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Design and Testing of Miniaturized Plasma Sensor
for Space Plasma Diagnostics
Ashish Goel, Paul M. Tarantino, David S. Lauben, Sigrid Close

electromagnetic radiation could potentially be harmful to
electronic sub-systems on the satellite and could be the source
of numerous spacecraft anomalies that have not been
accounted for. The plasma itself can serve as a trigger for
electrostatic discharge events.

Abstract— An increasingly notable component of space
weather pertains to the impact of meteoroids and orbital debris
on spacecraft and the resulting mechanical and electrical
damage. Travelling at speeds of tens of km/s, when these particles
impact a satellite, they vaporize, ionize and produce a radially
expanding plasma that can generate electrically harmful RF
emission or serve as a trigger for electrostatic discharge. In order
to measure the density, composition, energy distribution and
temperature of ions and electrons in this plasma, a miniaturized,
low-mass and low-cost plasma sensor has been developed for
carrying out in-situ measurements in space. We present results
from numerical simulation based optimization of sensor
geometry. We describe the novel approach of fabricating the
sensor using printed circuit boards. We finally describe the test
setup used for calibrating the sensor and show test results
demonstrating the energy band pass characteristics of the sensor.
In addition to the hypervelocity impact plasmas, the plasma
sensor developed can also be used to carry out measurements of
ionospheric plasma, diagnostics of plasma propulsion systems
and in other space physics experiments.

Measuring the properties of this plasma is crucial for
detection, characterization and physical understanding of
hypervelocity impacts in space. Measuring the time evolution
of the plasma density can shed light on the mechanism behind
the generation of electromagnetic pulse from the impact and
distinguish it from plasmas created by electrostatic discharge
events on the satellite. Determining the ion and electron
temperatures through the energy distribution of various species
can help us understand the fundamental processes governing
the impact phenomenon and help in the assessment of the
threat posed by these impacts. Measuring the spatial
distribution of this plasma under different environmental
conditions can also help guide the design of satellites making
them less susceptible to damage from meteoroid and orbital
debris impacts.
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I.

In addition to giving an insight into plausible failure
mechanisms, plasma measurements can also help us gain a
better understanding of the small meteoroid population in the
vicinity of the Earth. Most of our knowledge about the nearEarth meteoroids has been derived from ground-based radar
and optical measurements. Meteoroid parameters, such as mass
and density, are inferred from radar measurements through
plasma modeling efforts [6] and are therefore subject to errors
and uncertainties introduced through the modeling process. It
is not uncommon to see order of magnitude variation in
different estimates of meteoroid input flux and the velocity
distributions estimated vary significantly across different radar
sites. Radars measure an apparent flux based on their location
on the Earth’s surface. A large amount of modelling is
involved in taking the directionality and flux measured by the
radars and computing the true radiant direction of these
meteoroids in the heliocentric frame. . Comprehensive spacebased measurements of the meteoroid flux are needed to
validate these models but are yet to be carried out. The Long
Duration Exposure Facility (LDEF) experiment carried out in
space by NASA did look at the craters from thousands of
impacts on plates left in space for more than 5 years [7].
However, all the analysis was done after the plates had been
retrieved by the astronauts and hence it was impossible to
know the time of each impact. Further, analysis was carried out
only for the craters that were visually observable. Hence the
LDEF experiment did not really provide significant insight into

INTRODUCTION

Meteoroids are naturally occurring, solid, extraterrestrial
objects traveling at speeds ranging from 11 to 72 km/s and
pose a significant threat to satellites and other space assets.
While a large (cm-size) meteoroid is likely to punch a big hole
through the satellite, the probability of such an event is very
low. Since the flux of meteoroids in space goes roughly as
1/m2 [1], satellites are most likely to be hit by dust sized
meteoroids ranging in mass from 1pg to 1µg [2]. While these
particles do not necessarily puncture through the satellite, they
are travelling at such high speeds that upon impacting the
surface of the satellite, the meteoroid and a small part of the
target surface vaporizes, ionizes and turns into a radiallyoutward expanding plasma.
These impacts can also come from the ever growing
population of orbital debris and while the impact speed is
usually smaller in their case (7-10 km/s), experimentally they
have been found to produce a plasma upon impact.
Oscillations in the outer sheath of this expanding plasma
front have been postulated to be sources of electromagnetic
radiation [3, 4] which has been measured experimentally in
ground based hypervelocity impact test facilities [5]. This
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the population of small meteoroids that is most likely to hit
satellites in space.

II.

SENSOR DESIGN

A. Sensor Overview
The sensor comprises an array of miniaturized electrostatic
analyzer wells, each of which is biased to serve a specific band
of incoming particle energies. Fig. 1 shows an overview of the
sensor. Biasing the wells sets up an electric field such that only
the trajectories of the particles with desired energies bend in a
way so as to make them hit the collector at the bottom, which
is offset from the entrance aperture. The high energy particles
shoot straight through the well and miss the collector while
particles with energy lower than the desired energy get
reflected back.

Plasma measurements can play a huge rule in
understanding the population of meteoroids. The total amount
of charge (q) produced during a hypervelocity impact has been
empirically found to vary with the mass (m) and speed (v) of
the meteoroid as per the following power law [8]:
𝑚 0.02 𝑣 3.45
)
( )
10−11
5
Hence by measuring the plasma density, one can obtain
information about the mass and velocity of the impacting
meteoroid or orbital debris. These measurements can be
combined with optical measurements to arrive at fairly
accurate estimates of the mass and velocity of the meteoroid.
𝑞 = 0.1𝑚 (

The total collecting area has been split into 16 channels, 8
of which are dedicated to ions and the remaining 8 are
dedicated to electrons. Each of these wells is further split into 9
cells all of which feed into the same output channel. In order
for the sensor to exhibit good energy band pass characteristics,
a certain aspect ratio has to be maintained between the size of
the entrance aperture and the depth of the well. Hence by
splitting each channel into 9 wells, we are able to restrict the
overall thickness of the sensor to less than 3.6 mm. This is
crucial since it allows the sensor to be mounted on the outer
surface of a typical CubeSat without hindering the folding of
the deployable solar panels. It also gives redundancy against
possible clogging up of cells from particle ejecta. If more
energy resolution is desired, the number of channels can be
increased, decreasing the number of cells and hence the
collecting area per channel.

In addition to mass and velocity, plasma measurements can
also tell us about meteoroid composition. Our understanding of
the composition of meteoroids relies heavily on analysis done
with meteorites (meteoroids that land on the Earth’s surface).
Results obtained from them are likely to be biased since loss of
volatile components and other chemical and structural changes
are bound to occur in the process of ablation. In-situ
measurements of meteoroid composition are hence key to
understanding what space dust is made up of. Since different
ions travel at different speeds depending on their mass, a time
of flight analysis done on the plasma generated from
hypervelocity impacts can give us information about the
composition of the impactor [9].
Thus with the intention of understanding the composition,
flux and distribution of meteoroids in space and to assess their
impact on satellites, we propose to carry out in-situ
measurements of hypervelocity impact plasma in space. To this
end, a miniaturized, low-cost plasma sensor has been designed
and built at Stanford University. This work builds upon our
previous experience in building and deploying Retarding
Potential Analyzers in ground-based hypervelocity impact tests
[9]. The multi-channel sensor design is based on the
electrostatic analyzer that has been developed by different
groups in the last couple of decades [10-14]. Since CubeSats
provide an attractive platform for deploying science payloads
in space, the sensor has been designed keeping in mind the
size, weight and power constraints of nanosatellites.

Fig. 1. A schematic showing the concept behind the sensor. The sensor is an
array of several electrostatic analyzer wells, one of which is magnified on the
right

In the following sections, we begin by describing the basic
concept behind the operation of the sensor. We then describe
the optimization of sensor design using numerical simulations
of sensor geometry. We then move on to the novel fabrication
process adopted for assembling the sensor using printed circuit
boards made by commercial PCB manufacturing houses. We
finally describe our test setup and show the results obtained
from in-house calibration and testing. Since the hypervelocity
impact phenomenon lasts for a few µs, the sensor electronics
have been designed to deal with transient electrical signals.
The sensor will hence be referred to as the Transient Plasma
Analyzer or TPA for short.

The dimensions of the sensor can be chosen based on the
plasma density one wishes to measure. With a bigger sensor,
more particles are collected but the plasma being measured is
more likely to get modified. For our application, based on
plasma densities that were measured previously in ground
based tests, different versions of the sensor were built with
varying number of channels and overall sizes ranging from 5 X
5 cm to 10 X 8 cm.
The electronics on the sensor can be divided into two main
parts 1) Biasing electronics 2) Signal amplification electronics.
Based on the range of particle energies one is likely to
encounter in specific application, the wells can be biased to
different voltage levels. Experimentally measured particle
energies in hypervelocity impact plasmas have ranged from a
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few eV to 100 eV. We hence used a compact high voltage
module from EMCO to generate up to 300 V on the sensor.
This voltage is then distributed across the channels using
potentiometers, allowing us to tune the bias voltages, albeit
over a limited range. Most particle energy distributions exhibit
an exponential distribution. The wells are hence biased at equal
distances on a logarithmic voltage scale. The highest ion and
electron energy channels are set up as high pass filters rather
than band pass filters, without any offset between the entrance
aperture and the collector.
The amplification electronics necessary for this application are
challenging since the transient plasma dynamics we intend to
capture vary at time scales on the order of nanoseconds. The
sensor is hence required to have a bandwidth on the order of
tens of MHz. At the same time, signals from femtogram-sized
particles can be small enough to generate only a few
picoAmperes of current which has to be converted into
sufficiently large voltage signals for the readout electronics.
The amplifier electronics have to hence meet an extremely
challenging combination of high gain, low noise and high
bandwidth requirements, while remaining operationally stable.
Single and dual stage transimpedance amplifiers designed
using LT Spice and using the OPA 657 amplifier from Texas
Instruments have been implemented on the TPA. An FPGA
based data acquisition system is being developed for storing
the impact data in memory.

Fig. 2. Evolution of the shape of an individual electrostatic analyzer well. The
final design chosen is highlighted with a blue outline.

Some of the well geometries tried are shown in Fig. 2.
Clearly, square shaped cells allow you to fit the maximum
number of cells for a given sensor area. However, the absence
of radial symmetry in the electrical field makes the trajectories
highly dependent on the point of entry of the particle in the
aperture plane. The hexagonal shaped well solves this problem
to some extent while giving a high packing fraction but the
band pass characteristics are found to be unsatisfactory. The
cylindrical and conical wells with annular apertures have good
band pass characteristics but the performance degrades rapidly
for non-normal incidence of particles. The design which ended
up giving us best results is similar to that of [10-14] comprising
a cylindrical well and circular aperture. Fig. 3 shows results
from simulations of the chosen well geometry.

B. Design Optimization
The most critical aspect of the sensor is design of the
electrostatic analyzer well. While we did have a starting point
in the design of the well geometry based on [10-14], we
carried out a thorough search of various well geometries to
find the optimum shape and its parameters. Numerical
simulations of the well geometry were carried out using
COMSOL Multiphysics software package. In these
simulations, the particles were made to enter the sensor at
random points over the entrance aperture and their trajectories
were tracked to count the number of particles that managed to
reach the collector. The goal of the optimization process was
to find the sensor geometry which
 maximizes packing fraction of cells
 maximizes aperture area per cell
 provides high collection efficiency

Fig. 3. Simulation results showing sensor response for particles of different
energies. The colors represent the speed of the particles as they pass through
the potential well.

 has good band pass characteristics
 is moderately insensitive to angle of incidence

The simulated output of one such well for different angles
of incidence and different particle energies is shown in Fig. 4.
The angles were varied along a horizontal axis in the direction
going from the center of the exit aperture to the center of the
entrance aperture.

 is easy to manufacture
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sensor for a cost of less than $300 per sensor, without having to
do any mechanical fabrication, alignment etc.

Fig. 5. (Clockwise) (a) Bias board containing the electrostatic analyzer wells
and biasing electronics (b) Bias board with entrance aperture plate (c) Front
side of the amp board containing collector pads (d) Back side of the amp
board with amplification electronics

Fig. 4. Band pass characteristics for different angles of incidence.

One can see that for incidence normal to the aperture plane
(0 degree angle of incidence), the sensor geometry gives quite
desirable band pass characteristics. In the desirable range, the
efficiency is 100% and while the fall is quite steep for lower
energies, it is not quite as sharp for the higher energies. As the
angle of incidence increases, the band pass region widens on
the higher energy side because the effect of the offset between
the entrance aperture and collector gets nullified. Nevertheless,
the performance of the sensor for angles of incidence below 30
degrees is quite satisfactory. Note that if the bias on the well is
changed, the entire plot shifts along the energy axis, without
any qualitative change in the response. Also, while the plot was
generated for electrons, the behavior with ions is identical,
except for changes in the time scale. These simulation were
carried out using one particle species at a time, with particleparticle interactions turned on. The effect of the interaction of
the particles with the field was found to be much stronger than
the effect of particle-particle interactions.

D. Test Setup
In order to test and calibrate the sensor, a vacuum chamber
capable of reaching 10-6 Torr was assembled. A tantalum disc
thermionic emitter from Kimball Physics was used as the
electron source and a Lithium ion emitter from Heat Wave
Labs was used as the ion source. In order to generate a beam
with well-defined energy and angular divergence less than 30º,
a test setup was designed using COMSOL Multiphysics. The
setup comprises a Wehnelt-style negatively-biased cathode
plate with the electron source mounted at a hole in the center
of the plate. A positively-biased accelerating grid is placed
directly above the thermionic emitter and the sensor with its
aperture plate grounded is cantilevered on top of this
arrangement. Fig. 6 shows an image of the test setup and
results from simulations of the setup with the electron source.
The sensor has been modelled as a grounded collecting plate
and the x, y symmetry is exploited in choosing the range over
which particles are emitted from the surface of the emitter in
the simulation.

C. Sensor Fabrication
Using parameters from the simulation results, four
components as described in Table 1 were fabricated and
assembled in order from top to bottom to form the transient
plasma analyzer. Some images of these components can be
seen in Fig. 5.
Table 1 Components of the TPA
Component

Thickness (mil)

Entrance Aperture Plate

6

PCB with potential wells and
biasing electronics (bias board)

120

FR4*

6

Laser-cut
stainless steel

Exit Aperture Plate

Material
Laser-cut
stainless steel
Fig. 6. The image on the left shows the test setup. The figure on the right
shows results from simulations of particle trajectories for a fixed set of bias
voltages. The color represents the speed of the particles.

PCB with collector pads and
31
FR4
amplifier electronics (amp board)
* FR4 boards can be replaced with ceramic boards for better noise elimination

Large vias on the printed circuit board serve as the electrostatic
analyzer wells and the aperture plates are made out of
soldering stencil sheets. This allows us to construct the entire
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Fig. 8. Response of one of the channels of the sensor measured for different
incident particle energies and well bias voltages.

In order to compare the experimental results directly with
the simulation results, the bias voltage on the electrostatic
analyzer wells was kept constant and the particle energies were
varied to obtain the result shown in Fig. 9. Since we did not
carry out detailed measurements of the spatial and angular
distribution of the electrons, we have assumed the simulation
results described in Section II.D to be true for generating this
plot. We can see that the low energy portions of the two curves
match pretty well but the cells are not able to suppress the high
energy particles as expected. Also, the high throughput zone is
much narrower than predicted. As long as enough confidence
can be generated in the calibration of the sensor, the sensor
response can be deconvolved from the observed measurement
to arrive at the true energy distribution of the plasma.

Fig. 7. Test setup simulation results. (Top) Angular distribution and energy
profile of electrons incident on the sensor; (bottom) Angular distribution and
energy profile of ions incident on the sensor. The 18 eV particles in the
energy plots correspond to the ones that strike the grid.

While the setup for the ion source is similar with just
reversed polarities of biasing voltages, the ions are emitted
over a larger surface area and hence their trajectories are more
spread out. However, as shown by our simulation results in
Fig. 7, for both ion and electron emitters, the angles at which
the particles arrive at the sensor lie within 30 degrees from the
surface normal. Note that since the grid has a transparency of
90%, a small number of particles collide with the grid and fail
to reach the sensor.
The bias voltages on the accelerating grid and the filament
mount were varied to produce particles of different energies
and direct them towards the sensor mounted in the vacuum
chamber. The variation in particle flux due to the changes in
these bias voltages was measured using a Faraday cup. The
output of the sensor channels for each bias setting was then
normalized by the Faraday cup measurements for those
settings.
III.

Fig. 9. Comparison of the response of one of the channels of the sensor with
simulation results.

EXPERIMENTAL RESULTS AND DISCUSSION

Since the size, mass and power consumption of the sensor are
of immense importance in space applications, their values were
measured and are listed below

Fig. 8 shows results obtained with the electron source using
the setup described in the previous section. We can see that the
sensor exhibits the desired energy band pass characteristics.
One can also see that as the energy of incident particles
increases, the well bias voltage at which the maximum output
is observed also shifts as expected.

Dimensions: 60mm X 50 mm X 3.5mm
Peak power consumption: 2W
Input voltage: ±5V
Maximum well bias voltage: ±150V
Mass: 54g
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IV.

better understanding of the origin of various dust streams in the
solar system.

CONCLUSION

In this paper, we have described the motivation behind the
design of a miniaturized plasma sensor for measuring
hypervelocity impact plasma. We described the simulations
that were carried out to optimize the sensor geometry. The test
setup used to verify the performance of the sensor was
described and results obtained with the electron source were
presented. Simulation results showed that the pass band widens
for higher angles of incidence and hence the energy of the
plasma can be ascertained with certainty only when the
incidence angles are known to be within 30 degrees of the
sensor normal. The experimental results show that the sensor
exhibits the desired band pass characteristics, although there
are some deviations from simulation results, particularly for
high energy particles.
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Quantities to be measured:
Electron density
Ion density
Energy distribution
Quantities Inferred
Temperature
Composition
Space worthiness
50 mm X 70 mm X 3.5 mm
Low mass (< 60g) and power (< 2W)
High speed electronics to capture transients
Short duration (< 1µs) and weak (tens of pA) signals
Bandwidth > 10 MHz and large gain
Applications
Hypervelocity impact plasma
Ionospheric and Magnetospheric plasma
Plasma propulsion diagnostics
3

A. Goel, P. M. Tarantino, D. S. Lauben, S. Close

Lee et. al. (2013)

Spacecraft Charging Technology Conference 2014 - 181 Viewgraph

Downie et. al. (1995)
Enloe et. al. (2003)

Wesolek et. al. (2005)

Feldmesser et. al. (2010)
4

A. Goel, P. M. Tarantino, D. S. Lauben, S. Close

4

Evolution of the Design
Spacecraft Charging Technology Conference 2014 - 181 Viewgraph

5

A. Goel, P. M. Tarantino, D. S. Lauben, S. Close

Spacecraft Charging Technology Conference 2014 - 181 Viewgraph

Low Energy

High Energy

Desired Energy

Energy Sweep

6

A. Goel, P. M. Tarantino, D. S. Lauben, S. Close

6

Spacecraft Charging Technology Conference 2014 - 181 Viewgraph

Cell 2
Cell 7

Cell 3

Cell 1
Cell 4

Cell 6
Cell 5

7

A. Goel, P. M. Tarantino, D. S. Lauben, S. Close

7

Spacecraft Charging Technology Conference 2014 - 181 Viewgraph

8

A. Goel, P. M. Tarantino, D. S. Lauben, S. Close

8

Spacecraft Charging Technology Conference 2014 - 181 Viewgraph

Bias board

Aperture plate

Collector pads

Amplifier electronics

A. Goel, P. M. Tarantino, D. S. Lauben, S. Close

9

9

Test Setup
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10-6 Torr vacuum chamber
Tantalum disc thermionic emitter
Lithium ion source
Wehnelt style focusing setup
Simulated in COMSOL to achieve
Well defined particle energies
Narrow beam divergence (< 30⁰)
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Specifications
Dimensions: 60mm X 50 mm X 3.5mm
Peak power consumption: 2W
Input voltage: ±5V
Mass: 54g
Maximum well bias voltage: ±150V
Responsivity: 10mV/nA
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Only one channel at a time
Not designed for space
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Amplifier Electronics
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Bootstrap

Standard

JFET input
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Two Stage

Board Stackup
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RPA Design
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Multiple Energy Bands
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Scales with voltage
7 energy bands per species with last cell in high
pass (RPA) mode
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