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Results of investigation of high speed plasma streams in stationary vacuum arcs are pre-
sented. The mean energies of the ions of metals of the first group (Mg, Al, Ni, Cu, Ag) are
20—40 eV. The presence of significant quantities of doubly and triply charged ions of metals
of the second group in the plasma is established spectroscopically. The concept of a potential
hump in the cathode spot region is introduced to explain the origin of the high speed plasma

streams.
1. INTRODUCTION

HIGH speed plasma streams that emerge from
the cathode region of vacuum arcs have been inves-
tigated since 1930, when Tanbergl!] observed this
unusual physical phenomenon. For arcs with copper
cathodes, the average particle energies measured
by Tanberg reached 80 eV, corresponding to a tem-
perature of 5 x 10° deg K in the cathode region.
However, his pyrometric and spectroscopic esti-
mates [2] have shown that the temperature does

not exceed 3 x 10® deg K. High speed plasma
streams were observed also in arcs from Hg[3’4],
Al, Fe, Mg, Zn, Au, Ag, Cd, Mo, and Sn[5]. It was
established in these investigations that the plasma
streams exert anomalously large reaction forces
on the cathodes. Robertsont®] found that the forces
increase from 2.5 to 15 dyne/A as the pressure of
the gas (N,) decreases from 6 to 0.3 mm Hg re-
spectively.

Compton ("] proposed that the reaction forces
are due to recombination and reflection of a frac-
tion of the ions accelerated by the cathode poten-
tial drop from the cathode surface. However, such
a mechanism cannot explain the dependence of the
forces on the gas pressure. Tonks has shown[?]
that the pressure of the electron gas in the cathode
spots can result in reaction forces close to those
observed in experiment. He did not consider, how-
ever, the forces that keep the extremely light elec-
tron cloud at the surface of the cathode, or the
causes of the high velocity plasma streams. Other
attempts at explaining the experimental facts are
quite far-fetched and cannot withstand a careful
scrutiny.

After 1938 the focus of the vacuum-arc physics
research shifted to the study of the spot-to-spot
motion (%101 stability, (611121 determination of
the current density at the cathode spots [13-151 anqg

others. Several models were proposed for the
near -cathode region, and appreciable progress was
made towards explaining the mechanism of elec-
tron emission in the cathode spots L1161, However,
the singularities of vacuum arcs and in particular
the causes of high velocity plasma streams could
not be explained from a single point of view.

The authors of the present article have proposed
previously [17] 2 mechanism for ambipolar acceler-
ation of ions by electrons. This mechanism made
it possible to explain also the appearance of high
velocity plasma streams in stationary vacuum
arcs. However, since the available experimental
data were insufficient and contradictory, the need
for additional experiments arose. We present be-
low the results of more accurate investigations of
high-velocity plasma streams and propose a
cathode-region model that explains many of the
experimental facts.

2. EXPERIMENTAL SETUP

The experiments were made with the setup
drawn to scale in Fig. 1. The steel working cham-
ber 1 had a volume of 50 liters. A cooled holder
with cathode 3 was inserted through a side flange
and insulator 2. The anode 4 was secured to an
uncooled electrode holder. Tungsten rod 5 was
used to ignite the arc by contact. The pendulum 6,
the analyzer probe 7, and the mass-spectroscopic
analyzer 8 were located behind the anode (the
cathode and anode could be moved along the cham-
ber axis). The working chamber had two viewing
windows for observation of the arc and of the de-
flection of the pendulum. The high-vacuum system
comprised a diffusion pump with a capacity of 1,000
liters per second. The arc was fed from a dc ma-
chine (350A, 150V). The arc current was regu-
lated with an electrolytic rheostat. The working
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FIG. 1. Diagram of experimental setup.
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chamber was not grounded and was under a float-
ing potential relative to the arc plasma.

3. EXPERIMENTS ON THE STABILIZATION OF
VACUUM ARCS

The very first experiments on the ignition of
vacuum arcs with currents up to 50 A have shown
that at pressures above 10°1—5 x 1072 mm Hg the
arc burns stably and is sufficiently steady when
different metals are used. At lower pressures
(to 1073—107% mm Hg) the arc becomes unstable
and is extinguished within a fraction of a second.
Under these conditions the arc is also unsteady
(the cathode spots move off the working surface
of the cathode 9, see Fig. 1). Searches for stable
and steady arc combustion modes over a time nec-
essary for the performance of the experiments
(2—10 seconds ) were made by varying the shape
and material of the cathode, the shape of the anode
and its placement relative to the cathode, the loca-
tion of the electrode holders and their material,
by screening the junctions between the holders and
the insulator, etc.

Stable and steady arc combustion became feas-
ible at currents up to 50 amperes with cathodes
made of zinc, cadmium, magnesium, bismuth, and
lead, which are characterized by a low boiling
temperature (770—1750°K). Arcs from copper,
nickel, silver, aluminum, and beryllium, metals
with a high boiling temperature (2200—3000°K),
are unsteady under such conditions. A steady arc
can be produced by alloying copper with zinc (the
content of the latter being from 5 to 20%), and also
by using brass (LS-59). It can be assumed that
stable and steady vacuum arcs can be produced
also with other alloys of metals from groups I and
II.

Stabilization of the arc by increasing the current
to 250 A was observed for all metals with the ex-
ception of Be, Ta, W, and Mo. Thus, for Ag, Ni,
and Cu the arc burns stably and steadily even at
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currents of 100—120A.

To prevent the cathode spots from moving off
the working surface 9, grooves were cut on the
side surface of the cathode, or else composite
cathodes were used. The investigated metal was
pressed into the cavity of a bulky steel frame or
was placed in a tantalum cylinder. The shape of
the anode exerts no noticeable influence on the
combustion of the arc if the anode is placed 5—15
mm in front of the working surface of the cathode.
(Coaxial placement of an annular anode in the
plane of the working surface of the cathode makes
the arc unstable.)

The optimal geometry and relative placement of
the electrodes were found (Fig. 1) after numerous
experiments on the stabilization of vacuum arcs.
The cathode holder electrode was made of stain-
less steel. To prevent an arc from being formed
on the junction with the insulator 2, the latter was
screened by a metallic disc 10. The toroidal (ring)
anode was made of tantalum wire and had symmet-
rical current leads. The anode was not forced-
cooled and its energy was dissipated essentially by
radiation. The use of an anode having a diameter
somewhat larger than the cathode made it possible
to eliminate almost completely the distortion due
to the shadow cone of the anode and to secondary
evaporation of the metal from its surface.

4. GENERAL CHARACTER OF EVAPORATION OF
THE CATHODE MATERIAL AND ANGULAR
DISTRIBUTION

The experiments on vacuum arc stabilization
showed that during the arc combustion the cathode
material is consumed both in the form of a plasma
stream and in the form of individual macroparti-
cles. The spatial distributions of the plasma
streams and of the macroparticles are essentially
different. The maximum plasma densities are ob-
served along the axis of the system, and the maxi-
mum flux of macroparticles is in the plane of the
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working surface of the cathode and is confined to
small angles. The relative amount of macropar-
ticles depends to a considerable degree on the
cathode material, on the combustion time, and on
the arc current. In particular, when working with
cathodes made of brass (LS-59) and magnesium,
there are practically no macroparticles at cur-
rents up to 100 A and at combustion times not ex-
ceeding 5 seconds. Under the same conditions,
when working with cathodes made of aluminum,
silver, and copper, the number of macroparticles
reaches 60—80% of the total amount of matter. The
angular distribution of the macroparticles was not
investigated in detail, although it can be stated that
practically no macroparticles enter the solid angle
60—70° (on the axis of the system ), if the arc is
ignited from the working surface of the cathode.

The plasma streams flowing at considerable
distances from the cathode are linear and follow
the radii of a hemisphere. The velocity of direc-
tional motion is somewhat higher than thermal
velocity, this being confirmed by the existence of
sharp shadows on any obstacle placed in the path
of the plasma stream. To investigate the angular
distribution of the plasma streams, experiments
were made, in which a set of 9 plates was arranged
in a circle behind the anode, 8 cm from the center
of the working surface of the cathode. The charac-
ter of the angular distribution of the masses was
determined by weighing the plates. To eliminate
errors due to the macroparticles, the experiments
were made with a brass cathode, at an arc current
of 100 A and a duration of 5 seconds for each ex-
posure. The plasma stream angular distribution
obtained in this manner is in good agreement with
the cosine law.

In control experiments the amount of sputtered
material (plasma) was determined both by weigh-
ing the cathode and by integrating the current den-
sity with allowance for the cosine law. In this case
the discrepancy did not amount to 15—20%, proba-
bly because of the reflection of the particles from
the condensation plates. Special experiments have
shown that the coefficient of accommodation actu-
ally reaches 85—80% under these conditions. This
integration method was therefore used in all further
experiments to determine the amount of evaporated
substance.

5. MEASUREMENT OF THE AVERAGE VELOCITY
OF PLASMA STREAMS BY THE PENDULUM
METHOD

The pendulum measurement method was used
in many investigations [1,5,6,18] gjther to determine
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the velocity of the plasma streams or to estimate
the reaction forces on the cathode. However, owing
to the difficulty in maintaining a stable and steady
arc combustion in vacuum, these measurements
cannot be regarded as sufficiently reliable. For
example, Tanbergtl] used a cathode with a quartz
mount to facilitate the combustion of the arc at
the junction between the copper and the quartz, so
that the measured velocities turn out to be appre-
ciably overestimated (owing to the evaporation of
the quartz).

Easton, Lucas, and Creedy Ls] investigated es-
sentially pulsed arcs, but did not account for the
influence of the transients. The measurements of
Robertson[®] were made at gas pressures not
lower than 10! mm Hg. It has therefore become
necessary to carry out experiments under cleaner

conditions.
In most measurements of the average plasma

stream velocity in stationary vacuum arcs, we used
a pendulum 9 cm in diameter and 4 cm deep, lo-
cated 10 cm away from the cathode. Such an ex-
perimental geometry has made it possible to com -
pare our results with those obtained previously[1’5].
The average value of the normal velocity compo-
nent was determined from the deflecting force and
the increase in pendulum mass per unit time. The
true velocity was determined by introducing cor-
rections for the angular distribution of the mass
and for the accommodation coefficient. However,
since these corrections were approximately of the
same order of magnitude and of opposite signs, the
measured values of the velocities turned out to be
quite close to the true values.

It must be noted that pendulum measurements
were made with short-duration arcs (3—5 seconds)
and the cathode temperature did not have a chance
to assume a stationary value, so that the deflection
of the pendulum increased during the course of the
experiment by 20—25%, owing to the increased
evaporation of matter from the cathode.

The angular distribution of the velocities was
obtained with the aid of a cylindrical pendulum of
small diameter (3 cm). The measurements were
made with a brass cathode. The pendulum was
mounted at angles zero, 22.5, 45, and 60° to the
system axis. These experiments showed that the
plasma velocities (within the limits of a +10% ex-
perimental accuracy ) do not depend on the direc-
tion of motion and on the average amount to 8.5
x 10° cm/sec for brass.

The measured plasma velocities for different
metals, and other characteristics of vacuum arcs,
are listed in Table I.

It follows from Table I that the average veloci-
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Table I
° ?: M > é“a._. o g =8 APendulum measurlements Probe meas:reménts
- o - SgEYln® g™ verage vera
EE £« 2 s 1°8% Sl g g §9| plasma Average Average Average energ%e
s 3 pw (85 Exw B ui| velocity, plasma |energy | jon en- | with al-
SE| g | B BERSGE a7 r0r | enerey, | eiven |orgy "oy fowance
< @ 8% T8 | cm/sec e eV for charge
7 multipli-
city, eV
1 S 2 s |« | s 6 | 7 s | 9 | 1w
50 13.4 4.0 [15.240,3|224-2
Mg 100 14.2 18,.6+0.4|127+3
170 | 15.0 | 3.6 | 4.2(2.5)| 8,8(15) |9.5(27.0)
Al 100 20.0 9.4 |26.3+0.5137+4
300 20,8 12 6(2.3) | 6,5(17) |5,8(40,8)
Ni 100 | 18.0 25.340.5|34+4
1 300 19.6 10 5(3.9) | 7(9) 15(24.5) 21.6+0,4[29+3
20 69.5
Cu 100 19.2 25.0+0.5
300 20.0 13 6.5(5.2) | 7.8(9.7)|20,0(31.0) 23.5+0.5
100 16.5 25.2+0,5
Ag 166
e 22.0
300 ) 17.8 |y 7.2 8.4 | 39.0
20 11.0 9.04+0.2
7 57 40.0
Boto100 | 12,0 8.2+40.2
300 | 12,5 | 32 | 16(13) | 2.3(2.9)] 2.2(3.4)
43 0,6
od 50 10.5 5.64+0.1]5.74-0.15
“ 100 | 10.8 5,040.1[5.0+0.15
170 1.1 62 3 1.8 1.9 ‘
Pb 20 10.3 9.54+0.2
LS-59 100 14.0 5.9 4.4(3.5) | 8,5(11) |24.0(36.0) 20,04+0.4
M 085 | 145 | 8.4 | 7.8(6.3)| 6,1(7.6) [12.0(19.0)

ties of the plasma streams do not exceed 9 x 10°
em/sec (without correction for oxidation). For
metals with low boiling temperatures and poor
thermal conductivities (Zn, Cd, Pb, Bi) the aver-
age velocities turned out to be quite low, and the
consumption of material high. It must be noted
that for these metals pendulum measurements
are not sufficiently reliable. We made no meas-
urements with mercury, but it can be stated that
the velocities measured by Kobel L3] [(1.6—4)

x 10% cm/sec] are highly exaggerated. From a
comparison of columns 7 and 8 of Table I it fol-
lows that the plasma velocities differ greatly for
stationary and pulsed vacuum arcs.

It must be emphasized that a thin layer of the
metal condensed on the pendulum is oxidized after
air is admitted into the chamber. The degree of
oxidation of the layer is difficult to establish, and
this introduces a noticeable uncertainty in the pen-
dulum method. The corrections (numbers in the
parentheses) in Table I are based on the assump-
tion that the oxidation of the layer is complete.

The pendulum measurements have confirmed
quite clearly the existence of high velocity plasma
streams in stationary vacuum arcs from different
metals, However, the accuracy of the pendulum
measurements is low., Furthermore, such char-

acteristics of plasma streams as the energy dis-
tribution of the particles, the degree of ionization,
the electron temperature, etc, remain unexplained,
To determine these characteristics, we used an
electrostatic probe analyzer.

6. EXPERIMENTS WITH ELECTROSTATIC
PROBE ANALYZER

The electrostatic probe analyzer (see Fig. 2)
is intended for separation of the ionic component
of the plasma with subsequent analysis based on
the energy per unit charge, using the retarding
potential method. The probe has 5 plane-parallel
electrodes contained in a cylindrical insulator I.
Each of the plates II and III had in its center 5 holes
of diameter 0.5 and 1 mm, respectively. Electrodes
IV and V were in the form of grids (mesh 1x1 mm,
transmission coefficient 40%). Plate VI served as
an ion collector. The probe was mounted on a cop-
per panel 7. The entrance diaphragm of the probe
(plate II) was in constant electric contact with the
grid V and with the housing of the chamber, while
electrode III was connected to grid IV.

To separate the ionic component, a potential of
— 100V is applied to electrode III. The ions accel-
erated in the gap II—III passed through the equipo-
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FIG. 2. Section through electrostatic probe-analyzer.
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tential space III—IV and were slowed down to their
initial velocities between grids IV—V, proceeding
to collector VI. The retarding potential on the col-
lector was varied (in steps of 1.5V) from —20 to
+100 V; the dc component of the ion current was
registered with a type M-193 meter. The probe
was placed in the chamber behind the anode and

20 cm from the arc (see Fig. 1).

Most experiments were made at an arc current
of 100A. The arc was ignited at equal time inter-
vals (0.5 or 1 minute) and burned for 1.5—2 sec-
onds. This was necessary in order to maintain the
cathode temperature constant from measurement
to measurement. The ion current to the collector
reached a maximum directly after the turning on
of the arc, but then decreased gradually. The read-
ings were taken at maximum current. The decrease
of the collector current is apparently connected
with the deterioration of the vacuum within the
volume of the probe.

dI/dV, arb. un.
0~
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Each point of the probe voltage-current charac-
teristic was an average of 5—10 measurements.
The need for using statistics is connected with the
variation of the character of arc combustion from
ignition to ignition. When plotting each current-
voltage characteristic, several control measure-
ments were made with zero retarding potential.
The energy spectrum of the ions per unit charge
was determined by numerical differentiation of the
probe characteristics.

The ion energy distribution curves for different
metals are shown in Fig. 3. The average energies
(per unit charge ) for metals of the first group (Zn,
Cd, Pb) amounts to 5—10 eV, while those of the
second group (Al, Cu, Mg, Ni, Ag) amounts to
18—25 eV (Table I). Each point of the curves of
Fig. 3 was the result of 50—70 measurements. The
accuracy reached in this case +1.5%. (When work-
ing with Mg, production of a MgO film can intro-
duce appreciable errors in repeated measurements
after the air is admitted into the vacuum system).

The average ion velocities are close to those
obtained with pendulum measurements (Table I,
Column 7, numbers in parentheses ).

The energy spectrum of the ions is quite broad
for the second group of metals (0—70 eV), and
much narrower for the first group (0—25 eV). The
general character of the energy distribution differs
appreciably from Maxwellian. The distribution
curve shows several intense ion groups. When the
arc current is increased to 300 A, the distribution
becomes closer to Maxwellian, the average and
maximum energies of the ions become somewhat
smaller, and the distribution curve is smoothed
out.

Inasmuch as the increase in current also sta-
bilizes the arc, it can be assumed that the energy
distribution of the ions is connected with the insta-
bilities of the arc. External instabilities should

FIG. 3. Distribution of ions by energies
(per unit charge) for different metals (num-
ber in parentheses — arc current).

LS-59/1008)
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FIG. 4. Oscillograms of arc-voltage pulsations: a — arc
current 100 A, b — 300 A.

be manifest in pulsations of the arc voltage and
current. Random pulsations of voltage, with dura-
tions (3—8) x 1077 sec and with amplitudes up to
1-1.5 eV, were registered at arc currents 25—
100 A with all metals. An increase in the arc cur-
rent to 300 A greatly reduced the amplitude of the
voltage pulsations (see Fig. 4). The instabilities
of the arc may be responsible for the appearance
of individual groups of ions. In particular, the
more energetic ions may appear when the arc volt-
age is higher. However, the small relative magni-
tude of the voltage pulsations (not more than +10%)
can hardly explain the large energy scatter of the
ions.

It must be noted that the character of the energy
spectrum can depend to a considerable degree on
the presence of multiply charged ions. In particu-
lar, ions which have lost (as a result of charge ex-
change ) part of the charge after acceleration will
be registered at larger retarding potentials. The
average energies will obviously also depend on the
relative content of ions with different charge multi-
plicities. The results of probe measurements may
turn out to be insufficiently reliable in such a case.

A mass spectroscopic analysis of the plasma
composition was made to refine the results of the
probe measurements.

7. MASS SPECTROSCOPIC ANALYSIS OF THE
PLASMA OF VACUUM ARCS

To analyze the ion composition of the plasma of
vacuum arcs, a Thomson mass spectroscope was
used (the method of parabolas; part 8 of Fig. 1).
The analyzer was at a high potential (—10 kV)
relative to the arc chamber. The plasma pene-
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trated into the ion-gathering region through a mil-
limeter hole 11 (the arc cathode was located 15 cm
from the hole 11). The collected ion current was
200—300 pA at an arc current of 100 A. No special
means were used to focus the ion beam. The beam
was collimated by two 1-mm holes 12. The ion
spectrum could be observed on the screen 13 and
photographed.

A typical mass spectrogram obtained with a
copper cathode is shown in Fig. 5. The main spec-
trum (ions which do not change charge in the ana-
lyzer volume) contains Cu'?!, Cu*?, Cu*3, and Cu**
(the ions Al*! and Al*? are impurities). Located
below are the charge-exchanged ions: Cu*® — Cu*?
Cu*? — cu*!, cu*®— cu*!, cu**— cu*!, and
Al*? — Al*l, The charge-exchanged ions lie on
a line passing through the zero spot and the given
point of the main spectrum (stripping processes
are insignificant under these conditions). The
ions that have lost a charge between the poles of
the magnet form strips of weak intensity. The
causes of the star-like structure of the spectral
points are as yet unclear.

Analogous spectra was obtained also for other
metals, for which probe measurements were made.
The ions registered in this case are listed in
Table II. Slight amounts of H*!, Hj?!, Hj!, and C*!
are present in all the mass spectrograms. It is
interesting to note that the spectrum of stationary
vacuum arcs approaches the spectrum of induc-
tively -coupled sparks [19],

Quantitative measurements of the ion composi-
tion of the plasma were made with the aid of a sys-
tem of collectors lying in the plane of the photo-
graphic plate in accordance with the position of the
points of the main spectrum. One of the collectors
registered the current of the charge-exchanged
ions. The beams were aimed on the collectors by
the deflecting fields of the analyzer. The data were

t ; 'tu+1,v ’ [;u AL 3
| IR I
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FIG. 5. Mass spectrogram for copper.
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_Table II
Degree of Ion content*, %
Cathode | ioniza- Ions registered on mass .
metal tio;.én;:er- spectrograms =11 i=t2 ‘ i—t3
Mg 80—100 | Mg™1, Mg*2, Mg*? - Mgt 5045 50+5 0
Al 50—60 | Altl, Alt2) Al+3) Al+3 - Al+2) 60,0+4,5/38+4 240,5
Al+2 > AlHL, AlFS 5 AlfL M
Ni 60—70 | Nitl, Nit2, Nit3, Nit3 — Nit?, 6,5+4,5 |33+4 2,0+0,5
Ni+3 — Ni*l, Ni*? - Nij*!
Cu Cu*l, Cut?, Cu?3, Cutt, Cut*t— Cu*s,
Cu*® — Cu*?, Cu*® —» Cu*l, Cu*® — Cu+?
Ag 50—60 | Agtl, Ag+2, Ag*3, Agtd Ag+?,
Agti>Agtt, Agt? > Agtl
Zn 15—20 |Zn*1, Zn*2, Zn*? - Zn*t
Cd 12—15 | Cd*l, Cdt2, Cd+2 — Cd*t, 99.74-0,050.34+0.05| 0
Pb 18—25 |Pb*!, Pb+2 Pb+*2 — Pb*l
L.S-59 | 60—70 | (Cu/Zn)*L, (Cu/Zn)*2, (Cu/Zn)*3,
(Cu/Zn)*3 — (Cu/Zn)*?,
(Cu/Zn)*? — (Cu/Zn)*!,
(Cu/Zn)*3 — (Cu/Zn)*1

*Ion content calculated by the formula I; =

multiplicity i.

checked against those for the singly-charged ions.
The retarding potential (—80V) suppressed the
secondary electron emission.

The measured percentage contents of some
metals (determined from the number of particles)
are listed in Table II. The charge-exchanged ions
were included in the estimated percentage content
of doubly charged ions. The mass spectroscopic
analysis has shown that in a plasma of metals of
the first group the singly-charged ions predomi-
nate completely. In the second group of metals,
the doubly charged ions amount up to 50%, while in
triply charged ones—up to 2%. The absence of
triply changed ions in the spectrum of Mg is due
to the high third ionization potential (79.4 V).

The relative content of neutral particles (degree
of plasma ionization) was determined from the den-
sities of plasma and ion flow to the metallic plate.
The degree of ionization of the plasma reached 25%
for metals of the first group and 50—100% for met-
als of the second group (see Table II). The errors
connected with oxidation were not appreciable in
these experiments, since the thickness of the sput-
tering layer was much larger than in pendulum
measurements.

It must be noted that the content of multiply
charged ions decreases greatly with increasing
arc current. A change in the arc-chamber pres-
sure from 5 x 107 to 1 x 1073 mm Hg exerted no
appreciable influence on the percentage content of
the ions.

The mass spectroscopic measurements have

3 . .
3 Il, where I' — number of ions with charge
i=1

shown that in probe measurements of the energy
spectrum of ions it is necessary to introduce cor-
rections connected with the presence of doubly and
triply charged ions. The more accurate values of
the average energies are given in Table I.

8. DISCUSSION OF RESULTS

Investigations of high velocity plasma streams
in stationary vacuum arcs have made it possible to
determine with sufficient accuracy such important
plasma characteristics as the average velocity of
motion, the energy spectrum, and the composition.
It turned out that the previously reported anoma-
lous high estimates of ion energies (3 x 102—2 x 10°
eV)[3] were in error. The average energies meas-
ured (under identical conditions) by the probe-ana-
lyzer method for metals of the first and second
group are equal respectively to 5—10 and 20—40 eV,
and are close to the voltage drop in the arc (cathode
drop). On the other hand, the presence of noticeable
amounts of triply charged ions (with ionization po-
tentials 30—40 eV) in the plasma of vacuum arcs
is possible if the electron temperature in the ioni-
zation region (cathode spots) is comparable with
the cathode potential drop. All this allows us to
assume that the pressure of the electron gas plays
a noticeable role in the acceleration of the ions[173,

It is known that electron gas can perform work
and accelerate the ions if V (nekTe) = 0. If we
assume the expansion of the cathode-spot dense
plasma in vacuum to be isothermal (owing to the
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high thermal conductivity of the plasma in the cath-
ode spot ), then the acceleration of the ions should
be the result of a large gradient of electron con-
centration Vne. The field intensity in the case of
such (ambipolar) acceleration is given by the ex-
pression

E = (kT./e)V (n [ ne), 1)

and the potential difference at points with electron
concentrations n} and ng is of the form

@)

where wg —average energy of the electrons in the
cathode-spot region, and ng —largest electron con-
centration. If we assume that we ~ 5—8 eV and
log (nd /ng) = 3, then Uy—U ~ 20—40 V.

Inasmuch as the electron concentration de-
creases in both directions away from the maximum,
towards the cathode and from the cathode, a poten-
tial ““hump’’ of considerable size should exist in the
region of the cathode-spot plasma (U;-U = 20—
40V; Fig. 6). (An increase of the potential near
the cathode was observed for mercury arcs by
Lamar and Compton(20]), The high-velocity plasma
streams (ions) may be due to the ion acceleration
in the region of the potential hump on the anode
side. The ions have scattered energy values be-
cause they are produced in different sections of
the potential hump. The notion of the potential
hump explains also a few other peculiarities of
vacuum arcs.

Let us estimate the electron temperature and
the average plasma concentration in the region of
the cathode spots. We define as the cathode-spot
region that part of the arc plasma in which the
vapor of the cathode metal is ionized and doubly
and triply-charged ions are generated. The length
of this region, dy (Fig. 6), will be defined approx-
imately by the relation

Uy— U = 15 ew, 1Og(neo / ne),

@)

where vj —average velocity of motion of the ions
or of the neutral particle in the ionization region,
t —ionization time, o —average ionization cross

dr = vit = v; [ onlu,,

v
 Umaz

=

Cathode
K

FIG. 6. Assumed potential distribution in the cathode-
spot plasma.
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section, nd and ve —electron concentration and
velocity averaged over the ionization region. With-
out commiting a large error, we can put o = 10717
—10"%® cm?, nd = 10% cm ™3, vj = 5 x 10° cm/sec,
and ve = 10% cm/sec; we then get dg = 5 x 10™4—
5x 107 cm. For mercury arcs, the ionization re-
gion apparently coincides with the region of the
bright glow, and amounts to 4 x 1073 cm 211, we
shall henceforth put dg = 3 x 107 cm.

The electron temperature of the cathode-spot
plasma can be obtained by starting from the ex-
perimental data on the population of the plasma
with ions of different charge multiplicity (see
Table II). Equilibrium concentrations of ions of
charge multiplicity i —1 and i are connected by
the following recurrence relation:

@)

where N*! and N*%" 1 _ayverage concentration of
the ions with charge multiplicities i and i-1, re-
spectively; o(j-1y~j and 0j-(j.+1y —average cross
sections for the production of ions of multiplicities
i-1 and i, respectively; 7;{ —the time spent by
the ion of multiplicity i in the region of the cathode
spot. Expressing ng in terms of the average val-
ues of the pressure pe (dyne/cm?) and the elec-
tron energy we (eV), we obtain

N+t = 61—ty iV DR, [ [0inryneve + 1/ ],

(5)

Substituting (5) in (4) and putting ve = 6 x 107 w2,
we get

nlt = 710" p. [ we.

N+i

N+(‘i—1)

We further express o in terms of w,, usin
p e g

the empirical formula for the ionization cross
section [22]

Si1)>i

 Siquy T 24107 T p,

(6)

)

where ej —ionization energy and € —electron en-
ergy. Assuming a Maxwellian energy distribution
for the electrons, we obtain for the average ioni-
zation cross section

Bi-1y»i = a(e — &) exp[—b(e — &) ],

O(i-1)>i = S Bi-1)»i (8) 7 (8) a’a/ S Je () de

5‘ )
_aexp (— &fwe) [ _ 2
=0 F Vwyrws L% @ +0) ] :
From (7) we determine a and b:

a:ﬂ__’ ]):__1—9

gmex __ g, gmex . g,

(8)

9)

where ¢MaX __electron energy at which the cross
section has a maximum. Let us express (9) as a
function of €j. It follows from Thomson’s for-
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mulat?] that 6™aX = 4 x 107%/e?[cm?]. On the
other hand, it has been experimentally established
that €™M&X = 3,5¢;. By substituting these values in
(9) we get

a=4-10"1/¢g?, =1/25 e, (10)

Substituting (10) in (8) we obtain for the ioniza-
tion cross section the convenient expression
4.1071% exp (— &i/w, 2

s (1 we/(2,58i§2 : [si/we+o.4 + 1] - (L)
Here €¢j and we are in electron volts.

From (11) and (6), using the experimental val-
ues of N*Z/N*! and N*3/N*2 (Table II), we can
find we and the product Tipg. By specifying the
time that the ion stays in the ionization region in
the form 7 = dg/dj, we obtain pe and then the
electron concentration nd from relation (5). The
results of such calculations for aluminum, nickel,
and cadmium are listed in Table III.

For more accurate calculations it is necessary
to take into account the ionization through excited
states (for nickel and cadmium ). For metals of
the second group the most probable value is wg
=6—10eV and nd ~ 10!® cm™3, For metals of the
first group, assuming Tipe = 5 X 1072, we get from
(6) and (11) we = 3—4 eV and n) = 1088 cm™, The
values of e (U;-U), determined from relation (2)
with ng = 104 em 3, are exaggerated compared
with the ion energy (Table I), since relation (2)
is not sufficiently accurate. Actually, when the
plasma expands appreciably the electron tempera-
ture decreases, and the process should be de-
scribed by a polytrope.

The calculated values of the concentration,
~ 1018 cm"3, are close to the estimates derived
from experiments dealing with the effect of the
pressure of an external gas on the force of reac-
tion on the cathode 8, For copper at a gas pres-
sure 6—10 mm Hg (N;), the anomalous reaction
forces disappear, i.e., the conditions in the plasma
of the cathode spots change abruptly. This should
obviously be observed whenever the external gas
concentration ~3—6 x 1017 em™3 (after dissocia-
tion) becomes commensurate with the concentra-
tion in the cathode-spot plasma. The vanishing of
the anomalous reaction forces can be attributed to

Oii-1)»>i =

Table III
Metal| We- €V 10075 Pe5 | 10°7;,sec| 107"Pes 10-"ng, U—U,V
g/sec-cm g/sec?cm|  om-3 o
Ni 27 0.9 3.5 2.6 0,7 130
Ni (10)* (4.6) (3.5) (13) 9 (48)
Al 6.5 5.2 2 26 34 31
Cd 3.4 5 10 5 10 17

*Proposed value.

the sharp decrease in we and the lowering of the
potential hump.

It is interesting to note that in the same pres-
sure range (from 10 mm Hg and above ), the back-
ward motion of the cathode spot changes into a
forward motiont%J, It is natural to assume that
the backward motion is also connected with the
existence of the potential hump. The magnetic
field in the region of the cathode spots is some-
what weaker in the forward spot direction. There-
fore the plasma has a tendency to flow out in
larger quantities in this direction, and this pro-
duces a reaction on the region of the cathode spot,
causing the latter to move backwards. Thus, the
notion of the potential hump makes it possible to
explain the high speed plasma streams and the
backward motion from a unified point of view. It
also becomes possible to explain the transport of
energy to the cathode. The average Kkinetic energy
of the ions accelerated in the region of the poten-
tial hump and the cathode drop reaches ~ 50 eV,
even ~ 65 eV if the potential energy is taken into
account. The ion flux to the cathode is approxi-
mately equal to the flux from the cathode, the lat-
ter amounts (in terms of the number of particles)
to 5—10% of the total energy released in the cath-
ode-spot plasma (the plasma is obviously heated
by the electrons, which are accelerated in the re-
gion of the cathode potential drop). Our experi-
ments with brass have shown that the cathode ac-
tually receives 25—30% of the energy.

The ‘‘two-thirds’’ law was used in many
papers (2521 to estimate the length of the cathode
potential drop region, assuming zero ion velocity.
The presence of a potential hump and high initial
ion energies makes such calculations doubtful.
The length of the cathode-drop region can become
appreciable (~ 1073 cm ), and the cold-emission
mechanism is no longer adequate. It is advanta-
geous to turn again to the mechanism of thermo-
electric emission.

Tentative calculations show that the experimen-
tally observed electron emission densities (~ 108
A/cm ) and evaporation densities (~ 10% parti-
cles/cm? sec) can be attained at a cathode tem-
perature ~ 5 X 108 deg K. The possibility of ex-
istence of superheated states of metals for a short
time (~107%—107" sec) was experimentally proved
in explosions of wires (28],

In conclusion the authors thank L. I. Chibanova
for help with the work.
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