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The Far-Field Plasma Environment
of a Hollow Cathode Assembly

Sven G. Bilén,∗ Matthew T. Domonkos,† and Alec D. Gallimore‡

University of Michigan, Ann Arbor, Michigan 48109

Using a hollow cathode assembly (HCA) in a large vacuum chamber, such as the
University of Michigan’s Large Vacuum Test Facility (LVTF), provides the capability
of generating a plasma environment that closely approximates that of the ionosphere.
This capability allows examinations of ionospheric-plasma phenomena in a controlled
setting without, in most cases, relying on scaling techniques. The HCA provides a low-
temperature, low-density, fairly uniform plasma in its far-field, and the LVTF provides
ample room such that the effects of plasma confinement can be reduced to a minimum.
Most previous studies on the HCA have concentrated on its plasma environment in the
near-field, i.e. within a few 10’s of cm. This work, however, examines the far-field (i.e.,
1–2 m) plasma environment of the HCA. This characterization shows that the HCA
provides, in the far-field, a fairly uniform ionospheric-level plasma environment. The
HCA was operated at nine different operating conditions consisting of three different
gases (argon, krypton, and xenon) each at three different flow rates. In this paper,
results from these nine operating conditions are summarized and the corresponding far-
field plasma environments are analyzed. Comparison of the HCA’s plasma environment
parameters with typical ionospheric values is presented.

Nomenclature
B0 background magnetic-flux density, T
BLVTF magnetic-flux density in LVTF, T
BE geomagnetic-flux-density vector, T
BE geomagnetic-flux density, T
BIGRF magnetic-flux density from IGRF model, T
k Boltzmann’s constant, 1.38× 10−23 J/K
me electron mass, 9.109 × 10−31 kg
mi ion mass, kg
ne electron plasma density, m−3

ni ion density, m−3

q charge magnitude, 1.602× 10−19 C
rce electron gyroradius, m
rci ion gyroradius, m
Te electron temperature, K
vte electron thermal velocity, m/s
vti ion thermal velocity, m/s
Zi ionization level, integer
ε0 free space permittivity, 8.85× 10−12 F/m
θe electron temperature, eV

Introduction

THE capability of generating a plasma environ-
ment that closely approximates that of the iono-

sphere is highly desirable to researchers wishing to ex-
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amine ionospheric-plasma phenomena in a controlled
setting. Such a capability would also be useful in test-
ing and calibrating ionospheric probes without relying
on scaling techniques.1 The use of a hollow cathode
assembly (HCA) in a large vacuum chamber, such
as the University of Michigan’s Large Vacuum Test
Facility (LVTF), can provide just such a capability.
The HCA provides a low-temperature, low-density,
fairly uniform plasma in its far-field, and the LVTF
provides ample room such that the effects of plasma
confinement—i.e., interaction with the walls and sup-
port structures—can be reduced to a minimum.

The general operation of HCA’s has been studied
extensively in the literature.2–6 Many previous studies
of the HCA have concentrated on its plasma environ-
ment in the near-field, i.e. within a few 10’s of cm.6, 7

Several works have also investigated the interaction of
the HCA plume with an ambient plasma,8–11 although
this is not the case of this study. Rather, this work
examines the far-field (i.e., ∼1–2 m) plasma environ-
ment of the HCA. This characterization shows that
the HCA provides, in the far-field, a fairly uniform
ionospheric-level plasma environment.

The HCA was operated at a total of nine differ-
ent operating conditions: three different gases (ar-
gon, krypton, and xenon), each at three different flow
rates. In this paper, we begin by describing the vac-
uum chamber and experimental apparatus. We then
present and summarize the results from the nine op-
erating conditions and analyze the corresponding far-
field plasma environments. We conclude by presenting
an evaluation of our method and apparatus for simu-
lating ionospheric plasmas.
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Fig. 1 Setup of the vacuum chamber for the far-
field plasma environment characterization of the
hollow cathode assembly (HCA) showing the loca-
tion of the HCA and the Langmuir probe mounted
on the positioning table. The items marked “Sam-
ples under test” are for a different set of experi-
ments that the HCA characterization supported.

Experimental Apparatus
Vacuum Chamber Description

The University of Michigan’s Plasmadynamics and
Electric Propulsion Laboratory (PEPL) has as its cen-
terpiece the Large Vacuum Test Facility (LVTF), a
cylindrical, stainless-steel-clad tank which is 9 m long
and 6 m in diameter.12 During these tests, the facil-
ity was supported by six 32,000 l/s diffusion pumps
backed by two 2000 cfm (56,600 l/s) blowers and four
400 cfm (11,300 l/s) mechanical pumps. These pumps
gave the facility an overall pumping speed of over
100,000 l/s on nitrogen and 25,000 l/s on xenon.§

Fig. 1 is a diagram of the LVTF as it was set up
for the HCA far-field plasma-environment character-
ization. It should be noted that these experiments
provided background information for another set of
experiments performed at the same time [see Bilén,13

Chap. 3].
The positioning table, also shown in Fig. 1, contains

two rotary platforms on two transverse linear stages.
This setup provides two degrees of freedom as well as
angular freedom in the horizontal plane, i.e., radial
(x–plane), axial (y–plane), and θ. Altitude (z–plane)

§In Winter 1998, the LVTF underwent a major facilities up-
grade during which four nude cryopumps were added. These
cryopumps have a combined pumping speed of 300,000 l/s on
air and 140,000 l/s on xenon and provide the ability to reach a
high-vacuum (10−7 torr).

x

y

z

Fig. 2 Picture of the hollow cathode assembly
as set up for these experiments (axis orientation
shown in this figure corresponds to that of Fig. 1).

is fixed.¶ The entire system is mounted on a movable
platform allowing measurements to be made through-
out a large portion of the chamber. The system can
sweep two probes at a time at radial speeds in excess
of 60 cm/s, with a positioning accuracy of 1 mm.

Hollow Cathode Assembly Description

The source for simulating the ionospheric plasma
was a laboratory model hollow cathode assembly
(HCA), which uses an orificed hollow cathode.14 The
HCA was developed at NASA Glenn Research Center
under its International Space Station plasma contac-
tor program. The HCA created a low temperature
plasma (θe <∼ 1.5 eV) by establishing a discharge be-
tween a hollow cathode chamber and a positive keeper
electrode and was operated primarily in spot mode.15

Plasma density was varied by adjusting the flow rate.
Fig. 2 shows a picture of the HCA as it looked dur-
ing these tests. Table 1 gives a summary of the nine
different HCA operating conditions.

Measurement Equipment

The measurement equipment used during the exper-
iments included an electrometer, computer controller,
magnetometer, and the aforementioned positioning ta-
ble. The electrometer was connected via an IEEE–488
bus to a computer controller which set equipment pa-
rameters, controlled instruments, and stored data. A
more detailed description of the equipment used and
their function is listed below.

Electrometer A Keithley 2410 Source Electrometer
was used to drive the Langmuir probe (LP) sys-
tem. The electrometer measured the current col-
lected by the LP as it was swept from −20 to
20 V. The LP was positioned via the positioning
table. LP measurements were used to determine

¶Recently, the capability for z–axis motion has been added
to the positioning table.

2 of 10

American Institute of Aeronautics and Astronautics Paper 99–2861



Table 1 Summary of the operating conditions of the hollow cathode assembly.

Oper. Gas Flowrate, Discharge Discharge Mode of Tank Pressure,
Cond. sccm Voltage, V Current, A Operation ×10−5 torr (indicated)

1 krypton 10.2 14.8 3.97 spot 4.9
2 krypton 19.2 14.8 3.97 spot 4.9
3 krypton 4.3 19.3 3.97 plume 4.9
4 argon 12.9 17.2 3.97 spot 4.9
5 argon 18.3 15.8 3.97 spot 5.2
6 argon 14.8 16.5 3.97 spot 5.1
7 xenon 2.3 15.5 3.97 transition 4.5
8 xenon 6.9 14.8 3.97 spot 5.2
9 xenon 3.9 17.1 3.97 transition 4.8

electron temperatures and number densities of the
HCA plasma plume.

Computer Controller An Apple Macintosh Quadra
running LabVIEW software from National Instru-
ments was used to set equipment parameters and
to store data via an IEEE–488 bus. LabVIEW
routines were used to drive the electrometer and
capture LP traces.

Positioning Table The positioning table, developed
by New England Affiliated Technologies (NEAT),
was used to position the LP throughout the far-
field region of the HCA plume.

Magnetometer The Shuttle Electrodynamic Tether
System16 (SETS) aspect magnetometer (AMAG)
was used to determine the orientation and
strength of the geomagnetic field present in the
plasma chamber. This instrument provides three-
axes absolute-field measurements with 468-nT
resolution.‖

Langmuir Probe Measurement Positions

The Langmuir probe measurements were made at 12
locations throughout the chamber for each of the nine
HCA operating conditions. The 12 locations are shown
in Fig. 3. The measurement space covers an area of
about 1.4 m × 0.7 m, with the closest measurement
made about 1.2 m away from the HCA. The measure-
ment space is oriented fairly symmetrically about the
axis of the HCA plume. The location of the HCA is
at the (0,0) point of Fig. 3.

Experimental Results
Electron Densities

The electron density throughout the measurement
region was determined via the Langmuir probe method
as outlined in Krehbiel et al.17 The LP bias voltage
was swept from −20 to +20 V in 200 steps and the
resulting current was measured via the electrometer.
The rhenium LP tip was cylindrically shaped, 48.9 mm
‖The SETS instrument data was collected during a previous

set of experiments; the instrument was not in the LVTF during
this experiment.
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Fig. 3 Locations of the Langmuir probe measure-
ments with respect to the hollow cathode assembly.

long with a diameter of 3.9 mm, and was mounted on
a triaxial mast to ensure that the low ion currents
could be measured. The probe is very similar to those
used on previous ionospheric missions such as Dynam-
ics Explorer. The probe was periodically cleaned using
electron bombardment of its surface by applying +200
V to the probe tip. A typical I–V characteristic from
this experiment is shown in Fig. 4.

Using the ne values obtained through analysis of the
LP data, contour plots of ne throughout the measure-
ment region were produced for each of the nine HCA
operating conditions (see Table 1). A cubic interpola-
tion of the data collected at the 12 locations provides
a smooth estimate of ne throughout the measurement
region. The plots in Figs. 5–13 show the electron den-
sity in the HCA plume for each of the nine operating
conditions. Table 2 gives a summary of the plasma
environment as measured by the LP.

There are some items to note in the data presented
in Figs. 5–13. First, most of the plots appear to have
slighter higher densities to the right of the HCA. It
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Table 2 Summary of the plasma environment from the hollow cathode assembly for each of the nine
operating conditions.

Oper. Gas Ion Mass, Mean ne (std. dev.), Mean θe (std. dev.), Fig.
Cond. ×10−26 kg ×1012 m−3 eV Num.

1 krypton 13.92 3.9 (0.9) 0.9 (0.1) 5
2 krypton 13.92 11.9 (3.3) 1.1 (0.3) 6
3 krypton 13.92 1.2 (0.3) 1.0 (0.2) 7
4 argon 6.63 1.2 (0.1) 1.0 (0.2) 8
5 argon 6.63 1.5 (0.2) 1.1 (0.3) 9
6 argon 6.63 1.0 (0.1) 1.8 (0.2) 10
7 xenon 21.80 1.6 (0.3) 1.5 (0.1) 11
8 xenon 21.80 7.5 (1.7) 1.4 (0.1) 12
9 xenon 21.80 2.9 (0.4) 1.5 (0.1) 13

-20 -10 0 10 20
Probe Voltage (V)

 

0

100

Pr
ob

e 
C

ur
re

nt
 (

µA
)

 

Fig. 4 A sample current–voltage characteristic for
the cylindrical Langmuir probe used in this exper-
iment (data is from Condition 7, sample 2, point
closest to the HCA—see Figure 11).

is believed that this was due to the HCA pointing
slightly to the right of the center line. Second, al-
though the region is undersampled, fairly good density
profiles can be interpolated due to the uniform nature
of the plasma plume.

Ion Densities

The ion density throughout the measurement re-
gion was determined via the Langmuir probe method.
These values were all within a factor of 2 of the electron
densities providing important corroboration of the re-
sults.

Electron Temperatures

The electron temperature throughout the measure-
ment region was determined via the Langmuir probe
method. These values fell within the range 0.9 to 1.8
eV.

Chamber Ambient Magnetic Field

The ambient magnetic field in the chamber was mea-
sured with the SETS AMAG during thermal-vacuum
testing of the SETS payload on 2 February 1995. The
AMAG-measured magnetic field is BLVTF = −1.83x̂+
7.86ŷ − 4.26ẑ × 103 nT or |BLVTF| = 9.12 × 103 nT
(coordinates are those shown in Figure 1). Such a
low value for the ambient LVTF magnetic field may at
first seem incorrect since the International Geomag-
netic Reference Field (IGRF) model18 predicts a value

of |BIGRF| = 5.63 × 104 nT.∗ However, the LVTF is
made of both stainless steel, which is generally non-
magnetic,19 and ferrous steel components. The ferrous
components of the LVTF affect the local field, in this
case greatly reducing it. Thus, the reduction in field
strength observed inside the LVTF can be explained.

Discussion
The data collected during this experiment and ana-

lyzed here show that the far-field plasma environment
of the HCA approximates that of ionospheric plasmas.
Table 3 compares typical values for several ionospheric
parameters with those provided by the HCA in the
LVTF. We discuss these and other parameters in the
remainder of this section.

Plasma Density and Confinement

This characterization effort showed that the obtain-
able density range from the HCA in the LVTF is
between ∼ 1012 to 1013 m−3 and higher. This range
adequately covers the higher plasma densities found
in the ionosphere during daytime and/or solar maxi-
mum, but is higher than those found during nighttime
and/or solar minimum (as low as ∼ 1010 m−3). How-
ever, lower densities (∼ 1011) can be obtained in the
LVTF farther back from the HCA than this study’s
measurement space.

One very important aspect of the HCA’s plasma en-
vironment is that the plasma is uniform over a fairly
large region (1–2 m). Density and electron temper-
ature vary by only <∼ 2 from side to side and front
to back of the measurement space used in this study.
In addition, the LVTF’s walls are located a large dis-
tance from the plasma region of interest, minimiz-
ing the confining effects of the walls—often one of
the largest problems with simulating an ionospheric
plasma. These two aspects allow large and/or dis-
tributed systems to be placed in the plasma without
requiring compensation for changing conditions across
∗The location of the chamber is 42◦17′98.41′′ N lat.,

83◦41′61.98′′ E long. For this location, IGRF predicts an ambi-
ent geomagnetic field of BIGRF = 1.83x̂−0.19ŷ+5.32ẑ×104 nT,
where x̂ is directed North, ŷ is directed East, and ẑ is directed
into the Earth.
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Table 3 Comparison of a typical ionospheric plasma environment with that provided by the hollow
cathode assembly in the Large Vacuum Test Facility.

Parameter Typical Ionospheric Chamber Comments
Value Value

ne 1010–1013 m−3 1011–1013 m−3 depends on distance
from HCA and gas flowrate

Te (θe) 1160–3480 K (0.1–0.3 eV) 10400–23100 K (0.9–2.0 eV) lower possibly with cold gas
injection at HCA keeper

mi (O+) 2.66 × 10−26 kg ∈ [6.63, 13.92, 21.80] × 10−26 kg other gases available,
e.g., neon (3.35× 10−26 kg)

BE 35000 nT (0.35 G) ∼ 9000 nT auxiliary field can be added
with Helmholtz coils

the system. In addition, these aspects allow for the
examination of large sheaths, e.g., on high-voltage con-
ductors.13

Electron Temperature

The electron temperatures obtained in the study
were in the range of ' 0.9 to 1.8 eV. These values
are slightly higher than those found in the ionosphere
(θe ' 0.1 to 0.3 eV), but not appreciably so. Electron
temperature could possibly be lowered in future ex-
periments by injecting cold gas at the exit of the HCA
keeper or by adding polyatomic molecules such as ni-
trogen to the noble gas HCA propellant. By running
a small HCA in spot mode20 it may also be possible
to achieve lower electron temperatures.

Primary Ion Constituent

The three gases used here—argon, krypton, and
xenon—are all heavier than the primary ionospheric
constituent: atomic oxygen. In our study, we did at-
tempt to use neon, which is close in mass to oxygen,
but the cathode ran hot at the low flowrate required to
achieve low densities. For this reason, higher flowrates
were required but they produced a much denser plasma
than ionospheric levels at 1–2 m from the HCA exit
plane. It may be possible to modify the orifice such
that the lower flowrates do not overheat the cathode
allowing better ion mass matching with neon in future
experiments.

Magnetic Field

Knowledge of the ambient magnetic field found in
the ionosphere and the LVTF is important because it
affects several plasma scale lengths and resonance fre-
quencies. The geomagnetic field strength measured in
the chamber is about a factor of four smaller than that
in the ionosphere. This, however, is not necessarily
disadvantageous since the addition of Helmholtz coils
would allow for varying magnetic field orientations
without much interference from the ambient geomag-
netic field. For future experiments requiring ambient
magnetic fields, we are investigating the possibility of
adding Helmholtz coils to the LVTF.

Resonance Frequencies and Scale Lengths

Often what is most important in the experimental
simulation of ionospheric plasma is how closely the
plasma resonance frequencies and scale lengths are ap-
proximated. Resonance frequencies of interest include
the electron and ion plasma frequencies, ωpe and ωpi;
the electron and ion cyclotron frequencies, ωce ωci; and
the upper and lower hybrid frequencies, ωuh and ωlh.
Scalelengths of interest include the Debye length, λD,
and the electron and ion cyclotron radii, rce and rci.†

Table 4 summarizes these parameters and gives equa-
tions for their derivation along with values for a typical
ionosphere and the HCA far field.

By examining the equations for the frequencies and
scale lengths given in Table 4 we can determine how
closely the values in the HCA plasma environment will
approximate those of the ionosphere. In general, the
HCA’s far-field plasma is good for simulating electron
dynamics, but less so for ions. For example, because
ωpe depends only on ne, this frequency can be matched
closely. Other frequencies that depend on mi and/or
B0 are not matched as closely, but are still reason-
ably close. With respect to scale length, we see that
the electron gyroradius is easily contained within the
plasma environment, whereas the ion gyroradius is
clearly not contained. Finally, because the important
λD scale length is proportional to

√
Te/ne, it can be

matched very closely.

Nonidealities

Although there are many properties of ionospheric
plasma that the far-field of the HCA approximates,
there are several properties which do deviate signifi-
cantly from ionospheric plasmas. Besides the devia-
tions in ion mass and magnetic-field strength noted
above, there is another deviation that has to do with
plasma flow. Most in situ investigations in the iono-
sphere are connected to moving spacecraft with orbital
velocities high enough that the ion flow is effectively
a directed beam. The HCA does not provide such a

†In the calculations of rce and rce, we define thermal veloci-

ties as vtj =
√
kTj/mj , for j = e, i and let Te = Ti.
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Table 4 Table summarizing typical ionospheric and far-field HCA parameters using parameter ranges
found in Table 3.

Parameter Equation Typical Ionospheric Values Chamber Range

ωpe

√
neq2

ε0me
5.64–178 Mrad/s (0.898–28.4 MHz) 17.8–178 Mrad/s (2.84–28.4 MHz)

ωpi

√
niZ

2
i
q2

ε0mi
32.9–1040 krad/s (5.23–165 kHz) Xe:36.5–Ar:661 krad/s (5.80–105 kHz)

ωce
qB0
me

6.16 Mrad/s (908 kHz) 1.58 Mrad/s (252 kHz)

ωci
ZiqB0
mi

209 rad/s (33.3 Hz) Xe:6.6 rad/s (1.1 Hz), Ar:22 rad/s (3.5 Hz)

ωuh
√
ω2
pe + ω2

ce 8.35–178 Mrad/s (1.33–28.4 MHz) 17.9–178 Mrad/s (2.84–28.4 MHz)

ωlh ≈ √ωceωci 35.9 krad/s (5.71 kHz) 5.9 krad/s (938 Hz)

λD

√
ε0kTe
q2ne

0.75 mm–4.1 cm 2.2 mm–3.3 cm

rce
meve,⊥
qB

= vte
ωce

2.15–3.73 cm 25–37 cm

rci
mivi,⊥
qB = vti

ωci
3.71–6.43 m Ar:67–100 m

directed flow, and hence motional effects cannot be
readily studied with the HCA in the LVTF.

Summary
The capability of generating a plasma environment

that closely approximates the ionosphere’s is useful for
examining ionospheric-plasma phenomena in a con-
trolled setting. The data collected and analyzed in
this study show that the far-field plasma environment
of the HCA approximates ionospheric plasmas. The
obtainable density range during this study was be-
tween ∼ 1012 to 1013 m−3 and higher, but if tests are
performed farther back in the LVTF, lower densities
(∼ 1011) can be obtained. The electron temperatures
were in the range of ' 0.9 to 1.8 eV. The plasma is
fairly uniform over a large region, varying by only a
factor of 2 from side to side and front to back of the
measurement space used in this study.
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Fig. 5 Spatial distribution of electron density for Condition 1.
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Fig. 6 Spatial distribution of electron density for Condition 2.
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Fig. 7 Spatial distribution of electron density for Condition 3.
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Fig. 8 Spatial distribution of electron density for Condition 4.
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Fig. 9 Spatial distribution of electron density for Condition 5.
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Fig. 10 Spatial distribution of electron density for Condition 6.
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Fig. 11 Spatial distribution of electron density for Condition 7.
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Fig. 12 Spatial distribution of electron density for Condition 8.
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Fig. 13 Spatial distribution of electron density for Condition 9.
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