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Technology of Closed-Drift Thrusters

Harold R. Kaufman
Front Range Research, Fort Collins, Colorado

Introduction

CLOSED-drift thruster is defined herein as a thruster in

which ions are electrostatically accelerated in essentially
the thrust direction, with the accelerating electric field
established by an electron current interacting with a transverse
magnetic field. One component of the electron motion is
counter to the ion flow. Another component is normal to that
direction. The current associated with this normal component
is called the Hall current. In a closed-drift accelerator there is
a complete, or closed, path for the Hall current. In addition,
for the ions to be accelerated in essentially a single thrust
direction, the ion cyclotron radius must be much larger than
the total acceleration length.

Closed-drift thrusters usually employ axially symmetric
electrodes and pole pieces, with the magnetic field in the
radial direction and the electric field in the axial direction.
The Hall current flows in a circular closed path in such a
configuration. A few closed-drift thrusters without axial
symmetry have also been investigated.

The closed-drift thruster is particularly well suited for
operation in the 1000-2000 s range of specific impulse (ap-
proximately 10,000-20,000 m/s exhaust velocity). It is dif-
ficult to operate above about 1000 s with an electrothermal
thruster due to excessive excitation and ionization losses. On
the other hand, the space-charge-flow limitations of gridded
electrostatic thrusters will not permit practical ion current
densities below about 2000 s.

Within the 1000-2000 s range, the electron backflow
required to establish ion acceleration can, for the most part,
be used to generate ions. The generation of ions constitutes
the major closed-drift thruster loss in this range of specific
impulse, and this loss can be under 100 eV per beam ion.

The power processing requirements are also moderate. In a
properly designed closed-drift thruster only one power circuit
is required for steady-state operation, with the voltage of this
circuit typically in the 50-500 V range.

Historical Development
Most of the early closed-drift thrusters had dielectric
channel walls and a channel length at least equal to the
channel width, as indicated in Fig. 1.'7 In addition, the
electron cyclotron orbit was small compared to the ac-

celeration length. The ion production was by either a contact-
ionization process or an electron-bombardment volume-
production process. This closed-drift thruster was called a
Hall current type.'#7

During this early period another variation of closed-drift
thruster was also studied, in which the length of the ac-
celeration channel was considerably less than the channel
width.®? The acceleration in this type of thruster was believed
to take place over a distance of the order of the local electron-
cyclotron orbit. This closed-drift thruster was called a space-
charge-sheath type.

The initial hope was that the electron current required to
establish the accelerating electric field would be governed by
classical diffusion. It was soon established that these axial
electron currents were orders of magnitude above the classical
value, presumably due to the turbulence, or -oscillations,
involved in the acceleration process.*

The range of interest for specific impulse in electric primary
propulsion was 5000-10,000 s during the 1960-70 period. The
electron backflow at these high specific impulses was energetic
enough that it was difficult to use efficiently in volume ion
production. The large electron backflow therefore constituted
a major loss. It is true that this electron backflow could have
been used to heat the ionizer of a contact-ionization thruster.
But contact ionization had other problems, including ex-
cessive heating-power requirements and difficult fabrication
procedures. '

Compared to gridded electrostatic thrusters of the 1960-70
period, the closed-drift thrusters had much lower efficiencies.
For a proper historical prospective, it should be kept in mind
that the 5000-10,000 s range of interest for specific impulse
resulted from early projections of very light-weight power
sources, and interest in interplanetary missions. As a result of
these lower efficiencies, much of this early work on closed-
drift thrusters ceased about 1970.

However, other programs involving closed-drift thrusters
continued.'®** About the time that the space-charge-sheath
type of thruster® was operated, an analysis of the closed-drift
acceleration process showed that two distinctly different
acceleration processes could take place.'? In one case the
electrons in the acceleration region were assumed to be at a
negligible temperature (zero). The potential variation
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throughout the acceleration region then was found to be
smooth and continuous, as had been implicitly assumed in the
carlier closed-drift thruster work. If, however, the electrons
were assumed to heat up as they flowed from the ion exhaust
to the ion formation region, then a near-discontinuous
potential jump occurred at the positive end of the acceleration
channel. The remainder of the acceleration was assumed to
take place in an axial length of the order of the local electron-
cyclotron orbit.

With this acceleration model to serve as a guide, ex-
perimental verification of this anode-layer acceleration
process was  soon found in studies of the Penning dis-
charge.?>*° Subsequent studies of the Penning discharge gave
additional verification and information.*'**® These and other
studies made clear some of the distinctions between the two
types of closed-drift thruster.

In the first type of thruster, with a relatively long ac-
celeration channel and dielectric wall (see Fig. 1), collisions of
energetic electrons and ions with the dielectric walls served to
emit low-energy secondary electrons. The high conductivity
along magnetic field lines permitted energetic electrons to
reach the walls and be replaced continuously by low-energy
secondaries. This process served to limit the electron tem-
perature to a moderate value in the acceleration region. As a
result of the continuous and extended acceleration process,
this type of thruster has been called a closed-drift extended-
acceleration (CDEA) thruster in recent work, !4-16.18.31,34

In the other type of thruster (see Fig. 2), the short channel
walls give less opportunity for ion and electron collisions with
the walls. Further, the metallic channel walls in this type of
thruster are at the potential of the electron emitter; so that
(except for the high-energy ‘‘tail’” of a turbulent electron
distribution) electrons will be reflected from the walls. The
electrons, therefore, will tend to conserve total energy as they
flow toward the anode, resulting in an incredsed electron
temperature as the anode is approached. At some point, the
increase in electron temperature will result'in a downstream
contribution to electron diffusion that will equal the upstream
component due to the potential gradient. This point is the
downstream boundary of the potential jump to near anode
potential. This type of thruster is called;, appropriately
enough, an anode-layer thruster in recent work. It should be
noted that this thruster type is very similar to the space-
charge-sheath thruster studied earlier.®*

Because the majority of both the total work and the recent
work on closed-drift thrusters has used the CDEA and anode-
layer designations, these designations will be used for the two
major types in the remainder of this paper.

~ Operating Characteristics

The typical single-stage closed-drift thruster requires one
major power supply for the discharge between the electron-
emitting cathode and the anode. If permanent nmagnets are not
used, an auxiliary supply will be required for the magnet
winding. A heating supply also will be required if a refrac-
tory-filament cathode is used. If a hollow cathode is used, a
separate power supply will be required for initiation of the
cathode discharge. Depending on the hollow-cathode design,
no power supply may be required for its operation after it is
started and coupled to the main discharge.

The operating characteristics of the main discharge are of
particular interest. The characteristics of a single-stage CDEA
thruster can be deduced from a large number of publications,
but are described in a compact form by Morozov et al.!*
Information is less complete for the single-stage anode-layer
thruster, but most of what is available appears to be similar to
that of the CDEA thruster. The following general description
therefore applies directly to a CDEA thruster, but should, for
the most part, also apply to an anode-layer thruster. Where
differences appear to exist for the two closed-drift thruster
types, these differences will be pointed out.

TECHNOLOGY OF CLOSED-DRIFT THRUSTERS 79

¥ BN\

TeleTeoZele] |

XX XRRLR,

SeleleTeTeTeTeTe e 0o e ta v e el e e Y]

Fig. 1 Hall current or closed-drift extended-acceleration (CDEA),
thruster (single stage). 1) Propellant feed; 2) anode distributor;
3) magnetic circuit, pole pieces; 4) magnet winding; 5) cathode
neutralizer; 6) discharge power supply; 7) insulator.
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Fig. 2 Anode-layer thruster (single stage). 1) Propellant feed;
2) anode distributor; 3) magnetic circuit, pole pieces; 4) magnet
winding; 5) cathode neutralizer; 6) "discharge power supply.
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Fig. 3 Discharge characteristics for single-stage closed-drift
thruster. (Magnetic field strength held constant.)
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Assuming both the mass flow rate and the magnetic field
strength are held constant, the current-voltage characteristics
for the range of most interest can be approximated as a nearly
constant-voltage region below a ‘‘knee’” and a nearly con-
stant-current region above (see Fig. 3). The current at the knee
is roughly related to the current-equivalent of the mass flow
rate, calculated with one electronic charge assigned per atom
or molecule. To the extent that the propellant utilization is
less than unity, the current at the knee will be reduced. The
electron backflow to establish the accelerating electric field
and double ionization will both tend to increase the knee value
of current. The actual current value will include all of these
effects, with some approximate overall relationship with the
mass flow rate.

The sharpness of the discharge-characteristic knee is most
evident with easily ionized materials, such as cesium and
xenon. Figure 3 is characteristic of such an easily ionized
material. With a less easily ionized material, such as argon,
the curve shape can become much more rounded than is in-
dicated in Fig. 3, so that a “‘knee’’ is only vaguely defined.

To a first approximation, the accelerated ion current will be
a constant fraction of the discharge current in Fig. 3. The
operation in the nearly constant-voltage region therefore
corresponds to a range of propellant utilizations, with the
highest utilization obtained at the highest current. The nearly
constant-current region is also called the current saturation
region.

Because charged particles with both signs are present in the
acceleration region, there is no space-charge limit for the
current density of the accelerated ions. lon current densities in
the A/cm? range therefore are practical.%!?

Oscillations and fluctuations are generally observed in the
operating regions of interest for a closed-drift thruster.!® A
typical disturbance in the nearly constant-voltage region is an
ionization, or drift, wave. The fundamental mode of an
ionization wave has a wdvelength equal to the mean cir-
cumference of the annular channel. The wave velocity is lower
than the electron drift velocity, E/B, typically by a factor of
several. The frequencies observed for ionization waves are
normally in the tens of kHz range, with a discrete frequency
for the fundamental the usual dominant mode.'® Because an
ionization wave is driven by variations in the ion production
rate, its amplitude decreases as the discharge current is in-
creased and the utilization increased. ‘

A typical disturbance in the nearly constant-current region
is the transit-time oscillation.'¢ This type of oscillation has a
broad band of high frequencies. The center of this broad band
roughly corresponds to the ion transit time through the ac-
celeration channel. The amplitude of this oscillation increases
with discharge voltage and can reach 20-30% of the mean
applied voltage.

The amplitudes of these two types of oscillations tend to
decrease as the knee is approached. Although there are
varying degrees of overlap of the two oscillations near the
knee, this region is one of comparative stability. This
stability, together with high utilization, makes the general
vicinity of the knee the preferred region for thruster
operation. If the ion beam current is to be varied, the mass
flow rate should also be varied so as to maintain the operation
near the knee (see Fig. 3).

In the above discussion, two main types of oscillations have
been emphasized. Other types of oscillations are also possible,
including system oscillations, which deperid on power-supply
characteristics. Even with these other oscillations present, the
knee region is still, in general, the preferred operating region.

The effect of varying the magnetic field strength is in-
dicated in Fig. 4 for a fixed discharge current.'* The mass
flow rate is also assumed constant, at a value sufficient to
avoid operation above the discharge-characteristic knee. The
discharge voltage under these conditions (Fig. 4a) tends to
increase with increasing magnetic field strength and then level
off above some critical magnetic field. The fraction of the
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Fig. 4 Effect of magnetic field strength on operation of single-stage
closed-drift thruster.
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Fig. § Two-stage anode-layer thruster. 1) Propellant feed;
2) anode distributor; 3) magnetic circuit, pole pieces; 4) magnet
winding; 5) cathode neutralizer; 6) acceleration-stage power supply;
7) ionization-stage power supply; 8) intermediate electrode.

current through the main power supply (termed discharge
current herein) that results from accelerated ions (Fig. 4b)
follows a similar trend. Useful values of the ion current
typically range from 50-70% of the total discharge current.

The critical magnetic field is believed to be an artifact of the
walls of the acceleration channel, inasmuch as bulk diffusion
considerations alone would indicate a monotonic increase of
voltage with an increasing magnetic field.

From the limited available'*?® and physical considerations,
it is believed that the relative trends of Fig. 4 differ for CDEA
and anode-layer thrusters. As will be discussed in the next
section, the temperature of the backstreaming electrons in a
CDEA thruster tends to be limited by wall processes. The
production of ions will thus tend to be related linearly to the
backstreaming electron current in such a thruster. The
matching condition for the ion production and acceleration
portions of a CDEA thruster therefore will result in a nearly
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constant-current ratio, J;/J,, over a broad range of operating
conditions. For a CDEA thruster, then, the nearly constant
region of J;/J, in Fig. 4b shoud extend over most of the range
of voltage shown in Fig. 4a.

For an anode-layer thruster, though, the temperature of the
backstreaming electrons, as they reach the ion production
region, should vary nearly linearly with total applied voitage.
A given ion current therefore should be produced with less
backstreaming electron current at higher applied voltages. For
moderate voltages, up to several hundred volts, the matching
condition for ion production and acceleration would be ex-
pected to shift with voltage, giving a monotonically increasing
value of J,;/J, with increasing voltage.

Multistage closed-drift thrusters (see Fig. 5) have also been
investigated. An additional cathode, at the potential of the
intermediate electrode, has been optional.?**! The advantage
of a multistage design is that the ion production process can
be made more independent of the acceleration process. For
example, a high-current, low-voltage stage can be used to
form the ions. Then the electron backflow can be minimized
through the high-voltage acclerating stage, thereby
maximizing acceleration efficiency. It appears that any ef-
ficiency advantage for a multistage thruster should be greatest
at high acceleration voltage. For low-voltage thrusters,
particularly of the anode-layer type, the energy of the
backstreaming electrons can be used effectively for ion
production. The multistage approach therefore may be less
efficient at low voltages.

There are also some specific details of closed-drift thruster
designs that are important. Departures from circumferential
uniformity by 5-15% for various parameters can cause large
adverse effects on performance.?”-? For neutral flow, though,
the uniformity requirement refers to the general cir-
cumferential variation. The use of 20 uniformly spaced holes
apparently had - no adverse effect relative to a cir-
cumferentially uniform annular opening.?%?!

The foregoing discussion also implicitly assumes passive
pole-piece surfaces. If electron-emissive coatings are possible,
a wide range of adverse effects can be obtained.?’” When using
propellants such as cesium, it is preferable to have the thruster
hot enough to avoid any significant condensation on internal
surfaces.

Lifetime information is quite limited. Values of up to 1000
h are given for CDEA thrusters.?*3* It is suspected that the
ion bombardment of the insulating channel walls causes
degradation of the insulator surface, eventually causing
substantial surface conductivity. This process would be
voltage and propellant dependent, so that more inert
propellants and lower voltages would tend to give longer
lifetimes. With this mode of failure, it is possible that large
increases in lifetime, above the 500-1000 h range, may not be
practical.

In the anode-layer thruster, only conducting surfaces are
exposed to energetic ions. Greater lifetimes therefore should
be possible with an anode-layer thruster than a CDEA
thruster, with other operating aspects assumed to be similar.
The electrode erosion in an anode-layer thruster appears to be
caused primarily by off-axis trajectories of energetic ions near
the edges of the ion beam.!®** The scaling law for this erosion
process is not clear ‘at present, but, using moderate ex-
trapolation from CDEA tests, lifetimes of up to several
thousands of hours should be readily possible. Required
thrust durations for various missions tend to vary roughly
with specific impulse, so that a few thousand hours may be
adequate for many missions in the 1000-2000 s range of
specific impulse.

Electron Diffusion
It should be apparent that electron diffusion across a
magnetic field is an important aspect of closed-drift thruster
operation. As mentioned previously, an early and important
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Diffusion parameter, je_/'de/enoVo —

Fig. 6 Forms of solutions for 1/B electron diffusion in closed-drift
acceleration.

analysis of electron diffusion indicated the qualitative dif-
ference between CDEA and anode-layer acceleration.!? This
analysis was carried out assuming 1/B? classical diffusion,
which was experimentally found to be orders of magnitude
too low. The use of classical diffusion in this critical analysis
apparently has led to some confusion as to whether classical
diffusion is required for anode-layer thruster operation.'

The early diffusion analysis'? has since been repeated with
the assumption of 1/B anomalous diffusion,’ which is more
consistent with experimental observations. The assumption of
uniform and constant electron-current density (in the
direction counter to ion acceleration), together with 1/B
diffusion results in the integral {Bdx being the significant
magnetic parameter. This mathematical approach apparently
was used first in the diffusion calculations for the discharge
chamber of a gridded electrostatic thruster.®' *

The two general forms of analytical results obtained for the
acceleration region of a closed-drift thruster are indicated in
Fig. 6. The plasma potential is defined as zero at the ac-
celerator exhaust plane and ¥V, at the source potential for the
ions. The potential parameter V/V, thus increases from zero
to unity when moving from the accelerator exhaust to the
source of the ions. In the electron diffusion parameter, j, is
the axial electron-current density (assumed to be a constant),
B the transverse flux density, x the axial distance measured
from the exhaust plane, e the electronic charge, and n, the
electron (or ion) density at the exhaust plane. For a given
thruster configuration and operating condition, only the
integral {Bdx is a variable, which increases from zero to a
maximum when going from the exhaust plane to the upstream
end of the closed-drift acceleration region.

In one form of solution, the potential ratio V/V, increases
smoothly and continuously from 0 to 1 when passing through
the acceleration region. This solution is obtained only for a
zero electron temperature throughout the acceleration region.
The other form of solution is obtained when the electron
temperature is greater than zero. In this form the electron
diffusion downstream due to a finite electron temperature at
some point becomes equal to the upstream diffusion due to
the potential gradient. At this point, indicated by an arrow in
Fig. 6, the slope of the potential variation becomes infinite.
The mathematical solutions can be continued beyond this

*The integral {Bdx (or {Bxdx) has significance from several
viewpoints. It is the proper magnetic parameter for the deflection of
an isolated charged particle passing through a region of uniform
potential, but varying magnetic field strengths.> It was later shown to
be the proper parameter for a charged particle passing through a
region in which both the plasma potential and the magnetic field
strength varied.>? It is also an empirical parameter for closed-drift
acceleration, based on the observation that the local time-averaged
electric field varied approximately as the local magnetic field
strength. 14
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point, as shown by the dashed line, but they become
physically meaningless.

In terms of physical application, the two types of solutions
indicated in Fig. 6 can be organized into two other categories.
In the first category, the electron temperature is assumed
constant throughout the acceleration region. This category
also includes the unique zero-temperature solution of Fig. 6.
The diffusion-parameter values for the entire closed-drift
acceleration region are then given by*

i (Bdx 1 T V% T/V,
Jel =—[1+— —(1——) ———/—Lﬁ] (1)
engV, 81~ 2V, V, 20(1-VIV,) %

The corresponding maximum values for V/ V), are given by
ViVy=1-T/2V, )

Note that the value of '/ V, goes to unity as 7/V, goes to
zero. The general form of the solutions indicated by Eqgs. (1)
and (2) depends on 1/B electron diffusion. The numerical
constants result from the assumption of the Bohm value for
this 1/B diffusion.

Because the maximum value of V/V, is <1 for T/V,>0,
there will, in general, be an infinite slope of potential at the
upstream end of the acceleration region. If the ions are
assumed to come from a plasma located at the upstream end
of the acceleration region, it is reasonable to assume that they
are accelerated to ion acoustic velocity before leaving the ion
production region (the Bohm condition for a stable sheath). If
the background electrons in the production and acceleration
regions are at the same temperature, the acceleration will be
just sufficient to reduce the plasma potential at the boundary
of the ion production region to the value given by Eq. (2).

For ion production in a plasma, then, constant electron
temperature in the acceleration region implies the absence of a
potential discontinuity between the production and ac-
celeration regions. Note that this conclusion is dependent on
the production of ions in a plasma. If contact ionization is
used, for example, a potential jump of 7/2 will be found close
to the ionizer. .

In the second category of solutions the electron energy is
assumed to be conserved as the electrons flow upstream. This
results in a temperature rise, in eV, equal to two-thirds the
potential difference, in V, through which the electron passes.
The diffusion parameter values for the entire closed-drift
acceleration region are then given by>

o {Bdx 1 3T, V% 2+3T,/V,
Jef 2_[5+J - (1__> _—00%](3)
engV, 241" 2V, Vs 2(1—V/V,) "

The corresponding maximum values for ¥/ V, are given by

VIVy=%(1—-T,/2V,) @

Because the electron .temperature varies throughout the ac-
celeration region, T, is the electron temperature in the exhaust
plane.

For the production of ions in a plasma, T, should also
approximate the temperature of background electrons in this
plasma. The normal acceleration of ions by a potential dif-
ference of 7,/2 will not be sufficient to avoid a potential
discontinuity at the junction of the production and ac-
celeration regions. This discontinuity, which exists from the
viewpoint of continuum equations, should be accommodated
by a single, collision-free electron orbit.°

Experimentally, the constant electron-temperature
solutions should be approximated with CDEA thrusters,
where collisions of ions and energetic electrons with the in-
sulating walls will result in the continual replacement of
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Fig. 7 Ratio of experimental-to-theoretical electron cilrrents, with
Bohm diffusion used for the theoretical value. Two symbols con-
nected by a line represent a range of operation or a group of data
points.

energetic electrons by lower energy secondary electrons.’? In
the anode-layer type; this exchange process is generally
prevented and the acceleration process should approximate
the conserved energy solutions.

. Experimental electron backflows were compared with the
theoretical predictions of Egs. (1-4) for several closed-drift
thrusters, as presented in Fig. 7. All of these data were
analyzed with the constant-temperature solutions of Egs. (1)
and (2), except for the data of Ref. 9. These last data were
obtained with a channel length-to-width ratio of ~0.2. Even
though an insulating coating was used on the channel walls,
there was little opportunity for many wall collisions in such a
short channel, and the conserved-energy solutions of Egs. (3)
and (4) were used instead. The data were generally in-
complete, so thai assumptions were necessary for such
parameters as electron initial, or constant, temperature. These
assumptions were felt to contribute an uncertainty in the final
values of Fig. 7 of less than +20%.

The experimental-to-Bohm electron current ratios in Fig. 7
range over two decades, with no readily apparent dependence
on the magnitude of the magnetic integral. The data presented
in Fig. 7 include a wide range of designs, some of which are
known to be poor. Eliminating the data from poor designs
therefore should result in a reduction of the range of electron
current ratio.

The data of Morozov et al.' included a magnetic field
configuration that was strongest at the upstream end of the
channel, another that was uniform, and still another that was
strongest at the downstream end of the channel. The highest
ratios of Jo,/Jponm were for the former, while the lowest were
for the latter (see the three groups of data in Fig. 7). One way
of interpreting these results is to recognize that the channel
length-to-width ratio (axial channel length divided by the
difference of the inside and outside channel radii) was about 4
for these data, and it has been observed that only the
downstream portion of a long channel is effective.?® The
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efficiency of a long acceleration channel thus is improved by
concentrating more of the total magnetic field near the
exhaust plane, in effect making the channel shorter. Another
interpretation, perhaps equivalent, is that ions produced in
the upstream portion of a long channel have little chance of
escape without striking the channel walls. Concentration of
the magnetic field at the upstream end of the channel
therefore should be expected to concentrate ion production
further upstream, thereby decreasing the electrical efficiency.
Only the data for lowest group in Fig. 7, for which the
magnetic field was concentrated at the downstream end, are
included from this reference in Fig. 8. The data from Plank et
al.’® also were excluded from Fig. 8 due to known large
circumferential variations in the magnetic field.

The remaining data were replotted against the normalized
magnetic field integral in Fig. 8. The normalized integral is
defined as the experimental integral at the mean radius,
divided by the integral required to barely prevent an initially
stationary electron from directly (without a collision) reaching
the anode. This minimum integral required to prevent a direct
trajectory is (2m,V/e)” . For the normalized integral range
from about 3 to 50, the experimental electron current is within
about a factor of 3 of the value predicted using Bohm dif-
fusion. At higher values of normalized integral, the ex-
perimental current from two investigations rises higher, up to
about 10 times the Bohm value, even though there is no ap-
parent flaw in the thruster designs used.

The increase of anomalous electron diffusion above the
classical value is most often attributed to potential fluc-
tuations within the bulk of the plasma.’ Morozov et al.!* have
pointed out that wall effects could also cause anomalous
diffusion. The rough agreement with Bohm diffusion over a
large range of normalized magnetic field integrals suggests a
single anomalous-diffusion mechanism. The rise in ex-
perimental currents at high values of normalized integral
suggests a second mechanism. It is common in a wide range of
experimental investigations to observe a shift from one mode
of operation to another as an operating parameter is in-
definitely increased. It would not be surprising if anomalous
diffusion in closed-drift thrusters shifted from being caused
by bulk fluctuations to being caused by wall effects, or vice
versa, as the magnetic field is increased.

Summarizing the conclusions drawn from Fig. 8, the
electron diffusion in closed-drift thrusters appears to be
within about a factor of 3 of Bohm diffusion for a wide range
of normalized magnetic field integrals, but rises sharply at the
highest normalized integrals. Detailed considerations of ion
losses at channel walls suggest that the agreement with Bohm
diffusion would be improved further by restricting channel
length-to-width ratios to =<1. The drop in the maximum
values of J.,,/Jponm might be as much as 30-40% for such a
channel length restriction in the 3-50 range for the normalized
integral. Although operation at normalized integrals higher
than 50 is possible, the data of Fig. 8 indicate that the electron
backflow will simply increase continuously above the Bohm
value for these higher integrals.

It should be noted that the approximate limit of 50 for the
normalized magnetic integral is not understood from a
theoretical viewpoint. New designs or operating regimes
therefore might drastically alter this limit. However, if a
normalized integral of 50 is used, together with Bohm dif-
fusion, the minimum ratio of electron backflow to xenon ion
acceleration, J,/J;, is about 0.5. This value is in reasonable
agreement with experimental values for this minimum ratio.
Diffusion theory also indicates that this minimum ratio
should vary as the square root of propellant atomic mass, but
the limited data do not support this conclusion.®%!415.28

TA recent analytical study of diffusion indicates that roughly the
Bohm level of diffusion would be expected from thermal fluctuations
alone.’’
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with inert-gas propellants.

Instead, a constant minimum ratio of about 0.5 appears to be
a reasonable value of all propellants. Because of the limited
data, however, this. conclusion can be considered only ten-
tative.

Ion Production

The other important aspect of closed drift thruster
operation, besides electron diffusion in the acceleration
region, is the production of ions. The losses in this production
process consist of both the electron energy required for ion
production and the escape of neutrals.

The anode-layer thruster should have an inherent ad-
vantage over the CDEA thruster in terms of efficiency, by
using energy from backstreaming electrons to generate ions
more effectively. For that reason, the anode-layer thruster is
emphasized in the discussion of this section. Because of the
basic similarity of all closed-drift thrusters, the conclusions
reached will also have considerable validity for CDEA
thrusters.

Most of the ion generation in an anode-layer thruster oc-
curs in a thin layer at the upstream end of the acceleration
region.? This layer has a thickness of the order of the
dimensions of the electron-cyclotron orbit. The ion
production process in this thin layer can be approximated
from existing knowledge of gridded thruster operation.
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Considering first the discharge energy required for ion
production, a recent gridded thruster investigation using
argon indicated 70-80 eV/ion on a total volume production
basis.*® There have been many such studies in the past, but
this recent study was selected because of the new develop-
ments in this field. On the basis of limited data, the general
assumption was made previously that ions generated in the
discharge chamber of a gridded thruster flow nearly equally to
all discharge-chamber boundaries. This assumption was
satisfying, in that it was also consistent with ion flow at ion
acoustic velocity in all directions from the region of
production.

Jt ‘was experimentally determined in this recent study,
however, that the ions were directed preferentially away from
any boundary in which a transverse magnetic field existed,
and an outward flow of electrons took place across this
magnetic field.’® Theoretical considerations were also used to
show that the directed ion flow toward such a boundary had
to take place at far below ion acoustic velocity. To the first
approximation, therefore, all ions should be expected to be
directed away from a boundary with both a transverse field
and an outward flow of electrons.

These conditions are, of course, precisely the conditions in
the ion production region of an anode-layer thruster. With a
thin ion production region and typical ion beam dimension,
essentially all ions should be directed away from the anode
and therefore into the ion beam. From knowledge of ion
production in gridded thrusters, then, the discharge loss for
““knee’’ operation should be 70-80 e¢V/ion. From previous
experience with various inert gases, this discharge loss should
be roughly the same for argon, krypton, and xenon.

This discharge-loss value is supported by a detailed study of
ion production and energy losses in a CDEA thruster operated
on xenon.” Based on the ion beam extracted, a production
loss of roughly 100 eV/ion was obtaincd. Correcting for the
wall losses, which should be greatly reduced in an anode-layer
thruster, the production loss for total ion production was
found to be 60-70 ev/ion.

A discharge loss on the order of 70 eV/ion therefore ap-
pears reasonable for an anode-layer thruster operating on
inert gases from argon through xenon. Depending mostly on
the length of the acceleration channel, the losses for a CDEA
thruster would be expected to be higher. Some variation of
discharge loss would be expected with propellants having
significantly different ionization potentials. But experience
indicates that the discharge loss variation is considerably less
than linear with ionization potential.*

The other major loss that should be considered is the escape
of neutral, or nonionized, propellant. The operation of a low-
pressure discharge to generate ions has been found to depend
on the maintenance of a minimum neutral density, with the
exact value of neutral density dependent on the geometry of
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Fig. 10 Comparison of theory and experiment for cesium
propellant. (A single-stage anode-layer thruster was used in Ref. 28,
and a two-stage anode-layer thruster was used in Ref. 30.)
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the ion production region.? For an anode-layer thruster, the
pertinent geometry parameter is the depth of the ion
production region. This depth, as mentioned earlier, is of the
order of an electron-cyclotron orbit. From existing theory,
then, the loss rate of neutrals, expressed as an equivalent
current density, is expected to vary as

Jo=K,B/V§ (5

where K, is some constant that depends on the propellant, B
the magnetic-field strength in the ion production region, and
V, the discharge voltage. Numerical evaluation of the con-
stant K, indicates a value on the order of 10° for xenon. For a
typical operating condition of 2x 1072 T and 200 V, the
equivalent current density of the neutral loss should be
roughly 0.1-0.2 A/cm?. It should be evident from this neutral
loss that an anode-layer thruster must operate in the A/cm?
range for the extracted ion beam if an acceptable propellant
utilization is to be obtained. A CDEA thruster would be
expected to have slightly lower neutral losses due to the ex-
tended ionization zone, but not substantially lower.

The experimental measurements of propellant utilization in
closed-drift thrusters are limited,'*?® but consistent with the
general picture presented above. Experimentally, a magnetic
field configuration which increases in strength in the
downstream direction has been found desirable. From Eq.
(5), such a variation permits the ion production region to be¢ in
a low magnetic field strength region, thereby reducing neutral
losses. At the same time, the high field strength in the ac-
celeration region generally is desirable to reduce electron
diffusion in the upstream direction. This type of magnetic
field variation thus tends to accommodate the conflicting
requirements of ion production and acceleration.

If high ion-beam current densities are required to obtain
high propellant utilizations, the upper limit on the permissible
ion-beam current density is of interest. One limit, of course, is
a need to radiate, or otherwise reject, waste energy. From
available literature, this has not appeared to be a serious
limitation. Another limit can be that of required lifetime, with
excessive current densities resulting in unacceptably short
lifetimes. Duration tests clearly are required to determine this
limit.

Still another limit is that of the ratio of acceleration force
relative to the magnetic field force. That is, if the current
density of accelerated ions is sufficiently large, the reaction of
this acceleration force will seriously distort the magnetic field.
It would be expected that the maximum ion-beam current
density from this consideration is of the form

Ji=K,B 1V (6)

with the value of K, dependent on the exact configuration
used. If the acceleration force per unit beam area is simply set
equal to the stress in the magnetic field, B?/2p,, the value of
the constant K, for xenon is about 2.4x10%. For the
previously used conditions of 2% 10°2 T and 200 V, the
maximum current density is found to be about 0.7 A/cm?.
This limitation will, as mentioned, depend on the exact
configuration used. It should be clear, however, that it can be
a very real limitation to maximizing propellant utilization.

Scaling

The previous sections have emphasized details of design
and operation. General overall performance trends with
major dimensional changes are also of interest. The two
major dimensions of a closed-drift thruster are the magnetic
integral {Bdx and some characteristic length L.

The magnetic integral determines the electron backflow
through the acceleration region. From Egs. (1) and (3), this
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electron backflow is of the form

jedex/eno V():K3 (7)

where K; depends on the electron temperature variation
through the acceleration channel. Inasmuch as the ion current
density j; is proportional to en, V!, Eq. (7) can be rewritten as

JelJi=Kj§ th)/"’ /dex (®)
or
JelJji=K3' 1 (§BAX) norm ®

where (|Bdx), o, is the normalized magnetic integral, as used
in Fig. 8.

At low applied voltages (and low exhaust velocities), the
ratio of j,/j; is determined by the electron backflow required
to ionize the propellant. As the voltage is increased, the
required electron current decreases. From Eq. (8), for j,/j; to
decrease as V), is increased, {Bdx must increase more rapidly
than V4. This decrease in j,/j; continues until j,/j, reaches a
minimum, which is associated with a maximum value of the
normalized magnetic integral (herein assumed to be about 50).
For all higher voltages, {Bdx should increase with V.

The selection of the proper magnetic integral thus depends
primarily on the desired operating voltage. As described in
connection with Fig. 3, hard-to-ionize propellants have poorly
defined regions of optimum operation. The relation of
magnetic integral with applied voltage will be less clearcut
with such propellants. On the other hand, propellants with
low ionization potentials and large cross sections will tend to
have a closer relation between the magnetic integral and V.

If the oeprating voltage is assumed to be fixed, the effect of
size can be determined by varying the characteristic dimension
L. For simplicity, all other spatial dimensions were assumed
to vary with L. Because the voltage is fixed, the magnetic
integral should also be fixed. If {Bdx is to be fixed while L
varies, then B should vary inversely with L.

B~1/L (10)

From considerations of magnetic field stress, Eq. (6) gives a
maximum ion current density of the form

ji~B (11)
Combining relations (10) and (11).
Ji~1/L? 12)

The total ion current, J;, is the product of beam area and ion
current density. Because beam area varies as L?, the
maximum ion current (from magnetic stress considerations) is
independent of thruster size.

Note that this result depends, at higher voltages, on the
existence of a maximum permissible normalized integral. If
higher integrals can be used effectively, the limit on maximum
ion current can be increased. At lower voltages, though,
where the electron backflow is required for ionization, the
maximum permissible ijon current appears to be fun-
damentally independent of thruster size.

If thruster size can vary widely for the same ion-beam
current, some basis other than ion-beam current should be
used to select thruster size. For a more compact design, and
probably also a lower thruster mass, a smaller size is
preferred. It can also be shown that propellant utilization will
tend to increase as thruster size is decreased.

From Eq. (5), the equivalent current density of the escaping
neutrals varies as

Jo~B (13)
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To maximize propellant utilization, j;/j, should be
maximized. From relations (10), (11), and (13),

JilJo~1/L (14)

That is, propellant utilization is maximized by using the
smallest possible thruster size.

There are other considerations in selecting thruster size. A
thruster should be large enough to reject the waste energy
(probably by radiation). It also appears likely that larger
thrusters would tend to have longer lifetimes. As a general
conclusion, then, the smallest possible thruster size should be
used, consistent with heat rejection and lifetime requirements.

Thruster Performance

In evaluating the suitability of closed-drift thrusters for
particular missions, knowledge of their performance is
essential. A procedure for predicting performance is
presented in this section, together with available experimental
data.

The general configuration assumed for calculation is a
short, single-stage, closed-drift thruster with only one major
power circuit. The magnetic field is assumed to be supplied
either by a field winding with negligible power requirements, .
or by permanent magnets. The electron emitting cathode is
assumed -to be a hollow cathode, properly sized so that ex-
ternal power is not required for cathode heating or otherwise
sustaining the discharge after it is started.

Having assumed a hollow cathode, a cathode-to-plume
potential drop is also assumed with a value equal to the first
ionization potential of the gas used. It is true that the
ionization process is more complicated than simply injecting
electrons at this potential, but experimental potential dif-
ferences for hollow cathodes approximate this value. The
required electron emission from the cathode will equal the
electron backflow through the accelerating region plus the
neutralizing current for the accelerated ions.

The electron backflow will be set by the maximum of two
conditions. One is the minimum electron current required to
produce the ions by a discharge process. The other is the
minimum electron-to-ion current ratio.

From an earlier discussion, a discharge loss of 70 eV/ion
was assumed for argon, krypton, and xenon. For cesium and
cadmium, which have lower ionization potentials, 50 eV/ion
was assumed. At low applied voltages, the electron backflow
is set by this discharge-loss requirement.

As indicated earlier, when the applied voltage is increased,
a constant discharge loss per ion results in a decreased
requirement for electron backflow. Eventually, a minimum
electron-to-ion current ratio is reached. Present experimental

evidence indicates a minimum value for J,/J; of about
0.5 6.9,14,15,28
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Fig. 11 Comparison of theory and experiment for xenon propeliant.
(A two-stage anode-layer thruster was used in Ref. 31.)
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To summarize the procedure for inert gases, the electron
emission process was assumed to result in a potential-
difference loss equal to the first ionization potential. The
electron backflow to the anode was then taken to be the
largest of two values. One was the electron backflow required
to produce ions at 70 eV/ion. The other was a minimum
electron backflow equivalent to half the ion current. Using
this procedure, together with a thrust coefficient of 0.90,
power efficiencies were calculated. The assumed utilization
efficiencies of 0.80, 0.85, and 0.90 are believed to be con-
sistent with the limited experimental closed-drift thruster
data,'*?® and were used to convert power efficiencies into
thruster efficiencies. These thruster efficiencies are plotted
against specific impulse in Fig. 9. The break in each efficiency
curve corresponds to the minimum specific impulse at which
J./J; reaches 0.5.

As shown in Fig. 9, the efficiency is highest with xenon. The
difference between different propellants is small above about
2000 s. But in the 1000-2000 s range of specific impulse, which
is believed to be particularly suited to closed-drift thrusters,
the effect of propellant atomic weight is important.

Limited experimental data are available for comparison
with this theoretical approach. The most complete data ap-
pear to be for cesium propellant.?®3° These data are presented
in Fig. 10, together with a theoretical prediction. This
theoretical prediction was similar to that carried out for Fig.
9, except that the discharge loss was dropped to 50 eV/ion and
the propellant utilization was increased to 0.95. These changes
are believed to be consistent with the extremely low ionization
potential and large ionization cross section of cesium, as well
as the limited experimental closed-drift thruster data.?®

The calculated performance is in excellent agreement with
all experimental performance, except the data point near 4000
s. To provide the necessary exhaust velocity, the 4000 s point
is at roughly 1000 V. With this high a discharge voltage, there
would be a large fraction of the propellant that would be
multiply ionized, resulting in increased thruster losses.
Alternatively, the 4000 s point may not have been optimized
experimentally. In the 1000-2000 s range of most interest,
though, the calculation procedure appears to represent the
experimental values with sufficient accuracy for a rough
estimate of performance.

Limited data are also available for xenon propellant, and
are shown in Fig. 11, together with the calculated xenon curve
from Fig. 9. The thruster used in this case was a two-stage
anode-layer type. It appears that this thruster was not
designed to operate efficiently at low specific impulse. The
maximum efficiency in the 3500-4000 s range, though, is in
reasonable agreement with the calculated performance.

A final comparison can be made for cadmium propellant in
a CDEA thruster. In this case, a fairly deep (L/W=3)
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Fig. 12 Comparison of theory and experiment for cadmium
propellant. (A single-stage CDEA thruster with a relatively deep
(L./ W =3) channel was used in Ref. 24.)
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channel is believed to be the cause of the experimental per-
formance being significantly lower than the calculated per-
formance (see Fig. 12).

Concluding Remarks

The technology of closed-drift thrusters is reviewed. This
type of thruster appears to have inherent advantages over
both electothermal and gridded-electostatic thrusters in the
1000-2000 s range of specific impulse.

Electron diffusion across a magnetic field is a crucial aspect
of closed-drift thruster operation. Experimental electron-
diffusion data have been reviewed and compared with dif-
fusion theory. A normalized magnetic field integral has been
defined as the experimental integral {Bdx divided by the
minimum integral that will prevent an initially motionless
electron from reaching the anode at the discharge voltage
used. Experimental electron diffusion was found to be within
a factor of about 3 of the Bohm diffusion value over a range
of normalized magnetic field integral from about 3 to 50.
Above about 50, the experimental diffusion rose sharply,
relative to the Bohm diffusion value. The sharp rise in
electron diffusion was found to be related to the minimum
electron-to-ion current ratio in the acceleration process.

The ion-production process was also analyzed. Because of
the shallow depth of the ion production region, a closed-drift
thruster (particularly of the anode-layer type) is essentially a
high current-density device. To obtain useful propellant
utilizations, the ion current densities should be in the A/cm?
range. On the other hand, the discharge losses appear to be as
low, or lower, than any competitive ion-beam sources.

A calculation procedure was presented for estimating the
performance of a closed-drift thruster. Limited experimental
data indicated that this procedure is adequate for rough
performance estimates of single-stage thrusters with short
acceleration channels.

The experimental and calculated performance indicate
thruster efficiencies of about 0.5 are practical in the 1000-
2000 s range of specific impulse, when using high (= 100)
atomic mass propellants.
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