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Particle Composition of High-Pressure
Sk Plasma with Electron Temperature
Greater than Gas Temperature

Yasunori Tanaka, Yasunobu Yokomizdember, IEEE Motohiro Ishikawa, and Toshiro Matsumuidember, IEEE

Abstract—Numerical computation was performed to derive at a pressure of 0.1 MPa. First, in order to express the
particle compositions of high-pressure SF plasmas in which populations of the internal energy states of heavy particles,
electron temperature T is greater than gas temperaturel’s. The  offective excitation temperature was proposed. Second, using
effective excitation temperature 7¢* for each of particles was th ffecti itati ¢ ¢ lati i f
proposed to express the distribution of particles in excited states. e_ e 'ec ve eX(.:I a an . emper"?‘.ur.e' re ‘_"‘ lon equations for
Furthermore, the relation equations for chemical equilibrium ionization and dissociation equilibriums in two-temperature
in two-temperature plasma were developed on the basis of the state were induced on the basis of the second law of ther-
second law of thermodynamics. At fixedT in the range of modynamics. Finally, particle compositions of Splasma in

6000-9000 K, the increasing’ from 9000-20000 K encourages q_temperature state were theoretically calculated at a fixed
the dissociation and ionization of particles, causing the compo- T ab .
= above 3000 K as a function df.

sition of SFs plasma at 0.1 MPa to differ markedly from the
composition under the condition of thermal equilibrium.

Index Terms—Excitation temperature, high-pressure Sk Il. EQUATIONS FOR CALCULATING PARTICLE COMPOSITION
plasma, two-temperature state. OF SFs PLASMA IN TWO-TEMPERATURE STATE

In the present calculation, it is assumed that $Rasmas
|. INTRODUCTION are in the following conditions. 1) The plasma is homoge-
N an Sk gas-blast circuit breaker, detailed investigation%eous' Althou_gh it is possible to lgxpect the d|§turbanpe of
. mogeneity in the SFdecomposition products in pratical
on a post-arc channel with temperatures below 6000 . :
stl)yatlon, we deal with homogeneous ¢Splasmas as the

after current zero are essential for a proper understandingfugdamental approach in this paper. 2) Total pressure is

current interruption process. The post-arc channel is exposea\ n calculating the composition, we took account

to high electric field, because a transient recovery volta .
(TRV) is applied to the circuit breaker during the time afte%(F 23 species: S Sk, Sk, Sk, Sk, SF, SSb, FSSF,

- 5 2+ @+ pt
current zero. The high electric field elevates the kinetic energy’ >, F(’j S’I StF_’ F éSEI, Ft; S, Z h, STLF t" |S+’h
of electrons in the post-arc channel and then increases e ’ and electrons. 3) Electrons and heavy particles have

electron temperaturé,. As a result,7. become higher than faX\I/IvetIrI]lanh energy dtl_s':nbunon .;unctfuorllst. 4) Teinperatuies
gas temperaturd, in the post-arc channel [1]. This may0 all the heavy parlicles are identical 1o gas temperature

change the particle composition of the post-arc channel fro%‘ 5) I_Electron temperatur@e is greater thanly. 6) The_
that under the condition of thermal equilibrium. It is therefor opulations of the internal energy states of the heavy particles

very important to investigate the particle composition of th@”oW Boltzmann's law. 7) Chemical equilibrium between the

post-arc channel in two-temperature states wHeris greater particles is established.
than 7.

Sevéral papers have so far dealt with the particle corf: Effective Excitation Temperature of Heavy Particle
positions of Ar,H,, or Ny plasma in two-temperature state Let us discuss the occupations of the internal energy states
[2]. In calculating the compositions in some of the papersf heavy particles such as atoms, molecules, and ions. This is
multitemperature Saha’s equation (MSE) was adopted to decause the internal energy states of the heavy particles have
press chemical equilibrium in two-temperature state. Howevegreat influence on chemical reactions such as ionization and
recent work pointed out that MSE is invalid since it is notlissociation. On the basis of Boltzmann’s law, the population
satisfied with the second law of thermodynamics [3]. of the internal energy states of the heavy particle “A” is given

The present paper describes calculation results for the
particle composition of SFplasmas in two-temperature state
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temperature of the particle “A.” The excitation temperature TABLE |

is considered to be close {0, in Iow-pressure and low- CHEMICAL REACTION TAKEN INTO ACCOUNT IN THE CALCULATION .
o . “M” | NDICATES AN ELECTRON OR A HEAVY PARTICLE

temperature plasmas, where the excitation of the heavy parti-

cles results mainly from collisions with electrons. However, in

high-pressure and highi; plasmas, the excitation of the heavy SF¢ + M = SF5 +F+ M (4.00 eV [4]) (5)
particle highly seems to result from collisions not only with SFs +M = SFy + F + M (2.27 eV [4]) (6)
electrons but also with heavy particles. In such plasriigs, SFu M — SFe 4 F 1M 347 oV _
depends on both df. and7,. We will therefore expresgs* e =St A A (34TeVED  (7)
in terms of 7, and 7. SF3+M=S8F;+F+M (2.92 eV [4]) (8)
In the excitation process, a heavy particle “A” obtains SFo+M=SF+F+M (4.01 eV [4]) (9)
energy of g KT K.aves @ second through collisions with SF4M=S+F+4M (3.52 eV [4]) (10)
electrons, wherd(., andv,, are the collision loss factor and
the collision frequency between an electron and the particle ~ S5F2 +M = SF2 +M (3:90evid) (1)
“A,” respectively. In a similar manner, the particle “A” also FSSF 4+ M = SF + SF + M (3.71eV[4])  (12)
acquires energy ok %kTngAz/jA a second through Fot M=F+F+M (1.60 eV[4])  (13)
collisions with various kinds of heavy particles, wheig 4 S, 4 M=S+S+M (437 eV [4]) (14)
andy; o are the collision loss factor and the collision frequency - ’
betweenj and “A,” respectively. As a result, total energyc° FF+M=F+e +M (3.40ev[4]) (15
that the particle “A” obtains is given by STHM=F+e 4+ M (2.08 eV[4])  (16)
Bree = % T Kupon + % KT, Z Kjavja. @) F+M=F"+e +M (174eVvI[3]) (17)
i) S+M=8T+e 4+ M (104 eV [3])  (18)
) . . Fr4+M=FF e 4+ M (35.6 eV [5]) (19)
This total energyE*° determinest’s* of the particle “A.” N o ‘
Without distinction of electron and heavy particles colliding STHM=S"+e +M  (234eV[5])  (20)
with “A,” we regarded them as one kind of fictitious particle. Fo+M=Ff +e” +M (15.8ev[e])  (21)
Assume also that the fictitious particle has kinetic energy Sy +M=8] +e +M (8.30eV[6])  (22)
%kTgX and collides with “A” with a frequency ofres + SF4M=SFf4e-4+M  (101eV[E)  (23)
j(je) ViA- The assumptions enable us to set up the following
equation: SFT+M=SF+e +M (2.10 eV [4])  (24)
%kTKxK Ve + Z via | = EX° 3)

1) lonization Equilibrium: Let us discuss the ionization
equilibrium in two-temperature state
where K is the collision loss factor between fictitious particle
and “A.” The collision loss factors usually depend on the A+M=AT+e +M (5)
temperatures and species of interest. However, there have been _ _ . o
few experimental data available on the factors so far. Thefineré M is an electron or a heavy particle colliding with “A.
for the sake of simplicity, we assumed tHet,, K4, and K For th|s ionization qulllbrlum, the following expression is
are the same, although this assumption is rough and res§plablished on the basis of the second law of thermodynamics

in underestimation of the effect of collision with electrons[,.?’]:

i(i#e)

Substituting (2) into (3) and rewriting (3) yields A UM HAt+  fe  HM
e . Sl (6)
Tg T]\q Tg Te TI\'T
l/eATe + Z VjATg
ex §(je) where the temperaturg,; of M is 7, when M is an electron,
AT - ) while Tv is T, when M is a heavy particle. Alsqy,(x =
VeA + Z ViA & 0 . . .
iGize) / e,A,AT or M) is the chemical potential of each species.

The chemical potentiah, is expressed in terms of partition
This equation expressings* in terms of 7, and 7, is newly function Z,, number density:,., and volume of plasm&
proposed in the present paper. We narigdl as “effective

excitation temperature.” The effective excitation temperature Hz _ _1in < Zs ) (7)
greatly affects chemical reactions, as will be shown later. I, nzV

We especially paid attention to partition function of*”
with reference to the ground state of “A.” We expressed the
partition function aszZ,+ x exp [—(Ea — AE)/kTF], where
Table | indicates ten dissociation and ten ionization equilit, is the ionization potential of “A” andAF represents a
rium reactions taken into account in the present calculatidowering of ionization potential. This is because the popula-
Equations for the reactions will be derived below. tions of the excited states of “A” follow Boltzmann law for

B. Equations for Chemical Equilibrium
in Two-Temperature State
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the temperature of’{*. By substituting (7) into (6), we get Finally, substitution of (10), (44), and (15) into (8) yields a
expression as a function &, T,, andT*

NeNa+  ZLoZa+ Eys — AFE
A ZaV " <‘W) © nenat _2<2wmekTe)3/ P23 (1) 235 (1)
AE [eV] =6.96 x 107° (no[m—3])"/*. ©) na h? ZR(T) Z3(T5)
= I i, X exp <—M> (16)
or the derivation of number densities through (8), the calcu- kT$x

lation of partition function&Z s, Z4+, andZ. is necessary. We

will therefore discuss the dependence of the partition functiofibis is the equation that we newly developed for ionization

on T, T, and T, equilibrium in two-temperature state. Note that (16) includes
a) Partition function for electror,.: Translational mo- the effective excitation temperature. Equation (16) was applied

tions of electrons depend only dfi, becausel. indicates to express each of 10 ionization equilibriums (15)—(24) shown

the kinetic energy of electrons. Thug, in two-temperature in Table I.

state is expressed as a function’i 2) Dissociation Equilibrium: Let us discuss the following

dissociation equilibrium:

(10)

3/2
Lo =27 = 2V<72M;L‘;I€Te>

A+M=B+C+M (17)

whereZ!" is the translational partition function of the electronwhere A is a molecule, B and C are heavy particles, and M
h is Planck’s constant, anak. is the mass of an electron. s an electron or a heavy particle. In a similar way as the

Heavy particles have three energy states: translational, rota-

tional—vibrational, and electronic states. Translational motions <2ﬂmBkaTg)3/2

. . . npngc
of heavy particles depend df}. Translational partition func- =

. . ; s h?
tion Z% is thus calculated using, A

na

Zy (Ty) 28 (Ty) Z5°(189) 28 (1Y)
’ 3/2 Z(Ty) Z(Ty)
Zip = v [ ZEmakTy )T (12) i s
A h? X e < Es ) (18)
Xp —_
e

We assumed that rotational—vibrational motions of heavy par-

ticles depend orily, because these motions are due to thghere F4 is the dissociation potential of “A.” The above
kinetic motions. In this case, rotational-vibrational partitioexpression was adopted to express each of dissociation equi-
function Z}" is written by libriums (5)—(14) shown in Table I.

2y =723 (Ty). (12) C. Other Governing Equations for Two-Temperature Plasma

. ) ) Besides the above-mentioned (16) and (18), three equations
we (.:aICUI?tedIZA for dla';omm mplr(]ec;:les ar;]d dfor POlY- for Dalton’s law of partial pressure, charge neutrality, and
atomic molecules in accordance with the methods suggesiedqeryation law of stoichiometric equilibrium were set up.

by I?,urhorn [7] and Herzbeirg” [8]' On the other hand, SINCRhe equation for Dalton’s law in two-temperature state is
the internal energy state of “A” is governed B§*, electronic

partition functionZsk is obtained as a function &f5* written by
P+ AP =n.kT. + E ni kT, (29)
ele ele ex 6Z ¢ ¢ J &
Z5 = ZA1 (IT3) = E gi €Xp <—W> (13) i(i#e)
i A 3/2
L . o ET. | 2 [ ne 9

where g; and¢; are statistical weight and excitation poten- AP=_—|—| —+ E 2ok Ty (20)
. . . . 247 £0 /{}Te =
tial, respectively. These values are given in [4]-[6]. Use of j(ie)

(11)—(13) induces us to have
where P is the total pressureAP the pressure correction
2rma kT, 3/2 . term resulting from the electrostatic interactions [2);; the
Zy = V< 2 ZN(T) Z3(T5). (14)  effective charge numbek, the permittivity of vacuum, and
¢ the electronic charge.
In a similar manner, the partition function for the ioA*”
can be expressed as I1l. CALCULATION PROCEDURE
Twenty-three simultaneous equations mentioned above were

solved through the following procedures.
1) T, and 7, are given.

27rmA+ I{}Tg

3/2
e R AL ey SHED)

za =v(
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Fig. 1. Particle composition of two-temperaturesSttasma at 0.1 MPa as
a function of electron temperature. Gas temperature is fixed at 3000 K. Fig. 2. Effective excitation temperature of various species in
two-temperature Sf plasma at 0.1 MPa as a function of electron
temperature. Gas temperature is fixed at 3000 K.

2) Initial values of number densities; of each of species
are given.

25
3) T5* is derived using (4) and\E is also calculated by 10
(9). 104
4) The obtainedZ* and AE are substituted into 20 "
simultaneous equations for ionization and dissociation — ¥
equilibriums corresponding to (16) and (18). £ 102k
5) All 23 simultaneous equations are solved using the New- z2 ) :
ton—-Raphson method to newly derive number densities 5100
. g 1020
6) Procedures of 3-5 are iterated urif* and AE con- E
verge. z 107
18 L
IV. RESULTS AND DISCUSSIONS 0 DN N
Fig. 1 shows the calculated particle composition Safs L [ B}
plasma as a function of. at fixed 7, = 3000 K. The Electron temperature 7, (K) [X 10°]

composition atl. = 3000 K corresponds to that under theFlg 3. Particle composition of two-temperaturesSitasma at 0.1 MPa as
condition of thermal equilibrium at 3000 K. An increase in function of electron temperature. Gas temperature is fixed at 6000 K.
T, from 3000-20000 K brings about the little change in the

composition. Fig. 2 shows the derivéf* of each of the »x 10?0 tg 9.24 x 10°2m—23 with an increase off, from
heavy particles as a function 8f under the same condition asspp0—12 000 K. It can be also seen in Fig. 3 thais almost
that for Fig. 1. All of 77 almost equall;. The results shown equal toS* density atZ. < 15000 K. This indicates that the
in Figs. 1 and 2 arise from the following fact. A, = 3000 jonization of S mainly produces the electron. Fig. 4 represents
K, the electron densityn. is as low as of the order of derived Te* as a function of7.. Let us discussIs* of S
10" m~3. Thus, collision frequencies between heavy particlegat mamly produce the electron. As seen in F.ngx is
and electrons are very much lower than those between heaynost as high ag, at 7. <8000 K, while T5* agrees with
particles. In other words, the heavy particles collide morg, at 7. > 10000 K. The results shown in Figs. 3 and 4 are
frequently with the other heavy particles than with electronmterpreted as follows. A, < 8000 K, n. is as low as the
As a result,T°* of the heavy particle remaiff, regardless order of 16°m=3 so that S excites or ionizes mainly by
of T.. As a consequencé,. hardly affects dissociation andcollision with heavy particles. Thug$* is kept constant at
ionization reactions, thereby resulting in no change in thg,, while n. exceedsl0??m~2 at 7. > 10000 K. Hence, S
composition. excites or ionizes mainly by collision with electrons and thus
Fig. 3 represents the obtained particle composition at fixg@¢* increases tdl.. Consequently, the particle composition
Ty = 6000 K as a function off.. No significant change in depends onZ, markedly, and differs from that under the
composition is found with increasirigf, from 6000—9000 K. condition of thermal equilibrium.
In contrast to this, raising:. to temperatures above 9000 K Fig. 5 shows the particle composition at fix&g = 9000 K
leads to marked dissociation and ionization of heavy particless a function off,.. As can be seen in this figure, an increase in
causing the composition to differ from that under the conditiofi. induces the dissociation and ionization of all particles, thus
of thermal equilibrium. For examplep. rises from 6.24 causing the number densities of the particle to vary greatly.
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Fig. 4. Effective excitation temperature of various species

995

Fig. 6 representg’™ at7, = 9000 K. The effective excitation
temperatures of almost all the species rise linearly With
This indicates the particle composition depends almost only
on 1.

V. CONCLUSION

Particle composition oSFg plasma at 0.1 MPa in two-
temperature state was theoretically calculated, in which elec-
tron temperaturd is higher than gas temperatufg. In order
to simply express the populations of the internal energy states
of heavy particles, the effective excitation temperature was
proposed considering collision frequency. At fixég in the
range of 6000—9000 K, a rise @t from 9000-20 000 K en-
courages the dissociation and ionization of particles, resulting
in the composition oBF¢ plasma to differ markedly from the
composition under the condition of thermal equilibrium.
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