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Based on theoretical considerations, the dependence of the thruster efficiency on the mag-
netic field and on the length of the accelerator channel has been calculated. To reduce the
anomalous electron back-flow, an external ion source should be used which produces a homo-
geneous ion beam. This can be obtained by an annular plasma source with a slit hollow
cathode. Experiments have been carried out on two different accelerator types. The plasma
properties in the exhausted beam have been measured using probes and spectroscopical
methods. The ion velocity distribution has been measured by a retarding potential method.
For the determination of the thrust a pendulum has been used. Further experiments have
been done on ion sources.

Nomenclature

Ag = weighted transition
B = magnetic field
E = electric field
J — relative line intensity
Q = cross-section for collisions
T = temperature
U = accelerator voltage
W = excitation energy
j = current density
k = Boltzmann constant
I = accelerator length
m — mass
n — particle density
p = pressure
q = electric charge
r = radial coordinate
t = time
v = velocity
z = axial coordinate
rj = efficiency
X = wave length
<r = electric conductivity
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V = azimuthal coordinate
co = angular velocity

Subscripts
c = cyclotron
e = electron
i = ion
o = neutral

1. Introduction

IN the near future, several missions into the near space,
orbit-to-orbit transfer, and mapping of the Van Alien

Belt, etc., can be realized by using electric thrusters. The
electric power requirements for these missions are in the
range of 1-20 kw. Typical thruster data are mass flow
rates ~10 ~6 kg/sec, exhaust velocities between 20 to 50 km/s,
thrusts between 10~2 to 2.10"1 N.

Of all electric thrusters the ion thrusters have reached the
highest status of development up to date. Their main field
of application, however, appears to be missions, where exhaust
velocities between 50 km/sec and 100 km/sec are required.
Good results have also been obtained with MPD-arcj ets. The
practical range of electric power input, however, is in general
beyond that needed for the missions mentioned previously,
Hence, there is a gap in the spectrum of thrusters available
up to date which can be closed by Hall ion-thrusters. The
power requirement of these thrusters is between 0.5 to 5
kw, the velocity range 20-50 km/sec. The principle of the
Hall ion-thrusters is based on the acceleration of ions as in
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the axial motion of the particle is
irons

electrons

Fig. 1 Schematic drawing of the accelerator with nota-
tions.

the case of ion engines. However, the limitation of the
current density in ion motors, caused by space charge effects,
is overcome by neutralizing the space charge in the accelerator
region. This is done using a magnetic field, which is per-
pendicular to the electric accelerating field, and permits the
acceleration of the ions within a neutral plasma. Therefore,
an Hall ion-accelerator can be operated with essentially
higher current densities. Furthermore, the geometric dimen-
sions of this type can be reduced which leads to an increase
of the ratio exhaust power to thruster weight.

First studies on Hall accelerators date back to the early
sixties.1-9 The authors used magnetic cusp fields or magnetic
pot core geometry. The working gas was argon or cesium.
Based on the results of some of these investigations we started
our research program in 1965. Our first studies were reported
elsewhere.10'11 In the following, further investigations are
presented. The aim of these studies was to get a better
knowledge of the plasma processes, to improve the tech-
nological status, and to develop an advanced thruster type.

2. Theory

At low densities the mean free path of a particle is of the
order of magnitude of the accelerator length. Therefore, the
motion of a single particle may be representative for the
whole plasma motion. With a cylindrical system of coordi-
nates r, <p, z (Fig. 1) and the fields

E = (Er, 0, Ez)(Er « Ez) and B = (Br, 0, 0)
the velocities of the particle in <p resp. z direction result in

Ez ,
~Br

 + V
/' J? \

v<p = («Vo — TT I

vz = f — " — v^Jsi

(la)

with (Ib)

o>c = — - and ^o = v(t = 0)

The radial electric field Er prevents an outwardly directed
drift due to centrifugal and magnetic mirror forces. Averag-
ing all initial velocities v0, the azimuthal velocity of the par-
ticle is

hence, the motion is cycloidic.
In z direction the particle is oscillating between 2 = 0 and

z = 2rc, where rc is given by

rc = mEz/qBr*
Because of the different cyclotron radius of the ions and elec-
trons the ions are accelerated by the electric field and barely
influenced by the magnetic field whereas the electrons are cap-
tured by the magnetic field.

However, if ,there exists an additional axial component of
the magnetic field

B = (Br,Q,B3(B,«Br)

v, = v,(B, = 0) + ^ E,in •t (2b)

Now, an axial motion of the electrons is possible. Because
of the high mobility of the electrons even very small axial
components of the magnetic field («1 . . . 3%) cause a high
electron back-flow and corresponding high losses. Thus, an
effective acceleration of the ions is only possible in a pot core
magnetic system, but not in cusp field accelerators.

However, if collisions between electrons and ions cannot
be neglected, even in the case of vanishing axial magnetic
fields an electron back-flow takes place. This classical
electron diffusion generates an axial electron current density

Je = \ me
+

112

(3)

As

it follows

m

Due to plasma effects there are induced electric and mag-
netic fields within the accelerator region which distort the
applied fields. If, for example, the carrier density is not
homogeneous in azimuthal direction, the electron cloud,
drifting in <p direction, will be separated from the ion cloud.
Thus, an azimuthal electric field E^ is set up which causes
an electron drift in axial direction. The current density of
this anomalous electron diffusion is

je = l/Br (4)

In some previous publications7-8'12 the problem of the
anomalous electron diffusion has been discussed and several
suggestions to avoid the onset of instabilities were given.
To obtain an effective acceleration it is therefore necessary
to operate the thruster under conditions where no instabili-
ties occur.

The following considerations are based on these conditions.
Furthermore, ionization, thermalization, or recombination
effects inside the accelerator channel are neglected.

However, even in this case space charge neutralization is
not established automatically. For complete space charge
neutralization (this means Ez = const) the current continuity
equation leads to the following expression for the magnetic
field:

Br(z) = (5)
Hence, the magnetic field strength is inversely proportional
to the ion velocity. The assumption of a constant magnetic
field leads to an expression for the electric field, given by

E,(z) = (6)

Fig. 2 Potential shape within the accelerator a) with
external ionization; b) with internal ionization.
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where

7 = (7)

This means that a complete space charge neutralization
can only be obtained applying a radial magnetic field, which
decreases in the z direction. The potential shape correspond-
ing to Eq. (6) is shown in Fig. 2a. The high cathode fall
consequently results not from the carrier production near
the cathode, but from the electron diffusion across the
magnetic field. The anode fall disappears.

However, with internal ion production, the anode fall
reaches values well beyond the ionization potential, as shown
in Fig. 2b. With low electron back-flow, each electron
entering the anode fall region generates there one or several
ions. While the ions leave the anode region, the likewise
produced electrons are retained by the magnetic field. The
negative spacecharge generates the high electric field in the
fall region, which maintains the current continuity in front
of the anode. Because of the high electric field strength,
the electrons obtain rather high velocities, which may falsify
measurements with Langmuir probes.

Equations (5) and (6) describe two different accelerator
types with external ion production. The ^-type-accelerator
(E = const) has less wall losses and a lower ion deflection by
the magnetic field than the B-type-accelerator (B = const).
Basically .^-type-accelerators promise a higher efficiency.
However, as the difference in efficiency between both accelera-
tors is rather small, we use the 5-type-accelerator, because of
its simpler design. The following discussion on optimization
problems is therefore based on this type.

Two factors are influencing the acceleration efficiency:
1) the ratio of ion current to total current,

je) (8)
2) the ratio of axial ion velocity to total ion. velocity at

the accelerator exit,
rjis = v,(v,* + vv*)-u* (9)

The over-all efficiency 17 = 7]ie i?is increases with decreasing
accelerator length if the product of B and I remains constant.
Short accelerators with correspondingly high magnetic
fields result in good efficiencies. With given accelerator
length, there exists an optimal ratio E/B (E = U/l). Higher
values result in a large electron back-flow, with lower values
the ions are too much deflected by the magnetic field. The
optimum depends on the choice of the gas, on the carrier
density and on the exit velocity. Generally, the design of a
Hall ion-accelerator is based on the magnetic field energy
rather than on the accelerator length. Assuming a constant
magnetic gap area, the efficiency increases with decreasing
accelerator length and increasing magnetic energy. In
Fig. 3 the optimal magnetic energy and the corresponding
efficiency are plotted vs the accelerator length.

Hereby the magnetic energy is characterized by the integral

M
+

— 0

Fig. 3 Optimal
magnetic energy M0
and corresponding
efficiency vs accel-
erator length. Ar-
gon, exit velocity 20
km/sec, initial ion

density lo20 m~3.

Fig. 4 Efficiency vs accelera-
tor length. Magnetic energy 60
coefficient. M0 = lo~4 v2s2/

™3. 40

10"' 10~3 10~2 10"1 10'

From these calculations it follows that in the case of small
accelerator lengths, even a considerable rise of the magnetic
field energy increases the efficiency only very little. This
is due to the fact that the ratio of the energy, stored in the
stray field, to the useful magnetic energy becomes greater for
small accelerator lengths. For a given magnetic energy
there exists an optimal accelerator length, for which the
magnetic field is strong enough to prevent high electron
backflow, but for which the magnetic stray fields are not
yet so important. Figure 4 shows the efficiency vs accelerator
length for given magnetic energy and for two carrier densities
and exit velocities in the case of argon as the fluid.

3. Experiments

Experiments have been carried out on two different ac-
celerator types.

1) HIT'III (Hall lon-Thruster III). Ion production by
volume ionization in the accelerator channel itself; variable
magnetic field produced by an electro-magnet; variable
channel length up to 10 cm.

2) HIT IV (Hall lon-Thruster IV). External ion pro-
duction; magnetic field produced by permanent magnets;
short and not variable channel length.

3.1. Measurements on the Type HIT III

3.1.1. Electric measurements

A schematic sketch of the thruster HIT III is shown in
Fig. 5. The accelerator was operated with argon. In
Fig. 6 the current voltage characteristics are plotted at differ-
ent magnetic field strengths. The observed minimum is
explained by two oppositely directed effects. It is known
that the electric field strength in the positive column of a
discharge decreases with increasing current density. How-
ever, a high-discharge current results in a high-current
density in the anode region, and this effect causes an in-
creasing anode fall, which becomes mainly important in the
case of non-self-sustained discharges with heated cathodes,
because now the anode fall cannot be neglected compared
with the cathode fall. An increase of the magnetic field-
strength demands higher voltages for the same discharge
current. The reason is that with higher magnetic fields the
electrons are increasingly restrained in their motion. Cor-
responding to the physical conditions of our accelerator an

Gas-
inlet

'Neutralizer

Magne t coils Anode

Fig. 5 Cross section of the thruster HIT III.
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Fig. 6 Current voltage characteristics. Parameter:
magnetic field strength.

optimal magnetic field strength of about 300 gauss has been
evaluated theoretically. However, as it can be seen in Fig.
6 magnetic field strengths above this value have still a strong
influence on the current-voltage characteristics. It seems to
be advantageous to choose a higher magnetic field strength,
since it reduces the electron back-flow and the losses due
to this backflow.

Measurements of the exhausted ion beam have been carried
out by a coaxial double probe13 as well as by a retarding po-
tential method. The double probe consists of a metallic
tube and a rod electrode positioned in the axis, oltke..tube,,
so that the plasma beam can pass the probe nearly unhindered.
The probe was used floating in order to prevent a net current
from the discharge. An operational condition of the probe
is that ion saturation must be reached before electron satura-
tion occurs. This means that the area ratio of the two elec-
trodes should not exceed an upper limit. Furthermore, the
free passing ion beam should be negligible with respect to the
measured ion beam. The applied voltage should be as low
as possible to prevent any production of secondary electrons
by ion bombardment, but high enough to operate the probe
in the region of ion saturation. In Fig. 7 typical probe
measurements are shown. The ion current is plotted versus
the radial magnetic field strength in the acceleration channel,
parameter is the discharge current in the accelerator.

The maximum of ion current at a magnetic field strength
of 300 gauss agrees well with our theoretical calculations.
However, the real values for the ion current are certainly
higher than the measured values. As mentioned previously, a
part of the ion beam will pass through the probe. Besides
the exhausted ion beam recombines partly with the emitted
electrons before reaching the probe. This can be shown by
varying the number of the emitted electrons as well as by
shifting the probe in the beam axis.

The arrangement for measuring the ion current with the
retarding potential method is presented in Fig. 8. A closed
wire cage was put on the accelerator exit and connected over
a variable load with the neutralizer. Between grid and
neutralizer an insulated plate was attached to prevent too
much electrons from coming to the gate. By the magnetic
stray-field these electrons were furthermore hindered to reach
the grid.

'/A

Collector Screen

Insulating Co\ er

Gas-
inlet^

Load

Fig. 8 Retarding potential method arrangement.

The retarding potential for the ions in the beam is created
by the ions themselves. It depends on their velocity and
on the value of the variable load. If the resistance is varied
from R = 0 up to R = °o one obtains the dependence of the
exhausted ion beam on the retarding potential U which is
proportional to the square root of the ion velocity (Fig. 9a).
The ion current measured at R = 0 ohms, corresponds
rather well with the measurements using the coaxial double
probe. Also in this case there are errors due to reeombiiaa^•.,..
tions and free passing ions. Furthermore, it cannot be ex-
cluded, that electrons reach the grid after passing the mag-
netic stray field.

Measuring the ion current in dependence of the retarding
potential a velocity distribution of the accelerated ions can
be derived (Fig. 9b). It can be concluded from the distinct
peak in the velocity distribution that nearly all ions are
within a very narrow velocity range.

Furthermore, the retarding potential method serves for the
determination of the electric efficiency of the whole setup.
However, the maximum output power of the exhausted
beam is not obtained for one half of the open circuit voltage
of the ion detector as it is usual for linear current-voltage
conditions. The reason is seen from the measured velocity
distribution. Here the maximum power is obtained for
voltages near the open circuit voltage. The total efficiency
of the set-up is the product of accelerator and detector effi-
ciency. The measured value was 24%. Assuming the same
efficiency for both an electric efficiency of the accelerator of
49% may be derivated. This value corresponds with
other measurements.

3.1.2. Spectroscopical measurements

The spectroscopical measurements have been carried out
using a Hilger and Watts Medium Quartz Spectrograph.
With this apparatus the electron temperature and the electri-

Fig. 9a Exhausted
ion beam vs retard-

ing potential.

40 60 80 100 120

0.2

t -
Fig. 7 Ion current in the exhausted beam vs magnetic

field. Parameter: laccei..

Fig. 9b Velocity
distribution in the
exhausted ion beam.

5 10 15 20

•V/km/sec
——^-

~25
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Cross section
ion beam

Spectrograph FUte^ Standard

Fig. 10 Optical measuring arrangement.

cal conductivity could be determined. The optical arrange-
ment is presented in Fig. 10.

The electron temperature was determined from the relative
intensity ratio of two argon lines of subsequent ionization
stages. Assuming at first a Boltzmann distribution for the
population of the various levels, one gets

Jn
Ji

(Ag/\)n Ui -
n0

 6XP kTe
(10)

Ag is the weighted transition probability, n», n0 the total
density of ions and atoms, respectively, and Wn the excitation
energies. If LTE exists, Ui/n0 may be replaced by the Saha
equation S(ne, Te) where the electron density ne—unless mea-
sured directly—may be estimated approximately by the gas
equation. This is sufficient in most cases;

ne = p/kTe(F/G (11)
where p is gas pressure, F = T0/Te, G = ne/n0. Besides,
it is assumed that the electron density is equal to the ion
density and the ion temperature 7\ is equal to the tempera-
ture of the neutral particles T0. It follows from Eq. (11)
that there is always an upper limit for ne:ne< p/kTe.

Whether LTE exists depends mainly on the electron density
and can be estimated.14 For very small electron densities
Ui/n0 will be substituted by the Corona formula. There
are again criteria for the validity of this formula.15

If the previously assumed Boltzmann distribution is not
valid the density ratio has to be multiplied by a factor larger
than one, because in nonthermal plasmas the ground level is
generally overpopulated compared with the Boltzmann dis-
tribution; but this fact has been neglected for the first deter-
mination of temperature.

However, one has to realize and estimate whether a Max-
wellian distribution of the free electrons exists16 and whether
a diffusion of neutral particles into the hot plasma takes
place or not. If, for instance, the diffusion has not been
considered, the measured temperatures may differ from the
real temperatures by an order of magnitude.17 The electric
conductivity was calculated from the formula of Spitzer.
Because of quasi-neutrality and an ionization degree larger
10% one gets numerically

408 1
(12)

with

2.73 -10-10 . (8756Te
3/2) 0———— In-————'m2

ne
]1/2

Substituting the upper limit of Eq. (11) into Eq. (10)
(operating pressure p = 6.10~2 mm Hg) and calculating the
temperature assuming at first LTE one obtains a temperature
of 25,000°K and ne smaller than 2.1019/m3. However, from
the validity criteria for LTE and Corona, respectively, one rec-
ognizes that one has to determine the temperature by the
Corona formula. Then the maximum electron temperature is

Te = 16,000°K 4.1019/m3

The temperature distribution is plotted in Fig. 11 vs the
diameter D of the plasma.

Fig. 11 Radial distri-
bution of temperature 10
and conductivity in the

exhausted beam.

From Eq. (13) the electrical conductivity was calculated.
Its value is 4000 1/Qw and its distribution—also presented
in Fig. 11—corresponds virtually to the temperature distribu-
tion.

The maximum error in the temperature determination is
about ±30%, in the conductivity a because of a proportional
Te

3/2 about ±45%. The electron density may be estimated
at a factor 2-3.

3.2. Measurements on the Type HIT IV

A new recently developed accelerator type is shown in Fig.
12. Anode 1 is an annular hollow cathode for an auxiliary
discharge burning between anode 1 and anode 2. This dis-
charge is a glow discharge with anomalous cathode fall. So,
the cathode area is completely covered by the discharge and
the ion production is homogeneous on the periphery. The
ions are accelerated by the electric field between anode 1
and the cathode. The magnetic field can be varied up to 0.2
Wb/m2 according to the number of the employed magnets.
The cathode material is thoriated tungsten. The position of
the cathode is in a region where no magnetic stray fields exist
in order to avoid instabilities originating from the cathode
region.

The thrust of this engine was measured with a pendulum.
The experiments were carried out with a medium magnetic
field of about 0.1 Wb/m2. At low power levels one gets a
thrust to power ratio of about 30-35 mN/kw with an ex-
haust velocity of some 25-30 km/sec. The ion velocity has
been measured using the retarding potential method de-
scribed in chapter 3.11. Thus a falsification of the measure-
ments due to entrainment of cold gas was prevented. More-
over, the ambient pressure was rather low (3-5 JJL Hg). If
the power input exceeds 2.5 kw, the thrust is diminishing.
This may be explained by an increased electron back-flow
due to an enlarged anomalous diffusion. Measurements
on instabilities—mainly with Langmuir-probes—are not yet
finished.

permanent
/ '\ magnets

qas/
mlet\

insulation

N
J

j 1 cathode

'anode 2 ^anode 1

Fig. 12 Cross section of the thruster HIT IV.
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Fig. 15 Cross section of plasma sources.

3.3. Measurements on Plasma Sources

The ionization of the gas (argon) in the plasma sources is
obtained using a high-current glow discharge with a heated
cathode.18 The discharge takes place in a ceramic pipe
(diam 0.6 cm) between a tungsten anode and a directly
heated thoriated tungsten wire as the cathode. Six of these
plasma sources are positioned in an annular configuration at
the entrance of the accelerator. The mass flow rate through
each of the plasma sources is 10^6 kg/sec. The gas pressure
in. the discharge decreases from ca. 1 torr at the entrance to
ca. 10"1 torr at the exit of the plasma source.

To check the operating conditions of the plasma sources
the current-voltage characteristics have been measured.
Additional measurements of the exhausted ion current have
been carried out on a separated test set-up using a coax
double probe.19

The current-voltage characteristics are shown in Fig. 13.
Depending on the temperature of the heated cathode two
different discharge modes can be observed.

a) Low-voltage mode: This mode takes place for tempera-
tures of the cathode higher than 2100°K. The shape of the
characteristic is approximately horizontal as long as the dis-
charge current is smaller than the saturation current of the
hot cathode. For higher discharge currents an increase of
the voltage can be observed. In this case the number of
electrons emitted from the cathode is too small to sustain the
discharge, so that additional electrons must be produced in
the discharge region by collisions. This process demands
a higher electric field.

Since the plasma sources are positioned at the entrance of
the accelerator, there exists a magnetic field in the cathode
region of the discharge which could influence the operation
conditions. However, it has been observed that in the case
of the low-voltage mode this influence is negligible.

From measurements of the ion production it can be con-
cluded that the rate of ionization is rather low (<5%), while
the effective ionization energy is high (>1000 ev/ion).

Fig. 14 Discharge voltage, ion current, and effective
ionization energy vs cathode heating current.

b) High-voltage mode: This mode takes place for tem-
peratures of the cathode below 2000° K. The number of
electrons emitted from the cathode is now too small to sustain
the low voltage discharge even at small discharge currents.
Therefore, the discharge conditions are similar to those of a
glow discharge. As the diameter of the discharge pipe and
the cross section of the accelerator channel are smaller than
the normal cathode dark space, a constricted glow discharge
results with very high discharge voltages.

If the magnetic field of the accelerator is switched on, a
marked change of the current-voltage characteristic is ob-
served. In this case a transverse magnetic field exists in the
cathode region, which results in a decrease in the length of
the cathode dark space. According to the similarity laws, this
effect is equivalent to an increase of the pressure. This
means that the discharge is no more constricted and therefore
lower voltages are sufficient. The measured shape of the
current-voltage characteristic is approximately horizontal.

In the case of the high-voltage mode the ion production
depends considerably on the magnetic field strength in the
cathode region and on the temperature of the cathode. For
discharge currents of 2 amps an optimal ion production has
been obtained at a magnetic field strength of about 150 F.
Figure 14 represents the applied voltage, the exhausted ion
beam, and the effective ionization energy depending on the
temperature of the cathode.

With decreasing temperature of the cathode the applied
voltage Up increases from 40 v up to 200 v, the exhausted
ion beam varies from 0.1 amps up to a maximum value of
1.2 amps at Up = 190 v. This value corresponds to an
ionization degree of a = 55%. The effective ionization
energy has a minimum value of 290 ev/ion for Up = 125 v.
The corresponding ionization degree is a = 43%.

The effective ionization energy has been calculated assum-
ing a heating power of the cathode of 10 watts per amp of
emitted electron current. This value can be obtained using
oxide cathodes.

The measurements can be explained in the following way:
the ionization probability depends on the energy of the elec-
trons. For ionization by electron impact one gets a maxi-
mum of the ionization probability (in the case of Argon)
for an electron energy of 100 ev to 200 ev. Thus, rather
large electric field strengths are necessary. However, high
applied voltages result in a large power input which has
disadvantages in respect to the ionization energy. There-
fore, one has to expect—and the measurements prove it—an
optimal value for the applied voltages (see Fig. 14).

Looking forward we intend to develop a (new advanced
hall ion thruster based on the experiences made on the type
HIT IV. In this case the six single plasma sources will be
replaced by one annular plasma source with a slit hollow
cathode (Fig. 15). The hollow cathode consists of two
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coax metal rings, one of these is the indirectly heated oxide
cathode. This plasma source has the advantage, that the
ion beam entering the accelerator region is homogeneous at
the circumference of the channel. This condition is im-
portant particularly for short accelerator lengths.
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