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Discharge Mechanism of Mercury Pool Arcs

A model for the discharge mechanism of mercury pool arcs is propesed and
shown to be in agreement with experiment. The conclusions drawn from this model
are the following: (1) Mercury pool arcs operate in the ball-of-fire mode of dis-

charge. (2) The electron emission mechanism is nonthermionic. Emitted elec-
trons from the cathode arrive with only thermal energies in a plasma adjacent to
the cathode. The potential of this plasma is equal to or slightly higher than that
of the Fermi level of the cathode. The emission may be either due to a large elec-
tric field at the cathode surface (tunnel effect) or due to an effective lowering of

the cathode work function. This lowering of the work function may be caused by a

vapor or plasma of high density adjacent to the cathode surface.

I. Introduction

An arc is usually defined as a self-sustained gas
discharge having a potential drop between the cathode
and the anode of the order of the ionization potential of
the gas or vapor in which the discharge takes place. De-
pending on the electron emission mechanism one can
distinguish between thermionic arcs and low boiling point
metal arcs. The details of the emission mechanism of the
latter type of arcs are not well understood. The distinc-
tion between the two types of arcs cannot be drawn too
sharply. However, it is generally believed that the elec-
tron emission in the mercury pool arc is essentially non-
thermionic. The work described in this bulletin is prima-
rily concerned with the low pressure mercury pool arc;
however the basic ideas and results may also be appli-
cable to other low boiling point metal arcs.

In 1954 it was discovered! that the glow region of
the ball-of-fire mode of externally heated hot cathode dis-
charges? exhibits retrograde motion when subjected to a
transverse magnetic field just as does the cathode spot
on a mercury pool cathode. The functional dependence of
velocity of motion on gas pressure, current and magnetic
field was found to be quite similar for the two phenomena.
Based on this analogy a model for discharge mechanism
of the mercury pool arc is first proposed. Conclusions
drawn from this model are shown to be in agreement with
experiment. These include measurements of minimum arc
drop, potential and current density distributions, studies

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

of arc motion, and pulse measurements. Studies of dis-
charge behaviour after arc-extinguishing are shown to in-
dicate that the electron to ion current ratio of the arc is
not less than about 50. Possible electron emission
mechanisms are discussed.
power consumption for the mercury pool arc and that of
thermionic arcs is made.

A comparison between the

Il. Model for The Discharge Mechanism
of The Mercury Pool Arc

In this section a model for the discharge mechanism
of the mercury pool arc will be proposed. This model is
based on the following two basic assumptions: (1) Elec-
tron emission from the cathode occursdirectly into a dark
plasma adjacent to the cathode surface at approximately
the same potential as the Fermi level of the cathode. (2)
Mercury pool arcs operate in a discharge mode very sim-
ilar to the ball-of-fire mode of externally heated hot-
cathode dischargesz.

The essential features of the discharge model are
illustrated in Fig. 1
structure and potential distributions for a tube having

, showing cross-section of tube
short cathode to anode spacing and operating at a low
current level. The potential distribution diagrams are
drawn with the Fermi level of the cathode as reference
point. According to this model, electron emission occurs
directly into a dark (that is relatively less bright) plasma
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Fig. 1. Schematic diagrams showing tube structure and potential distribution for a mercury pool arc.

surrounding the glow region. It will be assumed that the
electrons arrive in the dark plasma with only thermal
energies either as a consequence of barrier penetration or
an effective lowering of the barrier between the cathode
and the plasma. The actual potential distribution within
the dark plasma adjacent to the cathode surface will be
further discussed in Section XIII. Adjacent to the glow
plasma the potential of the dark plasma is equal to or
somewhat larger than the Fermi level of the cathode.
Electrons flow from the dark plasma partly directly to the
anode and partly through the glow plasma. The dark
plasma and the glow plasma are connected by a Langmuir
double sheath such as to give essentially zero electric
field at opposite edges of the sheath, except possibly at
the dark plasma near the cathode. All ionization takes
place in the glow plasma. Ions flow from the glow plasma
into the dark plasma to supply its ion losses. The po-
tential difference between the two plasmas, VB’ may be
in the vicinity of the ionization potential of the gas or
vapor in which the discharge takes place. The potential
Vg however, does not necessarily have to be as large
as the ionization potential since ionization in the glow
region is adequately accounted for by cumulative ion-
ization and by energetic electrons in the tail of the Max-
wellian energy distribution, provided the electron tem-
perature is high enough. If the plasma electron space
current at the anode edge of the glow region is larger than

the anode current called for by the external circuit a
matching sheath with a retarding field for electrons, Vg -
Vp» will form at the anode.

To evaluate plasma potential, temperature, and size,
the same procedure could, in principle, be used for the
mercury pool arc as for the ball-of-fire mode of externally
heated hot-cathode dischargesz. However, because of
the complicated geometry and pressure conditions of the
mercury pool tube this will prove more difficult. Thus,as
far as these parameters are concerned, only qualitative
comparison can be made between theory and experiment.
Electron temperatures in the glow plasma in the range
10000-15000 degrees K have been observed both for the
mercury poolarc3 and the ball-of-fire mode of dischargez.
For the ball-of-fire mode, theory and experiment indicate
that the size of the glow plasma decreases with pres-
sure. Further, it has been shown that if the cathode to
anode distance is increased a second glow-plasma at a
higher potential will form near the anode. In the low
pressure mercury pool arc the pressure is quite. non-
uniform, being quite high near the cathode spot and equal
to the vapor pressure determined by the wall temperature
Thus, theory predicts that
the glow-plasma near the cathode surface should be very

far away from the cathode.

small in size compared to the second glow region formed
at the anode. Such behavior is commonly observed in
mercury pool tubes. In Fig.2 such a case is illustrated.
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Fig. 2. Schematic diagrams showing cross-section of tube
structure and potential distribution along xx for a discharge
mode having two glow plasmas.

lll. Potential Distributions

Measurements of the potential distribution of the
mercury pool arc have been made by Kommick.3 The
longitudinal potential distribution shown in Fig. 2(b) is
consistent with Kommick’s measurements. Such a po-
tential distribution has also been observed in the ball
of fire mode of discharge by varying the cathode to anode
distance?. Kommick did not measure the transverse po-
tential distribution close to the cathode where the small
first-glow region is situated.

In Fig. 3 (a) tube structure and circuit that was used
for studying the transverse potential distribution is
shown. The tube was a continuously pumped diode with
a ring-shaped mercury pool cathode C and a soft iron
anode A, toroidal in form but with wedge shaped cross-
section. The average circumference of the anode was 89
millimeters and the anode-to-cathode distance was about
1/2 millimeter. For studies of the potential distribution
of the arc, a tungsten wire W of 0.003 inch diameter was
supported between the cathode and the anode. The anode
was grounded and the cathode was connected through a
limiting variable resistor R to a 110 volt d-c power sup-
ply. The probe wire, W, was connected directly to an

oscilloscope. The tube was placed in the gap of an elec-
tromagnet with an annular structure giving a radial mag-
netic field as shown in Fig. 3.

[N
1 II“II|II

R oscC

volfs <

Fig. 3. Schematic drawing of tube and circuit for studying
potential distribution of the mercury pool arc.

When started, the arc races around continuously in
a circular path, the direction of motion being of course,
retrograde. As the arc passes by the probe the potential
between the probe and the anode is recorded. In Fig. 4
a typical oscillogram is shown. The light output from
the arc was monitored and was shown to coincide with
the sharp peak of Fig. 4. This, then, may be identified
with the glow region. It is seen that the potential distri-
bution recorded by the probe agrees qualitatively with
that predicted by the discharge model, shown in Fig. 1
(d). This method does not allow a quantitative evalua-
tion of the plasma potential since the actual plasma
electron temperatures in both plasmas are not known.
Furthermore, due to the fact the probe had a finite ex-
tension, different parts of the probe may have been
located in parts of the plasma at different potentials.
The probe may thus have greatly disturbed the actual be-
haviour of the arc.

PROBE
POTENTIAL

TIME

Fig. 4. Oscillogram of probe potential.



Discharge Mechanism of Mercury Pool Arcs

IV. Arc Energy Balance

In accordance with the discharge model proposed
above, the voltage drop V[, available for the discharge is,
referring to Fig. 1.,

Vp =V = Pa- (1)

Here, V , is the actual anode voltage as measured be-
tween the cathode and anode lead and qSA is the work
function of the anode. Neglecting the losses due to re-
combination and elastic impacts with neutral atoms, the
major losses of energy in the arc are:

(1) For generating excited atoms P__.

(2) For generating ions VL, where V, is the ion-
ization potential and [_ is the ion current flow-
ing to the cathode.

(3) Energy picked up by ions (Vg +¢.) I, where
d)c is the work function of the cathode.

(4) Energy carried into the anode by the energetic
kT
e

electrons? leaving the glow region 2 I, .

where I is the electron current flowing to the
anode and T_ is the electron temperature of
glow region.

Here the ion current flowing to the anode has been ne-
glected. Assuming that the major part of the electron cur-
rent flows through the glow plasma and that the energy
carried by the ions to the cathode (V; +Vpy) Ip is con-
sumed ‘in ' evaporating cathode material, one obtains,
equating energy input to energy sinks,

kT
e
Vpla= Pex* Vil + (Vg + 0 T+ 21, — )

Here, the anode current I, = I + I ,k is the Boltzman
constant, and e the electronic charge. As is shown in
Section VII-2, Ie/Ip 2 50. Thus equations (1) and (2) can
be written as:

kT

e

= (3)

P I
VA;qSA + X 4+ P (V; + Vg +p)+2
IA Ie

Equation (3) then gives the minimum possible anode
voltage for maintaining the arc. The most difficult term
to estimate in this equation is P_ /I . However, mea-
surements of the total radiation output using a ther-
mopile has shown that P_ /I lies between 0.1 and 0.5
volts. The term Ip/Ie (V;+Vg + @) is of the order of
0.5 volts. For ordinary cathode materials, ¢A lies be-
tween 4 and S volts. As mentioned in Section II, T, lies
between 10000 and 15000 degrees K, corresponding to a

Te

between 2 and 3 volts. Thus the minimum
anode voltage V, may be expected to lie between 6.6
and 9 volts. This is in good agreement with the value of
7.3 volts reported in the literature.?

k
value of 2

It is interesting to note that the voltage V|, avail-
able for the discharge is 2.6 to 4 volts. To attain such a
low arc drop one would have to use a low work function
anode material. Unfortunately, such anode materials are
not suitable in mercury pool tubes.

VY. Current Density Distribution

In order to assure sheath stability it is necessary
that the glow region and the dark plasma be joined by a
Langmuir double sheath which makes the electric field
at opposite edges of the sheath essentially zero. This
criterion for sheath stability, which determines the ratio
of plasma density of the glow region N, to that of the
dark plasma N,, can be expressed asl

3

i sz

vae1

_oh..

p2 e
= - . (4)

|

o
3

Here, j_ and j, are the ion and electron current densities
respectively, v__ is the average velocity of ions entering
the sheath from the glow region, and v_, is the average
velocity of electrons entering the sheath from the dark
plasma. The quantities m_ and m_ are the electron and
ion masses respectively. If sz 1s the ion temperature
of the glow region and T, is the electron temperature of

the dark plasma, equation (4) can be written as

N2 _vel J m, ) TeIJ m, J m,
N1 vPz m, m, TPZ mP’
or & ) Tel 5
Nl TPZ

The anode current density ja2 beyond the glow re-
gion (see Fig.1) is

_ (VB-VD)e

kT
=eN, v . e e2 , (6)
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Fig. 5. Schematicdrawingof tube and circuit for studying current distribution of mercury pool arc.

where v_, is the average velocity* of electrons entering
the anode sheath and Tez is the electron temperature of
the glow region. The anode current density jal beyond
the dark plasma (close to the glow region) is

jal = eNyv, . @)

From (5), (6), and (7)

(Vg-Vple

)a2 N2 ve2 Tel T132 kTez
% = —— —= e
Ja1 N Ver | Tp2[Ter

(Vg-Vple
Jaz | Tes kT,
— = T e (8)
)al pl

Assuming T, &~ 10000-15000°K, T, =300°K, and V
A V[, one obtains jaz/jal & 4-5. Thus, in this case,
the anode current density beyond the glow region may be
expected to be 4 to 5 times that beyond the dark plasma.

In order to study the arc current density distribution
a tube structure similar to one employed by Smith® was
used. Fig. 5 shows the tube and circuit. The tube was
a continuously pumped diode with a mercury pool cathode

*The average velocity of electrons entering the sheath is
T/4, where T is the average Maxwellian velocity.

C and a wedge-shaped soft iron anode A. The anode was
2 1/2 inches long and the cathode to anode distance was
about 1/2 millimeter. In the anode were cut two 0.002
inch wide slits, S. Behind the slits were placed elec-
trodes Pl and P,. An arc was started at one end of the
tube by a method in which a current carrying wire T, in
contact with the mercury pool, was suddenly pulled up by
means of the plunger P and coil W. The anode was
grounded and the cathode was connected to ground through
a current limiting resistor and a large capacitor C;. C
was charged up negatively by a power supply through a
large resistor R,,. The electrodes P, and P, were biased
slightly positive with respect to ground and the currents
to these electrodes were monitored by an oscilloscope
connected across the small resistor R, and R A trans-
verse magnetic field was applied by means of an electro-
magnet.

When started, the arc was immediately taken up by
the main anode A and raced, as a result of the transverse
magnetic field, inthe retrograde direction along the anode
to the opposite end of the tube. When the capacitor C,
was discharged the arc extinguished. After the capacitor
< had again charged up the process could be repeated.
The currents to P, and P, were observed and oscillo-
grams photographed as the arc raced by the slits, S.
Fig. 6 shows typical oscillograms for different magnetic
fields B. In Fig. 6 the anode current I, is shown on the
same time scale.

From Fig. 6 it is seen that as the arc approached
the slit, the current at first increased quite slowly, then
increased sharply to a 4 to 5 times higher value. Simi-
larly at the trailing edge of the arc, the current first drop-
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Fig. 6. Oscillograms of current to electrode P; for different values of magnetic field B (a-c). Oscillograms of
anode current |5 on same time scale (d).
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ped sharply and then decayed slowly. This behavioris
in agreement with that predicted by the discharge model.

By measuring the time displacement of the signals
to Pl and P2 the spot velocity was found to be 3.5
meters/sec at 2670 gauss. The actual length of the
glow region was 6.6 mm.

VI. Motion of Arc Cathode Spot

The motion of the arc cathode spotover the cathode
surface is intimitely connected with the stability criterion
for the space charge sheath connecting the two plasmas
as expressed by equation (4). Because of the high elec-
tron temperature and the anomalously high scatteringl:2
of electrons in the glow plasma this region is much less
subject to density disturbances than the dark plasma.
Thus, in these discussions, the glow plasma can, to a
first approximation, be considered as a stable entity as
far as size, electron temperature, and plasma density are
concerned.
easily subject to density disturbances.

The dark plasma on the contrary is quite
In general, the
glow plasma will adjust itself to such a position as to
make the ion-losses of the dark plasma equal on both
A natural stable position may
be one in which the glow plasma is symmetrically located
in the depression’ caused by the discharge itself on a
free mercury surface as shown in Fig. 7(a). Due to wave
motions set up on the mercury surface, the glow plasma
can be expected to ride along in the trough of a wave and
Also, a

sides of the glow plasma.

thus move erratically over the mercury surface.
non-symmetrical depression in the mercury surface may
give a net horizontal component of arc pressure on the
surface, making the velocity of motion current-dependent”’.
Another stable position for the glow region would be at
the wetting line of an electrode protruding out of the
mercury surface’,as shown in Fig. 7(b). This may be the
explanation for the anchoring of the cathode spot at such
a wetted electrode. Finally, a third stable position for
the glow region would be in a groove cut in a solid
cathode wetted with mercury. This has been found to be
the case8 in an experiment where a groove was cut in a
wetted metal stump protruding out of the mercury, the
groove being above the junction line between the metal

stump and the mercury.

Of particular interest are disturbances caused by
an external magnetic field perpendicular to the current
flow between the cathode and the anode. This kind of
disturbance leads to the well known phenomenon of
retrograde motion?»10 wherein the glow region of the arc
moves in a direction opposite to the electromagnetic

force on the moving charges. Assume that the density

distribution for the undisturbed arc is such as to satisfy
equation (4) along the boundary between the dark plasma
and the glow plasma. To a first approximation the effect
of an applied transverse magnetic field will be to bend
the electron flow through the cathode region in the di-
rection of the electromagnetic force. The density of the
dark plasma will then be increased on one side of the
glow region and decreased on the other side. This will
lead to violation of the criterion for sheath stability
(equation 4). Just as for the case of the ball of fire
mode of hot cathode dischargel, sheath stability can
again be restored if the glowregion moves through the gas

in the retrograde direction at a velocity given by

vg =36.4u~ GB I\—P;Z meters/second. 9)

(a)
i//H8 ///

(b)

Mg

Fig. 7. Diagrams showing stable posi-

tion of symmetrically adjusted glow region

(a) in the trough of depression in a free

mercury surface and (b) at the wetting

line of an electrode protruding from the
mercury surface.

Here ™ is the electron mobility of the dark plasma, B the
magnetic field in Gauss, and M the molecular weight of
the ions. G is a geometrical factor which can only be
determined from a complete solution of the flow condi-
tions in the dark plasma. Essential for this mechanism of
retrograde motion is that the electrons when traveling
from the cathode surface to the space charge sheath sur-
rounding the glow plasma exhibit a plasma like behavior.
That is to say, their motion is one of drift by virtue of
density gradients and weak electric fields.

The behavior described above is corroborated by
the oscillograms shown in Fig. 6. It is seen that the cur-
rent through the dark plasma is somewhat lower at the
leading edge than at the trailing edge of the glow region.
Further, this dissymmetry is seen to increase with mag-
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netic field.
seen in the oscillograms because the anode current

(This dissymmetry is somewhat larger than

actually decreases during the passage of the arc past
the slit, as seen in Fig. 6(d).) This behavior is identical
to that in the ball of fire mode of hot cathode dischatgesl.

Equation (9) is true only for relatively small dis-
turbances (low magnetic fields). At higher velocities a
saturation effect of the velocity is usually observed. 2,10
This may be due to the apparent change in the mobility
and diffusion constants caused by the magnetic field
and also due to the neglected change in the flow con-
ditions of the glow region. It appears that an expression

of the form

sz

M

MuTB

BB (10)
1+ (u7B)?

Vg = 36.4G

fits the data obtained by St. John and Winans? quite well
for a value of u= =1.25x 104 sz/voltseC. Since a com-
plete solution of the plasma flow equations has not been
obtained even for small disturbances it is not obvious
that such an expression should be valid. However, the
expectation valuell of the transverse displacement of the
electron flow through the dark plasma in the presence of
a weak electric field depends on the magnetic field in
exactly the same manner as does v according to equation
(10). For a valuel? of M7 =5.2 % 10° cm?/voltsec at a
pressure of 1 mm of mercury and a temperature of 273 de-
grees K, the above value of u™ =1.25 x 104 cm?/volt-
sec yields a value of the average pressure equal to 22
mm of mercury for an electron temperature of 1000 de-
grees K. As will be shown later in section VII, a value
of the same order of magnitude is obtained for the pres-
sure in the glow region.

A further discrepancy from equation(9) is usually
observed for the velocity of motion. At a specific vel-
ocity, which is about 10 meter/sec. for a glow region
10 about 1090

meter/sec for a glow region moving along a meniscus”,

moving over a free mercury surface™” and
a sudden fast rise in velocity occurs with increasing
magnetic field.
cut in a solid cathode wetted with mercury this effect is
This suggests the following explanation

For a glow region moving in a groove

not observed®,
for the sudden increase in velocity: at relatively low
speed the glow region will be located in the depression
in the mercury surface caused by the arc itself, as shown
in Fig. 7(a). Even for an anchored arc there will be a
depression in the level of the meniscus. This geometry
condition of the glow region in the depression corres-
ponds to a specific value of the geometrical factor G in
equations (9) and (10).  As the speed is increased a
critical speed is finally reached at which the inertia

effect of the mercury becomes so great that the depres-

sion of the mercury surface becomes increasingly less
deep.
factor G changes.

As the glow region raises out of the mercury the
It is reasonable to assume that it will
increase because the critical side boundaries of the glow
As G in-
creases a still larger velocity vy is called for according
to (9) and (10).
occur until the glow region moves completely above the

region move away from the mercury surface.
Thus a fast increase in velocity will
mercury surface, as shown in Fig. 1(a). From this point
on, the A3
expression such as (10), however with a larger value of
the geometrical factor G. This behaviour is in agreement

with experiment., It shows that this sudden velocity-in-
crease should not be observed for a glow region moving

versus B relation may again be given by an

in a groove cut in a solid cathode wetted by mercury and
also why in this case, because of the larger value of G,
the observed velocity® is larger even at low values of B.

VIl. Transient Behavior of The Mercury Pool Arc

It was found by Mierdell3, and verified by Engel-
brecht14, that the arc will extinguish if the anode current
is instantly brought down to zero from its running d-c
value, for times as short as 102 seconds. No measure-
ments were made of the actual anode voltage at which
extinguishing occurred nor was the discharge behavior
immediately after arc-extinguishing studied. In this sec-
tion will be described an experiment using pulse tech-
niques for further studies of these effects.

Pulse Measurements on the Mercury Pool Arc

The tube used in these tests was a continuously
pumped diode, having a mercury pool cathode and a
molybdenum anode,
about 1/2 inch. The arc spot was anchored at a wetted
molybdenum surface protruding from the mercury surface.

The cathode-to-anode spacing was

The circuit used is illustrated schematically in Fig.
The tube was connected in series with a current
and a small resistor R to the power
supply (110 volt d-c line voltage in parallel with a large
condensor), The anode voltage V_ and current I were
monitored by oscilloscopes. Also, the light output from
the tube was monitored by means of a 929 photo tube and
oscilloscope. The pulser was so devised that it instantly

8.
limiting resistor R

brought down the anode voltage and current from the run-
ning d-c arc values, Yas and I, to lower values, VaD’

and I p for the duration of the pulse.

Typical oscillograms are sketched in Fig. 9, where
anode voltage and current are plotted against time. By
measuring the value of anode voltage V |, and anode cur-
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Fig. 8. Schematic diagram of circuit for pulse measure-
ments on the mercury pool arc.

rent I during the application of the pulse, “dynamic”
volt-ampere characteristics can be plotted for different
Also by noticing the values for which the
arc extinguishes, the necessary ‘‘keep-alive’’ power can

pulse lengths,

be calculated.

The result of such measurements is shown in Fig.
10 together with the d-c characteristic of the arc, marked
DC. In the range 25 to 200 microseconds the arc im-
pedance varies greatly during the application of the pulse.
In this case neither the voltage nor the current pulse
were square and Vb and I [, were measured at the end
of the pulse. Oscillograms of the monitored light output
for the points close to arc extinguishing showed that for
pulse lengths of the order of a microsecond the plasma
Thus the discharge acts as if the
According to

decay is negligible.
plasma density were ‘‘over-saturated’’,
equation (G), this requires a larger retarding field for
electrons at the anode space charge sheath than d-c con-
ditions for the same anode current. It was found that
the current can be pulsed down to almost zero without

Va
Va,
Vag |F--------
| TIME
. |
Tag
T I—
TIME
Fig. 9. Typical pulse shapes showing

anode voltage (above) and anode current
(below).

Thus, only a very low keep-
alive power is required. However, when the current ap-
proaches the value zero, arc-extinguishing occurs. At
pulse lengths of the order of 10 microseconds significant
plasma decay and diffusion occurs, resulting in a rapid
change of arc impedance with time. Also, the keep-alive
power increases. At 200 microseconds the arc has re-
established itself to new equilibrium conditions es-
sentially equivalent to those of the d-c arc. Thus, there
appears to exist two criteria for keep-alive of the arc:
(1) the arc current must be larger than zero but may be
as low as 10 to 100 milliamperes: (2) the glow plasma
must not decay below a certain critical density.

extinguishing of the arc.
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Fig. 10. Dynamic volt-ampere characteristics with pulse

length as parameter.

Of particular interest, is the fact that for short cur-
rent interruptions the anode current approaches zero for
an anode voltage between 5 and 6 volts which is slightly
higher than the work function of the anode (4.3 volts).
This behavior is significantly different from that of a
thermionic arc. A similar experiment carried out on a
carbon arc in air indicated that the anode current ap-
proached zero only when the anode voltage approached
zero. This indicates that for the mercury pool arc elec-
trons emitted from the cathode came from the top of the
Fermi energy distribution in the cathode and thus well
below the top of the potential barrier at the surface.
This is in agreement with the discharge model proposed
in Section II.

Studies of Discharge Behavior After Arc Extinguishing

Since arc-extinguishing has been found to occur
upon current interruptions during times as short as 1072
seconds!3 it is probably safe to assume that the cathode
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surface has lost its high emission capability at times of
the order of a fraction of a microsecond after arc-extin-
quishing, The discharge behavior then should be equiv-
alent to that of a decaying plasma left between two non-
emitting electrodes. This situation is illustrated in Fig.
11 for a plane parallel structure of area A and a positive
anode voltage. The plasma potential will be slightly
higher by an amount V volts than the anode potential. To
the cathode flows the saturated ion current en v A, where
n, is the plasma density at the cathode edge, v_ the aver-
age velocity of ions leaving the plasma, and e is the
electronic charge. To the anode flows an ion current
en.v_A and electron current en v.e '_eV/kTeA,where n,
is the plasma density at the anode edge, v _ is the average
velocity of electrons leaving the plasma, and T is the
electron temperature, The anode current is thus

eV
TkT
& e
IA = Ae (nlvp) = Ae (nzvee

‘“2Vp) (11)

satisfying the charge neutrality requirement for the plasma

eV
- kT‘E
nyv, tn,v, = n,vee (12)
Thus
+
I, = Aenlvp (13)
n, n,
" vI &
; :
o
z <
< %)

Fig. 11. Diagram showing po-

tential distribution after arc-

extinguishing for positive anode
voltage.

Similarly for negative anode voltage, the anode current is

= Aen, v

|1 s

A | (14)
The ion current flowing to the cathode for the d-c
= Aen,v_, Thus, immediately after arc-ex-
tinguishing, before appreciable diffusion and plasma
decay has set in, the anode current for positive anode
voltage is equal to the ion current flowing to the cathode
If, for the d-c arc, the anode current is

arc is I

for the d-c arc.

I, and the electron current is I, one obtains from Equa-
tion (13), in case I, >> Ip,

I
A A
T+ (15)
A
For studies of the discharge behavior after arc ex-
tinguishing the circuit illustrated in Fig. 12 was used.

THYRATRON
RL
A —
™ POWER
SV TRIGGER SUPPLY
SIGNAL - o

INPUT

Fig. 12. Schematic diagram of circuit for studying discharge
behavior after arc extinguishing.

A d-c anchored arc was operated by means of the power
supply and current limiting resistor R, . The arc was
suddenly extinguished by switching, with a thyratron, a
negatively charged capacitor C across the tube. Depend-
ing on the voltage to which the capacitor C was charged,
the anode voltage after arc-extinguishing could be made
either positive or negative. For measurements of the
small discharge current flowing after arc-extinguishing, the
signal picked up across the small resistor R; was biased
off by means of the crystal diode and battery as shown in
the figure. In Fig. 13 is shown a d-c calibration curve
for this circuit,

In Fig. 14 are shown typical oscillograms of the
These may be
understood under the assumption that n, > n,. At first

anode current after arc-extinguishing.

there is a fast diffusion mode which establishes uniform
plasma density and causes the plasma density to de-
crease at the cathode edge and increase at the anode
edge. Thereafter, slower uniform plasma density decay
takes place. In accordance with equations (13) and (14)
the anode current for positive and negative anode voltage
will behave as shown in Fig. 14.

An analysis of the decay curve shown in Fig. 14(a)
shows that it exhibits exponential decays corresponding
to time constants of T, 1.8 microseconds and 7, = 100
microseconds. Assuming that the fast decay is due to a
first order diffusion mode, the characteristic diffusion
length, A = v7,D,, can be calculated. Here the ambi-
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Fig. 13. DC calibration of current measuring circuit. Os-
cilloscope deflection is 32 millimeters at a current of 2.5
amperes through R).

bolar diffusion constant D = Dp (1+ &), where Dp is

the diffusion constant for ions, and Te and TP are the
electron and ion temperature respectively at a pressure
of 1 mm of mercury and a temperature of 273 degrees K.
Forl2 p_ = 5 cmz/sec., Te = 10,000 degrees K, T_ =
700 degrees K, and taking for A the value of the thick-
ness of the glow region, 4 x 10" cm as measured by
Smith®, one obtains for the average pressure in this re-
gion a value of 12 mm of mercury. This is in reasonable
agreement with the value of 22 mm of mercury obtained
for the surrounding dark plasma (section VI).

From Fig. 14(a) it is seen that IA+ is 50 milliam-
peres for I, = 2.45 amperes. Thus according to equation
(14), Ie/I =50 for the d-c arc. The value of Ie/
found to ie of the order of 50 for anode currents in the
range 1 to 4 amperes., A similar value of Ie/I was also
found for non-anchored arcs. This high value of electron
to ion current for the arc indicates that the electron emis-
sion from the cathode can not be thermionic, since the
energy carried by the ions to the cathode is much too low
to maintain the energy balancel® at the cathode. If the
mercury pool arc were to operate as a thermionic arc,
IE/Ip would have to be less than about 5,

was

VIll. Discussion of the Emission Mechanism
of Mercury Pool Arcs

For the discharge model proposed in Section II the
following broad assumption was made concerning the

TIME

Ip = 2.45 amperes
(a)

IX: 25 milliamperes

TIME
Ip = 2.45 amperes

(b)

1A= 15 milliamperes
Fig. 14. Oscillograms showing anode current versus time
after arc-extinguishing for positive anode voltage (a) and neg-
ative anode voltage (b). Time scale is 3 psec./division.

electron emission mechanism from the cathode. Electrons
emitted from the cathode arrive with only thermal energies
at a point outside the cathode surface which has a poten-
tial essentially equal to that of the Fermi level of the
cathode*., This is equivalent to saying 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,
This feature of the emission mechanism is in agreement

*This behavior is significantly different from the case of
thermionic emission wherein the energy of the electrons
at a point with the same potential outside the cathode
would be larger by an amount equal to the work function
of the cathode.
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with the energy balance equation (section IV) and with
the fact that the anode current approaches zero for an
anode voltage slightly larger than the work function of
the anode (section VII),
that of field emissionl® (tunnel effect) where there is a
However, it
is complicated by the following circumstances: (1) The
large electric field at the cathode is not due to the ap-
plied field but is, instead, due to the space charge of the
positive ions in the vicinity of the cathode (except for
very short arcs!’ which are not considered here), (2) in

the mercury pool arc there exists, almost certainly, a
18

The behavior is analogous to

large applied electric field at the cathode.

vapor° or plasma at a very high density immediately ad-
jacent to the cathode surface. The broad assumption con--
cerning the emission mechanism made in section II also
includes the possibility of an effective lowering of the
cathode work function to a very low value, say less than

one volt.

Since the details of the emission mechanism are
not know at present the potential distribution within the
region termed *‘dark plasma’’ adjacent to the cathode sur-
face was not specified in section II. Based on experi-
mental evidence the properties of this reglon can be
summarized as follows: (1) Its thickness® is less than
1074 cm. (2) The potential within this region does not
exceed that of the cathode Fermilevel by more than about
a volt, (3) Due to the cathode evaporation a large vapor
pressure is likely to build up in this region18, (4) It ex-
hibits a plasma-like behavior at least as far as the elec-
tron conduction is concerned. This is necessary for the
proposed explanation for the retrograde motion. (5) This
region quickly (in times of the order of 1078 to 107 sec-
onds) loses its ability to support electron conduction
from the cathode if the arc current is momentarily cut to
13,14, (6) The light generated in this region contains
a continuous spectrum6 in addition to the mercury line
spectrum., (7) The small, intensely bright spots usually
observed in mercury pool arc discharges may be due to

zero

the light generated in this region!?.

The following mechanisms of emission may be in
compliance with these properties of the dark plasma.
(1) Field emission due to a large electric field caused by
the positive space charge adjacent to the cathode. Here
the positive ions accelerated in the space charge sheath
at the glow region are probably effectively slowed down
in front of the cathode surface due to the high vapor pres-
sure. The electric field at the cathode surface, then,
cannot be obtained from a calculation of the space charge
sheath at the glow region 20,21 (2) Metallic conduction
through a layer of very dense metalhc vaporl8, (3) Elec-
tron emission through a plasma of extremely high dens1ty

Present knowledge of the region adjacent to the

cathode surface is not sufficient todecide in favor of any
one of these possible mechanisms of emission. Of par-
ticular importance for future work is a knowledge of the
actual emission current density.

IX. Comparison Between the Mercury Pool Arc
and Thermionic Arcs

An illustrative comparison can be made between
different types of arcs on the basis of the arc energy bal-
ance relation. For simplicity it will be assumed that
Vg-— Vp =0 (see Fig. 1b) and that the ion current flowing
to the anode can be neglected. For the mercury pool arc
the minimum anode voltage or in other words the minimum
power consumption in watts per ampere is given by Equa-

tion (3), section IV.

For a thermionic arc, such as a carbon arc, the
voltage drop available for the discharge is Vj; =V, +
d)c - (;bA in accordance with Fig. 1(b). Thus the energy
balance equation can be written as:

(Va+P =P ) I, =P +Vin +Ip

kTe
(Vo+be=dp)+ 2, — (16)

Energy balance at the cathode 15 requires that

(Va +<]SC - d)A) I, +Vin - qbclp =¢cle +Pup 17)

where P, is power lost at the cathode by heat radiation
and heat conduction. Combining (16) and (17) one obtains

P I kT P
Vysgp,+—Fep 4 HL, (18)

IA IA e IA

For a carbon arc, PuL /I may be several watts per am-
perel’ and 1 /1a & 5/6. Also T, may be equal to or
higher than that of the mercury pool arc indicating that
the latter type of arc is more efficient than the carbon
arc,

For an externally heated hot cathode arc, I /Ie is
of the order of 1/100 and for this type of arc equation (16)
can be written as?

kT

e

Y £ . (19)

A=%-
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This equation reveals the interesting experimentally ob-
served effect?3 that the externally heated hot cathode
arc can be operated with a negative anode voltage pro-
vided ¢A is small (barium-covered nickel anode) and qbc

is large (tungsten cathode). Here, of course, the power

is delivered from the heater power supply. The heater
power is
PH=¢CIA+PHL. (20)
Thus (19) can be written as:
P kT P
VA +_H= ¢A + ex +2 € ¥ HL 5 (21)
I, I, e I,

giving the total power consumption in watts per ampere.
This expression is similar to (18), again indicating the
mercury pool arc to be more efficient because of less

power iust 1n heat radiation and heat conduction at the
cathode.

Thus, it may be said that from the point of view of
the over-all power consumption, the low boiling point
metal arc can operate more efficiently than any other
known arc type.
establish itself in the most energetically favorable mode

Since it is most likely that an arc will

of operation it must be assumed that wherever a thermionic
arc exists the formation of a non-thermionic arc is either
prohibited or conditions for its maintenance non-existing.
Such a necessary condition for the maintenance of a non-
thermionic type of arc might be the existence of a high
vapor pressure adjacent to the cathode surface. Engel
and Steenbeck !’ formulate this requirement in the follow-
ing way: whether a non-thermionic or thermionic arc es-
tablishes itself seems todepend on whether, when heating
the cathode, evaporation of cathode material or thermionic
emission sets in first,

Karl G. Hernqvist
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