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'CATHODE REGION OF HIGE~CURRENT
ARC-DISCHARGE
BY
Hamdi A, Bimikati®™ Member IEEE

ABSTRACT

By analysing the processes in the cathode region of high
current arcs, & closed set of equations déscribing this regioa
is proposed. The Steenbeck condition of minimum cathode poten=-
tial usually used in literature is found unnecessary and is
raeplaced by the condition of balance between the flux of ions
striking the cathode and the flux of atoms in the opposite
direction. Effects of the presence of plasma and the random
character of the field near the cathode are taken into account
when calculating the electron emission from the cathode. It
is found that these effects lead to & consideradble increase of
the emission current density.

Numerical results are comp&red with those of previous authors
and with experimental data.

I~ INTRODUCTION

Study of the cathode region in d-c gas discharge iz a prod~
lem of great interest from both the theoretical and the practicaj
points of view. Its theoretical importance is due to the many
physical processes that may take place in the cathode region.
Many of these processes have been the subjJect of intensive study
during the last decades., 4 survey of earlier literature is given
in books[l], (2] « Review of recent contributions has been presen-
ted by Eckert in (3] and [4] .

The practical importance of studying the cathode region appe-
ars wvhen constructing high-current arc-type plasma generators
(plasmatrons). The current density at the cathgdo Qf these gene-
rators may rea&ach 104 A/cm2 and the heat flux 10%- 105 w/cm2.

It i8 not effective to reduce the current density anéd the heat
flux to the cathode by increasing the cathode surface since a
cathode spot is formed, i.e. & small part of the cathode surface
which receives the main curreant and heating. It is desirable to
be able to calcul&ate the cathode operating conditions, or at
least to have some gquantitative criteria $o indicate optimum con=-
ditions. The present work services this purpose.

In this paper, a mathematical model is presentad wvhich des=-
cribes the cathode region of high current arcs at huigh pressuress
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The model can be used te eompute the main parameters of the
cathode: the cathode temperature "T.", the cathode drop ﬂvcﬂ.“
the net current density on the cathode "j” and the heat flux -
to the cathode #"q" in terms of cathode operating cenditions,
properties ef the discharge gas, and pressure inside the dis-
charge chamber., It has been found experimentally ihat these
are the main factors that determines the discharge characteri-
stics, and in the long run, %he electrode 1life.

Simijar models have been presented in seme recent works
[5 - 7]+ In our view, the main deficiency in these models is
that they make use of an additienal hypothesis, namely, the
Steenbeck .principal of minimum cathode voltage, to determine
the radius of the cathode spet. The present mode) does not
rely on such additiona) .hypothesis, Iastead, an obvious and
patural boundary condition is involved, This is the condition
of balance betwean the .flux of ions striking the cathode and
the flux of neutral atéms leaving the cathode surface. A
similar condition has been applied in(Blfor the development
of the theory of the eleciric probe in a dense low-temperature
plasma, It will be shown that the use ef this condition makes
it pessible to comstruct a model for the cathode region, cemp~
rising & closed set of equations, in the sense that the number
of unknowns is equal to the number of equations, and it is the~
refcre unnecessary %o appeal to expsrimental data or additiona)
hypothesis as in[5 = 7]. Also, as distinct from these works,
in the present work an accurate formula of the emission current
density is used which takes inso account $he effect iniroduced
by the plasma on the work function of the oathode. As shown in
[9], this effect may cause & considerable increase of the emiss-
ion current density.

L]

II- Mathematical Model of the Cashode Regien:

Diagnosis of high current arc discharge [10] has shown that
Lt is possible to isolate from the plasma & narrov cathode layer,
where ions are generated which subsequently reach the cathode.
Dutside this layer, the plasma can be regarded as in local ther-
nal equilibrium (LTE). This latter portion of the discharge will
be ca)led, conventionally, the coluamn.

Inside the column the LTE plasaa is characterized by a sin-
ile parameterj the plasaa tempsrature T,., This is the tempera-
iure of electrons as well &s heavy partqalcs (ions and neutra)
«toms)e Particle concentration is determined frem Saha equation
1]s T

<
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Portion of the ions in the cathode region will be attracted
towards the cathode and form the contribution "j;" of the ions
to the tota]l current demsity "j" on the cathode surface. It has
been shown that[ﬁ,lﬂ » when the cathode layer is thim enough,
then

di - rn nq "'i 000-003{2)
where ;i is the mean ion velocity in the columne

Also, a portion of the electrons im the column will have
sufficient energy to penetrate the potential barrier at the
cathode and fall on the cathode surface. These electrons cons~
titute the 80 called "reverse current™ to the cathode. At low
plasma temperatures and high potential barrier the reverse cur-
rent is negligibly small. In the opposite sase, the demsity of
the reverse electron current is given by | B

:jr = + qn ‘v_e exp(-vc/'!p) .cn-oo.o(})

The third contribution to the current demsity at the cathode
is due to thermoionic emission from the catlhode surface. For a
hot cathode emitting in vacuum, the thermcelectron current dens-
ity je is given by Richardson Law with correction due to 8chottky
effect, This is the way in whioh j, is calculated in (5 - 7] .
However, in high current arcs operating'at high temperatures and
pressures, the presemce of plasma at the cathode boundary is
shown to increase Jjg to & large extent.

In [9] it is found that jo i8 given by:

g oA ¥y T

=4 P exp(—
Jo = STt kT * T T,

) 4001000(4)



!o‘l‘o Bamdi A, llnikati

Here A @ 1s the apparent reduction in the work fumction of
the cathode due to electric field E at the cathode surtaca.

Af =YeE (Schottky effect). The factor oxp(g} P ) gives the
increase in jg due to presanco of the plasma, vhicf is characte-
rized by the parameter ¥ = (D is the Dedye length).

kTpD

¥ is a measure of the ratio of the mean interparticle potential
energy to the mean plasma kinetic energy. For nearly ideal pla-
sma, ¥<J<1, and the squation of state is given by:

P =RH Tp .00000-0(5)

wvhere P is the pressure inside the discharge chambdber.

The emission of electrons from the hot cathode is also
affected by the random and discrecte character of the distribu-
tion of charged particles near the cathode. his phenomanon has
been studied by Astrofsov and Others {12 =~ 13| and it has been
found that the average current demsity of the emission current
can be obtained by putting in equation (4)t

o3/2 2/5 -
A = Ao GXp ( .%e ‘L_) ao--oooo(S)
F
vhere
Ao = Sommerfeld constant = -ﬂz:l—¥!§
(2 7Tk)
and
E = average value of the electric fileld near

the cathode n‘«l‘t (12L 3 (-24:%--)1‘)1i Ycﬁ

For a cathode emitting in vacuum 4 = A s 80 that the
exponential in (5 ) represents the increase®in emission current
due to the field near the cathods.

The net current density at the cathode is obtained from
(2), (3), and (4) as:

J=Je+.j1-1r ......_..(5)

The plasma temperature T, in the vicinity of the cathode
(the generation region) is determined by setting the equation of
energy balance in this region. Assuming that LTE is establiahed
close enough to the cathode, which is the case of high pressure
arcs [10] , we get (Fig. l-c)

je(vc + ZTC) = :}i(vi + ZTP) + ir(vc + ZTP) + PJ Tp -oooooo(?)
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.The expression to the right is the energy carried by the
emitted electrons into the generation region. The quantity
ji ¥4 is the energy necessary for the production of ions (V
is the ionmization potential of the gas)., The quantity jy T
is the thermal energy carried by the ions., The quantity j P
(Vc + 2P,) is the energy carried by the electron capable of
penetratgng the cathode barrier. Finally, ﬁjfp is 'the energy
carried out of the generation region up-stream.B is a factor
of order unity. For & plasma with predominant Coulomb slectron
scattering, @ = 3.2 [}@ ¢« This 1s the value used in our calcu=-
lations.

On formulating equation (7) we have neglected energy loss
due to thermal conduction or radiation. The latter is negligi~
bly small since the generation region is very thin. Following

6] , we can estimate thermal conduction as follows. HKeat trans-
fer due to thermal conduction is of the order of

B2 x 2~ 4 g
P ar P P

where x_is the coefficient of therma)l conduction of the plasma.
Let us pconpare this quantity with the energy dissjipated in the
cathode region-IU. For I~100 4, U~ 10 V, P Ar107k?, x ~r10-2
¥W/cm-deg., R~ D0.l1cm, we have x R T /IU 10'2? which jugEifies
our assumptione. p P

We now consider the conditions at the cathode. In order to
determine the cathode potential drop V., we have to solve Poisson's
egquation subject to the boundary conditions. However, a simple
expression for V. can be obtained proceeding from the schematic
plcture of the equipotential surfaces and lines of force shown in
Fig.(1-a). It is assumed that the cathode is of infinite extent
(or at least much larger tham the spot size). Under these con-
ditions, we may assume that at distance from the cathode equal to
few times the spot radius, the potentia) settles at a constant
level U=which we shall take as reference (Fig. 1-b). This picture
of the potential distribution is justified by recent results of
probe diagnosis inside the discharge [16] . As followsfrom Fig.
(1=-a) the elactric lines of force terminate on a surface charge
density Jj/o at the cathode, Hence, the ¢athode potential drop
is given by [6) ,[I5):

1 i
‘v =U- ds ..-.oo-ooca-a)
c 2N ¢ (F-F )

where integration is over the spot area. The plasma conductivity
is, in general, not constant, However, it is not a strong funct-
ion of temperature (for a g}asma in which €oulomb electron scat-
tering predominges, 6"~ T 2 s 80 that in the range of tempera-
tures encountered in the gresent problem (~r10" ®K), 6~ can be
treated as constant, For argon, ¢ < 120 MM/cM. Assuming that
the current density over the spot is uniform, eq.(8~a) reduces to

= U - —E— :
VC-U 436‘ --.......(3)
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To determine the cathode temperature T, and the heat flux,
to the cathode we have to solve the equations of heat conduction
end energy balance at the cathode. The latter is given by

q = Jy(V, + B« 2T, - 2) + jrCZTp +#) - 3,@T + @ /....(9)

The first term to the right is the energy carried by ions
striking the cathode surface, the second is the energy of the
“reverse electrons and the last term is the energy of the ele~
ctrons emitted from the cathods.

From the analogy between Poisson's equation and the equation
of heat conduction, we see that the cathode temperature is given
by an expression similar to (8);

-8
'y = Tco + 42 x .000000(10)

¢
vhere Tc is the temperature of the far (oold) side of the
:athode“8nd @ = 7UR2 q 1s the total heat to the cathode.

The last equation: in the present model expresses conserva=-
%ion of mass at the cathode, or in other words, the balamce of
+he flux of ions falling in the cathoda layer and the flux of
htoms leaving it; This balance implies that

na Va = Ji/q i oon-cco(ll)

where V_ is the average thermal velocity of neutrals (atoms) on
|eaving the cathode surface,

_ %
Vg = 2 k Tc/'il"n)

A condition similar to (11) has been used in {8) for the
levelopement of the theory of electric probe in & dense low-
temperature plasma. The physical basis of this condition con-
;ists in the following. Ilons reaching the cathode, are neutra-
.ized by the emitted elactrons. The resulting atoms are subse-
juently reflected backward into the generation region where
.bermal ionization takes place.

We now have a system of eleven equations (1) - (11) in
fleven unknowns: je. Jr' ji,n. Ha. Tp. Vk, u, Tc' q &nd R.

., 1I- Results and Discussion:

Bquations (1) - (11) constitute & closed set of equations,
1080 so0lution determines the main cathode parameters corres-
| onding to given operating conditions. These conditions are
rsecified by: total discharge current I, type and pressure of
| ischarge gas and cathode cooling rate (expressed by the tempe=-
ravure T ). The system is similar to the one proposed in(5,6),
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except for the equation of thermoionic emission (4) and the
inclusion of equation (11) in the present system. Due to the
nonl inearity of the system, exact solution is too difficult.
We have applied a conventional iterative technique similar to
that described in detail im [6] . However, since the present
system does not contain integral or differential equations,
its solution is much easier and requires less time than the
system in [6] .

Table 1 gives the main parameters of the cathode region
calculated for a tungsten cathode (f = 4.5 eV, x = 0.7 W/cm
deg)., There is also given some experimental results of [16]'_..

[1€] and results obtained by using Steembeck principle [5) .
The discharge gas is argon and the pressure is atmospheric.

The results of [5] do not agree with experiment in some aspects:
the existence of max current density and cathode temperature at
a discharge current of about 100 Amp., and the fall of the pla-~
sma temperature with increasing discharge current. Such disa-
greement is not observed in the results of the present work.
Also, as compared with our computations the Steenbeck method
predicts higher cathode drop V_ , lower plasma temperature, lower
current density and, consequen%ly, larger spot radius. 1In our
opinion, this disagreement is due tc accurate calculation of
electron and ion current densities in the present method.

The present computations show that with increasing total
discharge current "1lv, increases the temperature of the hot
spot "T_ ", the electiron-emission current density and the total
current density "j® at the cathode surface (Table 1). The
ratio s = J_/j representing the contribution of the emission
current to %he total current is also a monotonically increasing
function of I (Fig. 2). This is in agreement with the experi-
mental results of [17] . However, the values of S computed here
is larger than those measured in [17] . The latter are in the
range 0.7 = 0.8.

The present results show, at least qualitativelythe stabi-
1ity of the cathode processes with respect to small external
disturabnces. For example, & sudden increase in the cathode
barrier potential V., causes an increase of the energy of the
ions striking the cathode. The heat flux to the cathode Mg"
increases (equation (9)), and the spot temperature rises.

More electrons are emitted from the cathode and, consequentlg,
the total discharge current increases. However, simce 2V¢/ 21
<0 (FPig. 2), the increase in I leads to a decrease in V. so

that the action of the external disturbance is compensated.

It is worth notce that aur computed results are not in
complete agreement with experiment (Table 1 and Fig. 2). 1In
our opipion, this discrepancy 1s in part due to the simplifica-
tions we have made on constructing the mathematical model.

A more rigorous analysis should take into account the distrib-
ution of potentlal, temperature and current densities over the
cathode surface as well as the actual geometry of the cathode.
Radiation from the cathode region must be considered at very
high discharge currents and large spot size,
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Fig. 1(a,b)s Schematic of Potential and Lines of Force
Near the Cathode.

1{c)t Current Components.

100 200 300 Loo

Spo Ve Experimental Results eof 17 , 18
S,» V, Computed Results i

Fig.(2)s Variation of Cathode Drop and Ratio of
Emisgsion to Total Current Densitlies with
Discharge Current.

(Argon at Atmospheric Pressurs)
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IV~ CORCLUSION

A mathematical modél of the cathode region of high current
d.c. arcs has been developed. The model can be used to compute
the m&in parameters of the discharge in the cathode region and
to estimate the performance of the cathode under specified ope-
rating conditions.,

Computations show that the results of the preseat model are,
generaly, in agreement with available experimental results.
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