recenth;ndreds W are deposited into gases flowing at hundreds to
achieved by Rakhimovat al. and Savinet al.™ ™ Rakhi-  4ysands cm/s. Pressures are a few to tens of Torr for O
movaet al. performed experiments in a transverse electrodeniyres with mole fractions of 0.03—1 with the balance an
capacitive dlscharge5|n pure;@nd in mixtures with A?f and jnert gas diluent. The gases may be precooled before entering
He from 1 to 40 Tor'® They obtained afiO,("A)]/[Ox(°%)]  the discharge but usually enter at about 300 K. The discharge
ratio of 0.3 in pure @and 0.4 in mixtures with He and Ar - gaction is usually a few tens of centimeter in length and a
which showed good agreement with a numerical modelte\; centimeters in diameter. Following the plasma, the ex-
Savinet al. obtained 0.25-0.30 yield in 1-2 Torr of purg O ¢jted oxygen and diluent are fed through a nozzle whefe |
in a traveling microwave discharge, also obtaining googpjected into the flow. To aid in,Imixing the |, secondary
agreement with a modef. Both of these kinetic models in- fjo\y is typically injected tangentially to the primary flow in
clude a three-body ') quenching reaction proposed by the subsonic portion of a supersonic nozzle. The gases then
lvanov; = mix, react and cool as they flow through the transonic and

O+ 02(1A) +0,-0+0,+0, k=10%cmPs™ supersonic portions of the nozzle. Ideally the gases are

2) cooled to around 140 K as they flow through the laser cavity
and are drawn into the exhaust sysfegm.

In this paper, we present results from a computational ~ GlobalKin, a global plasma kinetics modélyas modi-
investigation of Q(*A) yields produced by self-sustained fied to simulate steady-state plug flow for this investigation.
discharges in He/© mixtures. A global plasma kinetics GlobalKin consists of three main modules: a reaction chem-
model was modified to address one-dimensional steady-staigiry and transport module, a Boltzmann equation solver for
plug flow and was validated against experiments. The effectthe electron energy distributioiED), and an ordinary dif-
of typical discharge variables—mixture, pressure, flow rateferential equatiofODE) solver module. The reaction chem-
and power—were investigated. We found that yields ofistry and transport module constructs differential equations
0,(*A) increase linearly with @specific energy deposition for the time evolution of species densities and temperatures
up to a saturation regime at 5—8 eV per molecule beforaising results obtained by the Boltzmann solver for electron
decreasing again as,Q@lissociation begins to dominate the impact rate coefficients. The differential equations are then
kinetics. We also found that the dissociation fraction reacheitegrated by the stiff ODE solvér.

0.5 when the peak ©'A) yield occurs. The dissociation The chemistry and transport module first constructs con-
fraction increases monotonically with specific energy depodinuity equations for neutrdlEq. (3)] and chargedEq. (4)]
sition, exceeding 0.9 by 20 eV per molecule. However, aftespecies, accounting for diffusion to and from the walls and
correcting for specific energy deposition, the peak yield inreaction sources,
the saturation regime is still influenced by composition,

o : dN
power deposition, and pressure. Moderate changes in these =1 - _ y .(_ V(DON)+>2V .(Dij)yjfji)
parameters cause up to a 50% variation in the peak yield ata  dt j
given energy deposition. We found that the variations in

discharge laser cavity

P

N; dT,

yield are caused by changes in gas density and mole frac- +§-——4, (3)
tions which affect the g*A) and O(*3) kinetics and that Ty dt
the variations are largely independentEfN.
The plasma kinetics model used in this investigation,  dN° B
GlobalKin, is described in Sec. Il. The gas phase and elec- g ~~ 7 L~ v (PaiN)1+S, (4)

tron impact reaction kinetics are discussed in Sec. lll. Scal-
ing of O,(*A) yield is discussed in Sec. IV. Concluding re- where N; and Ni are the densities of neutral and charged

marks are in Sec. V. specied, D; andD,; are the regular and ambipolar diffusivi-
ties of species in the mixture, and the sum is over all spe-
Il. DESCRIPTION OE THE MODEL cies. y; is the wall reactive sticking coefficient of specigs

f;i is the returned fraction of specig¢sas species from the
A schematic of a typical electrical discharge COIL de-wall, andS is the reaction source term for specie¥he last
vice is shown in Fig. 1. Oxygen and a diluent such as He aréerm accounts for excursions of the gas temperalyras-
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suming constant pressure operation. The diffusivities are esacreases. In this terni,, is the mixture averaged molecular
timated from Lennard-Jones potentials and are calculated faweight.

each species as a function of the local gas composition. The Energy conservation for electrons includes contributions
ambipolar diffusion coefficients for charged species ardrom Joule heating and energy transferred in elastic and in-
based on the instantaneous ion and electron mobilities anglastic collisions with heavy species,

diffusivities. lon mobilities are obtained from experimental

databasé§~?° or estimated based on Langevin values. The a(gnekBTe> =Py-> gneymi<2Ml]e)kB(Te_Tg)

electron mobility is obtained from the EED. i i
For the spatially uniform volumetric model, the second-

order partial derivatives in the continuity equations can be +2| NekiNiAey, 8)

approximated by substituting the diffusion length and

simplify to where Py is the power deposition. In a plug flow model, a

circuit parameter(e.g., current density or powemust be

dnN = iz(_ DN, + >, DN, fji) +S- Md_Tg (5)  specified as a function of distance along the flow direction.
dt A i Ty dt We chose to specify power deposition. When used in this

. manner, P, represents the time-averaged power deposition
The source terms for the gas phase and electron impact re d 'ep ged p P

; . . ~~" 'Into the electrons over multiple rf cycles. In this regard, the
actions are obtained from rate expressions for all species, . L -
discharge kinetics are analogous to a dc positive column

5= 3 @S- a9 N (6)  model or inductive discharge with an axially varyiggN as
j I might occur when conductivity is a function of position.

The electron transport coefficients required for Egs.
(4)«(8) are generated by solving Boltzmann’s equation for
(LHS), k; is the reaction rate coefficient for reactipnand the EED.' The Bqltzmarjn solver is invoked at.specmed lnter_-

! vals during the simulation to reflect changes in the composi-

t_h? product is over all LHS SPecies in reacterate coef- tion of the gas mixture. The EED is obtained by iterative
ficients are obtained from Arrenhius expressions for the gas _, .. . : .
olution of the two-term spherical harmonic expansion of the

phase reactions and from the EED for the electron ImIC)acgoltzmann equatiorqﬁ The Boltzmann module tabulates av-

reactions. erage electron energies, transport coefficients, and rate con-
For the relatively high pressurés—100 Torj typical of sltants for a range of values &/N and the results are ex-

COIL discharges, the ions and neutrals are in near therma orted to GlobalKin. GlobalKin then interpolates from the

equilibrium and can be described by a single temperatur({)ables based on the instantaneous average electron energy

The energy conservation equation for the heavy species s iained by integrating Eq8) to obtain electron impact re-

.cludes.terms' fgr cont_rlbutlons to gas heating from elastic "?m(glction rate coefficients and th& N required to produce the
inelastic collisions with electrons, from gas phase reactio

sources, and from conduction to the walls Werived average electron energy.
’ ’ In order to address the flow conditions of the COIL sys-
2me

d 3 tem, the global model was converted to a pseudo-one-
d_t(NCPTQ) = 2 Enevmi(vi>kB(Te_T9) dimensional plug flow model by introducing the flow veloc-

ity v, and by accounting for gas expansion at constant
pressure[Egs. (3) and (5)]. The change in flow speed is
obtained by conservation of mass flux,

where thea; are the stoichiometric coefficients of species
in reactionj on the right-hand sidéRHS) and left-hand side

K
+ 2 nekJNJASJ - 2 AHJ + P(TW_ Tg)
] J

d(1 2 %:_ﬂ% 9
- SGmnz) O w T ©

whereN is the total gas density angp is the mixture aver- where the mass densipyis obtained from the instantaneous
aged heat capacitys, is the momentum transfer collision Mixture averaged molecular weight,, and the number den-
frequency between electrons and spetjes, is the electron S|ty N. Integrating the flow velou_ty gives the location of the
mass,M; is the mass of specigskg is the Boltzmann con- initial gas plug as a function of time. _ .
stant, T, is the average electron enerdy,and Ae; are the T_h_e resulting ordinary differential equations for species
rate constant and energy contribution from inelastic proces4ensitieEqs.(3) and(4)], gas and electron energffgs.(7)
j, andAH,; is the heat of reaction for procegsThe second to and(8)], and flow velocity[Eq. (9)] are normalized in Glo-
last term represents conduction to the wall, wheris the balKin to increase computational efficiency before being in-
mixture averaged thermal conductivity afy, is the wall ~ tegrated. Integration is performed by a double precision
temperature. The mixture averaged heat capacity and therm@fiable-coefficient ODE solver developed at LLNL as part
conductivity are estimated from the Lennard-Jones potean ODEPACK!
tials. For some of the most prevalent species in the discharge

1 = .
[He, O, _and O A)_], the heat capacities are obtained from |, neAcTION MECHANISM
polynomial correlations for greater accuré&x he last term
of Eq. (7) accounts for the transfer of internal energy to The mechanism used in this investigation involves reac-
kinetic energy as the gas expands and the flow velagjty tions in the gas phase discharge and afterglow as well as
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recombination and quenching reactions on the discharge tulJéBLE |. Discharge and afterglow reaction mechanism for Hg/O

walls. The species in the mechanism include ground state

neutrals Q, O, O, and He; vibrational and electronic states X¢2ion Rate constit Reference
0,(v), O(a'A), Ox(b'Y), O(*D), O(*S), and Hé2S); and  e+He—He +e fT,) 39
ions G;, O*, He", 03, O™, and ;. [O(v) represents the total e+He—He +e f(Te) 39
vibrational population consisting of the first four vibrational e+He—He*+e+e f(To) 40
levels of GQ..] The complete gas phase reaction mechanism is+He —He*+e+e f(Teo) 41
shown in Table I. Wall reactions are listed in Table Il. Typical e+He —He+e f(Te) c
densities and temperatures are shown in Figto2be dis- e+He'—He 6.76x 10717 %° 42
cussed in full below etetHe’ —He +e 5.12x 107771 *° 42
Electron impact reactions dominate the kinetics in thee*Q.—0"+0 f(To) 43
discharge region. At the discharge inlet, where only ground*Qz—0z(v)+e f(Te 43
state Q and He are present, the,@ excited and dissoci- e+0,—Oyv) +e f(Te) 43
ated, mainly by the four reactions, e+0,—O(v)+e f(Te) 43
e+0,—Oy(v)+e f(Te) 43
e+0,— O,('A) +e, (100 e+0,-0,('a)+e f(To) 43
e+0,—0,(13) +e f(Te) 43
e+0,— O('D)+ O +e, (11) e+0,—0+O+e f(Ty) 43
e+0,—0('D)+0+e f(Te) 43
e+0,— 0+0+e, (12) e+0,— Oy +e+e f(To) 43
e+0,—0"+0O+ete f(Te) 44
e+0,— O0,(13) +e. (13) e+t0+M—0y+M 3.60x 10731T,0% 45
e+0;—0+0 1.20< 1078107 46
In the first section of the discharge, most of the(Q) is e+0}—0('D)+0 8.88x 10°9T.%7 46
produced by direct electron impadq. (10)]. However, the  e+0,(v) >0"+0 f(To) d
rates of the dissociation reactiofiggs. (11) and (12)] are  e+0,(v)—0,+e f(To) c
also large in the discharge, producing large densities of @+0,(v)—0,(*A)+e f(To) e
atoms. These atoms are then excited 30D by electron  e+0,(v) —0,(13)+e f(Te) e
impact, thereby creating more,(A) through a sequence of e+0,(v)~0+0+e f(Teo) e
collisions with Q, e+0,(v)—O('D)+O+e f(Te) e
1 1 e+0,(v)— Oy +ete f(Te) e
O(D) +0, — O+ 0y("2), e+0,(s) — O('D)+O('D)+e Ty e
k=2.0x10tcm*s? (Ref. 32, (14 Z:giﬁ;ﬁ;ﬁ; ere ffgj 4e7
+0,(1A) - O,(13) +
O +0y('X) — O+ Oy(*A), §+ Sjliiﬁgﬁi? ) ;EB 4c8
e+0,(1A) - 0+0+e f(To) e
k=72x 10" cm? st (Ref. 32, (15)  e+0,(!A)—0O(*D)+0+e f(T,) e
1 +
wherek is the rate coefficient at 300 K. Z:%Eﬁ;:gi:;ieoamm ;ge; Z
As the Q(*A) density increases in the downstream por-e+oz(1A)HO++O+e+e f(T:) o
tion of the discharge, processes which remove(‘®) e+0,(13) -0 +0 £(T.) f
through excitation to upper states, through dissociation, ang, o,s)_ 0,(1a)+e KT, 9
through superelastic deexcitation to the ground state begin t9.o,(13) . 0,+e fT,) c
dominate the kinetics, e+0,(13) - 0+0+e f(T,) e
1 1 e+0,(13) - 0O(*D)+0+e f(To) e
e+ O,(*A) — O,(*3) +e, 1 O(1%)— O +ere ) .
e+0,(’2) - 0('D)+0O(*D) +e f(Te e
e+0,(1A) — O('D) + O +e, A7) s orrorere. ) °
+0,— O +
o+ 014) -0+ O e, an oS e :
1 e+0—0O('D)+e f(Te) 50
e+0y(*A) — Oy +e. (19 er0-0(g+e f(To 50
These processes produce more long lived O atoms and d@tO—O"+e+e f(Te) 50
plete the Q available for excitation to @*A). In this down-  €+O('D)—0+e f(Te) c
stream region the discharge becomes less efficient at produgt 0D —O"+e+e f(Te) h
ing O,(*A), and atomic O is produced instead. er0(S—~0Ore J(GTP) ¢
Ozone is also created early in the discharge, primarilye+of S)—0O'rete 6.60x nge'oixd'gA?’/Te) '
through collisions of @*A) and O ions and through a e+oio+1e+e 1-95><1<Tl2re'elxp(j0?;.4/Te) 51
three-body reaction, e+0"—~0(D) 5.30x 107°1™ 42
e+e+0"—O('D)+e 5.12x 10727745 42

O™ +0,(*A) — Oz +e,
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TABLE I. (Continued) TABLE I. (Continued)
Reaction Rate constdrft Reference  Reaction Rate constdrft Reference
0 +05—0+0, 2x 10775t 46 0,(13)+0,— 0,(1A)+0, 3.6x10°1779S 32
0 +05—0+0+0 1x 107 46 0,(}2)+0,—0,+0, 4x 10718108 32
O +0*—=0+0 2x 1077t 46 0,(12)+0—0,(*A)+0 7.2x 1074795 32
O +H*—O+He 2x 10Tyt 46 0,(12)+0—0,+0 8x 10715195 32
0,+05—0,+0, 2x 1077yt 46 0,(}2)+0;—0+0,+0, 7.33x1071270° 34
0;+0;,—0,+0+0 1x107 46 0,(12)+05— 0,(*A) + O 7.33x 1071275° 34
0,+0"—0,+0 2x 1071t 46 0,(12)+0;—0,+0; 7.33x10°1279° 34
0,+He"—0,+He 2x 107t 46 O,('3)+He— O,(*A)+He 1X 10°7T9° j
03+05—03+0;, 2x 1077t 46 0,(v)+0—0,+0 1x 1074793 32,
0;+05—0;+0+0 1x 1077 46 0,(v)+0,—0,+0, 1x10°479° 32,j
0;+0*—03+0 2x 107yt 46 0,(v)+He— O,+He 1X 10°1479° 32,j
0O;+He"— Og+He 2x 107t 46 0+0+0,—0,+0, 2.56% 10°347,%83 cnf 71 46
O +05+M—0+0,+M 2Xx 107,25 cnf 1 46 0+0+0—0,+0 9.21x 107371, e 71 46
O +0"+M—0+0+M 2X 10T, 25 o 57t 46 O+0+He—O,+He 1X 108 P 571 4633
O +He"+M—O+He+M 2x 105725 e 571 46 0+0+0,—0,(1A)+0, 1.93x 107357, %S emf 572 46
O +0—0,+e 2x 10710195 33 0+0+0—0,(*A)+0 6.93x 10737, %3 e 571 46
O +0,(}A)—Oz+e 3x 107207195 33 0+0+He—0,(*A)+He 9.88< 1035 cmf 571 4653
O +0,(}3) = 0+0,+e 6.9x 10710195 46 0+0,+0,—04+0, 6X 101,28 cmP 57t 32
0 +0,—0z+e 5x 10715795 46 0+0,+He— Oz +He 3.4x 10Ty 2 e 71 53
O +0;—0,+0,+e 3.01x 10710195 33 0+0,+0—03+0 3.4x10°¥T; 2 emf 571 j
0 +0;—0;+0 1.99x 1071019 33 0+0;+0,— 0, 8% 10 %expl- 2060/ Tg) 32
0™+0;—0;+0, 1.02x 10179 33 0;+M—0,+0+M 1.56x 10%xd-11,499/T,) 54, ]
0;+0—07+0, 1.5X107Tg® 33 He +HE —He+He +e 1.5X 1079795 55
0;+0—05+e 1.5¢1079Tg® 33 He +0,— O} +He+e 2.54% 10710795 56
0;+0,('A) —~e+0,+0, 2x107°75° 33 He +0;— 0%+ 0 +He+e 2.54% 10710795 56, n
0;+03—03+0, 6X1070T9° 33 He' +0,('3) — O3 +He+e 2.54x 10710195 56, n
0;+0-0,+0, 25X 1071015 33 He' +O— O +He+e 2.54x 10710705 56, n
0+0'—0+0' 1x10°Tg° i He +O('D) — O*+He+e 2.54% 10710795 56, n
O+O++M—>O§+M 1X 10_2ng'5 cmf st 46 He +0(1S) - O*+He+e 2.54x% 10—10-[-8.5 56, n
0,+0;—0,+0; 1X10°Tg® 28 He'+0,— 0" +0+He 1.07X 107975 33
0"+0,—0;+0 2x 107170 33 He'+0;— 0 +0,+He 1.07< 1079725 n
0"+0;—0;+0, 1X107 46 He*+0,— O}+He 3.3} 10°14T0° 33
0(*D)+0—0+0 8x 10712 46 He™+0,(A) — O*+0+He 1.07x 10°°T2® n
O('D)+0,—~0+0y('3) 2.56X% lo'uexd—67/Tg) 32 He'+0,(1A) — O} +He 3.3x 1071705 n
O('D)+0,—0+0,(1A) 1.6x 10 %exg-67/T,) 32 He'+0— O*+He 5x 10714795 i
0(1D)+0,—0+0, 4.8x 10 %%exd-67/T,) 32 He*+0('D) — O*+He 5x 107110 j
0O(1D)+03— 0,+0+0 1.2 10710 37 He*+0(1S) — O*+He 5x 10717125 j
O('D) +03—0,+0, 1.2x10°10 36 He'+He' — He+He' 1X10°°T5° 28
O(*D)+He—0O+He 1x10% 52 *Rate coefficients have units of éra’ unless otherwise notedT,
0(*9)+0,—0('D)+0, 3.2x 10 Y%exd -850/ T,) 36 =(T,/300); T, has units K;T, has units eV.
0O(*S)+0,—0+0, 1.6X 1(rlzexp(— 850/Tg) 36 bf(Te) indicates that the rate coefficient is obtained from the EED
0(1S)+0,(1A) = 0+0, 1.1x 10710 46, K using_ Cross sectior_] from indicat_ed reference. Rate c_oefficients are
0(19)+0,(1A)— O('D) 2 9% 1011 6 sglrlrjlslsleg_ras a function oE/N and interpolated based on instantaneous
+0,('2) CSuperelasetic cross section calculated using detailed balance.
0(*9)+0,('A)—0+0+0 3.2x101 46 “YEstimated to have the same cross section as the ground state reaction.
0(*9)+0—0('D)+0 1.67x 10 Mexd- 300/Tg) 36 eprozs src]ection .est'imatﬁd br)]/ T(I;ifting and scaling the ground state cross sec-
1 tion by the excitation threshold.
O(ls)+OHO+O 3.33x 10'11exp(—1§00/ Tg) 36 fCrossy section estimated by shifting and scaling th€-£ cross section by
0('9)+03—=0,+0; 5.8x10° 36,1 the excitation threshold.
0,(*A)+0—0,+0 2x107 36 9Superelastic cross section calculated using detailed balance for excitation
O,(*4)+0,— 0+ 0, 310 Mexpl-200/T,) 32 from O,("). . _
O,(1A)+0,(1A) — 0,+0, 9% 1(Tl7exp(— 560/1.9) 36, m Crc_)ss'-secnon estimated by shifting the ground state cross section by the
1 1 s excitation threshold.
O,(*4) +Oy(*A) — 0y('2) 9% 10 exp~ 560/Tg) m 'Scaled from O ionization rate expressigRef. 51) using correlation given
+0, by Vriens(Ref. 57.
0,(1:A)+0,—0+0;, 2.95x 10721795 JEstimated.
0,(*A)+03—0,+0,+0 5.2% l(Tllexd— 2840/Tg) 37 IkRate g_iven by(Ref. 46; a_ssumed b_ranching to ground state.
O(*A)+He—O,+He 8x 10211_85 53_ "B;\z:(teeg Igvi(\a/r;nb}(b?/%geié ;I%vél)t;h ::Etr:r?elgg r?ell\llfe nbl’tg]iﬁzs?(.)z @nd half to
0,(13)+0,(13) — O,(1A) 3.6x10°17T9° 32, 0,(1A).
+0,
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TABLE II. Wall reaction mechanism.

Wall reaction Reaction probability Reference
Oz(l})"‘Wa”—’Oz 0.20

O,(*A) +wall— 0, 10° 46
O,(13) +wall— 0, 0.02 46
O+wall—1/2 G, 0.02 46
O(*D)+wall— 0O 1.00 46
O(*s)+wall— 0O 1.00 46
He(?S) +wall— He 1.00

M*+wall—M 1.00

k=3.0x 10%cm®s? (Ref. 33, (20)

0+0,+M — O3+0,+ M,

k=6.0x 10%cm® st (Ref. 32. (21)

However, later in the discharge region the(&) density
becomes large enough so that the dissociation reaction,

O,('2) +03— 0+ 0, + Oy,

k=7.3x10%2cm’ st (Ref. 39, (22)

controls the Q density, keeping the Dfraction in the ppm
range throughout the discharge.

In the early afterglow, there is a brief increase ig(d)
density as the remaining ;03) is deexcited by O atoms

[EQ. (15)]. The O(*A) metastable has a 64.4 min. radiative
lifetime,* so high densities persist far downstream in the
afterglow. The dominant afterglow reactions reduce the

O,(*A) density through collisions with O and 30 and
through pooling reactions,

0,(}A)+0— 0,+0,

k=2.0x 10%cm®s? (Ref. 36, (23)
O,(*A)+ 03— 0,+0,+ 0O,

k=4.0x 10 cm®s? (Ref. 37, (24)

0,(*A) + Ox(*A) — O, + O,
k=1.4x10Ycm’ st (Ref. 36, (25a)
O,(*A) + O,(*A) — O4(*2) + Oy,

k=1.4x 10 cm® st (Ref. 36. (25b)
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FIG. 2. Plasma properties for the base cé®g¢ at 3 Torr L=20 cm, vy,
=1000 cm/sPye=0.5 W/cn?). (a) O5(*A), O,('2), and O atom densities.
(b) O3 and electron densitiegc) Electron and gas temperatures.

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 O

GlobalKin has been validated with a similar reaction
mechanism for microwave discharges by Zimmerragal >

Ozone is rapidly depleted immediately after the discharge assing results from Benard and Pchelkfhand for rf dis-

its primary sourcdEq. (20)] is diminished by O recombi-
nation. Later in the afterglow, the @ensity again increases.
0,(12), the dominant quencher of QEq. (22)] is depleted
by reactions with O atomfEq. (15)], thereby allowing the
weaker three-body association reactj@&y. (21)] to repopu-

late G;.

charges by Carrokt al.*® using results from capacitive dis-

charges at 2—10 Torr in Ar/He/QOmixtures. 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 Carradt al*®* The gas tem-

A simple wall reaction mechanism describes species difperature was experimentally obtained from thg'®) rota-
fusing to and returning from the walls. In this mechanism, alltional spectra. GlobalKin predicts the gas temperature well
ions are neutralized at the wall and return as ground statdespite the simplicity of the radial heat conduction model.
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sity, the Q(*2) density from GlobalKin is compared on a
relative basis to optical emission sidelight from(&). The

fast decay of the g@'3) density predicted by GlobalKin is
markedly different than the slower decay measured in the
experiment. The kinetic model developed Saenal. in
agreement with their experimental results also predicts a fast
decay in Q('3) density'® The rate of decay of @'3) in the
afterglow is a current topic of discussion.

Comparisons were also made to reported absolute
0O,(*A) densities. The difficulty of experimentally obtaining
absolute Q(*A) densities is apparent from the broad range of
reported Q(*A) yields as a function of specific energy. Re-
ported values of g{*A) yield per eV deposited into inlet O

molecules range from 0.01 eV(Ref. 15 to 0.39 eV (Ref.
22) GlobalKin predicts yields between the results reported
by Benard and Pchelkifi and Savinet al.® from 0.06 to
0.08 eV'™. These values are near the median of the results
discussed here which correspond to the peak'Q) yield
being at 5—-8 eV per molecule of inlet,Orhese scaling will
be discussed further below.

There are two definitions of £0'A) yield currently used
. when discussing COIL systems. The first is the traditional
. method used when characterizing conventional liquid phase
O,('A) generation systems,

o [0:0)]

- 3 1 ’
+
FIG. 3. Comparison of computed results with experiments by Caatail. [02( E)] [02( A)]
for 5 mmol/s of pure Qat 2 Torr flowing through a 4.83 cm ID quartz tube whereY is the Q(lA) yield and the denominator includes

(Ref. 13. 265 W was deposited between electrodes spaced 30 cm @part. . 1 .
Gas temperature as a function of position. GlobalKin predicts gas temperaQnIy the ground state 5032) and excited Q"A) species.

ture well with a simple heat conduction mode) O,(3) relative density ~ Equation(26) accurately describesJ 3A) yields for conven-
as a function of position. tional systems because yields are high and there is little dis-

sociation or excitation to other state&quation(26) is also
The predicted peak gas temperature is somewhat lower tharonvenient when comparing to the threshold yield, which
the experiment because GlobalKin assumes constant teraan be derived from Eq$l) and(26). However, to describe
perature at the discharge tube wall. Due to the difficulty ofthe O,(*A) yield in an electric discharge COIL, dissociation
experimentally obtaining an absolute(@\) or O,(*2) den-  and populated electronic states should be included,

0,('s) Relative Density

(b} 0 20 40 60
Position (cm)

(26)

[0,(*A)]

" [0,%)] +[05(0)] + [05(*A)] + [O0,("S)] + 0.5.0] + LHOg] 0

Y

The denominator of Eq27) includes all major oxygen spe- times on the order of a few to tens of millisecorfdsAb-
cies in the discharge on an,@quivalent basis, giving the sorbed power in the discharge ranges from tens to hundreds
yield Y as the fractional conversion of inlet,Qo O,(*A). W, corresponding to power depositions from 0.01 to
The latter method for computing yie[&q. (27)] was used in 1 W/cn?. The base case has a 20 cm discharge length, pure
this investigation. O, at 3 Torr, and power deposition of 0.5 W/&m

Densities and temperatures as a function of position are
IV. SCALING OF O5(*A) YIELD shown in Fig. 2. The g*A) density rises in the discharge

The base case uses conditions similar to experimentarimarily by direct electron impact excitation from ground
performed by other&’ The electric discharge COIL experi- State Q [Eq. (10)], while the O density increases due to
ments typically use a 4.83 cm ID Pyrex discharge tube withdissociation from the ground stafggs.(11) and(12)]. The
an axial capacitive or inductive discharge over 20—30 cm ofO atom yield on an @equivalent basis is roughly equal to
length. Pressures range from a few to tens of Torr, with flonthe O,(*A) yield for conditions providing peak £'A) yield
velocities of hundreds to thousands cm/s, giving residencé&—8 eV/moleculg giving O densities twice that of the
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O,(1A) density.(Note that the conditions for Fig. 2 are less impact excitation is unimportant downstream for these con-
than optimum). The O,(*2) density also initially rises due to ditions though electron collision quenching persists for an-
electron impact excitatiofEq. (13)], but then plateaus after other 10—15 cm. N _ _

the O density becomes large enough so that the rate of In the afterglow, @(*A) and O densities continue to rise
quenching by O atomgEq. (15)] balances the rate of exci- as the gas cools. Conversely, the most important two reaction
tation. This is not intrinsically bad as the product of the Pathways in the afterglow are;0A) quenching by O atoms
quenching is dominantly §'A). Some Q is also produced [Eq. (23] and G formation [Eq. (21)], which reduce the

. . . . 1 0O,(*A) and O mole fractions slightly even though the gas
in the discharge region by reaction of @nd Q("A) [Eq. density is increasing. Both the,OA) metastable and the O
(20)], but the density also saturates. The source @f O y g 2

- o tom densities persist far downstream, with no appreciable
changes to O +@association as the O density increases an hanges in density by 50 cm downstream of the discharge

quenching by @'2) [Eq. (22)] balances the source. The gas inlet (30 cm from the end of the dischaigeThe O(A)
temperature rises nearly 150 K in the purg discharge, yield for this case was 0.108 at the end of the discharge and
primarily through Frank-Condon heating, which emphasize$ 111 at the end of the flow tulf®0 cm downstream of the
the need to cool the gas flow if laser gain is to be achieveddischarge

The electron density quickly rises to x6L0'° cm ™2 (at With the goal of maximizing the yield of £'A), a full
3 Torn) early in the discharge and then slowly increases tdactorial experiment was designed to investigate the effects
1.5x 10'° cm3 by the end of the discharge. The increase inof discharge parameters. The parameters of primary interest
ne While power is constant is largely due to the dissociationfor laboratory COIL experiments are pressure, flow velocity,
of O, and thermal expansion of the gas, both of which reducéie/O, ratio, and power deposition. Other parameters such as
the power dissipatiofieV/cn® s) per electron. The electron the length of the discharge, the discharge tu'be wall tempera-
density then increases to compensate. The small spike in ture, and the discharge diameter are also of interest, but these

at the end of the discharge results from loss processes dgere deemed I_ess importa_nt than_the primary four variables
creasing at a higher rate than ionization processeg, ae- beciu;) i?ggg: To(ijrre;\?jl"?‘/uﬁr; ?:'g fi‘gllecgrie(jtsétional ex
creases. The electron temperature peaks before falling to a ' b

. , eriment(256 caseswas run. Inlet velocities ranged from
stationary value near 2 eV as the electron density saturate 00 to 5000 cm/s, total pressures from 1 to 20 Torr, power

The ir.1it.ial spike in electron temperature is partly due todepositions from 0.1 to 1.5 W/cinand Q fractions in He
the simplicity of the plug flow model, which does not ac- fom 0.03 to 1. Although this design allows resolution of
count for upstream electron transport and thus assumes |@ear effects, two-, three-, and four-way interactions, all four
fairly low electron densitf10° cm®) at the beginning of the  variables were expected to have strong interactions that in-
power deposition envelope. A finite power deposited into &luence Q(lA) yield by changing the net amount of energy
small inventory of electrons requires a larfigto dissipate. deposited into the oxygen species. Therefore, the expected
Te thermalizes quickly at the end of the discharge regionfour-way interaction of the independent variables was ac-
The small knee in the electron temperature at the end of theounted for by defining a new variable, the specific energy
discharge results from superelastic electron heating, primadepositionEy4 which, like the yield, is calculated on a mo-
rily from the vibrational state gv=1) at 0.19 eV. Electron lecular oxygen basis,

—_ _ Ed
597 [0,05) ]+ [040)] + [0,(8) ] + [0,(*%) ]+ 0.50] + 5O’

(28)

whereE, is the total energy deposited into the gas in eVdcm giving the 9(1A) yield Y as a function of the specific energy

andEg is the total energy deposited in eV/molecule on gn O depositionEy,

equivalent basis. Implicit in Eq28) is the assumption that

little energy is deposited into the He species, which as we

show below, is a reasonable assumption for moderate mole Y = f(E,). (29
fractions of Q. The choice of values for the independent
variables(inlet velocity, pressure, power deposition, angl O

fraction) results inEy rangin_g from 0.004 to 265 eV for a yield is at the exit of the discharge region @) yield

20 cm discharge. FeCG‘_USEd has a much stronger and jcreases almost linearly witEy at low specific energy
clearer effect on gA) yield than any of the four indepen- depositions before saturating with yields 0£0.3 by
dent variables taken separately, we propose a scaling lag—8 eV/molecule. Since the GA) state lies at 0.977 eV,

Results of the full factorial experiment for the scaling of
0,(*A) and O yields withE, are shown in Fig. 4. The £'A)
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o .° <! . 4.2 Torr,Py=21 W/cn?¥, v,;,=2500 cm/s, and length was varied to obtain
o 06k FREN | the specific energy depositions. T_hg(m) yield increases as He is added
;'_f - 'g: 50% dissociation for parameters near the peak yiglg;=5-8 e\j.
o ol ]
04t Lo 4
L] . . . . .
¢ density. As the electron density increases, the power dissipa-
02} ] tion per electron decreases, thereby requiring a Ioemd
smaller E/N. Second, the gas composition at the leading
o % 5 0 15 20 edge of the plasma zone has few excited states and so elec-
Specific Energy Deposition (eV) tron impact ionization is almost exclusively from ground

state species, thereby required a higheand largefE/N. As

the excited state inventory builds, the efficiency of ionization
increases, thereby requiring a lowgr and smallerE/N to
sustain the plasma.

In electric discharge COIL systems an inert diluent such
this corresponds to 0.04—0.06 excitation energy efficiencyas He is often added to the,@ reduce the temperature rise
into O,(*A) in the peak yield range of 5—8 eV/molecule. in the discharge and aid the gas dynamics by increasing the

As more energy is deposited into the oxygen speciessystem pressure. The diluent also reduces the amount of flow
dissociation increasdsee Fig. 4b)], reducing the available expansion caused by,@issociation, which in turn increases
O, that can be excited to £0'A). The depletion of @*A) by  the residence time in discharge region. The increased resi-
electron impact processes also becomes important. As thaence time leads to higher specific energy deposition with a
O,(1A) yield peaks at 5—8 eV/molecule, dissociation into O consequent rise in yield.
atoms has reached 50%. O yield continues to monotonically When adding He to the discharge at constaptp@rtial
increase as specific energy deposition rises to 20 eV. Bpressurdthereby increasing total pressysnd constant spe-
30 eV, almost all of the oxygen is dissociated, and furthercific energy deposition, @A) yields can increase, as shown

increases irEy serve only to further excite and ionize the O in Fig. 5. At low Ey, adding He has little effect. In the range

species. This emphasizes the importance of including O dersf E;=5-8 eV /molecule where the yield peaks, adding He
sity when discussing ©'A) yields [Eq. (27)]. Although  can increase the yield several percent. When the He fraction
these results show that,GA) yields follow the scaling law  js above~0.8 more specific energy deposition is required to
[Eq. (29)], there is a large variation in yields foEy obtain the peak yield. This additional energy is largely de-
=5-8 eVimolecule, suggesting secondary effects linked toposited into He through electron momentum transfer colli-
changes in the independent variables. For exampj¢:AD  sions. It has been suggested that the addition of an inert
yield as a function of energy deposition ang @ole fraction  diluent such as He may promote highes(td) yields by
is shown in Fig. 5. allowing the discharge to operate at a more favordblhl

The impliedE/N as a function of axial position in pure for O,(*A) production***3?° For our particular conditions
O, is shown in Fig. 68). The E/N is large at the leading the addition of He produces a less favoraBleN than does
edge of the plasma zone for two major causes. First, theure Q, and a different mechanism is responsible for the
electron density is initially smal(10® cmi3). Dissipating a  increased yields.
finite power by a small inventory of electrons requires a large  Adding He to a Q discharge does reduce the quasi-
power dissipation per electron. This is accomplished by havsteady-stat&/N, as shown in Fig. @). E/N rises rapidly at
ing a largeT, which requires a larg&/N, as shown in Fig. the discharge inlet to avalanche the low electron density be-
2(c). (Analogously, the conductivity is small and so to dissi- fore falling to a quasi-steady-state value, showing the same
pate a finite power, the electric field must be layJéwe large  trend as the electron temperature in Figc)2 The quasi-
T. avalanches the plasma, thereby increasing the electrasteadyE/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) O,(*A) yields. (b) O yields. The peak @'A) yield reaches
~0.3 as dissociation reaches 0.5E3t5-8 eV/nolecule.
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I}
5 iy . .
% 500 In order for the addition of He to increase the yield of
' O,(*A) the fraction of power dissipated in electron impact

excitation of Q(*A) should increase a&/N decreases. The
E/N (Td) fraction of power expended in excitation of,3A) [Eq.

FG. 6. Effect of divent on disch ectrod e for mixt f(10)] for mixtures of Q and He at the inlet conditions is

o o e o s SoWN in Fig @) For pure O, the maximum povie dissi

mixtures as a function of discharge length) Fraction of electron power Pated into Q(*A) occurs near 10 Td, but the discharge op-

exciting O, to O,(*A) as a function oE/N at 0% vyield, andc) 15% yield. ~ erates near 40 Td. As He is added, tBEN at which the

The operating line shows where the_quasi-steady discharge sustains_f_or ea@‘h(lA) excitation is a maximum decreases as does the oper-

mg)(rgggéflectron power spent exciting,(3A) decreases as He addition ating E/N while the fraction of power dissipated intOZOA)

decreases. The reduction in operati®ff\ made possible by

the rate of loss by diffusion to the walls, attachment, andthe addition of He does not fully counteract the decrease in

recombination. The ionization rate exceeds the rate of loss bthe fraction of power dissipated in,GA) excitation. There-

collisions by the diffusion loss. As such, in the limit of there fore, for these conditions the addition of He actuadlg-

being no charged particle losses to the walls, the quasi-steadyeaseshe efficiency of electron impact excitation of, @

E/N would correspond to a net ionization rate by collisionsO,(*A).

of zero. The quasi-steady-stdE¢N predicted by GlobalKin Further along the discharge, after somg(‘@) has

for discharges in pure Qat 3 Torr is=40 Td. Napartovich formed, the net fraction of power to,GA) by direct elec-

et al. also calculated a quasi-steady value of 40 Td for purdron impact decreases, as the rate of electron quenching col-

0, at 10 Torr using a dc positive column modéFor typi-  lisions with O,(*A) through upward excitatiofiEq. (16)],

cal He/Q ratios near 4/1, the discharge operates from 20 talissociation[Egs.(17) and (18)], and superelastic deexcita-

30 Td, andE/N falls to below 10 Td for He/@=99/1. As tion [Eq. (19)] begin to dominate. For example, the fraction

the O, partial pressure is held constant, adding He increasesf power dissipated in @A) excitation after 15% of the

the total pressure. Therefore a portion of the reduction irinlet O, has been converted to,A) is shown in Fig. 6c).

E/N reflects reduced charged particle loss by diffusion. In addition to the loss process for,(3A), there is a signifi-

(©)
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cant density of O at this time which also dissipates powercurs with He addition, the peak gas temperature decreases

Below 10 Td, at high He fractions the,GA) density is high  \ith He addition. For example, &;=8 eV, T, can be re-
enough that more electron impact events remove power frorgced to <1000 K with 90% He addition. Although the

1 X S .
Oo("A) by superelastic collisiongEq. (19)] than deposit  yominant effect of He addition is to increase the residence
power by direct electron impact, resulting in negative POWER; e the gas density also increases relative to the pyre O

. 1 o 1 7 )
fractlons to Q.( A)._Su_stammg of the g°A) density f"‘t t_h's case. Both the reduction in temperature and the net increase
juncture requires indirect processes such as excitation an

: ) . In density influence many of the rates in the reaction mecha-
subsequent quenching ob3X). The fraction of power into ism, which on the average increaseg’@) yield. For ex-
O,(*A) continues to decrease as the yield increases for self>m g yieid.

sustained discharges with He addition, as adding He reducéaénple’ Q(lAlweld is shown in Fig. ) as a function of @
the rate of direct electron impact. fraction andEy when the gas temperature is held constant at
Inert gases are often added to the discharge to cool thd00 K. Yields are significantly higher than when including
flowing O, to make the laser gain kinetics more favorable.the gas dynamicgsee Fig. 3 but the dependence on He
The gas cooling also increases the residence time, in turffaction is less pronounced as the peak yield increases.
raising the specific energy deposition at a given power. The The disposition of 1) is an important consideration
higher average gas density also reduces diffusion losses of determining the ultimate ©'A) yield. In optimistic sce-
both excited states and charged particles. The maximum gamrios the vast majority of §£'S) can be converted to
temperature is shown in Fig(d as a function of @ mole  O,(*A) in the downstream region by quenching collisions,
fraction andEy (O, partial pressure is fixed Due to the principally with O atoms. In this regard we can define an
increase in heat capacity and thermal conductivity that oceffective yieldY’ which includes the contribution of '3):

[0:(*a)] +[0x(*3)]

e [0,(33) ] +[04(0)]+[0,(*A) ] + [0,(*2) ] + 0.90] + 1.H05]"

(30)

Effective yieldY’ is shown in Fig. &) for the same condi- Peak Q(*A) yields are obtained at relatively low power

tions as Fig. 5. Up to the value &, in which peak yield is depositions<1 W/cn?. In simulations of discharges with
obtained (5—8 eV/moleculg there is little dependence of Pg<<0.3 W/cn? the electron density did not consistently
yield on mixture. This result suggests that there is a rela@valanche, and thus the discharge could not self-sustain. As
tively constant dependence of the combined densities oPq increases from 0.6 W/chpeak yield to 30 W/cn¥ the
0O,(*A) and G(*3) on energy deposition and that the addi- yield roughly halves and is nearly independent of He addi-
tion of He serves primarily to partition the densities more intion. However, varying®y has a smaller effect on the effec-

favor of Oy(1A). tive yield Y’, as shown in Fig. @). Although the peak still
To demonstrate this trend, the fraction of total excitationoccurs at relatively low power depositions, decreases just
in O,(*A), 5% whenPy is increased to 30 W/ctThe cause for this

result, as shown in Fig.(®), is that the fractiorf of excited
_ [Oz(lA)] O,(*A) roughly halves wherPy is increased from 0.6 to
“[o,(*a)]+[0,(*s)]" 30 W/cn?, which largely replicates the same trend as for the
o O,(1A) yield. Therefore, as with He addition, the increase in
is shown in Fig. &) as a function of @ fraction andEy;  O,(*A) yield as Py decreases is primarily caused not by a
(same conditions as in Fig).5There is a 25% increase in the change inE/N, but by a shift in the Q) disposition in
fraction of O,(*A) as He dilution increases, corresponding tofavor of O,(*A). Operation at lower power depositions re-
the 25% increase in raw 0'A) yield shown in Fig. 5. This quires longer discharge lengtii®nger residence timgso
improvement in Q(*A) yield with He addition can be attrib- reach the Ed at which peak yield is obtained
uted to the decrease in temperature and corresponding rise (8—8 eV/molecul® allowing for more efficient heat trans-
density, shifting the ratio of @'X) and Q(*A) towards a fer. This leads to lower gas temperatures and higher species
lower value. This is the primary mechanism causing the scaldensities, reducing thgD,(13)]/[O,(*A)] ratio and increas-
ter in yield shown in Fig. 4. As will be discussed below, theng the O,(1A) yield.
improved Q(*A) yields at constanEy that result from in- Discharge operation at the lower power depositions at
creasing the total discharge pressure and reducing the powetich O,(*A) yields are optimized requires longer discharge
deposition can also be attributed to a shift in the fraction lengths than are typically used in COIL experiments. The
[Eq. (3D)]. power deposition selected for the discharge is ultimately a
The effect of power depositioRy on O,(*A) yield at  function of the desired g@'A) yield Y and the gas flow rate.

constantEy and Q, partial pressure is shown in Fig(®d. To optimize the Q(*A) vyield, E4 should be

f (3D
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yield Y’ of O,(12)+0,(*A) as a function of specific energy deposition and

mixture. (b) f=[0,(*A)]/([0,(*A)]+[0,(*3)]) as a function of specific en- b 0 60\
ergy deposition and mixture. Conditions are the same as in Fig. 5. The 5 \
fraction of Oy(*A) increases as He is added to the discharge, causing the 10F 70 E
O,(*A) yield to increase, but the effective yield is relatively unaffected. \O '
: .80\/
%

//—0.95\_/
dence time in the 30 cm discharge region is 10 ms. Thus, 1 F ]

500-800 eV/s molecule must be deposited intosPecies, [ 0_98/\—/
corresponding to 8—12 W/chat an Q partial pressure of . .

3 Torr. This value ofPy is well above that which optimizes ©) 0.1 0.5 1

O, Mole Fraction
0,(*A) yield, as shown in Fig. @). For comparablé, at
low power depositions, a much longer discharge is requirect!G. 9. Yields as a function of power deposition ang fole fraction for
For example, forPd:O.G W/cn$ [in the peak Q(lA) yield E,=8 eV/molecule and ©partial pressure of 3 Tora) O,(*A) yield Y.

. b) O,(*A) and O(*3) combined yieldY’. (c) O,(*A) fraction f. O,(*A)
Z_an the discharge length would need to be 4—-6 m to reac ield and fraction are higher at lowy because more ') has been

E4,=5-8 eVimolecule—an order of magnitude longer than converted to @*A), but the combined yield is relatively constant from 1 to
the  10-30cm  discharge  lengths  of current 1° wient.
experiment§.5'16’21

When the specific energy depositi@ and the power [O,(*2)]/[O(*A)] ratio for these conditions. Near the peak
depositionPy4 are optimized and the discharge is operatingvalues(Y=0.31,Y’ =0.35, the [O,(*3)]/[0,(*A)] ratio is
near peak yield, varying the total pressure has little effect or=0.13.
the O,(*A) yield. O,(*A) yield Y is shown as a function of To summarize the secondary effects of He addition,
the total pressure and,Qnole fraction in Fig. 10a) for E;, ~ POWer deposition, and pressure, the effective yi¥ldis
=8 eV andPy=1 W/cn?® Torr O,. For moderate total pres- shown in Fig. 11 Ior the same full factorlal_ experlm_ent of
sures above 20 Torr, the,(A) yield is nearly independent Fi9: 4. The raw Q(A) yield has>50% variation at a given
of pressure. The effective yieM is also nearly independent Eq near its peak valués—8 eV/moleculg but the effective
of pressure above 20 Torr, as shown in Figidd0The small  yield [O,(*A)+0,(13)] has<20% variation at the sarrig,.
dependence o¥’ on pressure is due to the already smallSince most of the @'3) generated in the discharge is con-

FIG. 8. Effect of{0,(*2)]/[0,(*A)] partition on Q(*A) yield. (a) Effective [0,( MO, AIHO,(')])

5-8 eV/molecule. For a typical discharge in a Hg/O
=90/10 mixture at 30 Torr flowing at 3000 cm/s the resi-

Power Deposition (W-cm™)
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FIG. 10. O(*A) yields atE4=8 eV/molecule as a function of total pressure ° 03
and Q mole fraction at &Py of 3 W/cn®Torr O,. (a) O,(*A) yield Y. (b) g
0O,(*A) and Q(*3) combined yieldY’. When E4 and Py have been opti- 0
mized, neithelY nor Y’ are strong functions of total pressure above 20 Torr. b
£ 0.2}
17|
verted to Q(*A) in the near afterglowy’ is likely a better
indicator for COIL discharge performance. In this regard,
O,(*A) production for typical flowing COIL conditions is 0.1 . . .
almost exclusively a function of specific energy deposition (b) 0 2 4 6 8
into the oxygen species, and is nearly independent of He Specific Energy Deposition (eV)

addition, power deposmon and pressure if enoth energy,g. 12. Importance of classes of reactions as a function of specific energy
(5-8 eV/moleculgis dep05|ted depositionEy in pure Q. () O,(*A) and Q%) production or loss pro-
In the context of the effective yieldd’ the reaction cesses as a percentage of the total production (ateSensitivity of the
mechanism can be conceptually simplified to five classes offfective yieldY’ to £10% uncertainty irks,. Conditions are the same as in
Fig. 5. AsE, increases later in the discharge(*D) collisions dominate

04 O,(*A) production. AtEd=8 eV/molecule, ®'D) reactions also account for
most of the sensitivity in the model, where +10% variationkia causes
+1% variation inY’.

o

w

ol
$

d . o processes which either generate or depletg'£) and
g’ ) e | 0,(*3). The classes of production reactions are direct elec-
[J . . .
. oo tron impact from the ground state and excitation transfer
l % ¢ from O('D). The classes of loss processes are quenching by

Effective Yield Y’
(]
N

o
=

o collisions with molecules, superelastic electron collisions
* and electron impact dissociation. The fractional contributions
. . . of these processes for a discharge in pugea@ shown in

5 10 15 20 Fig 12a) as a function of energy deposition.

Specific Energy Deposition (eV) As Eq increases, dissociation becomes more important.

o iy _ = O atoms generated by dissociation are excited {0l
FIG. 11. Effective yieldy’ for same conditions as Fig. 4. At fixeg}, in the 9 y (DO

peak effective yield regimés—8 eV/moleculi there is less scatter than for through electron impadtEq. (32)] and then excite ground
the O,(*A) yield Y [Fig. 4@)]. state Q to O,(*3) [Eq. (14)]. Excitation transfer from GD)

0.0
0
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becomes the most important source of@) and Q(*3) at  Although these secondary effects increasg'®) yield in
higher Eq. Electron impact excitation of ground statg @e-  the disclhargt_e, they have little effect on the combingd®)
creases ag, increases and Dis depleted[Egs. (10) and ~ &nd Q%) yield. Since most of the £°2) is converted to

12 .
(13)]. Superelastic electron impact and molecular quenchin@2( A) in the early afterglow, the discharge performance for
reactions are secondary loss mechanisms, making up leSO!L systems will likely be determined by specific energy

than 40% of the losses &;=1 eV/molecule. deposition.
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