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Development of a Magnetically Filtered Atomic
Oxygen Plasma Source: LEO Drag Applications
C.A. Maldonado, L. Rand, K. Xie, A.D. Ketsdever, C.C. Farnell, and J.D. Williams
Abstract— A magnetically filtered oxygen plasma source has
been developed and characterized for the purpose of
simulating the low Earth orbit (LEO) environment. The source
uses a magnetic ring cusp geometry coupled with a transverse
magnetic filter to produce a plasma stream consisting of
streaming atomic oxygen ions with energy, density, and ion
species composition corresponding to orbital conditions at
altitudes ranging from 300 to 600 km. Plasma properties
downstream of the source are dependent on the operational
settings for source flow rate and discharge current, and the
properties are examined as a function of these operating
parameters to optimize the production of O+ ions with energy
and density experienced by LEO satellites. At each source
operational setting presented in this work, the ion energy
distribution is measured using a retarding potential analyzer
where the streaming ions are shown to have most probable
energies ranging from 2.8 to 7.5 eV or 5,800 m/s to 9,500 m/s.
In addition, a Wein filter (ExB) and a residual gas analyzer are
used to measure the ion species percent composition as a
function of the operational conditions. Source flow rate and
discharge current settings are presented that allow for the
composition of atomic oxygen ions to be adjusted from 63%
to 95% of the total plasma ion population. Application of the
plasma source to determine drag of elongated bodies is
introduced along with drag enhancement caused by charged
surfaces.

combination of appropriate ion species streaming at orbital
velocities and coupled with a low-electron temperature. These
requirements are based on orbital conditions in LEO, where
the ambient thermal energy of O+ is approximately 0.1 eV and
the relative energy of O+ ions impacting the ram surfaces of a
spacecraft orbiting at approximately 8 km/s is about 5 eV with
a flux between 4 x 1014 to 2x 1015 cm-2s -1 normal to the ram
direction.
A collaborative effort between the Center for Electric
Propulsion and Plasma Engineering (CEPPE) at Colorado
State University and the Center for Laser, Energy, and
Exploration Research (CLEER) has led to the development of
a magnetically filtered oxygen plasma source (MFOPS) for
the production of a plasma stream consistent with LEO
parameters. The design of the oxygen plasma source is based
on a previous LEO plasma simulator developed at CEPPE that
has been successful in producing the low-electron
temperature, coupled with streaming ion populations that
accurately represents ionospheric plasma [1, 2, 3]. The
characteristics of the plasma generated by this source have
been independently characterized in various facilities.
Experimental data collected demonstrate that adjustable
plasma source operating conditions of flow rate, discharge
current and discharge voltage enable production of plasma
electron temperatures over the range from 0.17 to 0.35 eV,
plasma densities between 1.4 x 10 6 and 4.4 x 107 cm-3, and
streaming ion energies over the range from 1 to 6 eV. The
previous LEO plasma source can be operated on hydrogen,
nitrogen, argon, krypton and xenon; however, modification of
the ionization mechanism has allowed for operation of a
similar source using oxygen as the ionized species.
Space plasma simulation chambers have traditionally been
used to investigate the interactions between ionospheric
plasma and space systems; typically in terms of current
collection and charge development [4], however there are
unique satellite drag applications that can be investigated
using plasma sources. Previous research conducted by
Knechtel and Pitts [5, 6] experimentally investigated the
momentum accommodation coefficients using an ion beam
apparatus and microbalance to measure the forces exerted on
metal plates due to a beam of low-energy incident ions. The
ion species used in the experiments were N2+ and Ar+ . The
work demonstrated that ionization effects could be neglected
and the forces measured were equivalent to the momentum
transfer expected for neutral molecules with similar energies.
These experiments established that for a variety of gases and
ions, the momentum transfer caused by the impinging
molecules could be accurately measured.
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I. INTRODUCTION
For decades, the aerospace research community has
progressively improved upon the ability to conduct relevant
ground-based simulation of the low earth orbit (LEO) plasma
environment in an effort to study the effects of spacecraftenvironment interactions. While compromises concerning the
characteristics of the simulated plasma environments created
by various facilities have been necessary, the need for a source
capable of producing the atomic oxygen ion flux present in
low Earth orbit is critical in creating high-fidelity ionospheric
conditions in ground-based facilities. Reproduction of the
LEO plasma environment in vacuum facilities has been
hindered by the inability to produce plasma with the
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The ability to measure momentum transfer and subsequent
drag coefficients in a ground-based facility has the potential to
allow for improved space-situational awareness in terms of
accuracy of orbit determination and propagation, along with
inference of atmospheric density from total satellite drag. The
drag coefficient can be calculated by:
1
(1 )
𝐹𝐷 = 𝜌𝑣 2 𝐴𝐶𝐷
2
where FD is the total drag force acting on the satellite, ρ is the
atmospheric density, v is the orbital velocity of the satellite
relative to the rotating atmosphere, A is the area of the satellite
normal to the velocity vector, and CD is the satellite drag
coefficient. Thermospheric densities have been inferred by
satellites with known mass and equipped with on-board
accelerometers using:
𝑎 𝑑𝑟𝑎𝑔 𝐶𝐷 𝐴𝑣2
(2 )
𝜌𝑎𝑡𝑚 =
2𝑚
where a drag is the acceleration due to drag, , and m is the mass
of the satellite [7]. This method for obtaining drag coefficients
and orbital densities has an inherent amount of error due to the
assumptions of accurate knowledge of spacecraft attitude,
velocity, and drag coefficient [8]. A facility capable of
faithfully recreating LEO conditions in a controlled testing
environment for which the energy and density of the particle
flux is readily measured coupled with the ability to perform
ultra-low force measurements would provide an ideal testbed
for spacecraft drag applications.
The research presented here represents an attempt to use a
Magnetically-Filtered Oxygen Plasma Source (MFOPS) to
measure momentum transfer as a function of various materials
and angles of incidence exposed to a flow of hyperthermal
atomic oxygen ions with an energy of approximately 5 eV. In
addition to the limitations imposed by current hyperthermal
molecular beam sources, the availability of diagnostic devices
capable of measuring forces with resolution in the micro- to
nano-Newton range has further prevented laboratory based
drag experiments. Utilizing a nano-Newton thrust stand [9, 10,
11]and the MFOPS capable of simulating LEO characteristics,
it is possible, arguably for the first time, to obtain highly
accurate laboratory measurements for spacecraft drag
applications.

Figure 1. Schematic of the plasma diagnostic suite positioned 0.82 m from
the exit plane of the plasma source.

A. Magnetically Filtered Atomic Oxygen Plasma Source
The source can be operated using hydrogen, nitrogen,
argon, krypton, oxygen, and xenon; however for the stated
purpose of increasing the accuracy of simulated LEO
conditions all tests were conducted with oxygen as the ionized
species. An electrical schematic of the atomic oxygen plasma
source is shown in Figure 2(c). The discharge chamber of the
source is 23 cm in diameter, and the active outer diameter of
the plasma release region located at the downstream end of the
source is 14.5 cm. A magnetic containment configuration and
a water-cooled transverse magnetic filter are used, in addition
to two electrostatic grids downstream of the filter. The
electrostatic grids can be used to provide an accelerating
electric field or to prevent the emission of charged particles
propagating downstream of the source exit.

(a)

II. EXPERIMENTAL A PPARATUS AND PROCEDURES
Plasma source characterization and drag measurements
were conducted in the Chamber for Atmospheric and Orbital
Space Simulation (ChAOSS) at the University of Colorado –
Colorado Springs. The facility consists of a 1 m in diameter by
2 m in length vacuum chamber evacuated using a combination
of oil-free turbo-molecular pumps and a 500 mm cryogenic
pump, providing a specified pumping capacity of 13,000 liters
per second. The base pressure of the facility with no flow is
1x10-7 Torr and during source operation of oxygen flow rates
of 40 sccm the chamber pressure increases to 1x10-4 Torr.
(b)
Figure 2. Photographs of (a) the atomic oxygen plasma source, (b) with
electrostatic grids and magnetic filter removed, and (c) schematic of the
magnetically-filtered atomic oxygen plasma source.
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The plasma source uses high-field strength, rare-earth
samarium-cobalt magnets configured in a ring-cusp
configuration about the circumference of the discharge
chamber to create a magnetic field to constrain the volume
occupied by primary electrons and plasma. Primary electrons
are thermionically emitted from an yttria-coated tungsten
filament residing within the center of the water-cooled
discharge chamber. The temperature of the discharge chamber
is modulated due to the high current required to operate the
filament and subsequent heat flux present in the chamber
during operation. Removal of the excess heat is required to
prevent the magnets from increasing in temperature to the
extent that the magnetic topography of the source is altered
[12].
In an abnormal glow discharge several chemical processes
are available to the electron-molecule or electron-atom
collisions [13]. Among these are the set of reactions presented
in Table 1, which are by no means all-inclusive but are intended
to illustrate some of the more important reactions taking place
within the oxygen discharge. Of particular interest are the
ionization processes of Reactions (R2a), (R2b), (R3), and
(R4b).
The diatomic oxygen neutrals are initially ionized in the
discharge chamber, creating plasma consisting of mostly
singly-charged diatomic oxygen ions. As the ions drift
electrostatically downstream, they encounter the magnetic
filter structure. A transverse magnetic filter is used for
filtering energetic discharge electrons from exiting the plasma
source; however energetic ions are able to diffuse through the
magnetic filter structure and propagate downstream of the exit
plane. The transverse filter acts to further reduce the volume
that the primary electrons inhabit resulting in increased atomic
oxygen production due to an increase in two step processes
such as dissociation of O2+ and ionization of atomic oxygen
[14].

plasma density and a retarding potential analyzer (RPA) was
used to measure the ion energy distribution. The RPA used in
the research is composed of four parallel electrostatic grids
designated, from analyzer entrance to current collector plate,
as grids 1 through 4. During RPA operation the first grid (grid
1) was allowed to float, thus minimizing perturbations
between the probe and plasma stream, in addition to
attenuating the plasma flux inside of the analyzer [15]. The
species repelling grid (grid 2) was biased to -30 V to repel any
plasma born electrons. The discriminator grid (grid 3) was
swept through a range of biases from 0 to 30 V while the
collected current was recorded as a function of voltage bias.
The fourth grid was biased -50 V to suppress any secondary
electron emissions caused by any energetic incident particles
impacting the copper collector.
An ExB probe (Wein filter) and a residual gas analyzer
(RGA) were used to measure the ion species percent
composition. The residual gas analyzer used in this research
was the Stanford Research Systems RGA 200. The RGA is a
quadrupole mass spectrometer consisting of three parts: the
ionizer, quadrupole mass filter, and the ion detector. The ExB
probe used in this research was manufactured by Plasma
Controls, LLC, and is shown in Figure 3.

(a)
Table 1. Elementary reactions in an Oxygen discharge

No.

Re action

Type

(R1)

𝑂2 + 𝑒 → 𝑂2∗ + 𝑒

Excitation

𝑂2 + 𝑒 → 𝑂 + + 𝑂 + 2𝑒

Dissociative Ionization

𝑂+ + 𝑒 + 𝑀 → 𝑂 + 𝑀

3-body Recombination

(R2a)
(R2b)
(R3)
(R4a)
(R4b)
(R5)
(R6)
(R7)
(R8)

𝑂2 + 𝑒 → 𝑂2+ + 2𝑒

𝑂2+ +

+

𝑒 → 𝑂 +𝑂 + 𝑒

𝑂2 + 𝑒 → 𝑂 + 𝑂 + 𝑒
+

𝑂 + 𝑒 → 𝑂 + 2𝑒

𝑂2+ + 𝑒 + 𝑀 → 𝑂2 + 𝑀
𝑂 + + 𝑂2 ↔ 𝑂 + 𝑂2+
𝑂2+

∗

+𝑒→𝑂 +𝑂

Ionization

Dissociation
Ionization

Charge Exchange
Dissociative Recombination
(b)
Figure 3. (a) Photograph of the ExB probe designed and developed by Plasma
Controls, LLC. The outer housing and top cover of the probe have been
removed to reveal the inner components. (b) ExB electrical diagram for ion
measurement. The probe is biased negative to accelerate ions into the ExB for
analysis.

B. Plasma Diagnostics
Preliminary characterization of the atomic oxygen plasma
source was conducted using four types of plasma diagnostics
to measure plasma parameters generated downstream of the
source. A spherical Langmuir probe was used to measure the

3

Spacecraft Charging Technology Conference 2014 - 238 Paper

The main components of the ExB probe are the body,
entrance collimator, ExB separator section, drift tube, and the
collector apparatus. For low energy ion measurements, the
ExB probe body is mounted within a separate housing that is
connected to ground potential (through the mounting to the
vacuum chamber). The housing, with dimensions of 25.4 cm
long by 15.2 cm wide by 9.5 cm high, is used to shield out
unwanted plasma.
A basic equation for the ExB probe is given by
2 ∙ 𝑧 ∙ 𝑒 ∙ ∆𝑉𝑝
(3 )
𝑚𝑖
where ∆ϕ is the voltage difference between the plates (Volts),
B is the magnetic field strength (Tesla), d is the separation
distance between the plates (meters), z is the charge state, e is
the elementary charge unit, ∆Vp is the potential difference
between the ion creation point in the plasma and the entrance
collimator of the ExB (Volts), and m is the ion mass (kg). The
plate voltage difference is swept while the plate separation
distance and the magnetic field are held constant. The
magnetic field is produced using samarium cobalt permanent
magnets. The ExB electrostatic plates were biased with a
Keithley 6487 Sourcemeter and swept from 0 to 85 V with
respect to the probe body and facility ground. During source
operation the probe body was biased to -150 V and the
electron suppression grid was biased to -30 V. The method of
triangle fitting was then used to calculate the ion species
percent composition of the plasma stream [16].
∆𝜙 = 𝐵 ∙ 𝑑 ∙ �
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(b)
Figure 4. (a) Schematic of the experimental setup for drag measurements and
(b) a typical trace from the nNTS.

C. Nano-Newton Thrust Stand
In addition to traditional electrostatic probes, flat plates
attached to a torsional thrust stand were used to measure
collimation of the plasma stream through momentum transfer.
All drag measurements were obtained using a nano-Newton
Thrust Stand (nNTS) which has been described in detail by
Jamison [9]. In brief, the nNTS is a torsional thrust stand
which is calibrated using an electrostatic calibration technique
[10]. The nNTS was housed within an extension to the main
vacuum chamber and positioned perpendicular to the plasma
source as shown in Figure 4(a). Force measurements were taken
in two parts, the first with the plate attached to the thrust stand
arm and the second with only the arm. The force due to
momentum transfer acting solely on the plate is then
calculated as the difference between the two previous
measurements. During all momentum transfer measurements
the plates were positioned perpendicular to the plasma plume
with an angle of attack of 90 degrees.
A typical drag force trace is shown in Figure 4(b). The
initial impulse and increase from zero is due to the neutral gas
flow to the plasma source (region A). The thrust stand was
allowed to reach steady state at which point the plasma
discharge was initiated and allowed to remain on for 60
seconds (region B). The difference in measured force between
the neutral gas flow at steady state and the plasma flow at
steady state is attributed to the energetic streaming ions.

There is a degree of uncertainty associated with the
experimental drag measurements. It has been shown in a
previous study [17] that increases in facility background
pressure can lead to reduced force measurements. An
investigation into the effects of the facility background
pressure on force measurements must be conducted.
III. RESULTS
The MFOPS can be operated at a variety of discharge
currents and gas flow rates, of which the plasma parameters
downstream of the source are dependent. The characteristics
of the generated plasma were examined as a function of these
operating parameters to optimize the production of O ions
with energy approximate to LEO conditions, where the ram
energy of the ions due to the motion of the satellite relative to
the LEO plasma is high (e.g. 7800 m/s, which corresponds to
~5 eV of kinetic energy for O ions).
To determine the ion species dependence on source
operating parameters the plasma discharge was analyzed using
two testing methods. The source was initially characterized as
a function of discharge current by maintaining a fixed source
flow rate of 40 sccm while varying the discharge current from
2.5 to 10 A. The plasma characteristics were then measured by
maintaining a steady discharge current of 10 A and varying
+

+
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Normalized Collector Current (a.u.)

the source flow rate from 25 to 45 sccm. As the source flow
rate was varied the chamber pressure increased from 9.8 x 10-5
to 1.7 x 10-4 Torr.
The normalized ExB probe traces for the two testing
methods are presented in Figure 5(a) and (b) for fixed flow rate
and discharge current respectively. The ion species were
identified using Equation (1) in relation to each peak height
measured by the probe. The applied voltage potential between
the electrostatic parallel plates was identified as 42.8 and 63.6
V for O2+ and O+ respectively. The peak height for O2+
remains relatively uninfluenced in comparison to the increase
in peak height of O+ as a function of discharge current. In
addition to the ExB measurements, ion species composition
and fraction data were obtained through the use of an RGA.
Measurements of the ion species percent composition were
conducted using both the ExB and RGA at distances from the
source exit plane 0.82 m and 0.5 m respectively. Differences
in percent composition measurements due to probe location
are expected to be minor as both locations are downstream of
the source exit plane in an expanding plasma with minimal
collisions. The reduced distance for the RGA was that
optimum performance of the quadrupole is achieved when the
ions injected into the filter are of low energy (2 to 15 eV) and
low divergence. While the energy requirement is satisfied for
analysis of the MFOPS, the design of the source produces a
plasma field downstream with little collimation; therefore the

source was placed 0.5 m from the RGA entrance. The RGA
traces for the plasma source operating at 40 sccm and variable
discharge current are shown in Figure 6, where the peak for O2
is located at 32 amu and the peak for atomic oxygen is located
at 16 amu. To measure the ion component of the stream
originating from the atomic oxygen plasma source the repeller
was removed and the filament was deactivated. In an effort to
prevent primary electrons derived from the filament during
source operation an electrostatic mesh grid was placed directly
upstream of the analyzer entrance and biased to -50 V. The
RGA measurements of the relative peaks of atomic and
diatomic oxygen ions exhibit the same behavior as that
displayed by the ExB traces, where the atomic oxygen ion
concentration is dependent on discharge current. This
correlation between O+ production and power input is possibly
due to the increased production of O+ through two step
processes
The method of triangle fitting was applied to the ExB and
RGA traces to calculate the percent composition of the atomic
oxygen ions in the plasma stream. Plots of the extracted O+
percent composition are presented as a function of increasing
source flow rate in Figure 7(a) and as a function of power
input to the source in Figure 7(b). From the latter plot the
dependence of O+ production is evident as the fraction of O+
ions in the extracted beam increases with discharge current.
The figure shows that with increasing discharge currents the
O+ ion current fraction increases to 90% of the plasma stream.
Discrepancies between the ExB and RGA were noted and
assumed to be a result of primary electrons passing through
the quadrupole to the collector plate. In an effort to mitigate
the effects of the primary electrons propagating through the
quadrupole an electrostatic grid biased to -50 V was placed
upstream of the analyzer entrance. The grid provided the
additional benefit of not only repelling unwanted electrons but
accelerating additional ions into the filter, thus increasing the
relative ion species peaks.
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(b)
Figure 5. Normalized ExB traces on centerline of source exit at an axial
distance of 0.82 m: (a) oxygen flow rate of 40 sccm and varying discharge
current, (b) discharge current of 10 A and varying source flow rate.
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Figure 8. Streaming ion energy measurements as (a) a function of varying
discharge current and fixed flow rate of 40 sccm and as (b) a function varying
flow rate with constant discharge current of 10 A.

Ion energy distributions were measured using the RPA and
the most probable energies are presented in Figure 8(a) and (b).
The measurements in Figure 8(a) were performed at a fixed
source flow rate of 40 sccm as a function of varying discharge
current. As the power input to the plasma source increased so
did the streaming ion energies. The ion energy distributions
were additionally measured at a fixed discharge current of 10
A as a function of flow rate and are shown in Figure 8(b). The
energy of the streaming ions peaked at 7 eV at a source flow
rate 40 sccm and reached a minimum energy of 5.5 eV at flow
rates of 25 and 45 sccm.
Collimation of the plasma stream generated by the MFOPS
was measured using a non-traditional method incorporating
the nNTS and aluminum plates. The plasma plume was swept
radially with a 3 cm edge length plate attached to the nNTS to
measure the force due to momentum transfer between the
streaming ions and the plate as shown in Figure 9. The gas flow
rate was held constant at 40 sccm and at each radial distance
the source was discharged at currents ranging from 2.5 to 10
A.

The plasma generated downstream of the source was
additionally measured using three plates of edge length 3, 6,
and 10 cm for the purpose of evaluating beam collimation in
two dimensions. The data for the force measurements are
presented in Figure 10(a) and are as intuition would suggest, i.e.
the plate with the largest cross-sectional area perpendicular to
the plasma stream experienced the largest amount of
momentum transfer while the plate with the smallest profile
experienced the least amount of force. The force
measurements for each plate were normalized by the
respective plate area resulting in pressure measurements for
each plate, shown in Figure 10(b). The larger pressure
measurements obtained by the 3 cm plate over all current
settings indicate that the number density along the centerline
of the plume is higher than at the periphery.
The results from both of the collimation measurements
using momentum transfer are in agreement concerning plume
profile. The two techniques indicate a higher amount of
momentum transfer presumably due to a higher density
concentration along the plume center line. The expanding

6

25

Spacecraft Charging Technology Conference 2014 - 238 Paper

plasma produces decreased drag as a function of radial
distance away from the center of the extracted plasma plume
as can be seen in Fig. 9. The second method for testing
collimation indicates the same behavior but in terms of
pressure. The pressure measured by the 3 cm plate is greater
than the pressures measured by the 6 and 10 cm plates, which
are nearly equal in magnitude. This result implies that there is
a region of the generated plasma along the center line that
consists of higher number density that changes slowly with
increased radial distance outside of this region.

The data presented in Figure 11(a) represents an attempt to
measure momentum transfer of a cuboid immersed in a
hyperthermal flow as a function of length to diameter ratio to
simulate the effects of orbital drag on elongated satellite
bodies. The operational settings for the source were a gas flow
rate of 40 sccm and a discharge current of 5.0 A. The
streaming ion energy at these parameters is approximately 5
eV and equivalent to orbital energies in LEO. The geometries
tested were aluminum cuboids with L/D ratios ranging from 1
to 3. The force was normalized with respect to the maximum
force measured for ease of analysis in terms of the relative
drag force increase corresponding to each L/D increase. The
total drag increased approximately 43% from momentum
transfer due to shear as the L/D ratio increased from 1 to 3.
Previous studies have been conducted regarding
ionospheric plasma flow over charged bodies in terms of the
formation, structure, and current collection of the resultant
plasma wakes [18, 19]; however little to no experimental has
been conducted to investigate charge-enhanced drag. The data
shown in Figure 11(b) is an effort to quantify the effect of a
charged body immersed in a plasma flow. Two geometries
were used to compare the effect of charge enhanced drag in
relation to geometry bias and length to diameter ratio. The
aluminum cuboids were isolated from the nNTS, connected to
a voltage source, and biased with potentials ranging from 100
to 400 volts. The MFOPS was operated using the same test
methodology as all previous momentum transfer
measurements with the addition of a bias provided by the
voltage source.
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The two geometries tested for charge enhanced drag had
length to diameter ratios of 1 and 2, both of which were
immersed in a plasma flow consisting of streaming ions with
velocity of 7.4 km/s. Linear relationships between the percent
increase in force and geometry bias was observed for both
geometries; however, the total drag force increase for both
geometries was identical. Different slopes in the percent
increase of drag force for both geometries are due to the
additional shear component for the longer length to diameter
geometry. The result that total drag force increase is equal in
magnitude for both length to diameter ratios implies that the
biased geometry only creates an accelerating field between the
ram face and incident ions. An additional consideration is that
the increase in shear drag due to charge might fall below the
resolution of the nNTS.
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IV. CONCLUSIONS
Source operating conditions of flow rate and discharge
current were shown to enable production of plasma with
atomic oxygen ions over the range from 63 to 95% percent
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Motivation
• Development and characterization of a novel AO plasma source for LEO
applications
– spacecraft charging
– materials testing
– drag measurements
• High fidelity recreation of the LEO plasma environment
• Accurate drag measurements to allow for comparison with computational
modeling
– increased computational accuracy (DSMC)
• Drag coefficients for satellite geometries
– orbit determination and propagation
– orbital debris
– ion beam deflection

2
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Atomic Oxygen Sources
• Difficult to create neutral
AO with the appropriate:
− velocity (~5eV)
− flux (~1015 to 1016
cm-2 sec-1)
− collimation
• Once created AO cannot
be stored
− recombination
• High development or
purchase cost:

Source

Energy
(eV)

Flux (#/cm2 s)

Pulsed

Cost

Heated Nozzle

2-3

1015 (5% AO)

no

low

RF
Heated/Expansion

3

1015

no

med

Pulsed
Laser/Expansion

1-15

yes

high

Microwave/Biased
Plate

3-20

1015

yes

high

Silver Membrane

5

< 1015 (at >5cm)

no

med

Ion Beam/ Gas
Charge Exchange

5-200

109

no

med

Ion Beam/ Plate DeIonization

5

1015 (1mm2 spot)

no

med

− $ 1 million
− no perfect source
3

1015 (20% AO)
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Alternative AO Source
• Laboratory experiments
– limited by lack of high-fidelity
molecular beam sources, i.e. neutral
AO
– What about ionized AO?
• Knechtel and Pitts demonstrated that
momentum transfer of ions striking a
metal plate is equivalent to the force of
neutral molecules with similar energy
– charge exchange occurs before
momentum transfer
– momentum transfer is therefore
unaffected by ionization
4

Knechtel, E. D. and Pitts, W. C., “"Normal and
tangential momentum accommodation for earth
satellite conditions," Acta Astronautica, vol. 18, no. 3,
pp. 171-184, 1973.
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LEO Magnetic Filter Plasma Source
• Designed for LEO applications
– hollow cathode
– magnetic filter
• Transverse magnetic filter provides
plasma with streaming ions and low
energy electrons
– streaming ion energy ~5 eV
– electron temperature ~0.2 eV
– density between 1.4 × 106 and 4.4 ×
107 cm−3
• CSU, UCCS, USAFA, Boeing, AFRLKirtland, Marshal Space Flight Center,
Penn St.
5

(a) Plasma source CAD model: 1 – discharge chamber outer wall, 2
– hollow cathode, 3 – inner part of the magnetic filter, 7 – coaxial
plasma expansion region. (b) Photograph of the plasma source
during operation.

B. Rubin et al., "Magnetic filter type plasma source for groundbased simulation of low earth orbit environment," Plasma Sources
Sci. Technol., vol. 18, no. 2, 2009.
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Magnetic Filter-Equipped Sources

• High percentage of atomic ions are a
function of:

98

% of Atomic Nitrogen Ions

• Walther et al demonstrated that
magnetic cusp ion sources can produce
beams of atomic nitrogen ions with
greater than 98% N+

97
96
95
94
93
0

– transverse magnetic filter

100

• Magnetic filter increases N+ production
– increases two step production of N+
N+

– transport of
across the magnetic
filter is greater than N2+
S. R. Walther, K. N. Leung, and W. B. Kunkel, “Production of
atomic or molecular nitrogen ion beams using a multicusp and a
microwave ion source,” J. Appl. Phys., 63, 5678, (1988).
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% of Atomic Nitrogen Ions

– increasing discharge current

10
20
Arc Current (A)

30

80

60

40

+

N filter
+

N no filter
20
0

2

4
6
Flow Rate (sccm)

8

10
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Atomic Oxygen (AO) Plasma Source
• A collaborative effort between the CLEER and CEPPE laboratories was
initiated to develop of a novel hyperthermal atomic oxygen plasma source
• Technical challenges
– energy (~ 5 eV)
– ambient thermal energy (~ 0.2 eV)
– flux (~ 1015 to 1016 cm-2 sec-1)
• Based on the success and reliability of the LEO plasma source the magnetic
filter design was modified for the production of O+

7
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AO Plasma Source Schematic
• Hollow cathodes are inoperable with any
residual oxygen present
− barium-impregnated porous tungsten
insert relies on dipole interaction for
low work function
• Yttria coated tungsten filament
− high current filament power supply
(~30 A)
• Water cooled discharge chamber and
magnetic filter assembly
• Increased magnetic field strength (200 to
650 G)
• Electrostatic grids to manipulate
ions/electrons
8
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Plasma Diagnostic Setup
• Plasma source characterized using
− Spherical Langmuir probe
− Retarding Potential Analyzer (RPA)
− ExB (Wein filter)
− Residual Gas Analyzer (RGA)
• Diagnostics positioned 0.8 m downstream
• Plasma generated was characterized as a
function of:
− discharge current
− source flow rate
• Vacuum chamber pumped with a total specified
pumping capacity of 13000 l/s
− base pressure of 1.7 x 10-7 Torr

9
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Oxygen Ion Energy Distributions

10

Energy (eV)

8

6

4

2

0
0

2

10

4
6
8
Discharge Current (A)

10

8

Energy (eV)

• Streaming ion energy measurements obtained
with RPA
• Constant flow rate/variable discharge current
(top)
− flow rate constant at 40 sccm
− discharge current varied from 2.5 to 10 A
• Constant discharge current/variable flow rate
(bottom)
− discharge current constant at 10 A
− flow rate varied from 25 to 45 sccm
• Streaming ion energies range from 2.8 to 7.5
eV
− velocities of 5.8 to 9.5 km/s
− orbital velocity in LEO ≈ 8 km/s

10

6

4

2

0
20

25

30
35
40
Flow Rate (sccm)

45

50
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ExB Filter
• Manufactured by Plasma Controls, LLC
• Probe body biased to -155 V to accelerate
ions to collector
• Electron suppression grid biased to -30 V
• Parallel plates swept from 15 to 85 V
• Voltage difference between the plates for
O+ and O2+ calculated from the following
equation:

• O+ peak located at 42.8 V
• O2+ peak located at 63.6 V
11
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Normalized Collector Current (a.u.)

Normalized Collector Current (a.u.)

ExB Measurements
0.058
Id = 2.5A
0.057

I = 5A

O+

d

I = 7.5A
0.056

d

Id = 10A

0.055
+

O2

0.054
0.053

40

50
60
70
ExB Plate Voltage (∆φ)

• Constant discharge flow rate of 40
sccm and variable discharge
current (2.5, 5.0, 7.5, and 10 A)
• O+ peak increases as a function of
increasing discharge current

0.058
25 sccm
30 sccm
35 sccm
45 sccm

0.057
0.056

O+

0.055

O2+

0.054
0.053

40

50
60
70
ExB Plate Voltage (∆φ)

• Constant discharge current of 10 A
and varying flow rate (25, 30, 35,
and 45 sccm)
• O+ peak decreases as a function of
increasing flow rate
12
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RGA Measurements
• Stanford Research Systems RGA 200
• Measurements taken with steady flow
rate of 40 sccm and variable discharge
current
• Electrostatic grid biased -50V to repel
primary electrons

-9

15

x 10

2.5A
5A
7.5A
10 A

O+

• RGA ionizer deactivated to measure
only ions generated by plasma source
• O+ and O2+ measured at 16 and 32 amu
respectively

Torr

10
5

O2+
0

13

-5
10

20

30
amu

40

50
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Atomic Oxygen Ion Fraction
• Constant discharge current of 10 A
and varying flow rate (25, 30, 35,
and 45 sccm)
• Percentage of O+ decreased from 95
to 84%

% of Atomic Oxygen Ions

100

• Constant discharge flow rate of 40
sccm and variable discharge current
(2.5, 5.0, 7.5, and 10 A)
• Percentage of O+ increased from 63
to 90%
• Increased RGA percentage attributed
to primary electrons entering the
quadrupole filter

90

80

70

60

50
20

25

30
35
40
Flow Rate (sccm)

45

50

% of Atomic Oxygen Ions

100

14

90
80
70
60
50
0

ExB
RGA
2.5
5
7.5
10
Discharge Current (A)

12.5
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Langmuir Probe Measurements
13

x 10

•

Stainless steel spherical Langmuir probe
– 0.5 in. diameter

8
-3

Density (m )

• Flow rate of 40 sccm and discharge current
of 2.5, 5.0, 7.5, and 10.0 A

6
4
2

– Pulsed mode of operation

0
2

– Sputter cleaning between each sweep
• Density increased from 4.1 to 8.0 x 1013 m-3
– corresponds with AO density at an
altitude of approximately 550 km
• Electron temperature increased from 0.27 to
0.56 eV
15

4

6
8
10
Discharge Current (A)

12
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Thrust Stand
• Torsional thrust stand originally developed
to measure thrust of micro-propulsion
systems
– capable of measuring forces in the 100
nN range with resolution of 10 nN
• Electro Static Comb Calibration System
(ESCCS)
– Applies a known force to the stand
using electro-static combs
• Displacement is measured by the LVDT
• Creates a linear relationship between the
LVDT signal and force on the stand
• Calibrated across the range of expected
drag forces
16
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n-NTS Experimental Setup
• Test geometry positioned 0.8 m
downstream
• Mass flow of 40 sccm
• Discharge current varied from 2.5
to 10 A
• Plasma parameters:

1m

– density: 4.1 to 8.0 x 1013 m-3
– energy: 2.8 to 7.5 eV
– velocity: 5.8 to 9.5 km/s
1m
0.8 m

17
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Thrust Stand Trace
• Example: 6 cm edge length plate
– angle of attack, α = 90°

LVDT Readout vs. Time
0.8

• Testing procedure:

0.6

– wait
LVDT Readout (V)

0.4

– flow on at 20 sec
– discharge on at 155 sec

0.2

0

-0.2

– discharge off at 220 sec

-0.4

– end

-0.6

• Measurements taken at two steady state
points:
– zero during flow on
– drag force during discharge on
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Drag On Elongated Bodies
• Drag as a function of length to diameter
ratio and velocity
– L/D tested from 1 to 3
– Velocities from 5.8 to 9.5 km/s
• For ion velocity of 5.8 km/s
– Percent increase of approx. 49%
• For ion velocity of 9.5 km/s
– Percent increase of approx. 37%
length

diameter

19
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Charge Enhanced Drag
• Geometries biased from -100 to -400 V
• Drag measured with streaming ions of
velocity 7.3 km/s
• Momentum transfer due to shear does not
increase with charge
-

Electric field between frontal area
and streaming ions causes
acceleration

-

Possibly below the resolution of the
n-NTS

20
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Drag Force on a Flat Plate
-6

• Total drag force measured as a
function of angle-of-attack

3.5

x 10

3
2.5

Force (N)

• Test sample - Aluminum plate
– 6 x 6 cm

θ
θ
θ
θ
θ

=
=
=
=
=

90 degrees
60 degrees
45 degrees
30 degrees
15 degrees

2
1.5
1

– mill finish (approx. diffuse)

0.5

• Coefficient of drag calculated using
known:

0
5

6

7
8
Velocity (km/s)

9

10

4

• Area

θ
θ
θ
θ
θ

3.5

Drag Coefficient (Cd)

• Density
• Velocity
• Species

3
2.5

=
=
=
=
=

90 degrees
60 degrees
45 degrees
30 degrees
15 degrees

2
1.5
1
0.5
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Reactions in an Oxygen Discharge

• Several reactions produce O+ and O2+
– R2a, R2b, R3, and R4b
• High concentration of O+ reduces the viable reaction options
22
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Atomic Ionization Cross Sections
• The R2 branch is more probable,
however…
• The high percentage of O+ implies
certain processes are occurring at a
significant rate:
− dissociative ionization process
(R3)
− double ionization (R4b)
• The detection of fast neutrals
indicates

T. Mark, "Cross Section for Single and Double Ionization of N2 and
O2 Molecules by Electron Impact from Threshold up to 170 eV," J.
Chem. Phys., vol. 63, no. 9, p. 3731, 1975.
D. Rapp, P. Englander-Golden and D. Briglia, "Cross Sections for
Dissociative Ionization of Molecules by Electron Impact," J. Chem.
Phys., vol. 42, p. 4081, 1965.

– charge exchange (R7)

B. Van Zyl and G. Dunn, "Dissociation of N2+ and O2+ by Electron
Impact," Phys. Rev., vol. 163, pp. 43-45, 1967.
E. Brook, M. Harrison and A. Smith, "Measurements of the
Electron Impact Ionization Cross Sections of He, C, O and N
atoms," J. Phys. B:Atom. Molec. Phys., vol. 11, no. 17, pp. 31153132, 1978.
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Conclusions
• The magnetically filtered oxygen plasma source has been initially
characterized and is a candidate for LEO applications
• Magnetic filter plasma source can produce:
– up to 95% atomic oxygen ions
– streaming ions of energy 2.8 to 7.5 eV
– densities ranging from 4.1 to 8.0 x 1013 m-3
– electron temperatures ranging from 0.27 to 0.56 eV
• Drag due to elongated geometries
– increased surface area parallel to flow increased drag up to 49%
• Charge enhanced drag
– negatively biased geometries experienced enhanced drag in plasma
stream
24
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Experimental vs. Computational Results
• DSMC and closed-form solutions
are nearly identical
• Experimental results follow
similar trends, however the
experimental values are:
– larger at lower velocities
– lower at higher velocities
12

• Differences are due to:

cuboid
cube
cylinder
flat plate
sphere

10

– possibility of fast neutrals
CD

8
6
4
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Plasma Diagnostic – Torsional Thrust Stand
Grid 1: Plasma Attenuation

• 3 electrostatic grids

Grid 2: Species Repelling
Grid 3: Discriminator Grid

– floating
– species repelling
– discriminator

Plasma

• Flat plate collector
Flat Plate

• Stainless steel housing with
open exit area

𝐸=

∆𝑉
𝑑

nNTS Arm

∆V: difference in potential between grids 2 and 3
d: grid spacing
27

Insulating Spacers
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Plasma Diagnostic – Torsional Thrust Stand
• Novel diagnostic has the potential
to measure:
– ionization efficiency
𝜂=

𝐹𝑛𝑛𝑛𝑛𝑛𝑛𝑛 − Δ𝐹2
𝐹𝑛𝑛𝑛𝑛𝑛𝑛𝑛

– presence of neutrals

• Drag force remaining after all ions
are repelled, ∆F1, is due to fast
neutrals
– type of neutral depends on
oxygen reaction
28

