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On the Emission Mechanism of Cold Cathode Arcs

roborate the theory.

time of cold cathode arcs.

A new theory for the electron emission mechanism of cold cathode arcs is
proposed in which excited atoms play a predominantrole as a source for ion gener-
ation in the vicinity of the cathode surface. The processes of resonance ionization
of excited atoms at the cathode surface and of ionization of excited atoms in the
strong electric field at the cathode surface are considered.

Special emphasis is given to the dispersed (or D-type) arc which operates
with a relatively low emission current density. An analysis of the D-type of arc is
given based on the proposed theory. Recent studies of this arc are shown to cor-

The rapid decrease of electron plasma temperature and population of excited
atoms during arc-current interruption offer an explanation for the short extinguishing

The Problem of the Emission Mechanism of Mercury Pool Arcs

Studies of the mercury pool arc! have indicated that
electrons emitted from the cathode come from the top of
the Fermi energy distribution in the cathode and not from
the top of the potential barrier of the undisturbed mercury
surface. The behavior is analogous to that of field emis-
sion? (tunnel effect) where there is a large electric field
at the cathode. There are two important questions to be
answered in connection with the field emission mechanism
of mercury pool arcs: (1) How is the high electric field
necessary for field emission maintained at the cathode
surface? (2) Why doesthe emissioncease afterarc-current
interruptions as short as 10™ to 10™ seconds?

To answer the first question the electric field at
the cathode surface due to the ion space charge sheath
between the plasma and the cathode is usually con-
sidered.3'# The electric field E_ in volts/cm is given by
the Mackeown relation

1/ m

2
El=757x10°V, jN— +— -1 (1)

where V_ is the cathode drop in volts, j, is the electron
emission currentdensity in amperes per square centimeter,

*A portion of this research was supported by the United
States Air Force through the Office of Scientific Research
of the Air Research and Development Command.

]'p is the ion current density in amperes per square centi-
meter and m /me is the ion-to-electron mass ratio. j, is
given by the Fowler-Nordheim relation? for field emission

E? "
jo=62%x10° —= exp |-6.8x 10"— (2)
@

EC‘

where ¢ is the work function of the cathode. Eqgs. (1) and
(2) yield

i, = 6.11 % 10° ¢*
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For the mercury pool arc,"”5 ¢ = 4,52 volts, V.= 10 volts,
Vm,/m, = 600, and ,/j, = 1/50 yielding j, = 1.2 % 10°
amperes per square centimeter. The effects of the image
force and field enhancement due to the roughness of the
cathode surface have not been taken into account in Eq.
(3). These effects may be expected to lower the require-
ment on current density somewhat. Although current densi-

(3)

ties in excess of 10° amperes per square centimeter have
been observed® it is doubtful if they are sufficiently high
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to satisfy the Mackeown theory. Furthermore, measure-
ments on anchored arcs? have yielded lower values for
the emission current density. This dilemma was high-
lighted in 1953 when C. G. Smith® reported on what was
thought to be a special mode of the mercury pool arc,
called the Dispersed or D-type of arc, for which the cur-
rent density may be as low as 10 amperes persquare
centimeter.

The second question relates to the extremely short

8,10 of mercury pool arcs. If a short

extinguishing time
negative pulse is applied to the anode of a running d-c
arc such as to cutoff the anode current during times as
short as 10-° seconds, the arc will not refire when the
anode voltage is brought back to a high value (several
kilovolts). Plasma density decay is negligible during
times as short as 10™° seconds.' The ion current density
jp, which is proportional to the plasma density, therefore
stays constant. Thus if the electric field at the cathode
surface is maintained only by positive ions generated in
the plasma, this field would be at least as large after arc
extinguishing as before. Thus itis seen that the Mackeown
theory also fails to give a satisfactory answer to the
question of the short extinguishing time.

This bulletin deals primarily with studies ofthe D-
type of arc because an understanding of the emissioncur-
rent density has an important bearing on the emission
mechanism of cold cathode arcs in general. The impli-
cations of these studies for the mercury pool arc are also
discussed.

The Dispersed Type of Cold Cathode Arc

Methods of establishing the arc

The basic electrode geometry for the D-type of arc

ELECTROMAGNE T————w= i

Fig. 1 - Basic set-up for activation and operation
of the D-type of cold cathode arc discharge.

is illustrated in Fig. 1. A cylindrical pure molybdenum
electrode having a slightly rounded top protrudes through
the surface of the pool of mercury, with the top surface
of the electrode about 1 centimeter below a cylindrical
stainless steel anode. An electromagnet provides a vari-
able magnetic field (up to 7000 gauss) oriented parallel
to the axis of the two electrodes. The mercury pool com-
municates with a reservoirthrough a manometer arrange-
ment, permitting adjustment of the mercury level with
respect to the top surface of the molybdenum electrode.
During normal operating the tube is continuously pumped.

Before insertion intothe tube, the molybdenum elec-
trode is highly polished and hydrogen fired. When first
immersed in the mercury pool the molybdenum electrode

BEFORE PROCESSING
MOLYBDENUM
UNWETTED

AFTER "ACTIVATION"
TOP PORTION OF
MOLYBDENUM
UNWETTED

AFTER HYDROGEN
GLOW_ DISCHARGE
MOLYBDENUM

COMPLETELY
WETTED

Fig. 2 - Shape of mercury meniscus.

is not wetted by the mercury, the meniscus being bent
downwards as shown in Fig. 2. After the tube has been
pumped it is filled with hydrogen to a pressure of a few
millimeters of mercury. A hydrogen glow discharge is first
operated in the tube with the molybdenum electrode as a
cathode and the mercury level at the lower end of the
electrode. When a mercury pool arc is started after this
cleaning operation the cathode spot will immediately
anchor at the boundary between the mercury and the
molybdenum electrode. The cathode spot spreads out
around the meniscus boundary so as to encircle the elec-
trode completely with a bright ring of light. The electrode
is now completely wetted along the periphery, the me-
niscus being bent upwards, as shown in Fig. 2. To the
naked eye the cathode '‘spot’’ appears as an intense
bright continuous ring of light, which is the only source
of light apparent. A magnetic field of a few thousand
gauss can now be turned on without extinguishing the arc.
The appearance of the discharge now changes consider-
ably. The ring of light at the cathode meniscus boundary
becomes thinner and more intense. At the same time the
plasma above the cathode ring itself gradually emits more
and more light, taking on the appearance of a hollow
cylindrical shell of light, (Fig. 3a). If the position of the
meniscus is varied by changing the level of mercury, the
position of the bright ring of light also varies, always
forming at the meniscus boundary. This type of discharge
in the presence of a parallel magnetic field appears to be
quite stable, and is the one which is normally encountered.
The D-type of arc can not be obtained under these con-
ditions.
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MAGNETIC
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Fig. 3 - (a) Arc operating in *“Normal’® mode with
magnetic field applied parrallel to discharge.

The process hereafter taking place is a quite tedi-
ous one requiring several hours of operation of the d-c
arc in the presence of the magnetic field. The level of
the mercury is raised up and down many times and finally
left near the top. A condition is eventually obtained when
a slowly increasing areaat the top surface of the molybde-
num electrode appears to be unwetted by the mercury.
Presumably the intense ion bombardment uncovers parts
of the bare molybdenum surface leaving it exposed to the
residual gases present in the tube.Eventually this un-
wetted area extends down to the wetting line at which
the arc is anchored. The arc can no longer operate stably
in its normal mode, the bright circular cathode line sudden-
ly leaves the meniscus boundary, hops up onto the un-
wetted
spreads out uniformly over a large area. The discharge
takes onthe appearance of a very intense glow discharge,
as shown in Fig. 3b. If this D-type of arc is turned off
and the mercury levels raised, the molybdenum electrode
appears to be wet with mercury except for the top surface
which appears to be unwetted, the meniscus being bent

top surface of the molybdenum electrode and

downwards as shown in Fig. 2.

SOLID CYLINDER OF LIGHT

F
1ELD MGOST INTENSE SOURCE

LIGHT IS SPREAD OUT
OVER ELECTRODE SURFACE

Fig. 3 - (b) Arc operating in ‘*‘Dispersed’” mode with
magnetic field applied parallel to discharge.

Once established, the D-type of arc appears to be
quite stable over a wide range of magnetic fields (1000-
7000 gauss) and anode currents (2 to 6 amperes). The
D-type of arc requires an arc drop of about 14 volts as
compared to 10 volts for the normal mode. Oscillographic
observations of the arc drop indicates noise components
of an amplitude approximately 2 percent of the average arc
drop. The frequency spectrum of the noise has a quite
sharp maximum at about 10 megacycles per second due to
more or less coherent oscillations. As long as the side
surfaces of the molybdenum electrode are well wetted with
mercury the meniscus level of the mercury pool can be
brought down as much as one centimeter from the top
surface, however the mercury pool can not be completely

removed from the tube without extinguishing of the arc.
Presumably the presence of mercury in the vicinity of
the discharge region is necessary to maintain sufficient
vapor pressure. From the temperature of the mercury pool,
the vapor pressure is estimated to be about one millimeter
of mercury.

It seemed quite probable that the process of es-
tablishing the D-type of arc, described previously, in-
volves an oxidation of the top surface of the molybdenum
electrode by the residual oxygen inthe tube while keeping
the sides of the electrode wetted for anchoring the arc in
its normal mode. To test this theory a cathode was pre-
pared based on the following principles: (1) the cathode
work function must be high, (2) means foranchoring of the
arc in its normal mode must be provided, (3) the arc must
be made unstable in its normal mode when a longitudinal
magnetic field is applied.

A cathode structure based on these principles is
shown in Fig. 4. The cathode is made of tungsten whose
top surface is polished and oxidized in air to yield a high
work function surface!'.12 (¢ > 6 volts). For anchoring
the arc cathode spot a sleeve of copper wetted with
mercury is mounted on the tungsten electrode as shown
in Fig. 4. To break up the wetting line a slit is cut in the
copper sleeve, as shown. This tends to make the arc un-
stable in its normal mode when the magnetic field is ap-
plied, thus causing a mode jump. The electrode is partly
immersed in a mercury pool in a manner similar to the
molybdenum electrode described previously. When the
arc is fired, the cathode spot anchors at the coppersleeve.
When the magnetic field is applied the arc turns immedi
ately into the D-type of operation. Therefore, it is con-
cluded that the emission of the D-type of arc occurs from
an oxidized metal surface. The mercury pool only serves
to provide a sufficient vapor pressure for the discharge.

Ultra bigh speed photographic studies

It is important to determine whether the electron
emission in the D-type of arc is uniform over the entire
cathode surface or whether it occurs from rapidly moving

—

OXIDIZED TUNGSTEN
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Fig. 4 - Cathode for D-type of arc.
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spots of short lifetime which give the illusion of uni-
formity observed by the naked eye. Therefore, ultra high
speed photographic studies of the cathode surface were
undertaken.

The optical arrangement of the camera used is shown
in Fig. 5. The high speed shutter consists of a Baird
Associates model EV-1 Electro-Optic Light Modulator
mounted between a pair of crossed linear polarizers. The
basic unit is a plate of ammonium-dihydrogen-phosphate
(ADP-crystal) placed between a pair of electrodes which
allow light to pass in the same direction as the electric
field between the electrodes. To open the shutter a high-
voltage pulse is applied acrossthe crystal for the duration
of the exposure. A mechanical shutter is placed in series
with the electrical shutter, as shown. The pulse equipment
which opens the crystal shutter for the desired exposure
time is syncronized with the mechanical shutter, which
opens for 1/400 of a second. Since the electro-optic
shutter is not perfect (it leaks considerable light even
when closed) the mechanical shutter is essential in order
to minimize the exposure of film due to leakage light.
The lower limit of exposure time (about 10 microseconds)
isdetermined by the leakage light through the electro-optic
shutter while the mechanical shutter is open.

LENS SYSTEM FOCUSSED

COLLIMATING LENS ON: e
SYSTEM EV-1

ap o~
" XTd

~90°

AN
CROSSED POLARIZERS PRISMS

IRIS &
MECHANICAL
SHUTTER

PLANE OF
FILM
HOLDER

Fig. 5 - Optical arrangement of Ultra-High-Speed
Camera.

The electrical circuit used for opening the electro-
optical shutter is shown schematically in Fig. 6. The
electrodes of the ADP crystal were connected between
the plates of two 5C22 hydrogen thyratrons. The first
thyratron, Thl, was triggered directly by the flash synchro-
nizing contact S of the mechanical shutter. When ThI
fires, its plate attains ground potential and the B-voltage
(10kv) appears across the ADP crystal. The triggering
signal is transmitted through the variable delay line,
which determines the.exposure time, to ThIl. When ThIl
fires, its plate voltage also attains ground potential, thus
removing the voltage across the ADP crystal.

Photographs were taken of the ‘*‘spread out’ mode
of the mercury pool discharge, using exposure times rang-
ing from 10 to 1000 microseconds. Some of these are
shown in Fig.7. The arc current was 6.5 amperes and the

cathode area (top surface of the wetted molybdenum elec-
trode) was approximately 0.39 square centimeters. These
photographs show that the light emitted at the cathode is
uniformly distributed over the whole cathode surface. No
bright spots or graininess of the light emitted could be
found in any of the pictures taken.

—\\A——O0 + 10000 VOLTS

3]""HIIIII—)\

6 - Schematic diagram of circuit for electro-optical
shutter.

Based on these photographic studies, the following
two possibilities may be considered:

(a) Asmall fast moving cathode spot scans the whole
cathode surface in 10 microseconds. Assume that an
emission area (of diameter d) scans the cathode surface
spot velocity is v, then the
time 7 to scan the cathode surface is

in an orderly fashion. If the

= — 4)

where D?isthe areaof the cathode surface.If the emission
current is I one obtains from Eq. (4) an upper limit to the
current density j,

2
i, <1 (F) (5)

Studies of cathode spot motion®’'3 indicate that v < 10°
centimeter per second. Thus using the results from the
photographic studies one obtains from Eq. (5) j, <40
amperes per square centimeter.

(b) Emission occurs from small spots of short life-
time. Assume a spot lifetime ¢. The shortest time 7 to
cover the whole cathode. uniformly with light is then

D2
T = E‘ t (6)
or
I7
o AT
e < %)
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Exposure time
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Fig. 7 - Photographs of the cathode surface of the D-type
of arc taken with the camera inclined about 30° from the
horizontal axis. The bright curved line is the outline of
the cathode surface with some of the bright discharge
column visible above.

Studies of plasma density decay' of the mercury pool arc
indicates that t = 1 microsecond and thus from Eq. (7)
o < 150 amperes per square centimeter.

Assuming that the light originating at the cathode
surface is a true measure of the distribution of electron
emission current density, it must be concluded from these
measurements that the emission current density of the D-
type of arc is at least as low as 150 amperes per square
centimeter and may be as low as 20 amperes per square
centimeter. The electric field at the cathode surface cal-
culated from Eq. (1) is then only 4 x 10® volts per centi-
meter. The Mackeown theory then cannot. account for the
large field necessary for field emission.

Spectrographic studies

A possible way to obtain information about the elec-
tric field strength at the cathode surface is to study the
spectrum of the radiation originatingin this region. In
the presence of the non-uniform electric field a consider-
able broadening of the spectrum lines occurs due to the
Stark effect. If the Stark shift versus electric fieldrelation
is known, the maximum field strength at the cathode sur-
face canbe estimated. Such studies were made by St. John
and Winans '3 for an anchored mercury pool arc. Both sym-
metric and asymmetric broadening was observed in agree-
ment with the known Stark shift. The observed Stark shift
indicated an electric field strengthat the cathode surface
which is much higher than that calculated from Eq. (1)
using a value of j, = 10,000 amperes/cm” as measured by
Tonks.”

Spectrographic studies were made of the D-type of
arc. The spectrum emanating from the cathode surface is
shown in Fig. 8. Fig. 9 shows a densitometer trace of
Fig. 8. The following results were obtained from these
studies: (1) There is no essential difference in the spec-
trum originating from the cathode surface and from the
main discharge plasma. (2) The broadening of the lines
is symmetric and much less than in the spectrum of an
anchored mercury pool arc.'3 This indicates that the
conditions at the cathode surface of the D-type of arc
may be different from those of a normal mercury pool arc.

Transient bebhavior of the arc

To study the transient behavior of the arc, the fol-
lowing experiment was performed on a D-type of arc. A
short negative voltage pulse was applied to a running d-c
arc. The arc current and voltage were observed on oscillo-
scopes. It was found that during the application of the
pulse the arc currentapproached zeroas the anode voltage
approached a value (5 to 6 volts) slightly higher than the
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Fig. 8 - Spectrum of the D-type of Arc.

work function of the anode. When the arc current reached
the value zero, the arc extinguished (i.e. did not refire).
No attempt was made to accurately determine the mini-
mum extinguishing time because at short pulse lengths
such measurements are extremely difficult to perform
due to the variation and noisiness of the arc current and
voltage. However, it was determined that the extinguish-
ing time is less than half a microsecond.

It appears that the transient behavior of the D-type

of arc is quite similar to that of a mercury pool arc,!:9: 10

Theory of the Emission Mechanism of the D-type of Arc

From the experiments on the D-type of arc described
previously the following conclusions may be drawn: (1)
The electron emission in the D-type of arc occurs from an
oxidized metal surface of high work-function. The D-type
of arc must therefore be regarded as a specific form of cold

cathode arc and notas a special mode of the mercury pool
arc. (2) The low emission current density of the D-type of
arc makes it possible to say with certainty that the ion
flow from the plasma to the cathode can not support an
electric field at the cathode sufficient for field emission.
This is corroborated by the spectrographic studies. (3)
Studies of the transient behavior of the D-type of arc have
suggested that the emission mechanism is similar to that
of field emission.

In view of the apparent contradiction of these con-
clusions a different source of positive ions mustbe sought;
a source which canprovide an electric field at the cathode
sufficient for field emission. It is suggested here that the
supply of ions is due to excited atoms which undergo
resonance ionization at the cathode surface.

Consider a cathode of a cold cathode arc as shown
in Fig. 10. Ions generated in the plasma will flow to the
cathode giving rise to a positive ion space charge sheath
between the plasma and the cathode. The corresponding
potential distribution is shown in Fig. 10, the electric
field at the cathode surface being given by Eq. (1). Pro-
vided that \/@7”1—2 >> je'/jp’ the space charge sheath
thickness 4 in centimeters is given approximately by

Y%
m \%
&~ 2.33 x 10'6‘/m—e = (8)
p Ip

where V_ is the cathode drop in volts. In addition to the
ions, a large number of excited atoms is generated in the
plasma. Due to thermal diffusion some of these excited
atoms will travel towards the cathode surface. If the life
time of the excited atoms is long enough they will travel
through the space charge sheath and reach the cathode.

The process '4 taking place whenthe excited atom reaches
the cathode depends onwhether the cathode work function
¢ is smaller than or larger than the difference between

[l ' i
8461 5671 5770 5791

Fig. 9 - Densitometer trace ot Fig. 8.
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the ionization and excitation potential of the atom
(V. - Vex). DIf o <V - Vex),the excited atoms will most
likely be de-excited resulting in Auger ejection of elec-
trons from the cathode. The yield of electrons per excited
atom may approach unity. (2) If ¢ >(V, - V_ ) the process
of resonance ionization of the excited atom is most like-
ly.'® In the process an electron is ejected from tne ex-
cited atom into the cathode and thus an ion with only
thermal velocity is generated close to the cathode sur-
face. If the lifetime of the ions is sufficiently long, a
layer of positive ions may be generated at the cathode
surface. These ions may give riseto the field emission
of a large number of electrons in a manner similar to that
in the Malter effect. 16

Since the excited atoms are generated inthe plasma
they must have a long lifetime in order to penetrate the
sheath and reach the cathode. Except for extremely large
current densities (thin sheaths) this requirement is ful-
filled only for metastable states. If the lifetime of ex-
cited atoms is 7, _, then the mean distance travelled by
excited atoms is 7, & where ¢ is the average thermal
velocity of the atoms. Thus the effects of resonance
ionization on the electron emission may be expected to
occur only under the following conditions: (1) ¢ >(\4 -V,

where Vex refers to a metastable state, and (2) d < Ty Ce

It is easily seen that these conditions are indeed
satisfied for the D-type of arc operated in a mercury vapor.
For mercury vapor the two metastable states 6 *P, and
6 *P, have V; - V_  equal to 4.95 and 5.72 volts respec-
tively. Oxidized tungsten'' 12 is known to have a work
function ¢ larger than 6 volts thus satisfying the con-
dition ¢ >(V; - V, ). For the D-type of arc, V_ = 14 volts,
j, = 10 amperes/cm® and ]'e/jp = 50, yielding d = 107®
centimeters from Eq. (8). Assuming ¢ = 10* cm/sec., the
requirement d < 7, T yields 7, > 107 seconds. This
requirement is certainly fulfilled for the metastable atoms
of mercury '7 moving through the space charge sheath.

For a quantitative evaluation of the proposed emis-
sion mechanism the following quantities must be con-
sidered:

(1) The density of excited states in the plasma, N, cm’3,

(2) The fraction of excited atoms which undergo reso-
nance ionization at the cathode, k.

(3) The lifetime of ions generated at the cathode surface,

1;) seconds.

(4) The number of electrons emitted from the cathode per
second per ion,7n.

Under the assumption that the lifetime of the excited state
is larger than the transit time of the atom through the
space charge sheath the influx of excited atoms to the
cathode surface is given by

CATHODE

y =

POTENTIAL
<

DISTANCE

Fig. 10 - Potential distri-
bution between plasma and
cathode of a cold cathode
arc.

N, T

2
ox atoms per second per cm®. 9

With the above defined quantities one obtains the electron
emission current density

KTy (10)

where e is the electronic charge. Since the ion current
density is given by

) Nc
Ip =€ 4 (11)
Eq. (10) canbe written
Ie N
= =k, M ¥ (12)

Here N is the plasma density in cm™,

In considering Eq. (12) certain limits must be im-
posed on the electron-to-ion current density ratio 7e/7p'

An upper limit is j_/j, < mp/me at which the electron
current from the cathode is space charge limited. A lower

limit is set by the plasma energy balance requirements.

The energy balance equation can be written as'
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kT

ex e

(13)

1
|4
+I—(Vl-+VA—¢A+¢c)+2

Vi=¢,+
A A
I, A e

where V, = anode voltage
I, = anode current
$, = work function of the anode
Ip = ion current flowing to the cathode
I, = electron current flowing from the cathode
¢. = work function of the cathode
P = power lost in generating excited atoms
k = Boltzmann constant
T, = electron plasma temperature

Since I, =1, + 1, and le/lp = je/]’p,Eq. (13)canbe written

as
kT,
P lepK/A-qzsA-z =
Te
<_—+1>-(.Vi+VA-¢A+¢C)]
]e

Part of the power P__ is lost in radiation from the dis-
charge. Write this part as a fraction x of the total power
iaput to the tube or x VAIA' Another part of P, supplies
the influx of excited atoms to the cathode. From Egs. (9)
and (11) one can therefore write

(14)

N
x
ox > Vex_1p+"’AVA (15)
Equations (14) and (15) give a lower limit of je/]'p or
Vox Nx/N+Vi+kVA-¢A+¢C<']_e< "y -
T ] m
e p e
Va-b4a-2— -xV,

Assuming a Maxwellian velocity distribution for the

plasma electrons, the population of excited atoms can be

written as '’

*

m

e 62

N,N 3 r,2x10"

4
x 2m kT, & m}

(17)

o 7
x [ 4,(V)V exp (- 10 ey dv
o kT

e

where the sum is to be taken over the a excited states
considered. Here

N, = density of neutral gas

o = the average lifetime of the state a

44(V) = atomic cross section for excitation of the
state a by an electron of V electron volt energy. No at-
tempt wiil be made here to analyze in detail the effects
oftransition between excited states. For mercury the two
metastable states 6 *P, and 6 P, are of primary interest.
For these states one finds from Eq. (17) and known

values'” of q(V) for an electron temperature of 15,000
degrees K

NX

= 4x10 [r,+0.27,1p (18)

Here 7, and 7, are the average lifetimes of the 6 *P,, 6 *P,
states respectively and p is the gas pressure. At the
current density used in the D-type of arc (10 amperes/cm?
or higher) the lifetimes of the metastable states are pri-
marily determined by quenching by electrons. 718 From
the current density the plasma density N of the D-type
of arc can be estimated to be of the order of 10'* cm™.
Taking Kenty’s data'? of 7, = 4 x 10°° seconds, o =
6 x 10 ° seconds for N = 2.1 x 10" cm™ one obtains for
the D-type of arc underthe assumptionthat 7, is inversely
proportional to N, 7, = 2 X 10”7 seconds and 7y = 3 x 107
seconds. Finally from Eq. (18) and assuming p = 1 milli-
meter of mercury one obtains N, /N = 10.

Returning now to Eq. (16) one finds for the D-type
of arc in mercury vapor V, =5 volts, N_/N = 10, V; = 10
volts, V, = 14 volts, ¢_ = 6 volts, ¢4 = 4.5 volts and
2 kT,/e = 3 volts. The lower limit of ]'e/jp is shown in
Table I as a function of x. Thus it is seen that je/]'p can-
not be less than about 10, but, since it must be assumed
that at least 25 percent of the input power is lost in radi-
ation, j_/j, is more likely to be of the order of 50 which
is a value found for the ordinary mercury pool arc.

Very little is known about the actual value of the
ion yield of resonance ionization k. The effect has
been experimentally observed by Buhl'® for metastable
mercury atoms.No data on yield have been reported. How-
ever, since under the condition (;SC >(Vi - Vex) the prob-
ability for Auger de-excitation is very much less than for
resonance ionization'4 it seems reasonable to assume

that the yield « is not much less than unity.

The factors 7, and ) are extremely difficult toevalu-

b
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Table |
Electron to ion current ratio je/]'p versus fractional
energy lost in radiation x as determined by Eq. (16).
x je/jp
0 11.8
0.1 15
0.2 20.7
0.3 33.3
0.4 76.5

ate. However the product 7 7 is intimately connected
with the secondary emission yield due to the Malter
effect.'® Forthe Malter effectpositive charges are created
in a metallic film on top of an oxidized cathode by second-

ary electron emission. Considering the Eq. (12) and as-

suming je/]'p =50, k = 1 and N_/N =~ 10 one finds T, =5

A yield of this order of magnitude is quite modest for the
Malter effect. Thus the proposed emission mechanism for
the D-type of arc appears to be acceptable from order of
magnitude considerations.

It is seen from Eq. (18) that to obtain a sufficiently
high value for N /N the pressure p must be large. This
is believed to be the reason why the mercury pool must
be in close contact with the cathode electrode thus pro-
viding a sufficient evaporation rate.

A satisfactory theory for the emission mechanism
of cold cathode arcs must provide an explanation for the
short arc extinguishing time. As mentioned previously
the Mackeown space charge sheath theory can notaccount
for this effect, since plasma decay is negligable during
times less than one microsecond.! However there are two
plasma parameters that may change in such a short time
upon current interruption. The first one is the electron
temperature. As will be shown later, electron cooling is
very rapid due to evaporation of fast electrons from the
plasma and due to inelastic collisions of the fast elec-
trons. This results in an immediate reduction in the gener-
ation rate of excited atoms. The population of excited
atoms in the plasma will therefore decay in times whicn
may be of the order of 7, =3 x 107" seconds for the D-
type of arc. Furthermore a very rapid decay of the number
of ions present at the cathode surface must be expected
when the electron emission is quenched. A similar be-
havior is observed for the Malter effect.'® For the D-type
of arc the build up time of ions at the cathode surface
must be considered. This time, of course, is of the order
of 7,. The following two cases must be considered:
(1) 7 >r .. In this case, which is probably the more likely
one, the population of excited states has decayed before

a positive ion layer has had time to build up at the cathode
surface and the extinguishingtime isimmeasurably small.
(2) 7, < r,. In this case the extinguishing time would be
of the order of 7, or about 3 x 10”7 seconds for the D-
type of arc.

The assumptions and conclusions drawn from the
proposed theory for the emission mechanism of the D-
type of arc together with their experimental corraborations
is shown in Table II.

Table Il

Theoretical postulates and experimental verification
for the proposed emission mechanism of the D-type

of arc.

Theory Experiment

Field emission Iy,>0asV, >0,

Not a mode of the Emission area not wetted

mercury pool arc by mercury

Space charge sheath
theory inadequate

Low current density
Spectroscopic studies

Cathode work function Oxidized metal surface

high
Insulating film on Oxidized metal surface
surface
p>V -V, Satisfied for metastable
states of mercury and
oxidized tungsten sur-
face
d< 7oy € Satisfied in the D-type

of arc

Pressure must be suf-
ficiently high to make
N_/N large

Mercury pool must be in
close contact with the
cathode electrode

Extinguishing time
< 3 x 10”7 seconds

Extinguishing time
< 5% 1077 seconds

The Mercury Pool Arc
Emission mechanism

Previously it was pointed out that the D-type of arc
must not be considered as a special mode of the mercury
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pool arc since emission occurs from an oxidized metal
cathode of high work function. However there are suf-
ficient similarities between the two phenomena to warrant
certain conclusions concerning the mercury pool arc. For
both types of arc, pulse measurements indicate some sort
of field emission mechanism. In neither case can the ions
generated in the plasma provide a sufficiently high field
at the cathode surface to yield field emission. Both arcs
exhibit the phenomenon of a very short extinguishing time,
which can notbe accounted for by the space charge sheath
theory.

Spectrographic studies by St. John and Winans '3

the mercury pool arc have indicated that the field at the
cathode surface is much larger than can be accounted for

on

by the Mackeown space charge sheath theory. Therefore
other sources of ions must be looked for wnich can pro-
vide more positive space charge at the cathode surface.
One such source of ions may be excited atoms which are
generated in the plasma and become ionized in the space
charge sheath. In applyingthese ideas tothe mercury pool
arc the following facts are of importance: (1) The current
density of the mercury pool arc is very much higher than
for the D-type of arc. Consequently the cathode field E_
as determined by Eq. (1) is very high though presumably
not high enough for field emission. Also the sheath thick-
ness d is very small. (2) The work function of the mercury
pool is only 4.52 volts and there is no insulating film at
the emitting area. (3) The plasma density is very high
due to the high currentdensity (N = 10'* cm™). This yields
a very short lifetime 7, even for metastable states due
to quenching by electrons. (4) The vapor pressure adjacent
to the cathode surface is very high, possibly of the order
of hundreds of millimeters of mercury.'® (5) The compli-
cated pressure and geometry conditions make an evalu-
ation of the emission phenomena of the mercury pool arc
very difficult. Due to the high plasma density, the life-
times of all excited states may be expected to be in the
range 10 to 10™ seconds for the plasma of the mercury
pool arc. However as seen from Eq. (18) this is counter-
acted by the higher vapor pressure to give about the same
population of excited states as for the D-type of arc.

One effect of excited atoms to be considered is
resonance ionization at the cathode surface. Since the
work function of mercury is 4.52, the criterion . > (V;-V,_)
is only fulfilled for states higherthan the 6 *P, state. Be-
cause of the thin sheath thickness d, even ordinary ex-
cited atoms may reach the cathode surface. A calculation
of the transitionrate fromthe 6 *P, to the 7 3§, state using
the known cross section for this process!7:20 indicates
that the population of the 7 %S, state may be of the same
order of magnitude as the plasma density. This then repre-
sents a possible source for ion generationnear the cathode
surface. A second effect tobe considered is the ionization
of excited atoms due to the strong electric field near the
cathode surface.2! This field, which may be of the order

to 10° to 107 volts per centimeter for the mercury pool
arc'3, may be sufficient toionize a fraction of the excited
atoms penetrating the space charge sheath. The ions
generated by these processes will spend much longer
times in the immediate vicinity of the cathode surface
than the ions generated in the main plasma. Newton?2
has shown that individual ions in the strong average elec-
tric field may give rise to the emission of a large number
of electrons providing the ions are moving slowly in the

immediate vicinity of the cathode surface.

A different way in which excited atoms may con-
tribute to the emission has been suggested by Robson and
von Engel. This is the mechanism of Auger ejection of
electrons due to excited atoms approaching the cathode.
There are several reasons, however, why this mechanism
of electron emission is unlikely to be the exclusive one.
For the states 6 *F,, 6 *P,, and 6 ’P, which would bethe
most important ones, the yield of emitted electrons per
excited atom can not exceed unity. However, unless the
generation rate of excited atoms were much higher for the
mercury pool arc than for the D-type of arc, it is seen
from Eq. (12) that the yield mustbe larger than one, taking
the measured value of j,/j, =50 and the calculated value
of N, /N = 10.On the other hand it is difficult to conceive
that more than half of the excited atoms candiffuse to the
cathode. Assume the most favorable case in which all
energy input to the tube goes into formation of excited
atoms and that the yield be one. In this case the anode
voltage V, mustbe atleast equal to double the excitation
potential or about 9.8 volts for mercury. However, it is
known24 that the mercury pool arc operates at anode
voltages as low as 7 to 8 volts. Thus, although the effect
of Auger ejection of electrons may be important, it is
probably not the exclusive one.

The extinguishing time of the mercury pool arc

A crucial test of a theory for the emission mecha-
nism of the mercury pool arc is its ability to account for
the short extinguishing time. It will be shown in this
section that if the excited atoms play a predominent role
in the emission mechanism, a very short extinguishing
time should be expected. This is due tothe rapid decrease
in the productionrate and population of excited atoms dur-
ing arc current interruption.

The decrease of population of excited atoms is de-
termined by the. lifetime 7, . Since the plasma density of
the mercury pool arc is several orders of magnitude higher
than for the D-type of arc, 7, may be expected to be of
the order of magnitude 107® to 10 seconds for all excited

states.

The production of excited atoms depends very criti-
cally on the electron temperature since T, enters as an
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exponential factor in Eq. (17). For instance, a drop in the
electron temperature from 15,000 to 11,100 degreesK will
lower the production rate of the 6 *P, state by a factor of
about 4. Thus one need only consider the first very fast
drop in electron temperature. This initial fast change of
the electron temperature is due to two effects, one being
inelastic collisions and the other evaporation cooling of
the electron gas. These two effects resultin a rapid speed
reduction and a removal of the fast electrons of the
Maxwellian velocity distribution respectively.

In evaluating the effects of inelastic collisions the
excitation of the 6 *P,, 6 *P, and 6 *P, for mercury will
be considered. Let the sum of cross sections for such
collisions be ¢(V). The average time between collisions
of this kind 7. canbe written as

ro= [5.95% 10" VV gVIN,] (19)

From the known value!? of g(V), the collision time 7.

(see Table III) is a function of the electron energy V in
electron volts at a vapor pressure of 1 millimeter of
mercury. It is seen that 7_ is of the order 107 to 107
seconds for a vapor pressure of 1 millimeter of mercury,
whnich would apply to the D-type of arc. For the mercury
pool arc, r_ is one or two orders of magnitude lower due
to the higher vapor pressure. After the time 7. most of
the energy carried by the fast electrons has been removed
from the electron gas. This however does not imply that
there is no excitation occuring after the time 7. Due to
the high plasma density it must be assumed that the

Table 1

Collision time 7_ for inelastic collisions in mercury
vapor at a pressure of 1 millimeter as a function of

electron energy V in electron volts.

\% T
Electron Volts Milli-microseconds
5 4.7
5.2 2.1
5.5 0.91
6 0.51
6.5 0.45
7 0.45
7.5 0.45
8 0.49

relaxation time of the electron gas is sufficiently short
to allow a continuous redistribution of the velocity distri-
bution to a Maxwellian distribution. Assuming that after
a time 7_ all electrons of velocity larger than u_ of the
original velocity distribution have lost their energy and
that the energy redistribution occurs entirely within the
electron gas, one obtains

Yx myv? z
[ Ym v*exp -1 — vidv X
T 3 e &T [ ze*dz
el _ eo _ o (20)
2
T,, o , i P , 00 g
[ Y m v exp \- % vidv [ ze%dz
o kT o
eo
where T, is the initial electron temperature, T, is the

electron temperature a = 2
p e after 7_and z, = 1/2 m v, */kT, .

Eq. (20) can be written in terms of the incomplete factor-
ial function25 as

Vi
(1, 11600 — ) |
T Teo

- (1, o )1 (21

'ﬂ

where V., =m_v _?/2e. Thus the electron temperature T
en
after a time nr_is

vx

(1, 11600 ) !

eo

en = Teo || o (22)

As an example, the electron temperature as a function of
multiples of 7_ assuming T,, = 15,000 degreesK and
V., =5 volts is plotted in Fig. 11. It is seen that the
e lectron temperature has fallen below 11,000 degrees K

15000

LN

o N

N

10000

(3]

| 2 3 4
MULTIPLES OF T¢

Fig. 11 - Electron temperature T _ as a
function of multiples of T
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after 5 7_. After this time the electron température falls
off more slowly until elastic collisions become the more
important factor in the cooling of the electron gas.

Contrary to this previous discussion, the evapo-
ration cooling is due to a preferential removal of the fast
electrons of the plasma. In the arc extinguishing experi-
ment, the anode voltage is suddenly reduced to 5 to 6
volts for a time 7. This makes it possible for the fast
electrons to climb the potential hill at the cathode edge
of the plasma and escape to the cathode. To preserve
charge neutrality of the plasma this electron current flow-
ing to the cathode must be equal to the ion current. The
total number of electrons escaping from the plasma is
therefore equal to I, /e where I, is the ion current flowing
to the cathode at the d-c arc. The actual energy loss of
the electron gasthen depends critically onthe size of the
discharge plasma. In view of Eq. (11) the fractional loss
to the total number of electrons of the plasma is

c

4D

T

(23)

where D is the plasma thickness. Taking an experimental
value2® of D = 4 x 10°® centimeters for the mercury pool
arc and assuming €= 2 x 10* centimeters per second, Eq.
(23) yields An/n ~ 1 percent for r = 10™ seconds. This
corresponds to a temperature reduction of several thousand
degrees for a 15,000 degrees K plasma.

Thus it is seen that if the excited atoms play a
predominantrole in the emission mechanism of the mercury
pool arc, an arc extinguishing time of the order of 10™ to
10" seconds should be expected.

Conclusions

The D-type of arc operates in mercury vapor. The
cathode consists of an oxidized metal surface of high
work-function. The emission current density is as low
as 10 to 100 amperes per square centimeter which indi-
cates that the high electric field at the cathode surface
necessary for field emission can not be supported by ions
formed in the plasma. Excited atoms play a predominant
role in the emission mechanism. Excited atoms generated
in the plasma diffuse to the cathode surface. If the work
function of the cathode is higher than the difference be-
tween the ionization potential and the excitation potential
of the atom, the excited atom will be ionized due to reso-
ionization at the cathode surface. Due to field
emission these ions cause a large number of electrons to

nance

be emitted from the cathode in a manner similar to that of
the Malter effect. The rapid decrease of electron plasma
temperature and population of excited atoms during arc-
current interruption offer an explanation for the short
extinguishing time of cold cathode arcs. The similarities
between the D-type of arc and the mercury pool arc sug-
gest that excited atoms play a predominant role in the
emission mechanism of low boiling point metal arcs.

~
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