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lonization and recombination rates of atomic oxygen in high-temperature air plasma flows
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A nonlinear time-dependent collisional-radiative model for atomic oxygen is presented. Effective ionization
and three-body recombination rate coefficients are calculated for either optically thin or thick plasmas where
10®¥ m3<n,<10** m 2 and 8000 K<T.<20 000 K. In order to implement these coefficients easily in
plasma flow codes, simple analytical expressions are proposed. Significant discrepancies with existing litera-
ture values are pointed out and discussed. The time-dependent approach confirms the importance of a quasi-
steady-state condition to derive meaningful rate coefficients. Therefore the relaxation time necessary for the
system to reach a quasi-steady-state limits the validity of the rate coefficients determined in this study. In
optically thick cases, this relaxation time in either recombining or ionizing plasmas depends weakly on the
electron temperature but strongly increases as the electron number density decreases. In optically thin cases, it
is more difficult to derive general results since the relaxation time depends on the electron temperature, on
densities, but also on the initial distribution on atomic levE&L063-651X%98)08104-5

PACS numbgs): 52.20—j, 31.70.Hq, 47.70-n, 82.40.Ra

I. INTRODUCTION effective ionization and recombination rates of atomic oxy-
gen to compare with our results. In high-temperature air ki-
Despite the large number of experimental and theoreticahetic schemes used in plasma flow codes, different analytical
studies on high-temperature air chemistry, uncertainties reexpressions, whose accuracy is unknown, are proposed for
main on the accuracy of numerous reaction rates. In particithese rate coefficient9—11]. Therefore, this work is the
lar, the effective ionization and recombination rates of atomspportunity to study the validity of these simple analytical
are difficult to determine experimentally and then most avail-expressions for the effective ionization and recombination
able results have been derived from theoretical studies. Howates of atomic oxygen. Furthermore, the time-dependent ap-
ever, a reaction such as'®2e”«O+e results from nu-  proach used in this paper allows us to follow the relaxation

merous different elementary processes between the atomig atomic level populations and to study the validity of the
levels of oxygen. Therefore, the accuracy of theoretical efqasj-steady-state hypothesis.

fective ionization and recombination rate coefficients de-
pends on the choice of the atomic model and on the choice of
the rate coefficients for the elementary processes. In our pre-
vious papef1], referred to as paper |, a nonlinear collisional
radiative model was developed for atomic nitrogen. In this In this work, forty coalesced energy levels of the neutral
paper, we propose to set up a collisional radiative model fopxygen atom have been considef&#]. Their characteristics
atomic oxygen in order to determine effective ionization andyre given in Table I. As in the nitrogen atom, there is a large

recombination  rate  coefficients for ¥am™°<ne  energy gap in the oxygen atom between the two first meta-
<10 m~2 and 8000 K< T,=<20 000 K. In an earlier study, gtzpje levels2s22p* 1D and 222p* 1S) and the other ex-

Taylor and Ali [2] determined these rate coefficients for
slightly different conditions: 1% m3<n.<10*°m 2 and
1 eV=T,=<3eV. Other previous collisional radiative models

IIl. ATOMIC MODEL

cited levels, which lie in a narrow region of energy. How-
ever, it is interesting to note that in the oxygen atom, the

> resonant level is only the fifth level, located 9.52 eV from the
for oxygen have been devoted to the study of the pOpmat'o@round state. In their atomic model for oxygen, Soon and

dS?:CSeItI?ﬁeagizgyggf“?rrg%rStj:?f']A?ir?dnLerLaexr%tﬁnégi%r]ﬁem Kunq [4] considered only thg first nine levels of our modgl.
and computations have been carried out to improve the a}n t.h|s case, the last Iev_el lies 1.69 eV_ under the ionization
curacy of atomic cross sections and Einstein coefficients ifmit- With our model, this energy gap is only of 0.124 eV.
oxygen. In this work, we have tried to determine the best/ "€ influence of the atomic model on the results will be
possible coefficients available in the literature. The data critidiscussed in the following sections. In the electron tempera-
cally compiled by Soon and Kurf@] have been used with a ture range of our study, we consider only the ground ionic
few updates ore-O inelastic collisiong6] and on Einstein term of O, 2s?2p® %S (13.62 eV}, which is taken as the
coefficients[7,8]. In this study, we consider a spatially uni- “core” for all atoms. Processes involving Oions coulda
form and electrically neutral plasma. We assume that th@riori also influence the determination of the ionization and
distributions of energies of particles are Maxwellian and tharecombination rate coefficients. However, Soon and Kunc
the atom-atom and ion-atom inelastic collisions are negli{13] showed that forT,=8000 K, the contribution of O
gible. The treatment of radiation is limited to either optically ions to production of electrons, positive ions, and excited
thin or optically thick cases. atoms is negligible. Therefore, in this study, the influence of
Unfortunately, no experimental data are available on thé®™ ions has been neglected.
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TABLE I. Atomic level model.
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Level index Configuration Energy Statistical weight
i 152+ E; (eV) gi
1 2s22p*(®P)  0.000 9
2 2s22p*(*D)  1.970 5
3 2s22p*(*s)  4.190 1
4 2s22p33s(°s°)  9.150 5
5 2s22p33s(3s°)  9.520 3
6 2s%2p®3p(°P)  10.740 15
7 2s22p33p(°P)  10.990 9
8 2522p%4s(°S°)  11.840 5
9 2522p34s(3s°)  11.930 3

10 2s?2p%3d(°D°) 12.090 25
11 2s?2p%3d(°D°) 12.100 15
12 2s2p%4p(°P) 12.300 15
13 2s%2p%4p(°P) 12.370 9
14 2522p33s’(°D%) 12.550 15
15 25%2p%5s(°S°)  12.670 5
16 2522p35s(3s°)  12.710 3
17 25?2p®3s’(!D°) 12.740 5
18 25?2p%4d(°D°) 12.760 25
19 2s?2p%4d(®D°) 12.770 15
20 2s?2p%4f(5F,°F) 12.780 56
21 2s2p35p(°P)  12.860 15
22 2s%2p%5p(°P)  12.890 9
23 25%2p%6s(°S°)  13.030 5
24 2s%2p%6s(3s°)  13.050 3
25 2s?2p®5d(°D°,°D°) 13.080 40
26 2s?2p%5f(°F,°F) 13.087 56
27 2s?2p%6p(°P) 13.130 15
28 2s?2p%6p(°P) 13.140 9
29 25%2p%7s(°s°)  13.220 5
30 2522p%7s(3s°)  13.230 3
31 2s%2p%[6d(°D°,3DY),
+6f(°F,%F)
+69(°G°,3G%] 13.250 168
32 25%2p%8s(°s°)  13.330 5
33 25%2p%8s(3s°)  13.340 3
34 2s22p3[7d(3D°,°DO)
+7d(°F,°F,)] 13.353 96
35 2s%2p%9s(3s°)  13.412 3
36 2s?2p38d(°D°,°D%) 13.418 40
37 25%2p®10s(3S°)  13.459
38 2s%2p%9d(°D°) 13.464 15
39 25%2p®11s(3S°)  13.493 3
40 2s?2p%10d(°D°) 13.496 15
41 (0" ion) 2522p3(*s%)  13.620 4

Ill. ELEMENTARY RATE COEFFICIENTS

In a uniform plasma, the evolution of the population den-.
sity of an excited atomic level is due to different elemen-

tary processes

O+e =0j+e” for i<j

[Cij.Ciil,

electron-impact excitation rate coefficient for the transition
from the leveli to the levelj and its inverse deexcitation rate
coefficient;

O+e =0"+2e" [Bic Bl 2

where 8. (m*s™Y) and B, (m®s™Y) are, respectively, the
electron impact ionization rate coefficient from the level
and the three-body recombination rate coefficient on the
level i;

O—O+hy fori<j [Aj], 3

whereA;; (s is the transition probabilityEinstein coeffi-
ciend from the levelj to the leveli; and

O'+e —0O+hy [afR,af"], (4)

whereal® (m®s™) andaRP (m®s™?) are, respectively, the
radiative and dielectronic recombination rate coefficients on
the leveli. Dielectronic recombination is the result of a two-
stage process:

O"+e —0*—0O,+hv, (5)

where O represents an autoionizing state of the O atom.

A. Electron-impact excitation and deexcitation rate coefficients

Recently, reliable measurements of cross sections for sev-
eral electron-impact excitation transitions have been carried
out. For the 1-j <7 transitions, the cross sections measured
by Doering and Gulcicek14—17 have been used in agree-
ment with the discussion of Soon and Kupd. For the 1
—2 transition, it is interesting to note that the shape and
magnitude of the cross section have been confirmed recently
by Doering[6]. For the 1-9=<j<19 transitions, the cross
sections reviewed by Laher and Gilmof&8] have been
used. For all the other transitions, excitation cross sections
have to be determined theoretically. For the-3 transition,
the excitation cross section calculated by Thomas and Nesbet
[19] has been used. This result is more recent and seems to
be more reliable than the cross section determined earlier by
Henry, Burke, and Sinfailami20] and used by Soon and
Kunc. For all the other transitions between levels, the energy
of which is less than or equal to 11.93 eV, we have used the
formalism developed by Sobelman, Vainshtein, and Yukov
[21]. For “difficult” transitions (i.e., involving two atomic
electrong, a binary-encounter approximation is used. All de-
tails are given in the paper of Soon and Kiyd¢ For atomic
levels close to the continuum, all atoms are almost hydro-
genic. Therefore, the formalism initially developed for hy-
drogen by Gryzinsk{22] is used for these levels, and is no
doubt more adapted than the Vainshtein formalism.

As discussed in Paper I, the use of two different theoret-
ical approaches results in abrupt changes in the elementary
rate coefficient values for intermediate transitions. In order to
eliminate this anomaly, we introduce, in the same way, a
correction factor such that elementary rate coefficient values
vary smoothly from one model to the other. Discrepancies on
the effective ionization and recombination rate values due to

where C;; (m*s™) and C;; (m*s™?) are, respectively, the this correction remain within a factor of 2.
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N 3 sitions to the terminating levels=1 and 4. The total dielec-
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a E - 72 nificant only for the effective transitions to the three first
107 | 5 ,,,/ 3 atomic levels. Using the same approach as Soon and Kunc
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10° g7/ 3 j#i k<i
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tis) for 1<si=np, wherenp is the total number of atomic levels,

FIG. 1. (a),(b) Temporal evolution of densities for an initial Ne(M~3) the electron number densiti;(m~3) the popula-
recombining situation: @=0's, T,=12 000 K,n,=10? m3 and tion density of the atomic leveé] andN*(m~%) the number
bi=N;/N* =104, whereN* is the Saha density of levél Al  density of O". For the escape factors denoted Ay, «i -,
elementary processes are taken into account, and the plasma is cand KiRD, respectively, for bound-bound, free-bound, and di-
sidered to be optically thin. Numbers denote atomic level numbersglectronic radiation, we consider only the limit cases where
Atomic level population densities are divided by their statisticalthey are equal either to (ptically thick plasmaor to 1
weights. (optically thin plasma The rate equation for the production

of electrons is

B. Electron-impact ionization and three-body recombination dne .

rate coefficients W—nfEi neNiIBic_Z ”gNJrﬁci

For the ground state and the two lowest excited levels, the
models retained by Soon and Kuifé] are used. For the — S nNF[@RRKRR4 oRD,RD]
other atomic levels, we have used the classical model ap- o o b
proximation derived by Gryzinski and Kuri23]. (9)

Finally, the electrical neutrality of the plasma imposes

=N". We denoteN,=3N;, the total atomic density and
For excited levels the energy of which is less than orN;=N,+N™, the total particle density. The system of dif-

equal to 11.93 eV, the transitions and the Einstein coeffiferential equationgEgs.(8) and(9)] has been integrated nu-

cients reviewed by Soon and Kunc are used. However, foferically in using LSODELivermore Solver for Ordinary

the 5—1 and 9-1 transitions, the Einstein coefficients de- Differential Equations[29]. In each set of calculationd,e

termined recently by, respectively, Bient and Zeippefi7], ~ andN. are constant.

and Bhatia and KastngB] have been used. For transitions

issuing from levels lying higher than 11.93 eV, the best pos- V- RESULTS AND DISCUSSION

sible Einstein coefficients available in the literature have A. General behavior of time-dependent population densities

been used8,24-21.

C. Spontaneous emission

Figures 1a) and 1b) show the temporal evolution of the
o ) . o level populations for a typical recombining situation tat
D. Radiative and dielectronic recombinations =0s: ng= 1022 m3, T.=12000K, and b;=N; /Ni*

The analytical expressions proposed by Nussbaumer and 10”4, whereN?* is the Saha density of level The plasma
Storey[28] are used to calculate the dielectronic recombina-is considered to be optically thin and all the elementary pro-
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FIG. 2. Production rates dff;, N,, andNs, and the depletion . FIG. 3. Time variations ofnel/ng, Ni/ng, (N;+N)/ng, and

rate ofn, for the same initial recombining condition as in Fig. 1. (N1+Na+ N3)/n for the initial recombining condition of Fig. 1.
Solid line:|n,|. Dotted line:N; . Dashed lineN;+N,. Dot-dashed ~ Solid line: |ng|/n. Dotted line: N;/ni. Dashed line: K,
line: Ny +Ny+ Nj. +N,)/n3. Dot-dashed line:N;+N,+N3)/n3.

cesses described above are considered. This example clearly B. General method to d_etermme effe_ct_uve lonization

puts forward that different time scales characterize the global and recombination rate coefficients

relaxation process. Farc 10 1% s, in this exampleN;, Ny, For the global reaction O+2e™ «O+e~, we definek, ,

N3, andn, vary only slightly in comparison to other excited the effective three-body recombination rate coefficient, and
state population densities. Forx80 ® s<t<10 ®s, the k;, the effective ionization rate coefficient, such that

latter reach a plateau whereds, N,, N3, andn, vary

significantly. Finally, all of the system tends toward a sta- %:h —kn.N.—k.n3 (13)
tionary state(reached at=10"3 s in this example As al- dt ¢ e e

ready observed in nitrogen, the populations of excited states

at the plateau are very different from those at the stationarBoth rate coefficients have to be time independent, but may
state. It is important to note that the general characteristics afepend on electron temperature and densities. To determine
the results are independent of the initial ionizing or recom+k_, the method is to consider &0 s a recombining situa-
bining condition. Figure 2 shows the temporal evolutions oftion. In this case, in early times the first term on the right-
[ng| andN; for 1<i<3. Fort= 1, (7min=5%10"° siin this  hand side of Eq(13) is far much smaller than the second

example, we have one. Then, ifk, exists, there is a plateau in the temporal
: _ evolution of the ratidn,|/n3 andk, is the value of this ratio
N;=0 for i>3, (100  at the plateau.

Conversely, to determing&;, one has to consider 4t
=0 s an ionizing condition and to study the temporal evolu-
tion of the ration./(nsN,). K; is the value of this ratio at the
plateau. For the initial recombining situation of the last sec-
3 tion, Fig. 3 shows that a value & can be determined for
|he|=z N;, (1) insSt<Tmax, With 7p=10"2s. The minimal timery,
=1 corresponds to the necessary time to reach a quasi-steady-
state(Figs. 2 and Band is denotedqssin the following. For
can be written. This condition has been already establishelf” Tmax iOnization processes become significant and then
by Cacciatore and Capite[l] in oxygen and is the same as the first term on the right-hand side of H@3) is no longer
in nitrogen since both atoms have two low-lying levels. N€gligible in comparison to the second one. Finally, Fig. 3
However, in oxygen, the fourth level is metastable too andF!€@ly shows that a quasi-steady-state condition has to be
then one could have expected to have for oxygen a quas{g_aach_ed to determink, . In the case of an initial ionizing
steady-statéQS9 condition of the form situation, the general characteristics of the results are the
same.
Finally, to determing, , respectivelyk;, we start from an
_ 4 initial recombining, respectively ionizing situation, and, stop
Nl :izl N;. (120 the calculations whefn| and|N;+ N,+ N;| agree to within
- 1%. Then we determinegss and the value ok, , respec-
tively k;, with the instantaneous values of, and ng, re-
In the electron temperature and density range of our studyspectivelyn,N,. The interest of this approach is the possi-
we have checked that E¢L1) is the quasi-steady-state con- bility to follow the temporal evolutions of populations and to
dition for oxygen. determine alsagss.

and then a quasi-steady-state condition of the form
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FIG. 4. Three-body recombination rate in an optically thick

plasma. Solid line: our model. Dot-dashed line: Park's expression F|G. 5. Influence of the number of atomic levels on the derived
[9]. Dashed line: our atomic model and the cross sections derivegbcompination rate in optically thick cases. Thick solid line: our 40
by Gryzinski[22]. Dotted line: Three-body recombination rate of |eyel model. Thin solid line: 9 level§4]. Dotted line: 15 levels.

nitrogen[1]. Dashed line: 20 levels. Dot-dashed line: 30 levels.

As already mentioned in paper I, ionization and recombl_(éombination rate coefficierﬁdenoted@ﬂ) obtained when one

nation rate coefficients are not independent. Indeed, at th . N
stationary state of the reaction’@ 2e <-O+e~, the two uses for all levels the glementar_y rates derived by Gryzinski
terms on the right hand side of E(l.3) have to balance to [kZHZ] for hydrogen. In this case, Fig. 4 shows that th_e value of
give n,=0. Then,k can be derived fronk, by r IS cl.ose to the one proppsed by Park. Cacciatore apd
Capitelli [5] proposed to modify the elementary rate coeffi-
[ngia)2 cients derived by Gryzinski to take into account that low-
ki= ki — st = kK (14 lying levels of atomic oxygen are nonhydrogenic. That is, the
a Gryzinski values are multiplied by a factor 4 for the ground
We have checked that both methods gave the same resultState. It is interesting to mention that this correction has no
influence on the calculated value bﬂ’ for atomic oxygen.
Finally, in Fig. 4, the fitting law obtained in paper | for
atomic nitrogen is represented. This law is given for
4000 K=T,<12 000K and, therefore should be handled
1. Optically thick cases with care for T,>12 000 K. However, it is interesting to
In order to represent an optically thick medium, in this note that threg-body recombination rates for oxygen and ni-
section, all the escape factors in E¢®.and(9) are set equal f0gen remain close to each other for 8008K,
to zero. Then, as only elementary collisional processes ars 20 000 K.
considered, the results of this section are denoted with the
superscriptC. As in nitrogen, in optically thick conditions, 2. Influence of the number of levels
we have checked that the three-body recombination rate co- Figure 5 shows the influence of the number of atomic
efficient for oxygen depends only on the electron temperatevels on the calculated effective three-body recombination
ture (Fig. 4). The simplest best-fit curve for our computed rate coefficient value in optically thick cases. As the number

C. Determination of the effective three-body recombination
rate coefficient

result is of atomic levels increases, the calculated recombination rate
T\ -466 converges toward an upper limit. This figure puts forward

KC=1.32x 1039( _e) mé st (15) clequy that the 9-level model proposed by Soon and _Kunc

' 10* [4] is unadapted to our temperature range and that it was

necessary to consider a more sophisticated atomic model.
for 8000 K< T.=20 000 K. Par{9] assumed that the three- o forty level model appears to be a good compromise be-
body recombination rate of oxygen is the same as that ofyeen the inaccuracy of atomic models for highly excited

nitrogen, derived for 4000 & Te=<20 000 K in using for all  |eyels and the reliability of the effective rate coefficients de-
levels the elementary rates derived by Gryzingk2] for  rjved in this study.

hydrogen
3. Optically thin cases

—-5.27
Krpark=1.15X 1038(%) m°s™. (16) As in nitrogen, in optically thin cases, we have checked
that the three-body recombination rate coefficient for oxygen
Figure 4 shows that, over the whole temperature range of thidepends only on the electron temperature and number den-
study, the value obtained with our model is on the averageity. First, neglecting radiative and dielectronic recombina-
five times smaller than the one proposed by Park. With outions, Fig. 6 shows that spontaneous emission increases the
method, we have also calculated the effective three-body reralue of the recombination ratelenoted, in this casdx,,c':)
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—r+ . . r o r T T T ] TABLE Il. Parameters in the effective three-body recombina-
107 Bommseee 4 tion rate coefficienk"® for different electron number densities.
I: é\\\ \\\§\\::::::::;::::‘“----------_3 18 n (m73) A (m6 Sfl Kib) b
S 419 e
g W5 e Tl 108 7.27x 1073 -1.73
5 N\ 20 101 4.29x10 % -1.95
3 0® L 10%° 2.58x<10 %8 -251
= E N 21 107 3.19x10° % —3.43
S S
3 S S SN
el 1040 - .\.‘: 22 CE . ..
3 wherek; ™~ takes into account all the elementary collisional
S S S Y S S N S S S processes and spontaneous emisgiig. 6), and
8000 12000 16000 20000
T, [K] aR=aRR4 oRD, (18
FIG. 6. Influence of spontaneous emission on the recombinatiohe total effective recombination rate is thereforek®E

rate in an optically thin plasma. Numbers at right denotaith  + oR/n,. This formulation is of great interest sine&R [Eq.
ne=10‘m~3 The thick solid line corresponds to optically thick (7)] and aRP [28] can be expressed analytically. Then, we
cases. fitted kCF for different electron number densities to the fol-

. . lowing expression:
As expected, at high electron number densities, the recombi- 9

nation rate converges to the value obtained in optically thick KCE=ATE mbs? (19

cases. Conversely, for low electron number densitieS,

tends toward an upper limit. If all the elementary processefor 8000 K=T.<20 000 K. The coefficientA and b are

of Sec. Il are considered, Fig. 7 shows that the influence ofjiven in Table Il. The discrepancy between the total recom-

radiative and dielectronic recombinations increases.ate-  bination rate value calculated with the analytical expressions

creases. In this case, the recombination rate has no uppltgs. (19) and (18)] and the one determined directly and

limit at low electron number densities. These results are inepresented on Fig. 7 remains within a factor of 2.

gualitative agreement with those obtained earlier by Taylor

and Ali [2]. Figure 7 indicates that Park’s expressidty. D. Determination of the effective ionization rate coefficient

(16)], initially proposed for an optically thick case, corre-

sponds to an optically thin plasma where?Am3<n,

<10? m 2 and 8000 K< T,<20 000 K. In optically thick cases, the results obtained for different
In order to implement the results of this work in numeri- initial ionizing conditions indicate that the effective ioniza-

cal studies on air plasma flows, simple analytical laws areion rate coefficien(denotedkic) depends only on the elec-

required. In the general Eq9), radiative and dielectronic tron temperature. This can be simply derived from 8dj),

terms can be isolated, then Ed3) can be written as since in this case® depends only ofT, and the stationary

state of the reaction O+e «—O+2e~ corresponds to a

1. Optically thick cases

%—h —k.N. — KSEn3— oRn2 Saha equilibrium, thereforgS?3=KSagT,). We have fitted
— e RillelNa r e~ & ne* (17) il . . .
dt the equilibrium constant to the following expression:
107 °
E T T T T T T T T T T T 3 staty _ i
S ] In(KS) =2, AZ, (20
P 418
e e E where Z=In(10%T,), for 8000 K<T,<20000K. For a
= AN B 1 Saha equilibrium, the coefficienss are given in Table IIl.
R T e . Figure 8 compares the value kf obtained in our study
§ f\\ \\\\ =320 with three other values often used in high-temperature air
o NG T ] kinetic schemes, but whose accuracy is unknon:The
20 N, T 21 effective ionization rate coefficient proposed by Losdal.
g E e 3 [11], which is derived from the ionization cross section from
SR T T 122 the ground state measured by Snathal. [30],
. 1 Il 1 1 t 1 1 1 1 L Il —
8000 12000 16000 20000 KiLosev= 8.64X 10~ 187268 exp( &j m’s
T, [K] e (21)
FIG. 7. Three-body recombination rate derived in taking into ...
account all elementar;processes, in an optically thin plasma?. Num(-") the value proposed by Gupéd al. [10]:
bers at right denot& with n,=10 m~3. The thick solid line cor- — 15812
responds to optically thick cases. The thin solid line corresponds to KiGupta= 59.8T;2'91 eXF{ —Cj m’st (22
Park’s expressiof9]. Te
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TABLE Ill. Parameters irk 53and in the equilibrium constamt®® for different total particle number

densities.
Ny (m™3) Ao Ay Az As Aq As
10Y 30.5304 —34.0190 —23.6944 6.18581 —0.916160 —17.5735
10'8 32.8715 —33.1659 —22.8399 7.45801 5.02374 —11.8446
10%° 35.0493 —31.4172 —24.8850 —0.795804 17.3478 11.0059
10%° 36.6971 —27.7121  —6.36738 —49.7549 —187.362 —149.453
107 38.6205 —35.9083 6.47223 62.7877 —35.6484 —97.7333
1072 419019 —45.7554 —37.4442 166.309 443.193 298.333
107 452287 —31.9500 —57.7671  —69.9729 —17.6998 19.8520
K Saha 47.0661 —17.1846 —7.99356 —2.64241 —0.579718 0.182226
(iii ) the value proposed by PafR]: the most significant density is the total particle density
First, neglecting radiative and dielectronic recombination
_ —15862 rocesses, Fig. 9 shows the equilibrium constant for different
Kipan=6478.4 3B exg ———| mis™t (23 P 719 q - :
Te values ofN;. As expected, as the density increases, colli-

sional processes become more efficient than radiative ones,
First of all, we note that there are strong discrepancies beand then the equilibrium constant converges toward the Saha
tween the different models. As expected, the value obtainedquilibrium constant, all the faster since the electron tem-
with our model is greater than the one proposed by Loseperature is high. At low density, the equilibrium constant
et al. since the latter takes into account only the ionizationtends toward a lower limit. When radiative and dielectronic
process from the ground state. Figure 8 shows that the valugcombination processes are taken into account, Fig. 10
proposed by Guptat al. is overestimated by more than one shows that this lower limit disappears. As Soon and Ki4fjc
order of magnitude. In fact, the value Iq‘f obtained with our  considered more accurately the reabsorption of the emitted
model turns out to be in close agreement with the one proradiation, a direct comparison with their results at the sta-
posed by Park. This result seems to be in disagreement wittonary state is impossible. However, a qualitative agreement
the discrepancy observed on Fig. 4 between our value of this observed. Finally, to implement our results in flow codes,
three-body recombination rate in optically thick caskS)(  we have fittedk > for different values oiN, to the expres-
and the one proposed by Pakk ... In fact, we have noted sion of Eq.(20) for 8000 K< T,=<20 000 K. The coefficients
that the ionization and recombination rate coefficients proA; are given in Table Ill. The discrepancy between the ion-
posed by Park in optically thick cases are not related by thézation rate coefficient value calculated with the analytical
Saha equilibrium constant. That i&paiKS2"is on the av-  expressionEq. (20)] and the one determined directly and
erage 4.7 times greater thip,, Which is also the average represented on Fig. 10 remains within a factor of 2.
discrepancy observed on Fig. 4 betwéénand K; park-

E. Study of the QSS relaxation time

2. Optically thin cases . .
preaty In the preceding sections, we have put forward that effec-

In optically thin casesK*® depends orl, but also on tive three-body recombination and ionization rate coeffi-
densities. As in nitrogen, to characterize the stationary statejents exist only when the system is in a quasi-steady-state.

Therefore, before implementing these rate coefficients in

lO E T T T T T T T T T T -—l._-
10_15 :.- _____________ !: 1024 T T T T T T T T T — 3
_ . ; ‘/,/"- E 1023 ’’’’’’’’’’’ ‘i
7, 10" - J A el 3
o 107 ST e g 107 W, 22 T 3
E 7 F o E = a2 22 7. ST e 3
o 10 E e - z 10 7, s e
= E 7 3 = ) e S =
; ST 3 210 s 4 el e X
3 10 4 e ke S . VY4 el o 20 =
E : - g0 w2y /S S s 19 3
N o9 [ -7 : S 8 VAV A 18 3
5 10 E. -~ I E 10 L 17 1
= = - E = Yy 3
107 e ] 5107 |/ g L
] - : 210° | A E
10‘21 [ 1 1 27 1 1 1 1 1 1 L ] 1015 Y, g

8000 l 2000 l 6000 20000 L 1 1 1 1 Il L 1 1 1 L
T, K] 8000 12000 16000 20000
T, K]

FIG. 8. lonization rate coefficient in optically thick cases. Solid

line: our model. Dotted line: Park’s expressi®j. Dot-dashed line:
Guptaet al's expressiorf10]. Dashed line: Loseet al's expres-

sion[11].

FIG. 9. Influence of spontaneous emission on the equilibrium
constant in an optically thin plasma. Numbers denoteith N,
=10 m 3. The thick solid line corresponds to the Saha value.
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0 F e 21 )
e T P e 20 '_.ﬂ.; 10° E T e E
S B T T e 8 A 3
ERL I S 19 " c 1
210 §g S S T e 18 £ ==~ ]
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el07 w23/ 7 S T e 17 S
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g 10" \

1015 8
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8000 12000 16000 20000 8000 12000 16000 20000
T K] T.[K]

FIG. 10. Equilibrium constant when all elementary processe

FIG. 12. Relaxation time in optically thin cases withtat0 s,

sbi:Ni/Ni*:l, for a given electron number density. Dotted line:
ne=10"® m=3 Dashed line:n,=10" m 3. Dot-dashed line:n,
=10 m™3. Solid line:ne=10"* m™3,

are taken into account. Numbers denrteith N,=10m™3, The
thick solid line corresponds to the Saha value.

flow codes, one has to check the validity of the QSS hypothgen, we conclude that the effective ionization and recombi-

esis[Eq. (11)]. The time-dependent approach used in thishation rate coefficients determined in this paper are adapted
paper allows us to determine the relaxation time necessary 9 Study optically thick p'agma flows, Whifeot;ge E@afa‘?te“s'

reach a quasi-steady-state, startingta0 s from a given tC flow time is about 10%s, only if ne=10"m"" For

initial condition.

For optically thick cases, the results obtained for different
initial conditions (either ionizing or recombiningindicate
that the quasi-steady-state relaxation ti@enotedrgss) de-

1. Optically thick cases

lower electron number densities or shorter flow times, it is

necessary to consider one conservation equation for each
atomic leveli of the oxygen atom.

2. Optically thin cases

In an optically thin plasma, the relaxation time depends
on densities and’, but also on the initial distribution on

pends only on the electron temperature and electron numbeg,mic jevels. Therefore, it is more difficult to derive general

density but not on the initial distribution on the atomic lev-
af5ss depends only weakly off
but increases as, decreases. Far,=10" m~3 the relax-

els. Figure 11 shows th

results. However, we have noted that for initial recombining
conditions with att=0s b;=N;/N}"<1 (where N} is the
Saha density of level) for a given electron number density,

ation time derived in using Gryzinski's cross sections for ally;, o QSS relaxation time depends onlyronandT, . In these
o

levels is also represented. The latter is one order magnitu
shorter than the one obtained with our model. It is interestin

ses, Fig. 12 shows that the QSS relaxation time depends

Yveakly onT, and increases as, decreases. In comparison

to note that relaxation times obtained in oxygen are Very, ,, onically thick case, we note that relaxation times are

close to those calculated in nitrogen. Therefore, as in nitro

—
<
T

Relaxation time Togg[S]

.o ..
.....
e e e

e ————

e . ———

e e e
e e e e s s e e e e

e —————
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20000

on the average one order of magnitude shorter.

VI. CONCLUSIONS

In this paper, we have determined the effective ionization
and three-body recombination rate coefficients of oxygen in
a plasma where #¥m—3<n,<10** m 3 and 8000 KT,
<20 000 K. In optically thick cases, we propose an analyti-
cal expression ok®(T,) to be implemented in flow codes
[Eq. (15)]. This rate coefficient value is on the average five
times smaller than the one given by Pag. In optically
thick cases, the ionization rate coefficient is simlaﬁ(Te)
=k&(T)KSET,) whereK S3?js the Saha equilibrium con-
stant. This ionization rate coefficient is in close agreement
with the one proposed by Paf8] but is more than one order
of magnitude greater, respectively less, than the rate coeffi-
cient proposed by Losest al.[11], respectively, Guptat al.

FIG. 11. Relaxation time in optically thick cases. Thin lines [10]- In optically thin cases, radiative processes enhance re-
correspond to different electron number densities. Thin dotted lineSombination and then increase the effective recombination

ne=10" m~3. Thin dashed linen,=10' m~3. Thin dot-dashed
line: Nnge=10?m3. Thin solid line: n,=10 m=3. The thick
dashed line represents the results obtainechfer10'°® m~3 in us-

ing the cross sections derived by GryzingR®] for hydrogen.

rate coefficient. As in nitrogen, we have shown that the total
recombination rate coefficient of oxygén could be written
askCE+ aR/n,, wherek®F takes into account all the elemen-

tary collisional processes and spontaneous emissiorv&nd
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dielectronic and radiative recombination processes. In ordewptically thin cases, it is more difficult to derive general re-
to implement these new results in plasma flow codes, simpleults sincergssdepends o, and densities and on the ini-
analytical expressions f&F [see Eq(19) and Table Iland tial distribution on atomic levels.

aR [see Eq.7) and[28]] are proposed. The ionization rate In this study, the treatment of radiation has been reduced
coefficient is related t&, by the equilibrium constarik®®  to optically thin or thick cases. It would be interesting to take
[Eq. (14)]. In optically thin cased**™ and thereforek; de-  into account a more accurate modeling of radiation escape
pend onT, and on the total densit); . To implement these factors in order to study more precisely the influence of the
results in plasma flow codes, fitting laws are proposed fokeabsorption of radiation. However, this effect will not
K= [see Eq.(20) and Table Ill. The time-dependent ap- change the general characteristics of the results obtained in
proach used in this study has clearly put forward the neceshjs paper.

sity that the system be in a quasi-steady-state to derive mean- Finally, one should mention the question of the influence
ingful rate coefficients. This has led us to study moreofthe accuracy of the cross sections and Einstein coefficients
precisely the relaxation timegssnecessary to reach a quasi- on the results. Currently, no complete set of precalculated
steady-state. In optically thick cases, for recombining or iontross sections is available for oxygen. Therefore, for low
izing plasmasrgss depends only o, andn.. It is inter-  atomic levels, we have used the Vainshtein formalism, which
esting to point out thatrgss strongly increases a®le s certainly more adapted than hydrogenic models retained in
decreases. Therefore, the effective ionizat@rand recom-  earlier studies. It would be interesting to compare our results
bination krC rate coefficients derived in this study may be with those obtained with more accurate quantum mechanical
implemented in the computation of supersonic plasma flowmethods such as close-coupling aRématrix methods. But
codes, where the characteristic flow time is about®® these methods are computer intensive, and have been com-
only for an electron number density higher thaf®t® 3. In  pleted, up to now, only for a few systerf®1].
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