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The Flexible Magnetic Field Thruster

John R. Brophy* and Paul J. Wilburt
Colorado State University, Fort Collins, Colorado

The flexible magnetic field thruster is a unique research tool for studying the behavior of direct current
electron-bombardment ion thrusters. It utilizes a long wire anode shielded by a circumferential magnetic field.
The magnetic field around the anode, which is produced by passing a direct current of up to 150 A through the
wire, restricts primary electron flow from the discharge plasma to the anode. Different magnetic field con-
figurations (divergent, cusped, multipole, etc.) can be created by routing the anode wire in various ways through
the discharge chamber. The thruster is also designed so ion currents to various internal surfaces can be measured
directly. This allows the determination of the distribution of ion currents within the discharge chamber. Ex-
periments indicate that the distribution of ion currents is strongly dependent on the shape and strength of the
magnetic field but independent of the discharge current, discharge voltage, and neutral flow rate. Measurements
of the energy cost per plasma ion indicate that this cost decreases with increasing magnetic field strength due to
increased anode shielding from the primary electrons. Energy costs per argon plasma ion as low as 50 eV were
measured. The energy cost per beam ion was found to be a function of the energy cost per plasma ion, extracted
ion fraction, and discharge voltage. Part of the energy cost per beam ion goes into creating many ions in the
plasma and then extracting only a fraction of them into the beam. The rest of the energy goes into accelerating
the remaining plasma ions into the walls of the discharge chamber. Measurement of ion fluxes across a virtual
anode surface appears to indicate that ions cross this surface with velocities approaching their random thermal
velocity rather than the Bohm velocity.

Nomenclature
A =area, m2

B = magnetic flux density, T
E = electron energy, eV
e = electronic charge, C
/ = extracted ion fraction
J = current, A
k = Boltzmann's constant = 1.38 x 10~23 J/K
m =mass, kg
n — plasma density, m~ 3

P = specific power, eV/ion
r = radial position, m
T = temperature, K
v = velocity, m/s
V = voltage, V
ju0 = permeability constant = 1.26 x 10 ~6 H/m

Subscripts

B =beam
b = Bohm
back = back surface of discharge chamber
D = discharge
E = emission
e = electron
/ = magnetic field
/ = ion
P = production or plasma
S = virtual anode surface
side = side surface of discharge chamber
screen = screen grid
w = all thruster cathode potential surfaces
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Introduction

A GREAT deal of effort has been expended over the last
two decades on research to improve the efficiency of

electron-bombardment ion thrusters. Much of this effort has
centered on the containment of the high energy or primary
electrons in the main discharge region of the thrusters, and
has resulted in a rather interesting evolution of the thruster
magnetic field configurations.1'2 In spite of this effort, the
energy cost per beam ion (in electron volts) for most thrusters
is still on the order of 15 to 30 times the first ionization
potential energy of the propellant atom. J For example, the J-
series thruster3 using mercury, operates with a discharge
power of 190 eV/beam ion at a beam current of 2 A and a 32-
V discharge. This is a factor of 18 greater than the first
ionization potential for mercury. For SERT II,4 this factor is
about 20. Ramsey's magnetoelectrostatic thrusters5 typically
operate with factors of 16 for both argon and xenon as did
Sovey's argon line-cusp thruster.6 Multipole thrusters of
Isaacson7 (using xenon) and Longhurst8 (using mercury)
operated with discharge power losses around 18 and 26 times
the respective ionization potentials.

Dugan and Sovie9 have shown that the energy required to
produce an argon ion in plasmas similar to those commonly
found in ion thrusters should be on the order of 50 eV. That
this energy is greater (by approximately a factor of 3) than the
ionization potential is due primarily to the fact that the
ionization process is accompanied by some excitation of the
neutral atoms. Inherent in this analysis is the assumption that
electrons lose energy through inelastic collisions with the
neutral atoms exclusively, i.e., that electron energy losses to
the walls are negligible. In the case of ion thrusters, this
condition is approximately satisfied when the primary
electrons are prevented from reaching the anode by a
magnetic field and when only low-energy electrons are
removed from the plasma at the anode. Thus it should be
expected that a properly designed ion thruster (i.e., one which
prevents primary electrons from having direct access to the

$For operation at the "knee" of the discharge power-propellant
utilization curve.
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anode) would produce argon ions in the-plasma at an ap-
proximate energy cost of 50 eV.

This suggests that the high energy-cost per beam ion of
typical thrusters is not the result of inefficient plasma ion
production, but rather it is the result of the fact that the
fraction of these ions being extracted into the beam is sub-
stantially less than unity. If every ion produced in the plasma
was extracted into the beam, the thruster would be operating
at a discharge power level of 50 eV/beam ion (50 W/beam A).
This is probably the maximum energy efficiency that could be
expected for an argon thruster.

To approach this maximum efficiency one must understand
the behavior of, and be able to control, the ion currents inside
the discharge chamber. The flexible magnetic field thruster
was developed to study the behavior of these ion currents. The
unique features of this thruster are that it allows drastic
changes in its magnetic field configuration to be accomplished
quickly and easily, and that it is designed so ion currents can
be measured to its various interior surfaces.

Changes in magnetic field configuration are made possible
through the use of a copper wire anode through which a direct
current on the order of 100 A is passed. This current sets up a
circumferential magnetic field around the anode. The anode
wire may then be bent into any shape inside the discharge
chamber to produce the magnetic field configuration of in-
terest. Axial, mildly divergent, strongly divergent, cusped,
and multipole magnetic field configurations have all been
created with this thruster.

This paper provides a detailed description of the flexible
magnetic field thruster design and some of the results ob-
tained with it. These results include the measurement of ion
currents to all thruster cathode potential surfaces. From these
data, the total ion production rate, energy cost per plasma ion
and extracted ion fraction were calculated. In this study, these
performance parameters were monitored as the magnetic field
configuration and strength, discharge current, discharge
voltage, and neutral flow rate were varied.

Apparatus and Procedure
The primary feature of the flexible magnetic field thruster is

the anode. It is made from a 3.2-mm-diam. copper tube
through which a relatively large direct current is passed. In
designing the thruster, the magnitude of the currents needed
to produce fields that will prevent primary electrons from
reaching the anode surface were first computed to insure they
would be reasonable. This was done by recognizing that the
magnetic flux density B at a radius r from the centerline of a
wire carrying a current Jf is given by

where \LQ is the permeability of free space. It has been assumed
in writing this equation that the radius r where the field is
sought is greater than the wire radius r0. In order to prevent
collection of electrons having an energy Ee (in electron volts),
Isaacson found the following condition on the integral of the
magnetic flux density had to be satisfied in a similar
geometrical situation10:

(2)

In this expression, r; is either the radius at which the magnetic
flux density drops to a negligible value or the radius at which
electrons are injected into the magnetic field, whichever is
less. Combining Eqs. (1) and (2) and performing the indicated
integration, one can solve for the current required through the
wire. After substituting for the permeability one obtains

=
f

For 40-eV primary electrons, a 1.6-mm-radius wire, and a
radius of electron injection in the radius range of 1-2 cm, the
required magnetic field current given by Eq. (3) is about 100
A. This is large, but not unacceptably so. For a 1.6-mm-
radius anode of the order of a meter in length, further analysis
suggests that copper can carry the required current with a
small voltage drop over the 1-m tube length ( — 0.1 V) as long
as the wire is maintained at a sufficiently low temperature
(~80°C). Computations suggest this temperature can be
maintained by using a commercially available 3.2-mm-diam
copper tube and circulating water through it at a flow rate of a
few tens of ml/min.

The basic stainless steel, sheet metal chamber used to house
the anodes in this study is shown schematically without an
anode in Fig. Id. For all of the data presented here, this
chamber was 17 cm in diameter and 12 cm long. The other
sketches in Fig. 1 show perspective cutaway views of anode
configurations examined in this study. The magnetic field
shapes produced by these windings are also shown. The
refractory wire cathode used in the tests was positioned 2.5 cm
upstream of the grids in the manner suggested in Fig. Id for
all anode configurations. The cathode employed 0.25-mm-
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a) DIVERGENT CONFIGURATION RESULTING FIELD SHAPE

b) CUSPED CONFIGURATION RESULTING FIELD SHAPE

c) MULT I POLE CONFIGURATION
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RESULTING FIELD SHAPE

(3) Fig. 1 Flexible magnetic field thruster configurations.
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diam tungsten wire ,about 30 cm in length. This wire was
heated using alternating currents in the range 12-15 A from a
center-tapped power supply. Argon propellant was used
because of the ease with which flow rates could be set and
maintained. Tests were conducted at flow rates of 740, 1270,
and 1580 mA equivalent. Thruster performance was measured
at discharge voltages through the range 30-50 V above the
cathode center tap potential. The discharge current was
adjusted through the range 2-6A by controlling the alternating
current through the refractory cathode.

The grids used in the tests had a 67% open area screen and a
30% open area accelerator. They were operated at a total
accelerating voltage of 1500 V and a net-to-total accelerating
voltage ratio of 0.67 with a cold grid spacing 0.75 mm. Beam
neutralization was accomplished using a refractory wire
cathode. All tests were conducted in a 1.2-m-diamx4.6-m-
long vacuum test facility.

To facilitate the measurement of ion currents to various
thruster surfaces, the following features were incorporated
into the design of the discharge chamber. The thruster back
surface, cylindrical side wall, screen grid, and cathode were
all electrically isolated from each other. The positive high
voltage was connected directly to the cathode center tap. The
back surface, side wall, and screen grid were connected to this
point through 1-U resistors and through a power supply that
was used to bias these surfaces negative of cathode potential.
During thruster operation, these surfaces could be biased to
-70 V (relative to cathode potential). At this bias, electron
collection on these surfaces was eliminated and the ion current
to each surface could be determined by measuring the voltage
drop through each resistor. It is noted that ion currents going
to the anode surface and recombining there are not counted
when measurements are made in this way. Due to the dif-
ficulty of measuring the ion current to the anode surface it
was decided to treat the ion-electron recombination there as if
it were a volume recombination process. That is, the energy
lost as a result of ion neutralization at the anode surface was
included in the overall average energy cost to produce a
plasma ion.

By measuring the ion current to the thruster body and
screen grid in the manner suggested above one is provided
with a powerful tool for evaluating thruster performance. It is
really an extension of the Langmuir probe technique proposed
by Sovey6 and is essentially the same approach used by
Siegfried in studying hollow cathodes.n In this case, however,
the back surface, side wall, and screen grid act as probes. The
value of the measurement lies in the fact that the sum of the
body and screen grid ion currents represents the current of
ions produced in the chamber but not extracted through the
grids. The sum of this current and the beam current is the
total ion production rate (expressed as a current). Knowing
this total ion production rate, one can compute the fraction of
ions produced that are extracted (beam current-to-total
production rate ratio) and the energy cost of a plasma ion.
The first of these parameters indicates the efficiency of the
discharge chamber in directing ions through the grids; the
second, the efficiency of the discharge chamber electrons in
producing ions.

It should be noted that when measurement of the total ion
production rate is made by summing the ion currents to each
negatively biased surface, the measured value is less than the
actual value because the ion current to the anode surface has
not been included. Further, the energy cost per plasma ion
based on the measured ion production rate will be greater
than the actual value. The measured values of both the ion
production rate and the energy cost per plasma ion will ap-
proach the actual values as the physical anode area decreases.
In these tests, the anode area exposed to the plasma was the
same for each of the configurations of Fig. 1. Thus the error
in the measured values of these parameters should be ap-
proximately the same in each case, and meaningful com-
parisons can be made between the different magnetic field

configurations. Finally, it is believed that the ion current
density to the anode is small compared to the ion current
density to the negatively charged surfaces due to the dif-
ference in ion velocities to each surface. Thus the errors
between the measured and actual values should be relatively
small.

Applying a large negative bias to the various discharge
chamber surfaces did not significantly alter the discharge
chamber operation. When the bias was applied, the current to
each surface rose from zero (at floating potential) to the value
corresponding to the ion current being collected. As the
negative bias on a surface was increased, the discharge and
beam currents would also increase. The discharge current
increase was caused by the collection, at the anode, of ad-
ditional electrons that had previously neutralized the ions at
the walls by coming directly from the plasma. When the
negative bias was applied, these electrons could no longer
neutralize the ions at the walls directly from the plasma, but
rather they had to be collected by the anode and then be
passed through the discharge power supply so they could
reach the walls. The beam current increase associated with
biasing discharge chamber surfaces is a result of the increase
in discharge current brought on by the phenomenon just
described. In conducting the tests it was found that when the
discharge current was restored to its original value the beam
current would also return to its original value. This indicates
that the thruster discharge chamber efficiency was the same,
regardless of whether the back, side, and screen surfaces were
allowed to float, or were biased strongly negative of cathode
potential—provided the discharge current was held constant.
At first glance, this is a rather remarkable result. In the
floating case, the ions reaching the walls are neutralized there
by high-energy electrons from the plasma. In the other case,
the ions are neutralized by electrons from the discharge supply
which are primarily low-energy electrons collected by the
anode and then pumped up to the discharge chamber surface
potential through the anode power supply. That these two
conditions should result in identical discharge chamber ef-
ficiencies required an explanation.

With the walls floating, the discharge current JD is the sum
of the cathode emission current JE and the beam current JB,
so that

In this case the ions are neutralized at the walls by high-energy
electrons emitted by the cathode. When the walls are biased
sufficiently negative of the cathode potential so that no
electrons from the plasma can reach them, the discharge
current becomes

JD = JE~^JB~^~JW (5)

where Jw is the magnitude of the ion current to the walls—a
current that remains unchanged as the walls are biased
negatively. Now if the discharge currents of Eqs. (4) and (5)
are to be made equal, and if at this condition the beam
currents are equal, than the cathrode emission J'E in Eq. (5)
must be decreased by an amount equal to Jw. That is, the rate
at which high-energy electrons are injected into the plasma for
the case where the walls are biased negatively, must be
reduced by an amount exactly equal to the rate at which high-
energy electrons were lost to the walls in the first case. This
results in the density of high-energy electrons being the same
in both cases, and since everything else was held constant, the
efficiency must be unchanged.

Results and Discussion
Existing Thruster Designs

In the first part of this study, three thruster magnetic field
configurations were examined: the divergent field, the single
cusped field, and the multipole configuration. Each of these



614 J.R. BROPHY AND P. J. WILBUR J. SPACECRAFT

configurations was easily created with the flexible field
thruster. Figure 1 shows these configurations and how the
anode wire must bend in order to create each particular
magnetic field shape. In each of these three configurations,
the loop separation was approximately 2 cm and the total
anode length exposed to the plasma was 280 cm. In addition,
the volume and surface area of the region bounded by the
anode was the same for each configuration. The effect of
increasing the magnetic field strength for the divergent field
thruster configuration is illustrated in Fig. 2. In this figure,
the fractions of total ion current produced (Jp) which go to:
the back surface (/back//p), the side wall ( J s i d e / J p ) , the
screen grid ( J s c r e e n / J p ) , and the beam (JB/Jp) are plotted as
functions of normalized magnetic field current through the
anode wire. These data were taken at a discharge current of
2.0 A, a discharge voltage of 50 V, and a neutral flow rate of
1580 mA eq. However, it was found that the ion current
distribution in the discharge chamber was independent of
discharge current, discharge voltage, and neutral flow rate
over the ranges investigated. Because of this independence
from discharge conditions, the curves shown in Fig. 2 can be
considered generally applicable to the divergent magnetic field
configuration. Examination of Fig. 2 indicates that the
fraction of the total ion current extracted into the beam in-
creases with increasing field current. In addition, the fractions
of the total ion current going to the back surface and screen
grid increase slightly, while that to the side wall decreases.
This is clear evidence that the magnetic field strength can
influence the distribution of ion currents inside the discharge
chamber. The decrease in the fraction of ion current to the
side wall is believed to be primarily the result of a radial
plasma density distribution in the discharge chamber that
becomes increasingly nonuniform as the field current is in-
creased. Most of the ion current going to the back surface is
assumed to be going there through the "hole" in the magnetic
field on the centerline of the thruster.

The distribution of ion currents for the cusped field thruster
(Fig. Ib) configuration is shown in Fig. 3. Again, the fractions
of ion currents to each surface are plotted against the nor-
malized magnetic field current. Here the same basic trends
exhibited by the divergent field configuration are seen.
However, in this case the redistribution of ion currents is less
pronounced than in the previous case. This appears to indicate
that the plasma density remains more uniform at high field
strengths in the cusped configuration than in the divergent
field geometry. This plasma uniformity is also reflected in the
respective ion beam profiles, which are more uniform in the
cusped field configuration than they are for the divergent
one.2 If is believed that an additional factor that causes the
side wall current fraction to be higher for the cusped con-
figuration than for the divergent one is the plasma leakage
that occurs at the cusp.

Finally the distribution of currents for the multipole
configuration (Fig. Ic) is shown in Fig. 4. Here, interestingly
enough, the magnetic field strength has no effect on the gross
distribution of ion currents inside the discharge chamber.
Further, the fractions of current to each surface was found to
be exactly equal to the area of that surface divided by the total
area of the primary electron region. This was true only at zero
field current for the first two configurations. This appears to
indicate that the ions move toward the walls with nearly equal
probability in all directions in a multipole thruster. It should
be noted here that this result applies only to low field strength
multipole thrusters. It was not possible to create the 0.3 T
magnetic fields now found at the pole pieces of some
multipole designs.12 The improved performance of these
designs suggests that some redirection of ion currents is in-
deed occurring. In any case, the uniform ion current
distribution of low field strength multipole thrusters is clearly
demonstrated here. The fact that ions are lost uniformly in all
directions from the plasma implies that the extracted ion
fraction should always be less than 50% for multipole
thrusters of low field strength design.

0.2 0.4 0.6

NORMALIZED FIELD CURRENT

0.8 1.0

Fig. 2 Ion current fractions to discharge chamber surfaces for the
divergent field configuration.

screer/J p
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Fig. 3 Ion current fractions to discharge chamber surfaces for the
cusped field configuration.
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Fig. 4 Ion current fractions to discharge chamber surfaces for the
multipole field configuration.

For comparison purposes, the fraction of ions directed
toward the grids, (JB+ ^screen ) /^/>» is plotted against the
magnetic field current in Fig. 5 for the three thruster con-
figurations. The advantage of the divergent field geometry in
terms of the fraction of ions directed toward the grids is clear.

Plasma Ion Production
The energy required to create an ion in the plasma has, as

one would expect, a strong influence on the overall thruster
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efficiency. The relationship between this energy cost per
plasma ion and that per beam ion can be related using
quantities measured in the tests described in this paper. The
energy cost per plasma ion (Pp, in electron volts) is defined by

(6)

where VD is the discharge voltage. The ion production rate Jp
can be approximated as the sum of the beam current and ion
current to the discharge chamber walls Jw, i.e.,

(7)

Substituting Eq. (7) into Eq. (6) yields

of discharge voltage. While these data were obtained with the
cusped field configuration, results obtained with the other
thrusters showed similar trends. These and other data indicate
that the energy cost per plasma ion can be made as low as 50
to 60 eV for the argon propellant used.

In the course of measuring the total ion production rate it
was noticed that this rate was frequently much greater than
the neutral flow rate in equivalent milliamperes. An example
of this is shown in Fig. 7 for data collected on the cusped field
thruster. The ion production rate being greater than the
neutral flow rate is an indication that the walls of the
discharge chamber behave as a virtual source of propellant
atoms. Also shown on this figure is the beam current. This
figure indicates rather dramatically how the ion production
rate can be significantly greater than the neutral flow rate,

(8)

(9)

Recognizing that (JD—JB) VDIJB is the discharge power PD
(in eV/beam ion), and letting / be the extracted ion fraction
defined by

P =•

This can be rewritten as

D _(JD-JB)VD

then, Eq. (9) can be written in the form

P -*
PD~ f

d-f)VDf

(10)

(11)
This is the desired relation between the energy cost per plasma
ion and the energy cost per beam ion. The first term on the
right-hand side of this equation reflects the energy lost
because ions are produced that recombine on the walls and are
not extracted into the beam. The second term represents the
energy used to accelerate the plasma ions that go to the walls
of the discharge chamber into these surfaces.

The plasma ion energy cost has been determined for each
thruster configuration and at each operating point considered
in this study using Eq. (6). A sample of the results obtained
with the cusped field thruster are shown in Fig. 6. These data
indicate that the energy cost per plasma ion decreases with
increasing magnetic field strength (due to increased anode
shielding from primary electrons). In addition, it indicates
that the cost increases with discharge current and decreases
with neutral flow rate. However, it is relatively independent
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Fig. 5 Normalized ion current toward grids vs field current.
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Fig. 6 Plasma ion energy cost in the cusped field configuration.
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Fig. 7 Comparison of ion production rate and beam current to the
neutral flow rate for the cusped field configuration.
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and yet the beam current is still substantially less than the flow
rate. This does not mean, however, that if every ion prod-
duced could be extracted into the beam that one would get a
beam current greater than the flow rate. Instead, the neutral
density would decrease, causing a corresponding decrease in
the ion production rate such that the beam current (assuming
only singly charged ions) would always be less than the
neutral flow rate.

Other Considerations
In addition to the tests described above, several other

configurations of the flexible field thruster were tested in an
effort to reduce ion losses to the walls still further. The
number and type of configurations that can be tested is
limited only by the imagination of the researcher. To date, no
configuration of the flexible field thruster has directed a
greater fraction of ions toward the grids than the divergent
field configuration. However, in the course of this effort a
very interesting phenomenon was observed. Tests were being
run on the flexible field thruster in an axial magnetic field
configuration, as shown in Fig. 8. In addition to the
solenoidal anode the thruster was equipped with an external
solenoid. This allowed the magnetic field in the discharge
chamber to be created by 1) passing a current through the
anode wire only; 2) passing a current through the external
solenoid only; or 3) passing currents in opposing or adding
directions through both wires simultaneously to produce a
wide range of magnetic field conditions. With this thruster
configuration it was observed that at any given flow rate,
discharge current and discharge voltage, the ion current to the
side wall was smaller when the magnetic field was created with
the external solenoid alone than it was when a magnetic field
of identical strength was created with the internal solenoid
alone. This indicates that the plasma is being contained better
when the magnetic field is created by the external solenoid
than it is when the internal anode wire is used. Why this
should occur was not immediately apparent.

The reason the external coil gives better performance than
the internal one can be understood, however, by considering

EXTERNAL SOLEOID

INTERNAL-
SOLENOID

BACK —
SURFACE

a) INTERNAL ANODE SOLENOIDAL FIELD

^EXTERNAL SOLENOID

ANODE '

BACK ——
SURFACE

VIRTUAL
- ANODE
'SURFACE

b) EXTERNAL SOLENOIDAL FIELD

Fig. 8 Axial magnetic field thruster configurations.

Fig. 8 further. Figure 8a shows the magnetic field lines for the
case where the field is produced entirely by passing a current
through the anode wire. Figure 8b shows the field lines when
the field is produced entirely by the external solenoid. The
anode wire in this second case serves only as the anode. In Fig.
8b, we notice that certain field lines intercept the anode
surface directly. As we progress outward from the centerline
of this thruster along a radius, the surface of revolution of the
first field line that we encounter 'which intercepts the anode
surface is called the virtual anode surface. It is so called
because once an electron becomes attached to a field line on
this surface it has a high probability of being collected by the
anode. Consequently, few electrons would be expected to be
found at radial locations greater than that of the virtual anode
surface. This in turn implies that the plasma density should be
reduced substantially in the region outside of this surface. It
appears that the reduced ion flux to the side wall is a result of
the reduced plasma density in this region. For the case of Fig.
8a (magnetic field created by the internal solenoid), however,
it is seen that no field lines intercept the anode directly; in-
stead, they tend to form concentric circles around the anode
wire. Consequently there is no virtual anode surface. Further,
the field strength between adjacent turns of the anode wire
goes to zero. These two factors apparently enable the plasma
to leak out of the volume bounded by the anode wire, and the
result is an ion current to the side wall greater than that ob-
served with the external solenoid.

When the virtual anode surface is present, as mentioned
earlier, ion losses to the side wall can be greatly reduced. It
was postulated that this reduced ion loss to the wall was the
result of a greatly reduced plasma density adjacent to it.

EXTERNAL SOLENOID

BACK _
SURFACE 102cm 17cm

CATHODE

Fig. 9 Axial magnetic field thruster with "washer-shaped" anode.
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Fig. 10 Ion currents to discharge chamber surfaces for the axial field
thruster with "washer-shaped" anode.
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Further, this reduction in plasma density was believed to
occur across the virtual anode surface because of the removal
of electrons from the plasma by the anode. If this is indeed the
case, that is, if the plasma density is reduced dramatically
across the virtual anode surface, then the ions must cross this
surface with an average velocity substantially less than the
Bohm13 velocity. This must be so, for if the ions crossed this
surface from a region of high density to a region of low
density with the Bohm velocity, then an excess of positive
charge would very quickly be built up in the low-density
region. This excess charge would serve to reduce the ion
velocity across the virtual anode surface to the point where the
flux of positive charges across the surface was consistent with
the condition of quasicharge neutrality in both the high- and
low-density regions.

To see if this was indeed the case, the following experiment
was performed. A thruster having the configuration shown
schematically in Fig. 9 was constructed. The anode consisted
of a washer-shaped piece of 0.025-cm-thick stainless steel. An
axial magnetic field was created in the discharge chamber
through the use of a six turn solenoid wrapped around the
cylindrical thruster body. The cathode consisted of a tungsten
wire bent into a circle 10.2 cm in diameter. With this con-
figuration, the entire side wall was protected by the virtual
anode surface, but the physical anode area exposed to the
plasma was extremely small compared to the total surface
area bounding the plasma. This allowed the ion current to the
side wall to be measured very accurately, since the ion current
to the physical anode was negligible. The actual ion currents
to each thruster surface are shown in Fig. 10 for an argon flow
rate ( m ) of 1270 mA, a discharge current (JD) of 2.0 A, and
a discharge voltage ( V D ) of 50 V. It is noteworthy that this
discharge chamber gave a higher extracted ion fraction than
the divergent field design (Fig. la and Fig. 5). The remarkable
aspect of the results of Fig. 10 is, however, that as the ion
current toward the grids («/5 + «/screen) increases by ap-
proximately a factor of 5, due to an increase in the magnetic
field current from 0 to 100 A, the ion current to the side wall
actually decreases. This shows that the virtual anode surface
does a remarkable job of containing the plasma. It is believed
that this occurs because ions cross this surface with velocities
approaching their random thermal velocity rather than the
Bohm velocity. The following rough calculation supports this
hypothesis.

Assuming that the ions reach the accelerator system with
the Bohm velocity based on an estimated electron temperature
of 5 eV, the plasma density just inside of the virtual anode
surface was estimated from an ion beam current density
profile to be 2.4x 10~16 m~ 3 . If the ions crossed the virtual
anode surface with the Bohm velocity, then the current to the
side wall would be given by the formula,

(12)

where n is the plasma density (just cited); e is the charge for
singly charged ions in coulombs; As is the area of the virtual
anode surface; and vb is the Bohm velocity corresponding to
an electron temperture ( T e ) of 5 eV. If, on the other hand,
the ion current depends on the ion random thermal velocity,
then

v) (13)

where

(14)

and Tf is the ion temperature (assumed to be equal to 600 K);
k is Boltzmann's constant; and m{ is the ion mass. Using the
density cited previously, Eq. (12) gives an ion current to the
side wall of 1010 mA, whereas Eq. (13) gives a current of 40
mA. The measured current at the maximum magnetic field
was 113 mA. If the one-fourth factor in Eq. (13) is eliminated,

then the equation would correspond to the current due to a
directed thermal velocity and the result is a current of 160
mA. Admittedly these calculations are somewhat crude, but
they are believed to be accurate to better than a factor of 2.
On the basis of these results, it is suggested that the ions cross
the virtual anode surface with a velocity approaching their
thermal velocity rather than their Bohm velocity.

This phenomenon can also be used to explain the low ion
flux across the vritual anode surface observed in the SE.RT II
thruster.14 In this case the average current density across this
surface was measured and found to be approximately 15% of
the average current density toward the grids. Rough
calculations suggest that if the ions have the Bohm velocity at
this surface, then the average current density would be on the
order of 250% of the average current toward the grids. If they
are assumed to have the random thermal velocity, however,
the calculated current density is about 10% of the current
toward the grids. It appears that the ions do not cross the
virtual anode surface with the Bohm velocity. It should be
pointed out that these results are still preliminary and final
judgment must await detailed probing of the plasma around
the virtual anode surface.

In light of this velocity phenomenon, it should be noted that
the flexible magnetic field thruster does not produce any
virtual anode surfaces regardless of its configuration (for
reasons given in connection with Fig. 8). This implies that the
flexible field thruster does not imitate exactly those thruster
designs which do create virtual anode surfaces. This includes
virtually all current designs. However, based on results ob-
tained with the thruster configurations shown in Figs. 8a and
8b,,it is believed that the ion flux distributions obtained with
the flexible field thruster are still qualitatively correct, and
meaningful comparisons can be made between different
magnetic field configurations using this technique.

Conclusions
The ability to make drastic changes in magnetic field

configurations, together with the ability to measure ion
currents to different thruster surfaces, makes the flexible
magnetic field thruster a powerful tool for the study of
magnetic field configuration effects on thruster operation.
With this thruster, it was observed that the distribution of ion
currents inside the discharge chamber was strongly dependent
on the shape and strength of the magnetic field. This
distribution of ion currents, however, was found to be in-
dependent of the discharge current, discharge voltage, and the
neutral flow rate. With no magnetic field, the ions move to
the thruster walls with equal probability in all directions, and
the fraction of current to each surface bounding the plasma is
equal to the area of that surface divided by the total surface
area of the primary electron region.

The fraction of ion current to each thruster surface was
found to vary as a function of magnetic field strength for both
the divergent and cusped field configurations. Generally, the
fraction of ion current to the side wall would decrease and the
fraction of ion current toward the grids would increase as the
field strength was increased for these configurations. No such
redistribution of ion currents was observed for the multipole
configuration. In this case, the ion current distribution
remained the same as it was for the zero magnetic field
condition.

Measurements of the energy cost per plasma ion indicated
that this cost decreased with increasing magnetic field
strengths. This effect was attributed to increased shielding of
the anode from the primary electrons. Energy costs per argon
plasma ion as low as 50 eV were measured.

The energy cost per beam ion was found to be a function of
the energy cost per plasma ion, the extracted ion fraction, and
the discharge voltage. Part of the energy cost per beam ion
goes into creating many ions in the plasma when only a
fraction of them is extracted into the beam. The rest of the
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energy goes into accelerating the remaining plasma ions into
the walls of the discharge chamber.

The flexible field thruster does not exactly imitate the
discharge chambers of existing thruster designs due to its
inability to produce virtual anode surfaces. However, the ion
current distributions measured with it are still believed to be
qualitatively correct. The virtual anode surface provides a
boundary between high- and low-density plasma regions. Ions
from the high-density region cross this boundary with
velocities approaching their random thermal velocity. This
indicates that ion losses from typical ion thruster discharge
chambers can be reduced by bounding the plasma with virtual
anode surfaces.
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