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Magnetized hollow cathode arcs
(HCA) were first used in thermonuclear
experiments at the turn of the 1950s
and later found a wide application
because of their advantageous proper
ties. These include good stability, high
degree of excitation and ionisation, ex
cellent access to the actual plasma
column for diagnostic experiments and
long burning time. They have served as
sources of hot neutrals [1] and ions [2],
as pulsed lamps [3], for isotope sepa
ration [4], in metal vapour lasers [5] and
to study plasma-wall interaction pro
cesses.
In a typical plasma, the discharge
pressure can be chosen to be within the
range 1-105 Pa and the electron density
from 1018-1021 m-3. The electron tempe
rature reaches 5-10 eV, while heavy par
ticle temperatures stay below 1 eV. Arc
currents of 100 A are typical, the arc
voltage is in the order of 10-100 V and
magnetic fields from 10-2 1 T are com
mon. Electrons and ions reach a velocity
of about 104 m/s.

HCA Geometry
Hollow cathode arcs can be subdivi
ded into longitudinal and transversal
arrangements [6], but in the following, a
longitudinal set-up is considered, Fig. 1.
The plasma is generated within the hot
hollow cathode (region I), and escapes
into the actual discharge column (region
II) which is terminated just by the anode
or, depending on the radial plasma ex
tension near the anode, by the anode fall
(region III) as indicated in Fig. 1. The cold

neutral gas enters the hollow cathode,
becomes energised and partly ionised
and leaves the cathode orifice at a high
speed. Within the discharge column, a
radial diffusion of charge carriers as well
as neutrals occurs leading to radial
plasma expansion and, as a conse
quence, a conical shape of the plasma
(region II). The distance between the
anode and the cathode as well as the
anode diameter have a decisive in
fluence on the plasma behaviour in the
anodic region.
In HCA with a moderate electrode
spacing, large anode diameter and relati
vely high magnetic field strength, the
column plasma continuously recombi
nes on the anode surface (the dashed
plasma configuration in Fig. 1). With
increase of the electrode spacing, a
plasma distribution as shown with solid
lines in Fig. 1 is observed. The plasma
circulates around the anode and recom
bines on the surface of the insulator
covering its sides. In front of the flat part
of the anode in the region marked by the
dashed-dotted line (region III), the elec
tron density is reduced which strongly
influences the ion motion and the radia
tive properties of the plasma.

Inner Part of the Hollow Cathode
The basic physics of plasma genera
tion within region I is summarized in [6].
Numerical studies valid for different
gases, pressures and discharge condi
tions were published by Baksht and
Rybakov [7] and their results are briefly
described here.

Fig. 1— Scheme of a Hollow Cathode Arc discharge.

Fig. 2 — a) Cross-section showing lines of
equal potential ρ,
jrtotal radial current density,
js electron current density by thermal
emission,
je electron current density leaving the inner
cathode plasma impinging on the inner
cathode wall,
jiaion current density leaving the inner
cathode plasma impinging the inner
cathode wall,
R radius of the cathode orifice,
Lsc space charge layer thickness.
b) Axial distribution of plasma potential p
and electron temperature Te; calculated
values (solidlines) compared with measu
red (broken lines) for R = 0.15 cm, TCathode
= 0.1 eV, p = 250 torr, andjs = 30A/cm2
[7].
c) Axial distribution of the various current
densities contributing to the total radial
current densityjr.
The hollow cathode is assumed to be
a narrow cylindrical cavity, see Fig. 2a,
whose length L is substantially greater
than its radius R. For R/L < 1 a radial
change in the potential occurs in a space
charge layer of thickness Lsc, whilst
throughout the range 0  r R - Lsc a
quasineutral plasma is assumed. In the
plasma bulk, the potential, temperature
of the particles, their densities and the
current densities depend only on the
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axial coordinate z. Following this one
dimensional approach, the conservation
laws for the mass, charge, momentum
and energy can be solved simultaneous
ly to give the most important plasma
parameters inside the hollow cathode.
Here it is assumed that the cathode
emission current density js is constant
over the length of the cathode and in
dependent of the operating conditions,
see Fig. 2c. This is true for a short pulse
operation mode. For CW operation, an
additional energy balance of the hollow
cathode tube leading to a z-dependent
temperature profile of the cathode and,
also the electron emission process must
be solved.
It is worth noting that the total current
leaving the hollow cathode orifice is not,
as one could expect, proportional to js
but is dominated rather by the ion cur
rent density jia. The latter grows when
approaching the exit region of the
hollow cathode because of an increase
in the electron density and temperature,
see Fig. 2b. The cross-section averaged
temperatures of ions Ti and neutrals Tn
stay below the electron temperature, in
particular at pressures below 103 Pa.
When approaching the 105 Pa region
and electron temperatures beyond, say,
104 K, the difference between Te and Ti,
Tn becomes marginal.
With respect to momentum transfer,
the hollow cathode tube acts as a
thruster which transforms the thermal
energy into directed kinetic energy of
the plasma leaving the hollow cathode
orifice. The plasma velocity there
reaches the critical value (ion acoustic
velocity):
Vc = [( kBTi, + kB e)/M] 12/
(1)
where yis the adiabatic exponent and M
the atomic weight of the working gas.

Column of the HCA
Now we pay attention to region II, see
Fig. 1. The accelerated and heated
plasma leaving the cathode orifice ex
pands into a large vessel under lowered
pressure conditions, guided by an exter
nal magnetic field. In most cases the
electrons are strongly influenced by the
field i.e., the product of the Larmor fre
quency and average time between elec
tron collisions is largerthan unity. Forthe
ions the product is much smaller than
one and the weakly influenced ions suf
fer a strong radial drift after having left
the hollow cathode.
Because the strongly influenced elec
trons remain near the discharge centre, a
negative charge cloud develops there,
while off-centre, positive charge clouds
form. The resulting inward directed
radial electric field retains the ions and
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Fig. 3 — Measured
spatial distribution of
the plasma potential Vp
after [8]; inter-electrode spacing L = 0.85
m, arc current I = 60
A, discharge pressure
p = 1.338 Pa, gas
volume rate Q = 2.5
Nm2/s, magnetic field
strength B = 0.074 T.
leads to an enhanced radial diffusion of
electrons, see Fig. 3. Radial diffusion is
the Bohm diffusion governed by a diffu
sion coefficient:
D = kBTe/16eB
(2)
The radial electric field cooperating with
the axial B-field generates an azimuthal
drift of electrons and ions leading to
plasma rotation around the B-lines ac
cording to the right hand rule.
The radial diffusion of charge carriers
results, to a fair degree, in a Gaussian
spatial distribution of electrons and ions.
The half-width of this distribution grows
nearly exponentially with increasing dis
tance from the cathode orifice. Because
the charge carrier production and losses
are negligible in region II (at least at low
pressure) the electron density along the
arc axis decreases rapidly when moving
away from the cathode towards the
anode.
The radial electronic temperature pro
file is nearly Gaussian, too, but the local
balance of energy with Joule heating
and radial as well as strong axial losses
parallel to the B-field regulate the distri
bution in such a way that a uniform
behaviour in the axial direction results.
All ions reaching the anode surface Fig. 4 — Measured spatial dis
recombine and generate a cloud of neu tribution of the electron den
trals which surrounds the anode. If the sity ne after [10], denotation
inter-electrode spacing is small, the area and parameters see Fig. 3.
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of recombination zone is small too, and
the electron densities in front of the
anode are relatively high.

Anodic Phenomena
An entirely new situation is encounte
red if for large inter-electrode distances
the area of the recombination zone be
comes larger than the flat anode sur
face. Now the plasma envelops partially
the anode and recombines on the insula
ted (quartz) side wall of the anode cylin
der. This portion of the plasma cannot
contribute to the arc current. The axial
magnetic field inhibits diffusion of elec
trons moving backwards towards the
cathode into the dashed-dotted region
III, see Fig. 1, reducing the electron den
sity there. By analogy to the mechanism
occurring near a limiter of tokamak
discharges, we call this phenomenon
the scrape-off effect. Fig. 4 showing the
measured electron density field gives
evidence for these scraped-off elec
trons.
How does HCA manage to keep the
arc current going in the scrape-off mode
with strongly reduced electron density?
The only way is to enhance the electron
temperature in region III in order to push
up the drift velocity of electrons, see Fig.
5. Such a temperature jump enlarges
additionally the ionisation rate leading to
an increase in the number of charge
carriers near the anode, a fact which can
be recognized by inspection of Fig. 3.
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Fig. 5 — Measured spatial dis
tribution of the electron tem
perature Te after [10], denota
tion and parameters see Fig. 3.
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The acceleration of electrons is due to a
strongly elevated electrical field near the
anode. Probe measurements [8] give
spatial potential distributions with high
accuracy, see Fig. 3, and make the posi
tive potential near the anode quite
obvious. This positive potential is gene
rated by the accumulation of positive
charge carriers which enhance the elec
trical field strength.
There is another way of visualising the
accumulation of positive ions near the
anode. By local Doppler-shift measure
ments [8] using laser-induced fluores
cence signals, the ion velocity in front of
the anode has been determined in the
scrape-off mode, see Fig. 6. For the
example shown here the ions approach
the anode with an axial velocity of more
than 10 km/s. The positively charged
cloud turns round the axial ion velocity
into a radial outflow with a speed of the
same magnitude. Notice, that also an
influx of ions is observed at a position
less distant to the cathode than that of
the positive charge cloud. Thus the par
ticle acceleration is caused actually by
an electrical double layer.

Turbulence of the HCA Plasma
Optical probes and collective forward
scattering experiments give the possibi
lity of studying the turbulence of the
plasma state [9], Near the cathode
orifice and in front of the anode the tur
bulence level is high. Typical k values of
the fluctuations are about 100 m-1,
angular frequencies  of about 105-106
rad/s are common. Near the cathode ori
fice, so-called universal drift instabilities
prevail. These instabilities are driven by
the strong radial electron density and
temperature gradient occurring there.

HCA, a Diagnostic Test Chamber
The prolonged steady operation of
HCA discharges makes them very inte
resting for developing and improving
plasma diagnostic techniques. Electron
density and temperature profiles as
shown in Figs. 4 and 5 have been mea
sured by detecting the laser light of a fre
quency doubled Nd-YAG laser after scat
tering by free electrons (Thomson scat
tering). At high laser repetition rates, a
photon counting technique allows one
to evaluate scattered signals from 109
electrons [10] and delivers electron den
sity and temperature with high spatial
resolution. The frequency-resolved scat
tered signals show also the contribution
of bound electrons (Rayleigh scatter
ing). Thus the concentration of ground
state atomic and ionic species can be
measured simultaneously.
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A diagnostic based on laser-induced
fluorescence [8] is a very versatile
technique for measuring the local velo
city components, magnetic and electric
fields and population densities of selec
ted atomic and ionic states. Molecular
properties may be studied advanta
geously by coherent anti-Stokes Raman
scattering (CARS). This method is in
vivid development and can be used to
study plasma-wall effects at the anode
that produce molecular species. CARS
as a plasma diagnostic tool delivers local
density values, and rotational and vibra
tional temperatures of distinct species.
From this, information about the release
of molecular species from solid targets
might be gathered.
HCA allows us to produce relatively
high fluxes of neutral hydrogen. Thus
hydrogen loading of metals and penetra
tion experiments can be performed.
These investigations are of importance
for fusion oriented devices like tokamaks.
HCA delivers a plasma which starts
from a point source and expands then,
following the 6-lines, into a cone. The
accurate measurement of charge carrier
density distribution means we can de
termine the anomalous diffusion of elec
trons across the magnetic field lines.

Summary
Hollow cathode arcs with superimpo
sed magnetic fields allow us to provide a
steady production of plasma with elec
tron temperatures from 1 to 10 eV and
charge carrier densities up to 1021m-3 in
nearly all working gases. The plasma
production within the inaccessible hol
low cathode is roughly understood. The

actual arc column, the main part of the
discharge, is relatively easy to under
stand if the magnetic field constricts the
discharge so that it is confined to the
anode diameter. At moderate fields and
large inter-electrode spacing, the HCA
column diameter exceeds the anode
geometry. Then scrape-off effects and
enhanced electron energies occur.
Amongst the variety of applications
opened up the plasma diagnostic poten
tial of HCA is discussed. Associated
with highly developed laser light scatter
ing experiments, plasma-wall interac
tion processes can be studied with high
accuracy. Another important application
of HCA is as a tool for measuring anoma
lous diffusion processes induced by
plasma turbulence.
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Fig. 6 — Spatial distribution of the ion velocity components Vrand v, + vz in front of the
anode for the long arc mode after [10], denotation and parameters see Fig. 3.

