Field to thermo-field to thermionic electron
emission: A practical guide to evaluation and
electron emission from arc cathodes

Cite as: J. Appl. Phys. 114, 063307 (2013); https://doi.org/10.1063/1.4818325
Submitted: 05 June 2013 - Accepted: 29 July 2013 - Published Online: 13 August 2013

) S @

View Online Export Citation CrossMark

M. S. Benilov and L. G. Benilova

RN

(7))
R
(7))
>
(TR
on
T O
O
| \—
50
0Q
RE- ¢

ARTICLES YOU MAY BE INTERESTED IN

Detailed numerical simulation of cathode spots in vacuum arcs: Interplay of different
mechanisms and ejection of droplets

Journal of Applied Physics 122, 163303 (2017); https://doi.org/10.1063/1.4995368

Particle modeling of vacuum arc discharges
Journal of Applied Physics 128, 060905 (2020); https://doi.org/10.1063/5.0014485

General formulation of thermal, field, and photoinduced electron emission
Journal of Applied Physics 102, 024911 (2007); https://doi.org/10.1063/1.2752122

.

Trailblazers.

Meet the Lock-in Amplifiers that
measure microwaves.

N~ Zurich .
Z N\ Instruments

J. Appl. Phys. 114, 063307 (2013); https://doi.org/10.1063/1.4818325 14, 063307

© 2013 AIP Publishing LLC.



https://images.scitation.org/redirect.spark?MID=176720&plid=1881978&setID=379065&channelID=0&CID=692124&banID=520764556&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=c6ecee7d7eaf1c15d91a1a8147e81f59812f4c40&location=
https://doi.org/10.1063/1.4818325
https://doi.org/10.1063/1.4818325
https://aip.scitation.org/author/Benilov%2C+M+S
https://aip.scitation.org/author/Benilova%2C+L+G
https://doi.org/10.1063/1.4818325
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.4818325
http://crossmark.crossref.org/dialog/?doi=10.1063%2F1.4818325&domain=aip.scitation.org&date_stamp=2013-08-13
https://aip.scitation.org/doi/10.1063/1.4995368
https://aip.scitation.org/doi/10.1063/1.4995368
https://doi.org/10.1063/1.4995368
https://aip.scitation.org/doi/10.1063/5.0014485
https://doi.org/10.1063/5.0014485
https://aip.scitation.org/doi/10.1063/1.2752122
https://doi.org/10.1063/1.2752122

JOURNAL OF APPLIED PHYSICS 114, 063307 (2013)

@ CrossMark

Field to thermo-field to thermionic electron emission: A practical guide to
evaluation and electron emission from arc cathodes
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(Received 5 June 2013; accepted 29 July 2013; published online 13 August 2013)

This work is concerned with devising a method of evaluation of electron emission in the
framework of the Murphy-Good theory, which would be as simple and computationally efficient as
possible while being accurate in the full range of conditions of validity of the theory. The method
relies on Padé approximants. A comparative study of electron emission from cathodes of arcs in
ambient gas and vacuum arcs is performed with the use of this method. Electron emission from
cathodes of arcs in ambient gas is of thermionic nature even for extremely high gas pressures
characteristic of projection and automotive arc lamps and is adequately described by the
Richardson-Schottky formula. The electron emission from vaporizing (hot) cathodes of vacuum
arcs is of thermo-field nature and is adequately described by the Hantzsche fit formula. Since no
analytical formulas are uniformly valid for field to thermo-field to thermionic emission, a
numerical evaluation of the Murphy-Good formalism is inevitable in cases where a unified
description of the full range of conditions is needed, as is the general case of plasma-cathode
interaction in vacuum arcs, and the technique proposed in this work may be the method of choice

to this end. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4818325]

. INTRODUCTION

Modern multidimensional numerical models of plasma-
cathode interaction in vacuum arcs require field to thermo-
field to thermionic electron emission current density be
evaluated at each iteration at each time step at each point of
the arc attachment. Therefore, a fast and accurate evaluation
method is of crucial importance. A theoretical description of
field to thermo-field to thermionic electron emission from
metals in the quasi-classical approximation has been devel-
oped by Murphy and Good' long ago. However, a question
of fast and accurate evaluation in the framework of the for-
malism' is not quite trivial. Different aspects of such evalua-
tion have been considered in many works; see, e.g., Refs.
2-13 and discussion in Ref. 14. One thing that has become
clear is that an accurate evaluation method uniformly valid
in the full range of conditions of validity of the theory' from
field to thermo-field to thermionic emission cannot be
analytical.

This work is concerned with devising an evaluation
method, which would be as simple and computationally ef-
ficient as possible while being accurate in the full range of
conditions of validity of the theory." The method relies on
Padé approximants. Unsurprisingly, the method is not fully
analytical and still involves a numerical evaluation of one
integral, which is performed by means of Romberg integra-
tion. Another objective of this work is a comparative study
of electron emission from vaporizing (hot) cathodes of vac-
uum arcs and from cathodes of arcs in ambient gas, includ-
ing in cases where the ambient gas pressure is extremely
high, as in projection and automotive arc lamps, and physi-
cal conditions appear to be not very different from those in
cathode attachments of vacuum arcs.
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Il. EVALUATING ELECTRON EMISSION CURRENT IN
THE FRAMEWORK OF THE MURPHY-GOOD
FORMALISM

A. The formulas

The Murphy and Good theory' and its limitations are
well known, so only a summary of relevant formulas is given
here. The density of electron emission current is given by the
expression

Jon(Tow, Evy ) = e j

(o)

N(T,,,W,$) D(Ew, W)aW, (1)
—00
where T, is the temperature of the surface of the emitter, E,,
is the electric field at the surface of the emitter, ¢ is the work
function, W has the meaning of the part of the electron
energy for the motion normal to the surface measured from
zero for a free electron outside the metal, N is the Fermi-
Dirac distribution for the free electrons in the metal,

Anm kT, W+
N(TW,W,qb):mTln[l—l—exp(— = ‘f’)}, )

and D is the tunnelling probability,

1 for W >W,
o ~1
D(Ew, W) = {1 +exp avg(/);)} for W< W,. 3)
I
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where K = K(m) and E = E(m) are complete elliptic inte-

grals of the first and second kinds."”

Substituting Eqs. (2) and (3) into Eq. (1), one can
rewrite the latter equation as

jem(TW7 EW7 ¢)

=1 I 6
Ang%, 1+ 8l ( )
where
0 _ W

II:J In(1 + e ) dz, C:<f>l:; L (7

~[* In[l +exp(gz — b)] V2w

L= 1 25" 8T T

1/v3 | +explaz¥/?v(z71)] "
¢

b=— 8
KT, 3)

and A, = 4nmck?e/h> ~ 1.20 x 10°Am~2 K2 is the
Richardson constant.

A fast and accurate method of evaluation of the integrals
I, and I, based on the use of Padé approximants is given in
Secs. II B and 11 C.

B. Integral /4

The function I; = I;(c) may be expressed in terms of
dilogarithm (Spence’s integral for n=2) and the latter for
¢ > 0 may be evaluated with the use of the Chebyshev series
[Ref. 16, p. 67]. However, a faster and sufficiently accurate
way to evaluate the function /7, (¢) for ¢ > 0 is to use a Padé
rational approximation (Padé approximant) over the variable
x = ¢“. The two-term expansions of /; forx — 1 and x — oo
read, respectively,

2 1 1

n2)(x—1)+---, I =-

=1 e

)
(Note that the latter formula is readily obtained by expanding
the logarithm in Eq. (7) in powers of e °.) The simplest
rational approximation which agrees with these expansions
may be written as

crt+ex—1)

I = 10
! I+e(x—1)+c(x2—1)" (10)
with
C_n_2 C__ln4—l44ln2
T P T3 484502
2—6m2 + 1% — 54In2
iy 11
SBT3 gt an

The relative error of this approximant does not exceed 4.6
%1077 for all ¢ > 0.
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For ¢ < 0, the functional relation

n c?

h(e) = +5—h(=0) (12)

can be used. (Note that this relation follows from Ref. 16
(p. 67) or from Ref. 15 [Egs. (27.3.3) and (27.3.5)].)

Note that before programming Eq. (10), it is advisable to
multiply the nominator and denominator by e, in order to
avoid overflow which may occur in evaluation of the last term
of the denominator while calculating /; (—c) on the rhs of Eq.
(12) for very high E,, and low T,,, where —c is very large.

C. Integral b

Integral (8) cannot be expressed in terms of conventional
special functions. On the other hand, I, is governed by three
dimensionless parameters (a, b, g), so it is hardly possible to
devise an accurate uniformly valid approximate formula.
Therefore, the integral has to be evaluated numerically.

Let us consider first evaluation of the function v(y). A
straightforward numerical evaluation of this function
requires an evaluation of complete elliptic integrals K(m)
and E(m). The latter can be performed, e.g., by means of the
numerical method described in Ref. 17 [Sec. 6.11] or polyno-
mial approximations [Ref. 15, Eqgs. (17.3.33) and (17.3.34)].
However, simple analytical formulas for v(y) are desirable in
order for numerical evaluation of integral (8) to be fast. Note
that, as pointed out in Ref. 14, v(y) greatly affects the calcu-
lated current density and therefore derivation of such formu-
las requires careful treatment. There are many works in
which simple fit formulas of different degrees of accuracy
for the function v(y) are suggested; e.g., Refs. 2 and 3, and
8—13. In this work, simple and accurate formulas are derived
by means of Padé approximants with the use of results'” elu-
cidating the nature of the dependence v(y) for small y.

Relevant for evaluation of the integral /, are values of
the function v(y) on the interval 0 < y < /2. Since v(y) van-
ishes at y=1, it is natural to try to derive separate formulas
for the intervals 0 <y < 1 and 1 < yv/2 requiring that both
formulas ensure for y =1 not only exact (zero) value of the
function v(y) but also the exact value of the derivative. Let
us consider first the interval 0 <y < 1. [Note that Egs. (17)
and (18) of Ref. 10 could be used on this interval (one should
be aware that there is an error in the last line of the former
equation). However, the use of Padé approximants jointly
with the results'® allows one to derive a formula which is
somewhat simpler while having a comparable accuracy.]
The expansion of function v(y) for y — 0 reads:'*

9 3 3
o(y) = {1 — (g ln2—|—E)w+~~-] +lnw{ﬁw+--},
(13)

where w = y? and the series in the square brackets involve
integer powers of w. The series expansion for y — 1 can be
found with the use of series expansions of functions K(m)
and E(m) in powers of m (e.g., Ref. 15, Egs. (17.3.11) and
(17.3.12)) and reads
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37/2
v(y) = 2 (1—y)+---. (14)

In view of the structure of expansion (13), it is natural to
represent v(y) in the interval 0<y<1 as uv(y)
= v(V(w) + v!® (w)Inw and to find Padé approximants of the
functions v!") (w) and v® (w). Devising the simplest approx-
imants which agree with expansions (13) and (14), one
obtains

I—w 3wlnw
v0) I4+cqw  16(1 +csw)’ (15)
with
9 13 13 — 3cq — 3nV2(1
cp=5In2—-——, ¢5= s = 3nV2(1 + cy) (16)
8 16 3nv2(1+cs) — 16

The relative error of approximate formula (15) does not
exceed 3.7 x 10~* over the whole range 0 <y < 1.

Let us now consider the interval 1 <y < V2. A series
expansion of v(y) for y — /2 reads

0) = 5175 ) — (V2 -+ DK (mo)]

— 2 [2E(mg) — K(mo)](y — v2)* + -+, (17)

where my = %. The simplest approximant that agrees with
expansions (14) and (17) may be written as

3 (= D4y —1)
25/24 +o(y—1)+es(y — 1)27

v(y) = (18)

where c¢g, ¢7, and cg are numerical coefficients which are
expressed in terms of K (mg) and E(myg) (these expressions are
skipped for brevity) and have numerical values cg
= 0.514706 54, ¢7 = 0.20232890, and cgs = —0.01341007.
The relative error of this approximant does not exceed 4.8
% 107° over the whole interval 1 < y < V2.

Let us proceed to numerical evaluation of integral (8).
Under conditions of practical interest, one or more parame-
ters governing the integrand are large and the integrand rep-
resents a multi-scale function. Therefore, an efficient
numerical evaluation of integral (8) must employ an adaptive
choice of the numerical grid. A suitable method is Romberg
integration.'” First, let us transform the integral to the inte-
gration variable y,

V2
L =J "2 gy, (19)
o Y

where

-1
r = ln{l + exp <§ — b)}, r = {1 + expaz(/);)} .
y y
(20)
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In order to avoid overflow which may occur in evalua-
tion of the exponential functions for small y, it is advisable
to rewrite Eq. (20) as

oo

L2
g ot
p 2

In cases where exp @ — b)) is very small, the use of the
first expression in Eq. (21) cauSes accumulation of errors and
the Romberg integration (or, more precisely, Richardson’s
deferred approach to the limit) may fail. The same happens
if the first expression in Eq. (20) is used; in particular, for

exp (’; — b) sufficiently small while still above the underflow

limit the computer-evaluated argument of the logarithm will
be exactly 1 and the logarithm exactly 0. Therefore, in cases

where exp (g — b) is small, say, smaller than 0.01, the quan-

tity 7, should be evaluated by means of a series in powers of
exp (f — b), which is obtained by expanding the logarithm

in the first expression in Eq. (20).

In this framework, the Romberg integration as imple-
mented in the subroutine given in Sec. 4.3 of Ref. 17 and
the above-described method on the whole work smoothly
for all the variants tested (¢ =4.5¢eV, I0Vm~' <E,
< 10" Vm~" and 300K < T,, < 6000K).

lll. ELECTRON EMISSION FROM CATHODES OF ARC
DISCHARGES

The method of evaluation of electron emission described
above is fast and robust and can be used in all conditions
where the Murphy-Good theory is applicable. Let us now
perform, with the use of this method, a comparative study of
electron emission from cathodes of arcs in ambient gas and
vacuum arcs. The consideration is limited to cases where the
size of non-uniformities of the cathode surface exceeds sig-
nificantly the thickness of the near-cathode plasma layer and,
as far as cathodes of vacuum arcs are concerned, the cathode
is hot enough so that supply of cathode vapor into the dis-
charge gap is dominated by vaporization and not explosive
emission. Then, the current transfer through the near-cathode
plasma layer may be analyzed in the framework of a 1D
model. There are several such models in the literature (e.g.,
Refs. 18-20 for arcs in ambient gas and Refs. 21-23 for vac-
uum arcs; further references can be found in reviews 24-26).
Calculations reported in this work have been performed by
means of the model described in Refs. 27-29 and summar-
ized in Ref. 19 for the case of arcs in ambient gas and with
the use of the model®* for the case of vacuum arcs. In both
cases, the electron emission current density is evaluated as
described above.

Calculations are reported for the following conditions:
an arc burning in Ar with the argon pressure in the discharge
gap being 1 bar; arcs in Hg and Xe for different values of the
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gas pressure, p = 1, 15, and 200 bar; and a vacuum arc with
a Cu cathode. Note that a 1 bar Ar arc represents a standard
example of an atmospheric arc, while very-high pressure Hg
and Xe arcs are of interest in connection with projection and
car headlight arc lamps, where pressures of the order of 100
or 200 bar are rather a rule than an exception. The work func-
tion of the cathode material is 4.5 eV, a value appropriate for
both Cu and W, which is the most frequently used material
for electrodes of arcs in ambient gas.

In the framework of a 1D model, the physics of near-
cathode arc plasma layers is governed by two control param-
eters, one of them being T, the temperature of the cathode
surface at the point of the arc attachment being considered
and the other being an electric parameter, e.g., the near-
cathode voltage drop U. (Since U does not vary much from
one point of arc attachment to another, it makes a more con-
venient control parameter than the local current density.)
Calculations reported in this work refer to 3000K < T,
<5000K and U =20 V.

The pressure of the Cu vapor equals 1 bar for T,
= 2835K and 200 bar for T,, = 4620K; therefore, physical
conditions in the attachments of vacuum arcs and arcs in am-
bient gas to the cathode are not very different. Accordingly,
the models of near-cathode layers in the vacuum arc and in
the arcs in ambient gas are similar in many respects. The
most important difference between the models is in the
mechanism of formation of the ion flux to the cathode sur-
face. In the model,27*29 the ion flux is assumed to be formed

10 __
67Te (V) 1 bar 10°3E, (V/m)

10°

Ll

10°

Cu vapor
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in the quasi-neutral ionization layer, which is adjacent to the
near-cathode space-charge sheath; see discussion in Sec. 3.2
of Ref. 24 for details. In the model,23 the ion flux is assumed
to be formed inside the sheath as a result of ionization of
neutral metal vapor emitted by the cathode; see Ref. 30 for
details.

Computed characteristics of the near-cathode arc plasma
layers are shown in Fig. 1. Here, T, is the temperature of
thermalized electrons in the layer, j;,, is the density of current
of ions coming from the plasma to the cathode surface, j,,,
and E,, are, as before, electron emission current density and
the electric field at the surface of the emitter (cathode).

The main source of electron energy in the near-cathode
layer is acceleration of the emitted electrons by the sheath
electric field. As T, increases, the emission current also
increases and so does the electron temperature, and the latter
is what can be seen in Fig. 1(a). The ionization degree of the
plasma in the near-cathode layer increases as well.

One can see from Fig. 1(b) that with increasing T,, the
ion current density increases at first approximately exponen-
tially. This is due to the increase of the ionization degree
and, in the case of vacuum arc, of the vapor pressure. Values
of j;,, for different arcs are not very different in this 7,, range.
As the ionization degree approaches unity, which happens at
T,, values which vary from one arc to another but are gener-
ally between approximately 3500 K and 4000 K, the situation
changes. In the case of arcs in ambient gas, the ion current
gets saturated. (In fact, it even weakly decreases; cf. Fig. 5

T, (103K T, (103K)
0 | T 1T I LI B I T T 17T | ‘IN(I LI )l 107 T 17 | T T | T T | ‘IN LI |
(a) 3 35 4 4.5 5 (C) 3 3.5 4 45 5
FIG. 1. Computed characteristics of
near-cathode plasma layers in arcs in
different plasma-producing gases.
10" 10™
10" 10"
10° 10"
10° 10°
10’ 108
10° 107
Ty (103K) T (103K
10° +———— T 106,.'...|....,....,Y“’(...)I
(b) 3 3.5 4 45 5 (d) 3 3.5 4 4.5 5
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of Ref. 24.) In the case of vacuum arc, the ion current contin-
ues to increase due to continuing increase in the vapor pres-
sure and due to a rapid increase in the ion backflow
coefficient up to values very close to unity, which happens at
T, slightly below 4000 K (cf. Fig. 2(b) of Ref. 23). As a con-
sequence, the ion current to cathodes of ambient-gas arcs in
the range T,, =4000K is the greater, the higher is the pres-
sure; however, even for the 200 bar arcs the ion current is
significantly lower than that to the vacuum arc cathode, at
least in the framework of the models of near-cathode layers
being used.

The dependence of computed electric field at the cath-
ode surface on the surface temperature is shown in Fig. 1(c),
which is quite similar qualitatively to Fig. 1(b). The latter
may be understood as follows: analysis of computed values
of E,, and j;, has shown that these values for all arcs obey
the Mackeown equation to the accuracy of a factor of 2 or 3,
hence E,, is roughly proportional to 1/, and the proportion-
ality coefficient does not vary much from one arc to another,
given that U is the same and the dependence on the ion mass
is weak. The computed electron emission current is shown in
Fig. 1(d), which is qualitatively similar to Fig. 1(c) and, con-
sequently, Fig. 1(b) except that the dependence j,,,(T,,) for
obvious reasons is monotonically increasing also for arcs in
ambient gas.

Analyzing the data shown in Fig. 1(c) in view of those
shown in Fig. 2 (where jgg is the electron emission current
density given by the Richardson-Schottky formula and j,,, is
the one given by the Murphy-Good formalism evaluated
numerically as described in Sec. II), one concludes that the
Richardson-Schottky formula represents a good approxima-
tion for the arcs in ambient gas in cases p=1 and 15 bar but
may represent a poor approximation for the vacuum arc and
maybe also for the arcs in ambient gas in the case
p = 200bar. Therefore, the applicability of the Richardson-
Schottky formula for the arcs in ambient gas with p = 200 bar
and for the vacuum arcs requires a more detailed

2~ jRS/jem
1.5 E,=2x1010 V/m
7
10
1 [108 109 2x10°
0.5-
0 T I T I 1 l
0 2000 4000 T, (K) 6000

FIG. 2. Electron emission current density given by the Richardson-Schottky
formula normalized by the Murphy-Good value.
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»
|

q (1019 W/m?2)
1 (1010 A/m2)

3 3.5 4 4.5 5

FIG. 3. Densities of energy flux and electric current from 200 bar arc plas-
mas to the cathode evaluated using the Murphy-Good formalism (solid) and
the Richardson-Schottky formula (dashed).

investigation. In this connection, the most important parame-
ters of the near-cathode plasma layer, which are densities of
energy flux and electric current from the plasma to the cath-
ode, evaluated with the use of the Murphy-Good formalism
and the Richardson-Schottky formula are shown in Fig. 3 for
Hg and Xe arcs in the case p = 200 bar. One can see that the
Richardson-Schottky formula represents a reasonably good
approximation. The situation is different as far as the vacuum
arcs are concerned, which is seen from Fig. 4: the usage of the
Richardson-Schottky formula introduces a significant error.
Line 3 in Fig. 4 represents computations with the elec-
tron emission current determined by means of a straightfor-
ward numerical evaluation of Eq. (1) with a fixed step of

12 4 q (1010 W/m2)

T, (103K) 5

FIG. 4. Density of energy flux from the vacuum arc plasma to the Cu cath-
ode computed using different techniques of evaluation of electron emission.
1: Murphy-Good formalism, evaluation method described in Sec. II. 2:
Richardson-Schottky formula. 3: Murphy-Good formalism, straightforward
evaluation. 4: Formula (22).
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integration (over the variable W) equal to 1072°J
~ 0.0624 eV and the lower limit of integration equal to —4¢.
There is a significant difference between this line and the line
1; an indication of relevance of the use of the integration vari-
able 1/W and an adaptive choice of the numerical grid.

Line 4 in Fig. 4 represents the density of energy flux
computed with the use of the Hantzsche fit formula for elec-
tron emission from a metal with the work function of 4.5eV
(emin Am~2, E,,in Vem™!, T,, in K)

j=Ki(120T> + 406 E2/®)

T2 E2 )1/2
X - LR L , (22
P l (2.727 x 107  4.252 x 10" (22

where

810073 + 0.35E2,

K; = 145 x 10* :
! 910073 — 5300 £, T, + 0.75 E2,

(23)

Note that Eq. (22) represents the combined equations (22)
and (24) of Ref. 2 and Eq. (23) represents Eq. (23) of Ref. 2
with corrections given by Eq. (9) of Ref. 31. According to
Ref. 2, the error of this formula relative to the corresponding
Murphy-Good value is between —14% and 23% in the range
of T,, between 2500 and 5000 K and E,, between 5 x 107 and
2 x 10" Vm~!. Evaluation of this work has given a higher
error for E,, = 2 x 10'° V/m (see Fig. 5), but for lower E,,
this formula is reasonably accurate in the above-mentioned
temperature range. Therefore, the fact that line 4 in Fig. 4 is
close to line 1 is not surprising.

It is hardly possible to devise an analytical formula uni-
formly valid in a wide range of conditions from field to
thermo-field to thermionic emission; Fig. 5 represents a good
example. Therefore, a numerical evaluation of the Murphy-
Good formalism is inevitable in cases where a wide range of
conditions may occur, as in the general case of plasma-
cathode interaction in vacuum arcs. The technique proposed
in this work may be the method of choice to this end.

2 —
- 9
infiem 2x10
i E,,=2x1010 V/m
1.5
1 —
107
05 T I T I T I
0 2000 4000 T, (K) 6000

FIG. 5. Electron emission current density given by the Hantzsche fit formula
normalized by the Murphy-Good value.

J. Appl. Phys. 114, 063307 (2013)

IV. CONCLUSIONS

A simple, accurate, and computationally efficient
method of evaluation of field to thermo-field to thermionic
electron emission current density in the framework of the
Murphy-Good formalism is devised with the use of Padé
approximants. Unsurprisingly, the method is not fully analyt-
ical and still involves a numerical evaluation of one integral.
Since the integrand represents a multi-scale function, an effi-
cient numerical evaluation of the integral must employ an
adaptive choice of the numerical grid. A suitable method is
Romberg integration.

Calculations for conditions of cathodes of arcs in ambi-
ent gas and vacuum arcs are performed for the case where
the size of non-uniformities of the cathode surface exceeds
significantly the thickness of the near-cathode plasma layer
and, as far as cathodes of vacuum arcs are concerned, the
cathode is hot enough so that supply of cathode vapor into
the discharge gap is dominated by vaporization and not ex-
plosive emission. It is found that electron emission from
cathodes of arcs in ambient gas is of thermionic nature and
adequately described by the Richardson-Schottky formula
even for extremely high gas pressures (up to 200 bar) typical
for automotive and projection arc lamps. Emission from hot
cathodes of vacuum arcs is of thermo-field nature and can be
adequately described by the fit formula proposed by
Hantzsche. If a method is needed which would be uniformly
valid in the full range of conditions from field to thermo-
field to thermionic electron emission, as in the general case
of plasma-cathode interaction in vacuum arcs, then a numeri-
cal evaluation of the Murphy-Good formalism is inevitable
and the approach proposed in this work may be the method
of choice.
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