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The non L.T.E.

(local thermodynamic equilibrium) properties of optically thin and thick

quasistationary oxygen plasmas have been calculated for the temperature range k 7'=0.5—1.5¢eV
and for the electron density interval 108—10'® cm—3, by using the collisional-radiative model of
Bates, Kingston and McWhirther. The results include?! the coefficients ry(i) and r, (i), which re-
present the contribution to the population density of the ith quantum level from the continuum
and from the ground state, respectively 2 the values of a and S, which are the collisional-radiative
recombination and ionization coefficients, respectively. The accuracy of the present results is
discussed in connection with the adopted plasma model and with the selection of the collisional
cross sections for forbidden and allowed transitions. A discussion is also presented of the influence
of the two low lying excited states of oxygen atoms (i.e. the states 2p*'D, 2p*!S) on the non
L.T.E. properties of these plasmas. A satisfactory agreement is found with the calculations of
Julienne et al. and with the experimental results of Jones.

I. Introduction

The equilibrium properties of atomic oxygen and
nitrogen plasmas have been extensively studied for
a large range of temperature and pressure!. Less
work exists on the non L.T.E. properties of these
plasmas, despite the fact that in many laboratory
conditions the plasma is far from L.T.E. conditions.
Park considered collision dominated nitrogen plas-
mas, in which the ground state density was taken as
an independent parameter, while Catherinot and Sy 3
recently extended Park’s calculations including dif-
fusion effects. Oxygen plasmas have been treated in
the cascading radiative model by Julienne et al.*
and some of these authors® extended the calcula-
tions to include the collisional processes, limiting
however their study to recombining plasmas. Their
results apply specially when excitation from the
ground state can be neglected (k7. < 0.5eV). More
recently Cacciatore and Capitelli ¢ studied the tran-
sient behaviour of oxygen plasmas, pointing out the
importance of the metastable 3sS state in affecting
the temporal evolution of the population densities
of the excited states.

In this work we examine the behaviour of quasi-
stationary oxygen plasmas, i.e. of plasmas for
which the temporal derivatives of the population
densities of the excited states can be neglected com-
pared to that of the ground state. These conditions
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allow the definition of the so called collisional ra-
diative recombination (a) and ionization (S) coef-
ficients, which are indeed of great importance for a
prediction of the evolution of the electron density in
a plasma. The results, which refer to electron den-
sities ranging from 10% to 10! cm™3 and to electron
temperatures k7T =0.5—-1.5eV, will be discussed
in connection with the adopted plasma model and
with a selection of the cross sections for allowed
and forbidden collisions. Moreover the influence of
the two low lying excited atomic oxygen states (i.e.
2p* 1D, 2p*1S) on the @ and S coefficients will be
examined.

2. Non L.T.E. Oxygen Plasmas

The non L.T.E. properties of optically thick
atomic oxygen plasmas [0 (i), O*(*S) and elec-
tron e] can be deduced from a system of coupled
differential equations of the type 7

On;/3t = nozlnj K;i+n2n. K,

jti

—nmine(Kic+ 2 Kij) +n2 i+ 2 njdji

iFi i>i
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—3n./Ot=> 3n;/At=1y(t)n, n, (2)

i

where n,, n; and n. are the densities for the elec-
tron, the ith quantum level and the ions, respec-
tively. Equation (1) refers to a homogeneous plasma,
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in which only radiative and electronic collisional
processes are effective in populating and depopu-
lating the levels. The rate coefficients of Eq. (1)
correspond to the following microscopic processes
1) Collisional ionization and three body recombi-
nation

Kic

e+0(i) e+0"+e;

Km‘
2) Collisional excitation and deexcitation

Kij
—e+0(j);

e+0 (i)
ii
3) Spontaneous emission and reabsorption
Aij
O(i)————0(j) +hv;
(1-245) Az
4) Radiative recombination and photoionization

i

O*(4S) +e O(i)+hv.
(1-2)p:

The %;; and /; parameters are related to the
processes of photo-absorption and photo-ionization,
respectively, and they characterize the plasmas as
optically thin for 4;;=4;=1 and optically thick for
Ogl,‘j, 21<1 8,

The plasma will be moreover defined as a re-
combining or an ionizing one depending on
7(t) >0 (3n,/Qt<0) or y(t) <0 (In/At>0), re-
spectively 7.

Solution of the system 1 —2 can be obtained once
the number of quantum levels belonging to the
plasma has been defined. Figure 1 shows the sche-
matic energy diagram of the levels utilized in these
calculations. We have considered the two low lying
excited levels 2p*!D, 2p*!S and the ns3S, ns’S,
np3P, np°P ... up to n=6. Above this principal
quantum number, the levels have been coalesced in
different groups up to n=11. Moreover we have
also included the 3s3D° and 3s'1D° states, which
belong to a different configuration of the core elec-
tron.

Both the energies and the statistical weights have
been taken from Moore’s tables® with the missing
energies estimated by extrapolation techniques. The
collisional rate coefficients appearing in Eq. (1)
have been obtained by means of Gryzinski’s theory
for allowed and forbidden transitions 1% 11, while
the radiative coefficients have been taken from dif-
ferent sources (see Reference ®). The radiative re-
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Fig. 1. Schematic energy diagram used in the present cal-

culations. (The states with the angular momentum L>3 and

with the principal quantum number n>>6 have not been

reported in the figure. The numbers in the figure indicate
the principal quantum number.)

combination rates f; for kT =0.5—1.5eV have
been obtained scaling the 1 eV values with a 732
law.

3. Quasistationary Oxygen Plasmas

Following Bates et al.!? one can define a quasi-
stationary state condition by equating to zero all
master Eq. (1), but that relative to the ground state

On;/ot=0 for i=2. (3)

We then obtain a linear system of equations that
can be solved taking the ground state (n;) and the
electron (n.) densities as parameters.

The solutions are usually expressed by means of
the ry(Z) and ry (i) coefficients, which are related to
Saha’s decrements, b; through

b= n,-/n,-E =ro(2) + (ny/n4g) 1 (i)

(subscript E refers to equilibrium conditions).
The coefficient ry(z) represents the contribution

to the population of the ith level from the continuum

of the free electrons, while r, (i) is the correspond-

(4)
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ing contribution by direct excitation from the
ground state.

It is worth noticing that Eq. (3) considers the
two low lying excited states 2p* 1D, 2p*1S (referred
to later as levels 2 and 3 respectively) as the other
excited states, despite the fact that their densities do
not completely fulfil the condition

ny,ny < ny (5)

which is indeed at the basis of Equation (3). To
overcome a similar difficulty for a nitrogen plasma,
Park defined a quasistationary condition

On/dt=0 for i=4 (6)

i.e. the low lying excited states of nitrogen are
treated as the ground state. Condition 6 could be
applied also to oxygen plasmas and the resultant
system of equations then solved taking ny, n,, ny
and n, as parameters.

The definitions of quasistationary (QSS) plasmas
by means of Eqgs. (3), (6) apparently seem to be
contradictory. To justify Eq. (3) for oxygen plas-

PRINCIPAL QUANTUM NUMBER PRINCIPAL QUANTUM NUMBER

Fig. 2. Values of ry(n) (full lines) and r,(n) (dashed

lines) as a function of the principal quantum number at

different electron densities (cm—3) for the series ns’S and
np®S (kT¢=1 eV, thin plasmas).
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mas, it should be noted that the temporal derivatives
of the states 2 and 3 are much smaller than the cor-
responding ground state values for a large interval
of time 6, while Eq. (6) can be justified by the fact
that the densities of levels 1, 2, 3 do not modify
their values during the time in which the other ex-
cited states reach their QSS values®. Any way, a
very good agreement is found between the values of
b;(i = 4) obtained by the two procedures, so that
the use of condition (3) is completely satisfactory
in the case of oxygen plasmas.

102k

sk ns s ns’s

Te= 1 eV (thin)

Te=1eV (thick)

PRINCIPAL QUANTUM NUMBER

Fig. 3. Values of ry(n) as a function of the principal quan-
tum number n for the series ns®S (optically thin plasmas)
and ns3S (optically thick plasmas: Apsis—2p*sp=0,
20+—ns*)s=0) at different electron densities (k Te=1eV).

Values of ry(i) and r; (i) for the states ns?S and
np®P, taken as examples, have been reported in
Fig. 2, as a function of the principal quantum num-
ber, at different electron densities. The values of
ro (i) relative to the ns3S sequence are lower than
the corresponding results for np3P on account of the
greater radiative rates of the ns®S sequence. Figure
3 shows the behaviour of ry(z) for the ns®S states
indicating a strong overpopulation of the 3s°S state
at low n.'s, since this level is not radiatively con-
nected with the ground state. In Fig. 3 we have
plotted ry(z) values for the ns?S sequence in a thick
plasma, in which complete reabsorption has been
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allowed for the transition ns3S — 2p*3P and for the
continuum radiative recombination O (*S) — ns3S.
It should be noted ithe similar behaviour of the
ns®S and ns®S sequences, as a consequence of the
radiative reabsorption along the ns3S states.

4. Collisional Radiative Recombination and
Ionization Coefficients

The ry(i) and r; (i) coefficients are useful for a
computation of the collisional radiative recombina-
tion (a) and ionization (S) parameters. At the
quasistationary conditions one can infact write

—On,/dt=0n,/Bt=yn,n.= (a—Sny/n.)n, ne
(7)

with @ and S given by
a= (ng/ne?) [—by+ 2 ajre(j)1, (8)
i>1

S= (l/ne)[—‘111—.2a1i’1(1')] > 9)
j>i

b1= - ("’0 n+/n1E) (181+ne Kcl) ’ (10)
aj= (njp/nig) (4j1+n. Kj1) , (11)
ay; = —ne (K, +A§1K1k) . (12)

Values of a and S for optically thin and thick
oxygen plasmas, at different temperatures, have
been reported as a function of n. in Figure 4. It
should be interesting to know the time after which
Eq. (7) can be utilized i.e. the time after which y
reaches its QSS value. In Fig. 5 we have reported
the 7 values obtained by solving the system of dif-
ferential equations %, together with the correspond-
ing QSS value obtained in this work. One can note
that the times necessary ‘to achieve a QSS condition
are of the order of 1078 and 1077 sec for n, =10
and 102 cm ™3 respectively.

The accuracy of the calculated a and S values
relies on i) the adopted energy diagram ii) the role
played by the forbidden transitions iii) the role of
low lying excited states iiii) the choice of the col-
lisional cross sections for the allowed transitions.

As for point i) we can say that a more compli-
cated energy diagram could in principle be used,
however errors in the corresponding cross sections
would probable compensate for the improvement in
the energy diagram. Moreover a recent study on
quasistationary hydrogen plasmas in the same con-
ditions of temperature and electron densities has
shown that the principal quantum number 10 can

Y(£)x10%(cm? sec)

365

10"

= ! =
s ’ T ]
5 / S
s ¢’ / 7@
/
10712 , Fexre® q10
/
5 / s
2 {2
103 1 L L 1 1 1 o
0% w0t 10" 0% 10" 10"

ELECTRON DENSITY ng(cm=3)

Fig. 4. Values of « and S as a function of the electron

density at different temperatures for optically thin (full

lines) and thick (dashed lines) oxygen plasmas (thick plasma
as in Figure 3).
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be considered as a practical cut-off level for trun-
cating the system of linear equations .

In Fig. 6 a comparison is made between the
values of a and S calculated with and without the

collisional forbidden transitions. One can note that

102~

O (cm3sec)

S(cm3sec!)

12 13 14 15

ELECTRON DENSITY ng(cm™)

Fig. 6. Influence of the forbidden transitions on the « and

S coefficients for optically thin plasmas (full lines: present

calculations; dashed lines: present calculations without the
forbidden transitions).

the neglection of the forbidden collisional transi-
tions has a strong effect (up to a factor 4) on the
collisional-radiative ionization coefficients S, while
a minor influence (up to 50%) is found on the col-
lisional-radiative recombination coefficient a. As for
the role of levels 2 and 3, this can be deduced from
Fig. 7, where the present a and S values are com-
pared to those obtained by increasing the collisional
rates from levels 2 and 3 by a factor of 4. One can
note that differences up to 50% are obtained for the
S coefficient, while a minor effect is found on a

Non L.T.E. Properties of Oxygen Plasmas

(up to 20%). The differences increase with increas-
ing electron density.

As for point iiii) we have recalculated the coeffi-
cients a and S using Drawin’s cross sections !4 for
the allowed collisional transitions and for the ioni-
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Fig. 7. Values of « and S coefficients as a function of the

electron density normalized to the corresponding values

obtained by increasing by a factor 4 the collisional rates
from levels 2 and 3.

zation. The use of these cross sections yields differ-
ences up to a factor of 2 for the S coefficient and
up to 30% for a as compared to the present results
(obtained with Gryzinski’s formulas). It should be
noted that Drawin’s cross sections, based on a
semiempirical approach, are close to the correspond-
ing quantum mechanical formulation of Seaton !,
while Gryzinski’s cross sections have been derived
on the basis of semiclassical ideas.

It is very difficult to choose between Gryzinski’s
and Drawin’s formulas, since in some cases a theory
agrees with the experimental cross sections better
than the other one, while in other cases it happens
the opposite 6.

A general property of the two formulas is their
prediction of large cross sections for transitions
corresponding to small energy gaps.

5. Comparison with Other Authors

It should interesting to compare the present re-
sults with those obtained by Julienne et al.® for
recombining oxygen plasmas. These authors used a
more complicated energy diagram (up to n=18),
neglecting, however, the two low lying excited states
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and the states 3s"3D° and 3s"'D°. Moreover they
used Drawin’s cross sections for the ionization
processes, Seaton’s cross sections for collisional al-
lowed transitions 15, while the cross sections for the
forbidden transitions were empirically calculated

107!

Te =044 eV

ne =1.04x 102 cm-3

10-2 1 1 1 1 1 ! 1

STATES

Fig. 8. A comparison of the present b; values (@ —@)

with the calculations of Ref. 5 (O— —(0O——Q) and with

the experimental values of Ref. 17 (X). (States: 1=5d°D;

2=6s%S; 3=4d°D; 4=>5s%S; 5=5s5S; 6=4p3P; 7=4p°P;
8=3p5P.)

10° |-

Te =04 eV

ne =4.3x10'%2cm-3

102 ! ! ! ! . !

STATES

Fig. 9. A comparison of the present b; values (@ —@)

with the calculations of Ref. 5 (O——QO——0) and with

the experimental values of Ref. 17 (X). (States: as in
Figure 8.)
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scaling with an arbitrary factor the corresponding
cross sections for allowed transitions.

Figures 8 — 9 show a comparison of the present b,
values [for recombining optically thin plasmas
b;=2ry(7)] with the corresponding values calculated
by Julienne et al. and with the recent experimental
determinations of Jones!?. Our results seem to
reproduce the experimental values better than the
values of Julienne et al. The agreement (specially
for kT,=0.44¢eV, n,=1.04-10%cm~3) could be
ascribed fto the insertion in our model of the states
2p*1D, 3s"1DY, as emphasized recently by Jones.

The level 3s"1D°, infact tends to depopulate the
levels 4dD, 3s3S and 5s°S populating by an opti-
cally radiative transition the level 2p* 1D.

Figure 10 gives a comparison of the present a
values with those of Ref.?, showing a satisfactory
agreement in spite of the different methods used in
the two calculations.

Te=0.4 eV

O(cm3sec™)

102 1 1 1 1
10° 10'° 10" 1012

ELECTRON DENSITY (cm™3)

Fig. 10. A comparison of the present « values (full lines)
with the corresponding values of Ref. 5 (dashed lines).

It should also be noted that the observations of
Julienne et al. i.e., that the non L.T.E. properties
oxygen plasmas practically do not depend on the
forbidden collisional transitions and on the two low
lying excited states, are true for recombining oxy-
gen plasmas at low electron densities (108 —10'2
cm™3). This behaviour is also found in our plasmas,
as can be appreciated from Fig. 7 for the a coeffi-
cients. As the electron density increases, the a values
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become however sensitive to the forbidden transi-
tions and to the low lying excited states.

The situation is completely different for the coef-
ficient S, which strongly depends on the forbidden
transitions and on the two low lying excited states,
as discussed before. These coefficients have not been
calculated, however, by Julienne et al., because
these authors were interested only into recombining
plasmas.

Conclusions

In the present paper we have discussed several
problems arising in the calculation of non L.T.E.
properties of atomic oxygen plasmas.
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