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Collisional-Radiative Model for Non-Equilibrium Cesium Plasma
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Macroscopic natures of the non-equilibrium cesium plasma are deccribed by a collisional-
radiative model, in which the excited atoms play a substantial role. Up to this time,
only the resonance state 6P has been considered for the excited state in the collisional-
radiative model because the probability of the excitation to the resonance state is very
high in comparision with that to the other states. In the present work, the collisional-
radiative model including seven excited states is considered and it is shown how the
inclusion of the excited state other than the resonance one leads to a satisfactory
description for the plasma properties. It is confirmed that the number of the excited

state should be increased as the temperature and the pressure decrease.

§1. Introduction

Since cesium atom has the lowest ionization energy and large excitation cross sections,
a cesium plasma with high elctron density, high electrical conductivity and high efficiency
of light emission can de produced easily. There are many engineering applications
utilizg alkali metal vapor plasma, for example, MHD generators using thermally ionized
gases, thermionic converters using surface ionization, ion propulsion and high pressure
discharge lamps. In MHD generators, a nonequilibrium plasma produced by applying
external electric field to the thermally ionized plasma has been used inorder to increase
the electrical conductivity. 1-3) Here, the nonequilbrium plasma is defined as the one
in which the electron temperature is always higher than those of the neutral atom and
ion. In thermionic converters, a great deal of interest has been directed on the arc
mode operation, in which the space charge is neutralized. 4) In discharge lamps, both
thermal and electric field ionizations play the part for generating charged particles.
The plasma in most alkali vapor plasma devices are regarded as the nonequilibrium plasma.
Macroscopic quantities of such plasmas described by collisional and radiative processes.

The simplest model for describing plasma properties is the model of local thermal
equilibrium,5> in which details of elementary processes <are not concerned. This
model may be used effectively for the study of arc discharge at a relatively high
pressure. For a wvery low density. the corona model, in which the dominant
processes are collisional ionizatizon and reconibination, or collisional excitation -and
radiation is valid. For the intermediate region between the region in which the corona
model is valid and the region in which the local thermal equilibrium model is wvalid,

6)

the collisional-radiative model has been proposed by Bates. Inoue et al.7) have

applied the collisional-radiative model to cesium plasma. They considered the steady
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state in which the elementary processes such as collisional ionization, excitation,
recombination, radiation and diffusion are balanced as a whole, and the momentum and
the energy are conserved.

In cesium plasma, it has been known that not the direct ionization by collision of
electron with the atom in the ground state, but the stepwise ionization by collision of
electron with the excited atom is a dominant process for the generation of the charged
particle. 8) When an alternating electric field with small amplitude is applied to a d.c
discharge plasma, the plasma impedance defined as the ratio of the a.c voltage to
the a.c current can be measured. The expression for the plasma impedance was
derived from the macroscopic transport equations representing the continuity of the
particle and the conservation of the momentum and the energy for all constituents and
thus it was confirmed that the elementary processes involving the excited atom contri-
bute significantly to the macroscopic properties of the plasma. 9 Noting such an
important role of the excited atom, a new technique for producing cesium plasma has
been developed, in which the excited atoms are produced by irradiation of the resonance
radiation from the outside and then ionized through the collision process. 10)

Though it has been recognized that in a cesium plasma the excited atoms play an
important role, the excited atoms except ones of the resonance state 6P have been
neglected in the collisional -radiative model, 7 because the excitation cross section to 6P
state is larger than those to the other excited states. However, there remains a
question whether the excited atom in the other states affects the macroscopic properties
of the plasma or not. In this paper, we will consider the collisional-radiative model
including seven excited states and show how the inclusion of the excited state other
the resonance one leads to a satisfactory description for the plasma properties
depending on the pressure and the temperature. It is confirmed that the number of

the excited state should be increased as the pressure and the temperature decrease.

§2. Collisional and Radiative Processes in Nonequilibrium Plasma

It is assumed that cesium atom is in one of nine energy states, that is, the
ground state 6S, the excited state 6P, 5D, 7S, 7P, 6D, 8S and 8P and the
free state. We indicate the excited states by the symbols 1, 2, 3, - 7  starting

from the lowest excited state, while the ground state by g and the free state by i
These energy levels are showen in Fig. 1. The figures in the parentheses refer to
the above symbols. The density of the atom in an energy state or that of the
electron depends on the production and loss rates which are governed by the collisional
and radiative processes. Therefore, the occurrence rate of the collisional and
radiative processes per unit time, i e., the collision frequency or the recombination
coefficient must be expressed as a function of the temperature and the density.

Now, we will consider the various collisional and radiative processes in the
nonequilibrium cesium plasma and estimate the collision frequency or the recombination
coefficient.

2.1 Ionization
Both the direct ionization by electron collision with the atom in the ground state and



Collisional-Radiative Model for Non-Equilibrium Cesium Plasma 25

(eV) S P D th.e stepwise ionization by ele.ctron collision-
with the excited atom are considered as the
L mechanism for the electron-ion pair production.
8P(7) : The number of the electron-ion pair produced
30 F a3(e) 60(5) by the electron collision with the atom in the
TP(4) - ground state per unit time, that is, the
75(3) corresponding ionization frequency v egi is given
as follows :
20 F 50(2)
gpcLl verr = Ne | 2O eeei(Wo) ve aw,, O
.0 F "
where o egi is the ionization cross section by
the electron collision with the ground state
0 | 65(9) atom, Ng the density of the ground state atom,

fe<we> the electron energy distribution function,
Fig.1 Energy state diagram.

Ve the electron thermal velocity, VVe the

electron energy and Wi the ionization energy of the ground state atom. The ionization

frequency for the stepwise ionization v cji is given by

Veji = Nj SOO fe(We) 0651 (We) ve dW,, (2)
Wi—W;

where Nj is the density of the jth excited atom, o eii the stepwise Ilonization cross
section by electron collision with the jth excited atom, Wj the excitation energy corres-
ponding to the jth state and the subscript j refers to a numeral ‘ from 1 to 7.
As to the ionization process, there is another process in which the mclecular ion is
produced by collision between the excited atoms. Since the cross section of this process
is less than 0. 2 A ,2 11) this prooess can be neglected in an ordinary cesium plasma.
2. 2 Excitation

The excitation frequency to the jth state by the electron collision with the neutral

atom is given by

veg; = Ny Soofe (We) 0egi(We) ve dWe, ®
Wi
where o egi is the excitation cross section to the jth state.
In order to estimate these collision frequencies, it is necessary to know the value
of the cross section as a function of the electron energy. However, the knowlege
of these cross sections is lacking except for those of the cross sections of the direct

13) to the resonance state 6P and the stepwise ionization14)

ionization,lz) the excitation
of the 6P state. Therefore, we have calculated the ionization and excitation cross
sections using the model proposed by GryzinskilS) who estimated the cross section
by treating the inelastic collision as the classical collision between a free electron and

the outermost bound electron of the atom. The expression for the cross section for
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an optically allowed transition given by Gryzinski is expressed as follows :

Tegj (WE) =20 (Wi¥wi)W€) - (Wi+11Wi,We)) (4)

" where . _ 9o W; W 32
¢ (WiWoWe) = %5t Gyrraw,)

X

(W + 2 a-gb mfz7+ F2W,y 7))

Wi 3
(1= Wiy I+W/ (Wit W), )
and ¢, = 6.56x1071¢ (eV? cm?), (6)

The collisional excitation cross section for an optically forbidden transition is given by

rear (W) = r¢5 =W g Q
Where W;2 W; (We—W;)
Bexch = | (WotWi) (Wet Wi—W;) Wi(Wisa—W;) »  We<Wjs1,
W2 W; (8)

(Wt W) (Wet Wi — W) WetWi—Wisr > We>Wian,

The ionization cross section for Gryzinski model is given by

Vigi 1 Ny 1 Yeji 1 Ny 7
ool em?/ see) , 107 -{V;
107 ’ oty 3
w_”._ 4765 107 | 2
0k oo |
107} 107
1071 o ,
107} 07

L ) . .

] ) 1 1
2 3 4 (x10° K) 2 3 4 (x10° K)
Te Te
Fig .2 Collisional excitation probabilities Fig.3 Collisional ionization probabilities
calculated by Gryzinski model. calculated by Gryzinski model,
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deji (We) = o(Wi—W;, Wi=W;, We) ©)

The collisional excitation probabilities calculated using the Gryzinski model, that
. /N

. eg]/ g

are shown in Fig. 2 as a function of the electron temperature, where a Maxwell-

is, the excitation frequencies divided by the density of the ground state atom V

Boltzmann distribution for the electrons is assumed. Moreover, ‘the collisional
ionization probabilities calculatad using the Gryzinski model, that is, the ionization
frequencies- divided by the population of the excited state v eji/Nj are shown in Fig.3.
2.3 Recombination

In cesium plasma, the three body, the radiative and the dissociative recombination
processes are the possible recombination processes. Although the dissociative
recombination coefficient is not smaller than those of other processes. it is insignificant
because the density of the molecular ion is smaller than that of the atomic ion as
discussed previously.

The three body recombination coefficient can be expressed in terms of the ionization
cross section using the principle of detailed balance. That is to say, in thermal
equilibrium the rate of the ionization by the electron collision with the atom in an energy
state is equal to the rate of the recombination to the energy state by three body

collision between two electrons and ion :
Ne veji = Ne2 N; 85, (11)

where B. is the three body recombination coefficient. In thermal equilibrium, the

population of the excited state is given by the Boltzmann distribution :

N; = Ng% exp (—W;/kTe.), ()

g

and the electron density is given by the Saha equation :

NeNNi = & m}izk T, 3”2 exp(—W;/kT.), ©
g

where,g]. and gg are the statistical weight of the excited state j and the ground state

g respectively, k the Boltzmann constant, h the planck constant and m, the electron
mass. Substituting egs. (11) and (12 into eq.(l0) we obtain the three body recombination
coefficient as follows:

o veii g (___h? 32 Wi—W;
B N, g (. T.) X O, ), (&)

The above recombination coefficient was estimated for the case of thermal equilibrium,
but eq. (13) is valid for the nonequilibrium system because the recombination cross section
is independent of whether the system is in thermal equilibrium or not.

The radiative recombination coefficients calculated by Norcross and Stone 16)
using the quantum defect method are listed in Table 1. The radiative recombination

coefficients for arbitrary temperature which is not shown in the table is estimated by



. a; (T X101 end/sec i K A ) 5 Ay
Level i 1800 2200 2600 3000 3400
6P 1/, 651/, 8944 3.94x107 ! 3.27x10"7
6s 134 115 Lot 0.89 0.797
(. " 8521 8. 14x107 ! 3. 73%x107
6P 137 124 114 106 99.9
o - - m - ot SDy/p | 6Py, 30100 2. 51x107 ! 9.21x10°
s 0,538 0278 0.23 0208 018t 5D 4, 6P 5, 36139 2.11x1072 1.07x10%
7P 43.8 39.6 36.4 33.9 3.8 5052 ! 34892 2. 04x107! 7. 48x10°
6D 6.3 60.1 56.1 53.0 50.4 1S, | 6Py, 13589 1.71x107 ! 6. 18x10°
8s 0.198 0.165 0.140 0.122 0.108 y 6P 4/, 14695 2. 08x107! 1.28X107
TPy, 65/, 4593 2. 84x107° 8.95x10°
Table 1  Radiative recombination coefficients. —2 6
7P3/2 ” 4555 1.74X10 2.79X10
. . i . P, 781, 30958 5.56X107 1 3.86X10°
interpolation using the numerical values 0 .
TPy, " 29316 1.11X10 4.31X10
shown in the table. 6D 5, 6P 1, 8761 2. 98X107 ! 1. 29x107
2.4 De-excitation B 6P 4, 9209 3.97x10 2 3.11x10°8
. -1 6
The excited atoms are depopulated by P5/2 | Puye s1z7 | 3.33X10 8. 76X10
. . b b ) lisi 6D 4, TP, 121471 3.27x107 1 7.39x10%
de-excitation by the electron collision, ) 4,5 | 155707 | 5. 2ox107% | 8. 7ex10
the natural decay by emission and the 6Dg,, | 7P,y | 115448 | 3 0sx107! | 5. 1sx104
step ionization from this excited state. 85, ,, | 621,, 7609 | 2. 02x10-2 | 2 33x106
The de-excitation cross section through ’ P52 7944 | z.04x107% | 4 03x10°
. . . B P -1 6
the electron collision is expressed in /2 $erez | z.87XL0 1oEexLo
o ) " TP, 42185 3.33x107! 2. 49x108
terms of the the excitation cross section
8P 651/, 3888 3.17x10° 4 1.39x10°
using the principle of detailed balance in 525, , 2876 | 3. 49x10-% | 7. 74x105
the same manner as fOI‘ the case Of 8P, 7S, 13940 5.16X107° 1.77x10°%
. . <. 8P " 13781 2. 56x107 2 4. 48X10°
the three body recombination coefficient 32
Table 2 Oscillator strengths and transition probabilities.
We+W;
”eig(We) = Bg Wel Wi Oegj (We+W35), (14

g; We

where ¢ o is the de-excitation cross section.
Einstein transition probability from the jth state to the kth state by emission is

related to the oscillator strength fjk by

A = s @
where A ik is the wave length of the light emitted by the transition from the jth state
to the kth state, c the light speed and e the electron charge. The oscillator strengths
17) and the transition probabilities calculated by egq.(15) are listed in  Table 2.

In optically thick plasma the self-absorption occurs, that is, the light emitted by
the atom is partly absorbed by the atom. Therefore the rate of natural decay per
unit time is given by the product of Einstein transition probability and the transmission
probability Pjk which represents the degree of the self-absorption. Since the density
of the excited atom is smaller than that of the ground state, the self-absorption
except for the transition to the ground state is very small. Hence, we assume that
the transmission probability of the light for the transition to the excited state is equal
to 1, The transmission probabilities of the light for the transition to the ground state

18)

are taken from the paper of Oshitani et al..
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2. 5 Diffusion
The radial diffusion process is one of loss processes of the charged particle.

Assuming the ambipolar diffusion, the diffusion time is given by

9

where R is the radius of the plasma. #; the ion mobility. which was measured

experimentally by Chanin. 19)

§3. Rate Equations

We consider seven states for the excited state. The excited atom in a level lying
above the seventh level is ionized with high probability because the energy necessary to
ionize starting from this excited state is less than 0.3 eV and the corresponding
ionization cross section is very large in comparision with those from seven excited levels.
Therefore, it can de considered that the excited levels lying above the seventh level
can be regarded as a virtual free state

In our model, the collisional transitions between the excited states are neglected
because of the fact that their rates are less than the rate of the excitation by the
electron collision with the ground state atom, and that the energy gaps between the
excited states of cesium atom are less than 0.4 eV and therefore the collisional
transition from the jth state to the kth state is almost canceled out by that from the kth
state to the jth state.

The densities of the electron, ion and atom depend on the production and loss
processes which are governed by collisional and radiative processes discussed in §2.
Setting the rate of the production of a particle to be equal to the rate of the loss,
the rate equations for the electron, the excited atom and the ground state atom are

given as follows respectively,
Ne Vegi + N ¥ (Veki — Ne ax — N2 ﬂk) _Ne/ =0,
k
Ne (vegj = veji —Veje+ Ne @j + Ne28j) + I Ny Ay; Pjx — N; Z Ajc P = 0
K> k<j

Ne 2 (vexg —'Vegk) 4+ Ne (Ne ag + Ne? Bg — vegi + ka Axg Pxg = 0, ()
k

where the quasi-neutrality of plasma Ne~Ni is assumed. The initial density of cesium

atom NgO is related to the other densities by the following relation,
Ngo = No + Ny + I N, (5]
1

Since the collision frequencies and the recombination coefficients have been already given
as a function of the temperature and densities, we can express the electron density as
a function of the electron temperature solving simultaneously ten equations; egs. (17) the
rate equations for the electron, the six excited state atoms and the ground state atom

and eq. (18 the relation between the densities.
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The electron densities as a function of the electron temperature are shown in Fig. 4,

in which the parameters represent the initial density of cesium atom. The broken
lines represent the electron density calculated by Saha equation, eq. (2. In low
temperature and low pressure region, the electron densities given by this model are

less those by the Saha equation. The electron densities approach gradually to those

evaluated by the Saha equation with increasing the temperature and pressure.

N,
ro"l- {em3)

,017

Ng Te Electron densities  (em o}

(kv 1 3 5 7

1800 3. 4x10® [1.2x10°% [2. 4x10°% [2. 7x10°

0

24003 8x10%% 8. 1x101%] 1. 2x10t 1|1, 3x101!?

'075J..

3000 4. 2x10%2 |5 3x10'2|6. ox101%|6. 2x10!2

3

3600 6. 3x10'3 )6 sx1023 6. 7x10'3 6. 7x1013

4200|9. 2x10%3 9. 2x1013 9. 2x10'3 |9, 2x1013

0 0 0

1.1x10t!

70"" 1800 3. 2x10%% 6. 8x10299. 7x10?
2400 1. 3x10%3 1. 9x1013 ]2, ax10'% |2 5x1013
1016 [3000 (7. 6x10 %) 7. 7x10 % 7. 8x10%%|7. 8x101"
3600 3. 2x10%% )3, 2x101% 3. 2x101% 3. 2x101%
10131~ 4200(6.3x1025% 6. 3x102% 6. 3x10'5 6. 3x101°
Table 3 Electron densities calculated by the model with different number of
the excited state.
; . . .
102 In order to illustrate how the inclusion
of the excited state other than the resonance
one allows us to give an accurate description
1 . .
10 of the plasma properties, we consider the

. 1 ; T model with different numder of the excited
2 I . 4Ux?k)

state, i e., the electron density is calculated

Fig.4 Electron densities as a function by taking one, three, five and seven excited
of the electron temperature with

a parameter of the intial density. states into account respectively, and the

results are listed in Table 3. At the high
temperature and the high initial density,
the electron densities are independent on the number of the excited state considered.
When the temperature and the initial density are low, the electron density decreases

with the decrease of the number of the excited state.

§4. Discussion and Conclusion

We calculated the electron density of the nonequilibrium cesium plasma on the basis
of the collisional-radiative model involving not only the resonance state but also seven
excited states. From Fig. 4, the electron densities given by our model are less
than those for local thermal eguilbrium when the electron temperature and initial
density are low. Since the loss by diffusion and radiation increases with decreasing
the temperature and the pressure, the local thermal equilbrium attained by the
collision is broken and the electron density is reduced to less than tnat in thermal
equilibrium. In fact, we estimated the electron density considering only the collision
process but neglecting the diffusion and the radiation processes and obtained the same

value as that given by the Saha equation for whole ranges of temperature and density.
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When the electron temperature and the initial density are high, the electron
density is constant independent on the number of the excited state being involved in
the model (Table 3). Therefore, it is sufficient to consider only the resonance state
6P for the excited state. However, at the low temperature and the low initial density, for
example, at the initial density 1014 em™ and the electron temperature of 1800°k, the electron
density calculated by the model with seven excited states is higher than eight times
that with only the resonance state for the excited state. Since the the collisional
excitation probability or excitation frequency corresponding to the resonance state is
very high in comparision with the excitation probability corresponding to upper stateas
shown in Fig.2, the population of the resonance state is very large. Inversely, the
stepwise ionization probability of the excited atom in upper energy state is higher than
that in lower energy state as shown in Fig.3. As the rate of the stepwise ionization
by the electron collision with the excited atom depends on the product of the excitation
probability and the stepwise ionization probability, the excited atom in the upper state
can not always be neglected by the reason that the excitation probability is low.

The collisional excitation cross section for an electron with an energy just above
the excitation energy has very large value. If the electron temperature is low, a part
of electrons with high energy in the electron energy distribution can excite an atom,
and the number of electrons participating in the excitation to the wupper state is not
small as compared with that to the lower state. Therefor, the excited atom in
the upper state can not be neglected. When the electron temperature Increases,
the number of electrons participating in the excitation to the lower state increases more
than that to the upper state. The excited atom in the lower state plays a dominant
role and the number of the excited state which should be taken into account decreases
with increasing the temperature. For higher pressure, the number of the excited state is
similarly small.  Since collisions occur frequently, the loss by diffusion and radiation can

be neglected and the system approaches the local thermal equilibrium.
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