CONSUMPTION OF ELECTRODE MATERIAL
IN CATHODE REGION OF AN ARC

G. A, Lyubimov

The formula for the evaporation rate in a vacuum [5] is often used to evaluate the temperature of the
cathode spot and to construct a theory of the cathode region [1-4, 9]. It is assumed in this case that the
rate of erosion (removal of material), determined from the loss of weight of the electrode, is the same as
the evaporation rate, In the case where the vapor pressure close to the cathode spot is high, the rate of
removal of material and the evaporation rate are not equal to one another, In this paper the model of the
cathode proposed in [6] is used to obtain an expression for the rate of removal of electrode material in
terms of other parameters of the cathode region. This relationship can be regarded as the boundary con-
dition for the solution of the problem of dispersion of vapor from a cathode spot into a vacuum, Generally
speaking, the determination of the removal rate requires the joint solution of the vapor dispersion problem
and heat conduction problem within the electrode, which are connected by the above~mentioned boundary
condition. For the construction of a theory of the cathode region without solving the vapor dispersion prob-
lem the removal rate can be determined from the relationships obtained in this paper by using experiment-
al erosion values. The experimental data of [4, 7] for arcs on copper cathodes are treated in this way as
an example, and all the cathode region parameters — current density, temperature, etec, — are determined.

It is known (see [1], for instance) that a vacuum arc is maintained by the continuous evaporation of
the electrode material in the cathode region. The energy for evaporation of the electrode material is pro-
vided by the positive ions striking the cathode. The ions, inturn, are formed in the cathode region by im-~
pact ionization of atoms of the electrode material vapor by electrons emitted by the electrode and acceler-
ated in the cathode fall region. The ionization and diffusion of ions to the electrode surface depend on the
vapor pressure near the surface and the rate of removal of vapor into the interelectrode space. T view of
this there will be, in the steady state, some relationship between the vapor pressure near the cathode, the
rate of removal of vapor (consumption of material due to removal of vapor), current density, and current
composition (ratio of electronic and ionic current components). This relationship in the general case gives
the rate of removal of electrode material (erosion) in the case where all the material is removed in the
form of vapor.

The rate of removal of electrode material from the cathode region is sometimes evaluated (see [2-4],
for instance) by using the expression for the rate of evaporation of a material at a given temperature [5)

W=CT™" exp(-——%) (1)

Here W is the evaporation rate (g/cm?.sec), T is the temperature, and C and B are constants of the
material, We note that if the electrode surface temperature is known, formula (1) can be used to deter—
mine the removal rate only in the case where the vapor pressure near the surface is very low (the macro-
scopic vapor removal velocity v is much greater than the thermal V).

Since ions move out of the ionization region by diffusion [6], it is clear that the condition v > v
would mean that the ion component of the current on the electrode is zero and, hence, there is no supply of
energy and no evaporation. In view of this, Eq. (1) cannot be used to determine the removal of electrode
material in vapor form,
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To determine the rate of removal ot electrode material and its connection with other parameters in
the cathode region, we extend the solution of [6] to the case where the material vapor in the cathode region
has a velocity differing from zero.

We assume that the degree of ionization in the cathode ionization region (at a distance of the order
of the ionization mean free path of the electron) is low. In this case we can assume that the vapor velocity
v, the pressure p, and temperature T (and, hence, the neutral particle concentration n) in the ionization
region are constant, and the ion concentration distribution is given by the diffusion equation

dr. _ dn, v
— == g, N e "%* = — D L s T
dz Ve o, T D T + nv (D— 3n0r> (2)

Here T is the diffusion flux, n; is the ion concentration, vy is the thermal velocity, o is the ioniza-
tion cross section, Ne,] is the electron flux from the electrode surface, and D is the ion diffusion coefficient,
which depends on their resonance charge-exchange cross section o,. The rignt side of Eq. (2) is the ion~
ization function.

We assume that the removal velocity in the ionization region is much less than the thermal velocity
VL, (3)
The removal velocity, which determines the specific consumption ot electrode material
G* = mn (4)

(where m is the mass ot an electrode atom), will be found when the problem is solved. In view of this the
assumption (3), which was justified by the physical formulation of the problem, will have to be verified
after solution.

In the case of a Maxwellian particle distribution and fulfillment of (3) the random flux of particles
from the gas to the wall in the absence of a concentration gradient is given by the expression

- ()]

In this connection it is easy to show that the boundary condition on the electrode surtace (x = 0), ac-
curate to terms of the order of (v/vy)?, is the same as in the case where v = 0. Thus, the boundary condi-
tions for Eq. (2) have the form [6]

dn, 1 dn
Tzl=—2—nivj’ at $=O, —#: at = oo (6)

On the other hand, the balance relationship for neutral particles on the electronic surface when con-
dition (3) holds gives

Yo, (1 —2v/vy) +nv=W="1,nv, (7)

Here ng is the equilibrium concentration at the given temperature, and W is the evaporation rate (1),

1t follows from (7) that

ns-—n 2 v (8)

n Vp

Thus, the neutral particle concentration and pressure in the ionization region, accurate to terms of
the order of v/vT, are equal to their equilibrium values

P, B
n=n;= k;’ 3 P’;ps:AeXP(‘—T) (9)
Here A and B are constants of the electrode material [5].
The solution of Eq. (2) with boundary conditions (6) has the form
n. df _
— eV L ey — NG
f“ n ¢ [(1 + B) € ]1 dy ce 1 y nd,‘.t (10)
_ 2 _omw = T B = 2 %
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When a = 0 this solution becomes the solution in [6],

Using solution (10) and determining the ion flux (2), we can easily obtain the fraction of electron cur-
rent on the electrode surface

R . 1 - t _ i (11)
i N +1T51 LT Ny — 2T [/N, — 140

T, nv
Tio = — D k| + i = —wz—T—cB<1~Z§;)

Tico = Migev = ¢ (1 4 B) v
bz|1‘io|/Neo==°;—Bc(1-2~§-) (12)

If there is no removal of mass (v = 0) |T'j)| =Nj;and § = 0,5 [6], To connect the removal G =nv =
G*/m with the other parameters we use the energy equation. If the electrode surface temperature (in the
region of the arc spot) is such that the vapor saturation density is much less than the density of the liquid
metal (for metal cathodes), the velocity of the evaporation front can be regarded as zero, and the consump~
tion of vaporized material can be determined from the energy equation at the evaporation front

eWet U= @®)|Ta| =46+ [40] +0=AG+ gp +9 (13)

Here e is the electron charge; U, is the cathode fall; A, A are the heat of evaporation and thermal
conductivity of the electrode material; g is the total energy loss due to radiation, destruction outside the
vapor phase, etc,: U; is the vapor ionization potential; and ® is the work function of the electrode materi-
al. The quantity g is the heat flow into the electrode due to heat conduction.

From (13) we obtain

1151
b:——~.@_...=a,‘
v, =T+ 0

r= A 0= gr +4 (14)
T e (U AU, @) = e U, U —~dN,,

We note that in (13) and (14) the energy accommodation coefficient and the ion neutralization are taken
as unity. The generalization of these relationships to include the case of coefficients differing from unity
presents no difficulties (see [1], for instance), but the use of the obtained expressions for accurate calcu-
lations requires a knowledge of these coefficients,

From (12) and (14) we obtain an equation for a
-~ a
«m+Q._Zc(1._.2a> (15)

The system of equations (8)-(11), (15), in conjunction with the emission equations (see [1, 2], for in-
stance) and the relationship

enables us to determine all the parameters in the ionization region, particularly the consumption ot elec-
trode material in the vapor phase
G =maNg = l:-ajS 17)

if the energy loss Q and spot surface temperature are known. In the special case where energy is removed
solely by heat conduction and evaporation, the relationship between T and Q is given by the solution of the
equation of heat conduction within the electrode and the problem then includes only one free parameter
(e.g.; the temperature or removal velocity).
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To close the system we can use, for instance, experimental data for the rate of removal of electrode
material (see [1, 3, 4, 7] for instance) in relation to the total arc current .7 In this case, assuming the
spot homogeneous, we obtain from (17) the following relationship for a:

_ eG*‘ _ EG** I
emmE i (=) 18

Here G** = G**(I) is the experimentally determined relationship between tne total removal (mass)
of material and the total arc current, and X is the area of the cathode spot.

The results of calculation of the parameters in the cathode region from the above relationships can
be used to calculate other "macroscopic® characteristics of an arc and for a subsequent comparison of the
results of calculation with experimental data,

For instance, it is easy to calculate the force acting on the arc cathode. In fact, the specific momen-
tum of a jet of electrode material vapor is, in view of (3),

J=p +Gv=p, (19)

Thus, the specific momentum of the jet depends only on the pressure in the ionization region, which
is practically the same as the safuration vapor pressure at the given surtace temperature.

Using (19) we obtain a relationsnip connecting the reaction force f on the cathode with the arc cur—
rent:

=0+ 1) 2= (P + F) - (20)

Here Jj is the momentum transmitted to the electrode surface by the ions "bombarding® it. If the
momentum accomodation coefficient is taken as unity, then

el s
Ji=|ri0|vi=|rm|(,mf) (21)

Using the solution of (10), (11), and condition (3), we can easily estimate the relative magnitude ot
the terms in (20):

ps ps n Up

Ti MMal%  mo % (22)

For temperatures of the order of several thousand degrees and U; ~10V the ratio vifvp ~ 1,
On the other hand,

n n:

in o . ico
—n—-N <1 (G. =“"‘—_"ni°°+n)

i—ar
Here a* is the degree of ionization at infinity.

Thus, the second term m Eg. (20) can be neglected and

I
f=p52=p37 (23)

To evaluate the various parameters in the cathode region and to compare the results of calculation
with experimental data, we treated the results of the experimental investigations [4,7] by using the theory
developed above. An arc on a copper cathode was investigated in these works, In [4] the erosion of the
electrode in the current range I = 200-700 A was measured, and in [7] the erosion and reaction force on the
cathode of currents I =11-32 A were measured.

TIn the general case the missing relationship for the removal velocity will be obtained from a joint solution
of the heat problem within the electrode and the gasdynamic problem of dispersion of vapor into a vacuum.
Since such solutions are not available the calculation of the parameters in the spot necessitates the use of
experimentally obtained relationships — data for the erosion, or the force acting on the cathode, and so on.
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In the calculations the spot was assumed to be steady and homogeneous and the temperature in the
spot was assumed to be equal to the temperature at the center of a spot of area £ =14j, situated on the sur-
face of a semiinfinite solid, In addition to relationships (8)-(15) we used the solution of the heat conduc-
tion equation in a solid [8]

e 1)

Here k is the thermal conductivity ot copper, and g is determined from (13) with g = 0,

Figure 1 shows the resuits of calculationsbased on the data of [4]. The continuous curves were ob-
tained by using the relationships (8)-(13), (15), and (18), We used the experimental data relating the con-
sumption of cathode material with the arc current (18), but we did not use the relationship connecting the
emission current with the other parameters. In this way we obtained curves in the jT plane which we will
call "consumption curves." The working point on these curves corresponds to their intersection with the
"emission™ curve j =j(8, T), which represents the emission law — the dashed curves in Fig, 1, These
curves were plotted by converting the data of [2] with the aid of the curves S = S{j, T) obtained from for-
mulas in that paper, Since the obtained curves are similar to one another and intersect at small angles
the obtained value of current density j and spot temperature T is infinite. In view of the assumptions em-
bodied in the theory we can say with confidence that practically all the points on the ®consumption® curves —
the continuous lines — are consistent with thermionic and field emission, Additional data are required to
isolate the working region of current densities.

Figure 2 shows the consumption curves based on the data of [7] for different arc currents (I =32, 19,
11 A), This figure also shows the emission curve and the force (f) curve obtained by treatment of the data
for the force on the cathode with the aid of Eq. (23),

Because of the linear dependence of the force and consumption on the arc current the emission and
force curves are independent of the arc current. Hence, the working point should correspond to their in-
tersection — point A, The consumption curves for different currents should also pass through this point.
Figure 2 shows that although the consumption curves are close to the point of intersection of the emission
and force curves they do not intersect one another at this point. An examination of the experimental points
in [7] shows that they are scattered about the approximating straight line established in the calculation.

This scatter may be responsible for the shift of the points of intersection of the force and consumption
curves away from point A,

To illustrate by how much the erosion rate can differ from the evaporation rate (1) we show in Figs,
1 and 2 the curves given by the following relationship (dot—dash curves):
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..qu}_ P __f_,__]{_T_ gxp T (25)
A comparison of these curves with the consumption curves shows that the specific (per unit area)
erosion rate W, determined from formula (1) for a given spot temperature, can differ considerably from
its real value G*j /1 [this ratio with T =const is equal to the ratio of the ordinates of curves (25) and the
consumption curves at the given temperature], On the other hand, a determination of the temperature in
the spot from Eg,. (1) for a given current density [4, 9] gives a value 500-1000° below its actual value (this
difference is given by the difference in the abscissas of the consumption curves and (25) with j = const).

) An examination of the curves in Figs, 1 and 2 shows that the current density in the spot at low cur-
rents is much higher than at higher currents., As distinct from the current density, the temperature in the
spot does not vary a great deal and lies in the range 4000-4500°K,

Using Egs. (9)-(17) obtained above it is easy to calculate the macroscopic gasdynamic parameters
close to the electrode surface in the cathode spot — the velocity v, pressure p, density n, degree of ioniza-
tion a* =n; w/(nim +n)— as functions of the temperature and current density., These parameters relate to
a diffusion region of the order of several electron-atom or atom-atom mean free paths (D layer), For the
solution of the gasdynamiec (magnetohydrodynamic, to be more precise) problem of dispersion of vapor out-
side the D layer the values of the parameters at its outer boundary — the solution of (9)-(17) — must be used
as boundary conditions. From the viewpoint of the general problem, comprising the problem of heat con-
duction in a solid and the problem of dispersion of vapor into a vacuum (or low-pressure medium), the D
layer is a discontinuity surface, the structure of which (distribution of parameters in the D layer) is divid-
ed into a space-charge layer and a quasineutral region, represented by Eq. (2) or similar diffusion equa-
tions, where the change in concentration of neutrals is important.

In specific calculations involving the experimental data described above the spotl was assumed homo-
geneous in the sense that all the parameters were assumed to be independent of the coordinates in the plane
of the spot and had the same values as at the center of the spot, Hence, the obtained values of the gasdy-
namic parameters must be regarded as average values. To illustrate this Table 1 gives the values (cal-
culated) of the parameters characterizing the cathode region of the discharge and corresponding to the
working points on the curves in Figs, 1 and 2.

The data in Table 1 show that condition (3) is satisfactorily fulfilled, but the assumption of a low de-
gree of ionization is not valid at the outer boundary of the D.layer. This necessitates, generally speaking,
an improvement of the diffusion for the D layer,

We note in conclusion that the vapor velocities close to the electrode surface, obtained in the calcu-
lation, are significantly lower than the thermal velocity (see Table 1) and have low absolute value (~103
em/sec). This fact can be shown to contradict the experimental data, which give ~10% cm/sec from direct
measurements, and these values correspond in magnitude of jet momentum with force measurements (see
[1], for instance),  This may be due to the fact that the velocities were measured in the jet at a considerable
distance from the electrode surface., The vapor jet may be accelerated by Joule heat and a change in its
cross-sectional area, The question of the possibility of obtaining high velocities in the jet when the veloci-
ties at the electrode surface are low may be solved by an analysis of the magnetogasdynamic problem of
vapor dispersion. On the other hand, the momentum of the jet during dispersion may vary slightly and then
its measured value will lead to a fairly accurate value of the reaction force on the cathode, Another ex-
planation of the high values of the measured velocity may be the pressure of fast ions in the jet [10].

TABLE 1
i it e ) n » T .

I Vo (B0 8 gl | Ter | I | T T W | ®
700 6 ] 45,08 1 5 15 ] 3.3 | 4500 43 | 1.2 | 0.42
200 2 |4 08 | 08] 1.2] 8 | 4.8 | 4100 1 1.4 | o063

19 ] 10 | 2.4 (085 ] 1.2] 6.8] 10 | 22 | 420 7 147 080
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