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Autonomous, Additively Manufactured,
Multi-Langmuir Probe for CubeSat
Plasma Diagnostics

Zoey Bigelow

Abstract— We report the design, fabrication, and character-
ization of a novel, compact, and fully additively manufactured
multi-Langmuir probe (MLP) for CubeSat ionospheric plasma
diagnostics. The MLP incorporates three different Langmuir
probe (LP) arrangements (i.e., single, dual, and triple LPs) to
accurately measure a wide range of plasma properties with
redundancy. The reported MLP has integrated low-power, com-
pact electronics and is manufactured using rapid prototyping
techniques; consequently, it is a plasma sensing solution compat-
ible with CubeSats that aligns with in-space manufacturing. The
dielectric parts of the MLP are made via vat photopolymerization
of vitrolite, while the conductive parts of the MLP are made via
binder jetting of SS 316L. The electronics of the MLP were ver-
ified using calibrated equipment. Experimental characterization
of MLP prototypes was conducted using a laboratory helicon
plasma chamber, showing good agreement across different LP
configurations. The MLP is the first of its kind, enables the
implementation of superior and more affordable CubeSat plasma
sensors, and aims at providing crucial data to improve our
understanding of ionospheric plasma and its implications for
climate change.

Index Terms—3-D printed CubeSat instrumentation, binder
jetting, glass-ceramic vat photopolymerization, Langmuir
probes (LPs), plasma diagnostics.

I. INTRODUCTION

HE ionosphere is a critical layer of the Earth’s atmo-

sphere that is composed entirely of plasma—a quasi-
neutral, superheated state of matter consisting of neutral
molecules, ions, and electrons [1]. Of great scientific interest
is the thermosphere, a region within the ionosphere extend-
ing approximately 80-600 km above Earth’s surface that
plays a significant role in global warming [2]. However,
obtaining accurate plasma measurements in this region has
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proven challenging. While plasma measurements of the ther-
mosphere can be taken from afar (from the Earth’s surface
or with satellites in orbit), the most reliable data are gathered
by satellites orbiting within the thermosphere [3]. Given the
high cost associated with launching hardware into space, the
use of CubeSats is an ideal solution to collect ionospheric
plasma data [4], [5]. Consequently, there is a strong demand
for low-cost and compact plasma diagnostic instrumentation
that can be directly integrated into CubeSats.

Langmuir probes (LPs) are plasma sensors known for their
simplicity, versatility, and minimal maintenance requirements,
which makes them an excellent choice as plasma instru-
mentation onboard CubeSats [6]. Moreover, the utilization
of rapid prototyping techniques enables their swift and cost-
effective manufacturing, with minimal waste, even in space.
Three common LP configurations involve single, dual, and
triple probe arrangements, each offering distinct advantages
and limitations. Among these configurations, the single LP
setup is the simplest, serving as a straightforward LP sensor
design. In contrast, dual LPs offer the advantage of draw-
ing less current from the plasma compared to single LPs,
resulting in lower plasma perturbation and more accurate
measurements [7]. Triple LPs, on the other hand, provide
faster measurements of plasma parameters. However, they are
only suitable for cases where the plasma can be assumed
to have a Maxwellian distribution (a statistical distribution
based on the kinetic theory of gases, where the molecules
are in thermal equilibrium; in mathematical terms, it is the
chi distribution with three degrees of freedom, where the
velocity of the particles is proportional to the square root of the
temperature divided by the mass of the particle); furthermore,
triple LPs are not well-suited for measuring floating and
plasma potentials [8]. Nonetheless, triple LPs excel in cap-
turing instantaneous and time-sensitive plasma measurements,
while single and dual LPs are used to extract time-averaged
plasma parameters [9]. It would be advantageous to integrate
the three types of LP arrangements into a single instrument,
closely spaced while running independently, to leverage their
strengths and introduce redundancy in the estimation of the
plasma parameters to improve the reliability of such estimates.

Numerous studies have implemented and characterized sin-
gle, dual, and triple LPs [7], [8], [9], [10], including sets
of LPs meant to work together to characterize plasma. For
instance, Ghosh et al. [11] introduced a design utilizing three
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electrodes that can be used as either a dual LP or a triple LP,
depending on the users’ need to estimate time-sensitive or
time-averaged plasma parameters. Jin et al. [12] patented a
“three-in-one detection system” with four electrodes capable
of running either single, dual, or triple LPs or single and triple
LPs simultaneously if so desired. However, to the best of
our knowledge, the multi-Langmuir probe (MLP) presented
in this study is the first LP design to implement all three of
the configurations to be used simultaneously. Despite recent
reports of 3-D printed CubeSat hardware, such as retarding
potential analyzers and thrusters [13], [14], to the best of our
knowledge, the MLP stands as the first additively manufac-
tured LP sensor. The compact, low-weight, and low-power
MLP is manufactured via rapid prototyping techniques, estab-
lishing a cost-effective solution for CubeSat-based in situ
space plasma sensing. Moreover, 3-D printing’s compatibility
with in-space manufacturing by creating net-shape objects
and by utilizing multipurpose feedstock to minimize waste
addresses the substantial expenses associated with launching
payloads into space [4].

This study presents the design, fabrication, and characteri-
zation of a novel, additively manufactured, compact MLP for
CubeSat plasma diagnostics. Section II describes the design
of the MLP. In Section III, the manufacturing process of the
MLP is detailed, including the characterization of the 3-D
printed ceramic housing, the 3-D printed electrodes, and the
circuitry developed to run the entire device. In Section IV, the
characterization of the MLP is presented. Section V discusses
the results and suggests tentative directions for future research,
while Section VI concludes the work.

II. PROPOSED SYSTEM DESIGN

This section reports the overall structure of the MLP, the
underlying physical principle of its operation, and the specifi-
cations of the MLP designs explored in this study. A key aspect
in the MLP’s design process entailed the development of low-
power, compact, integrated circuitry that enables the entire
device to operate autonomously without any other support
equipment or instrumentation, at power levels compatible with
those available on a typical CubeSat.

A. Principles of Operation of LPs

LPs are, fundamentally, electrodes [typically made of tung-
sten or stainless steel (SS)] that are biased at a specific voltage
and immersed in a plasma environment. LPs are shielded by a
dielectric jacket (typically made of ceramic, e.g., alumina, or a
polymer, e.g., polyamide), except at their tip. The dielectric
shielding improves the structural rigidity of the LP, and it
also allows LPs to be inserted farther into the plasma to
conduct localized measurements while minimizing plasma
perturbation. LPs attract free-floating charged particles that
are registered as current through the electrodes; the current
is measured and used to estimate plasma properties. In the
case of the single LP configuration, a range of bias voltages is
swept (a £100-V voltage range is typically employed for LPs
intended for electric propulsion diagnostics [8], while a =10-V
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Fig. 1. Schematic of a single LP -V characteristic with its key parameters
indicated.

voltage range is typically used in LPs for ionospheric stud-
ies [6]), varying from negative to positive relative to a common
reference point, such as the vacuum chamber (on-ground
operation) or the spacecraft frame (in-space operation). The
measured currents (which can range from microampere level
or less to milliampere level or more, depending on the plasma
and the dimensions of the exposed tip of the LP) can be
plotted against the applied bias voltage to produce an -V
characteristic that is analyzed to extract various plasma prop-
erties (see Fig. 1). The plasma potential, V,, is the potential at
which the electron saturation current occurs, while the floating
potential, V, is the potential at which the measured current
is zero. For a large enough bias voltage, the current in the
electrode saturates and is mostly composed of either electrons
(positive bias voltage) or ions (negative bias voltage); these
are called the electron and ion saturation currents, respectively.
The electron temperature, ¢y, is one of the simpler parameters
to find from the /-V characteristic of a single LP. If the
plasma is Maxwellian, the exponential portion on the -V
characteristic is proportional to exp(—V /T.y); therefore, the
slope of the logarithm of the current versus voltage curve
is a constant proportional to the inverse of the tempera-
ture T,y [8]. Single LPs often experience a phenomenon
known as sheath expansion [15]; as the bias voltage becomes
very large, the sheath expands, creating a larger collection
area that allows for more electrons to be captured, which
in turn increases the sheath thickness. This feedback loop
results in the electron saturation current region becoming
exponential rather than constant. Consequently, to keep the
measured currents low, single LP data are typically collected
from very negative bias voltages to moderately positive bias
voltages.

Dual LPs function similar to single LPs, but the bias voltage
swept on one electrode is referenced to the second electrode,
which is floating. Given that the reference of the LP can shift
with the floating electrode, sheath expansion is no longer a
possibility; therefore, the analysis of the /-V characteristic of
a dual LP (see Fig. 2) changes slightly. The floating potential
is still given by the bias voltage at which the measured current
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Fig. 2. Schematic of a dual LP /-V characteristic with key regions indicated.

is zero. The linear fits of the three regions (negative region—
dominated by ions; positive region—dominated by electrons;
inflection region) give three slopes (Mpegatives Mpositives and
Minfiection, respectively) and three y-intercepts (Pnegative Ppositive
and Dinfiection, respectively). The electron temperature (in elec-
tronvolt), T.y, is found from the linear fits of all three regions
via [16]

bposilive - bnegalive ( 1 )
4 ( 1.08 M infiection _0-79Mposilive)

Tov =

where the constant coefficients are found from the equivalent
resistance method developed by Chang and Laframboise [17].
Experimentally, V), can be estimated from the intersection of
the inflection and positive regions; a theoretical, approximate
value can be found from V; and T.y [18] through the
expression

2m,~
V, = V;40.5T.y ln( ) 2)
Tm,

where m, and m; are the masses of an electron and of an ion,
respectively.

The values found directly from the /-V characteristics of
the single and dual LPs can be used to find other plasma
parameters. An important parameter that strongly influences
the behavior of the LP is the Debye length, Ap. The Debye
length is the distance that an electrostatic field penetrates a
plasma and is specific to a given plasma [6]. The Debye length

is given by
[eoT.
Ap = Eolev 3)
n-e

where gy is the permittivity of free space, n is the number
density, and e is the electron’s charge. It is vital to maintain
a separation distance of at least twice the Debye length to
prevent interference between adjacent electrodes. Additionally,
the interaction between the plasma and the electrodes depends
on the size of the probe’s radius relative to the Debye length.
Specifically, the ratio rp/Ap, where rp is the electrode radius,
defines to what extent radio frequency (RF) effects need to be
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Fig. 3. Schematic of a triple LP.

compensated for and determines the applicable equations for
calculating the number density [8].

The equations governing plasma-LP interactions can be
derived from the equations of motion, Boltzmann’s relation,
and the principle of quasi-neutrality, which states that the num-
ber density of ions and electrons is approximately equal [8].
Using these, it is found that when rp /A p is larger than 50, the
plasma sheath is thin enough to be negligible (called the “thin
sheath-limit”); in such case, the number density, n, is given by

s [ m;
n=-— ()
exp(—0.5)eAV eT.y

where A is the surface area of the electrode exposed to the
plasma. Given that Debye lengths inherent to the ionosphere
are much larger than those in laboratory plasmas, an MLP
system designed for the ionosphere is fully capable of also
characterizing laboratory plasmas.

Triple LPs do not implement a voltage sweep to measure
currents to infer plasma parameters. Instead, two of the
electrodes are set to a voltage differential with reference to
the third electrode, making this the only configuration that
makes real-time plasma measurements [9]. A triple LP makes
two measurements, i.e., the current flowing through the biased
electrode, Itrp, and the potential difference between the biased
electrode and the floating electrode, V,;, (see Fig. 3). The
applied voltage differential should be between five and ten
times the anticipated value of V;,; when this requirement is
satisfied, It p is equal to the ion saturation current [11]. The
electron temperature is related linearly to V;, as

. —Va
"~ In(0.5)
Triple LPs are unique in that the value of V;, accounts for
sheath expansion, as well as the effects of the ratio rp/Ap.
Therefore, a single equation that considers V,;, can be used in
calculating the number density, regardless of whether the LP
is operating in the thin sheath limit [9]. Consequently, n in a

triple LP is found via
v,
ItLp eXp(_fdvz)

N T | _ _VYo
Ae m; 1 exp( ch)

S)

TeV

(6)

The plasma parameters that can be found using single, dual,
and triple LPs are summarized in Table 1.

These plasma parameters will shift their values as the
plasma itself changes. For example, helicon plasmas are
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TABLE I
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PLASMA PARAMETERS THAT CAN BE INFERRED FROM DATA
COLLECTED USING SINGLE, DUAL, AND TRIPLE LPS

Parameter (units)

Description

LP Configuration
Used

Plasma potential
V)

Potential inherent in the
plasma itself

Single, dual

Floating potential
Ve (V)

Potential inherent in the
sheath surrounding the
electrode

Single, dual

Electron Temperature of the Single, dual, and triple
temperature T, plasma
(V)

Ton saturation
current [; (A)

Current at which the
maximum number of
ions per unit of time
strike the electrode

Single, dual, and triple

Electron saturation
current [, (A)

Current at which the
maximum number of
electrons per unit of time
impact the electrode

Single, dual

Number density n

(m™)

Number of particles per
unit of volume

Single, dual, and triple

Debye length 4, Distance that an Single, dual, and triple
(m) electrostatic field
penetrates a plasma
(2)

Housing bottom

Housing top

Electrodes

2cm

Fig. 4. (a) Computer-aided design (CAD) exploded view of an MLP. The
driving electronics are inside the housing bottom. The housing top and bottom
are assembled using a slider mechanism. (b) CAD close-up of an LP electrode
used in the MLP.

created by applying an RF signal to a gas, causing the
gas to ionize and become a plasma. The number density
of the plasma, n, will increase with the RF power [16].
Similarly, the electron temperature, 7.y, will increase slightly
with RF power, but to a much lesser degree than n [18].
This difference determines how the Debye length, Ap, varies
with RF power. Given that n has a stronger dependence on
RF power than T.y, Ap decreases as RF power increases.
Other relevant parameters include the floating potential, which
increases slightly with RF power, and the plasma potential,
which typically remains stable [18].

B. Proposed MLP Structure

The MLP consists of three distinct components: elec-
trodes, circuitry, and housing (see Fig. 4), facilitating the

implementation of the three independent LP configurations
(single, dual, and triple). These probes operate concurrently,
enabling redundant plasma parameter estimation.

In the MLP, the electrode’s separation is crucial: the elec-
trodes should be as close together as possible to attain local
plasma measurements, yet far enough apart that there is
no interference between adjacent electrodes. The electrodes
used in this study [see Fig. 4(b)] have a 0.5 x 0.5 mm
tip cross section, which is standard in the LP literature [16]
and about the smallest as-printed features that can be reli-
ably defined with mainstream metal 3-D printing techniques.
By utilizing a 30° angle at the point where the electrode
begins to widen, the tips of the electrodes are brought close
together at the sensing end of the electrode, while the bulkier
parts of the electrodes are spaced apart and more robustly
anchored. In the MLP, the electrodes were widened linearly
to 3 mm. The six electrodes required to run the three LP
configurations are named SLP1, DLP1, DLP2, TLP1, TLP2,
and TLP3, where the letters denote whether the electrode
is part of a single, dual, or triple LP configuration and
the number denotes which electrode of the configuration it
belongs to.

The housing of the MLP fulfilled two requirements: 1) hold-
ing the electrodes securely in place and 2) protecting the
circuitry from the plasma environment. Previous experiments
with the laboratory plasma used to characterize the MLP
showed the plasma generated by the helicon source had
associated Debye lengths as large as 100 um [13], i.e., the
MLP electrodes needed to be at least 200 pwm apart to avoid
interference. In contrast, plasmas in the ionosphere have much
larger Debye lengths, approximately 1 mm [6]. Therefore,
two housing tops were developed: a top with an electrode
spacing of 300 wm that pushed the lower bound of separation
and fabrication precision available for the MLP study [see
Fig. 5(a)] and a top with an electrode spacing of 5 mm that
could operate in the ionosphere as well as accommodate a
wider range of laboratory plasma densities [see Fig. 5(b)].
The tops are easily interchangeable via a slider mechanism
that attaches them to the bottom housing base. The hole at the
bottom of the housing that allows the device to be plugged in
also offers a sufficient gap for ventilation, thereby preventing
air becoming trapped inside the MLP.

The MLP circuitry requirements (see Table II) were
achieved using Arduino' Nano 33 internet of things (IoT)
modules, MAX629 boost converter chips, an array of
operational amplifiers (op amps), and difference amplifiers
(see Table TIT). The Arduino' modules, which are often used
on CubeSats [19], [20], [21], [22], [23], provided the initial
varying bias voltage signal of 0-3.3 V (the full voltage range
of these kind of devices) at a period of 5.5 s and a measure
count of 1022 for the single and dual LPs. This period enabled
the voltage sweep to occur slowly enough that the signal was
quasistatic, i.e., it was a dc voltage step signal, as opposed
to an ac sawtooth signal. When an ac signal is applied to
LPs, the parallel electrodes behave like a capacitor. While it
is possible to add circuit elements to correct this issue [7],

Registered Trademark.
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Fig. 5. CAD model of the housing top with (a) minimal electrode spacing (i.e., 300 um) and (b) lower bound spacing for ionospheric plasma (i.e., 5 mm).
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Fig. 6. Circuit schematic between Arduino' module and electrode tip with insets of the output at different points of the circuit.

TABLE I

MLP ELECTRONICS REQUIREMENTS TO RUN SINGLE,
DUAL, AND TRIPLE LPS SIMULTANEOUSLY

Probe Function

Single LP Sweep from -20 V to 25 V in 3.2 mV steps (with
(output) reference to ground)

Single LP Measure current through SLP1
(input)

Dual LP Sweep from -20 V to 25 V in 3.2 mV steps (with
(output) reference to DLP1)

Dual LP Measure current through DLP2
(input)

Triple LP Apply 25 V to TLP1 (with reference to TLP3)
(output)

Triple LP Measure current through TLP1 (i.e., I7;p)

(input 1)

Triple LP Measure potential difference between TLP1 and TLP2
(input 2) (i.e., Vyr)

keeping the sweep frequency low avoided the issue entirely.
These signals were then centered and amplified using the op
amp array. The op amps were powered using MAX629 boost
converter chips to achieve the necessary bias voltage range
(~45 Vpp). The transformation of the bias voltage sweeps for
the single and dual LPs going from the Arduino' modules to

TABLE III
REFERENCE SHEET FOR MLP CIRCUIT COMPONENTS

Component Reference Number

Arduino® modules Arduino® Nano 33 ToT

Boost converters MAX629
Operational amplifiers ADAA4522-4
Difference amplifiers ADAG629

the electrodes is depicted in Fig. 6. Past tests in this plasma
source resulted in V,, values between 3 and 5 V; therefore,
a dc bias voltage of 25 V was chosen for the triple LP,
which was also produced by the MAX629 chips. The input
currents were measured using difference amplifiers, which
measured the voltage drop across a shunt resistor and then
fed that signal into one of the Arduino' modules. According
to LP theory, current can be measured with LPs applying
bias voltage signals as high as 1 MHz per sample [7].
Given that the MLP signal was orders of magnitude slower,
measuring the current values quickly enough was not an
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g
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Fig. 7. Selected images of an MLP during assembly. (a) Underside of the housing top showing the plug holding the electrodes in place. (b) Top side of the
housing top showing the array of electrodes protruding. (c) Housing bottom with the driving circuit inside. (d) Fully assembled device.

issue. By using rechargeable lithium-polymer batteries in the
design, the entire device was able to be run using a single
micro-USB B cable.

The final dimensions of the MLP housing bottom were
10.2 x 10.2 x 2.8 cm (0.29 L), while the tip of the housing top
protruded an additional 2.3 cm. The electrodes were positioned
to protrude 3 mm out of the housing top. The walls of
the housing are 2.5 mm thick to minimize material while
still being structurally sufficient. The assembled MLP weighs
300 g, resulting in a mass density about a quarter lower than
the 1.3 kg/L limit for a CubeSat.

ITI. DEVICE FABRICATION

Compared to traditional manufacturing methods, 3-D print-
ing is better suited for in-space manufacturing due to its ability
to employ multipurpose feedstock, customize the designs, and
produce less waste. Nonetheless, additive manufacturing poses
some disadvantages compared to traditional manufacturing.
For example, mainstream additive manufacturing methods are
not as precise. Also, the properties of the printed material
could be lesser (e.g., mechanically weaker, less chemically
resistant, less vacuum compatible), which in some cases stem
as tradeoff of the material printability and in other cases is
related to the orientation of the printed layers. More infor-
mation is found elsewhere [24]. The electrodes used in LPs
are typically constructed from wires made of high-temperature
compatible materials, such as SS or tungsten [8], [16], [25];
while 3-D printing of tungsten is in its infancy, 3-D printing
methods for SS are mature and some of them have adequate
resolution to implement finely featured objects [26]. SS 316L
was chosen as the material for the MLP electrodes due
to its material properties (high electrical conductivity, high
yield stress, high temperature compatibility, and low vacuum
outgassing [26]), as well as the accessibility and maturity of its
3-D printing process [27]. The electrodes were fabricated via

binder jetting (a printing method that decouples the printing
of the object and its consolidation, greatly increasing the
precision of the printed objects) by the vendor iMaterialise
(Leuven, Belgium). Binder jetting is known for its low residual
stresses and high resolution, as it decouples the printing and
consolidation of the object [26]. Given the prevalence of
oxygen in the ionosphere [4], the electrodes should be coated
with a low-oxidizing material to avoid chemical degradation
because electrode degradation results in diminished surface
conductivity, reduced current collection, and less accurate /-V
characteristics [28]. While gold is the most-used coating for
LP electrodes [29], a study by Samaniego and colleagues [25]
found that iridium outperforms the other materials tested,
including gold, in highly oxidizing environments. Therefore,
the electrodes were sputter-coated with a conformal, 20-nm-
thick iridium film.

The choice of material for the housing was primarily
driven by the need to provide a secure, electrically insu-
lating physical enclosure for the electrodes and electronics,
while also exhibiting the capability to withstand elevated
temperatures without profusely outgassing in vacuum. Unlike
other printing methods for ceramics, vat photopolymerization
does not produce coarse, porous objects incompatible with
vacuum applications [30]. For these reasons, the housing was
3-D printed via vat photopolymerization in vitrolite using
a Bison 1000 3-D printer (Tethon3D, Omaha, Nebraska,
USA). This printer utilizes a digital light processing (DLP)
engine that employs a 1920 x 1080 array of 405-nm UV
LED pixels, with each pixel measuring 57 pum. The Bison
1000 employs a heating mechanism to warm up the resin
in the printer’s vat, reducing its viscosity and improving the
adhesion of the printed part to the printer platform. Addi-
tionally, the printer is housed within a custom HEPA filtered
cabinet, ensuring a controllable, clean workspace. Given our
previous experience with vacuum compatible devices 3-D
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TABLE IV

PEAK OPERATING VOLTAGE, PEAK MEASURED CURRENT, AND POWER
CONSUMPTION FOR EACH LP CONFIGURATION WITHIN THE MLP

Configuration | Peak Peak Power
Operating Measured Consumption
Voltage (V) Current (mA) | (mW)

Single LP 50V 73.2 366

Dual LP 74V 55.4 410

Triple LP 37V 2.7 10

Total 786

printed in vitrolite via vat photopolymerization [13], the
printed pieces were used in their green state, i.e., without
sintering, which ensured the tightest dimensional tolerances.
To decrease material use, circular cutouts with hexagonal
packing were implemented in the body of the housing
bottom.

The assembly of the MLP is conducted in three distinct
stages (see Fig. 7). First, the electrodes are placed in the
housing top and secured into place using a ceramic plug [see
Fig. 7(a) and (b)]. Then, the circuit is placed in the housing
bottom [see Fig. 7(c)]. Finally, the top housing piece is slid
into place [see Fig. 7(d)].

IV. EXPERIMENTAL DEVICE CHARACTERIZATION

This section reports the characterization of the MLP, includ-
ing 1) experimental characterization of the driving circuit
without plasma and 2) experimental characterization of the
MLP using a helicon plasma source.

A. Experimental Characterization of the MLP Driving
Circuitry

LPs work simply by applying a voltage and measur-
ing a resulting current drawn from a plasma; from those
measurements, plasma properties are inferred. Therefore,
benchmarking the electronics of a plasma sensor using cal-
ibrated equipment is sufficient for ensuring their correct
operation [31]. Consequently, thorough testing was done for
the various parts of the circuit before conducting plasma tests
to ensure the validity of any subsequent measurements made in
the plasma. The dc voltages were measured using a Fluke' 28II
True rms Multimeter (Fluke Corporation, Everett, WA, USA),
while other signals were measured using a Rigol' DS6104
Digital Oscilloscope (Rigol, Portland, OR, USA).

The power consumption of the MLP was estimated using
the superposition technique, which involves considering the
contribution of each source or element in isolation. To do
this, a Rigol' DP832A Programmable dc power supply was
used to activate only one input at a time (e.g., power for
Arduino' modules, battery for the triple boost converter) and
to measure the current each input drew, while the rest of the
circuit remained inactive. In this way, the power consumption
of each LP configuration was evaluated (see Table IV). The
total power consumption of the device is estimated at 786 mW,
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which is well within the range of power that a typical CubeSat
can supply [32].

To verify the circuit’s capability to drive the MLP, different
sections responsible for powering the single, dual, and triple
LPs were individually tested. This involved testing the volt-
age sweep for the single [see Fig. 8(a)] and dual LPs [see
Fig. 8(b)], as well as the dc output for the triple LP. Due to the
Arduino' module’s inability to measure the actual output of the
single and dual LPs, the initial 0-3.3-V outputs were measured
separately for each of the two configurations, and the resulting
signals were extrapolated using the following equation, which
accounts for the amplification of the signals caused by the op
amp system (as shown in Fig. 6):

Vout = (VArduino_l-5 V) -14 (7)

where 1.5 V is the offset and 14 is the gain. Ideally, the actual
output and the extrapolated signals shown in Fig. 8 would be
identical. In the case of the single LP circuit, there is a slight
cutoff around —10 V. This is attributed to the negative boost
converter operating below peak efficiency due to the load on
the rest of the circuit. However, this does not affect the overall
collection of plasma data, as a sweep as low as —10 V is
sufficient to capture a reliable single LP /—V characteristic.
Although the output signal for the dual LP exhibits 8.5% more
noise than the output signal of the single LP, it reaches the full
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Fig. 9. Diagram of the helicon plasma source used to characterize the MLP.

TABLE V
POLYNOMIAL FIT COEFFICIENTS FOR SINGLE LP -V CHARACTERISTICS

Power Level Polynomial Fit Coefficients
(y=ax"+bx*+cx5+dx*+ex*+fx>+gx+h)

100 W a=-86x10"° b =77x10"% c=6.4x%x107°,
d=-89%1075 e=—-44x%x10"% f=9.1x%x1072
g=13,h= 44

200 W a=14x10"1° p=54%x10"8% c=-24%x10"°,
d=-94x10"°% e=27x10"3, f=12x10""%,
g=13,h=4575

300 W a=—-65x10"% b=44x10"7, ¢c=6.0x10"%,
d=-23%x10"3% e=—-15%x107%, f=93x1072,
g=27,h=85

400 W a=-10x10"7, b=20%X10"% ¢=91x10"5,
d=-13x%x10"3%, e=—-27%x107% f=29x10"1,
g=44,h=87

500 W a=36x10"° b=-45%x10"7, c=-13x 1075,
d=17%x10"% e=82x10"% f=12x10"1,
g=12,h=51

range of the voltage sweep. The additional noise is likely due
to the difference amplifier used to measure the floating dual
LP voltage output with reference to ground. The expected dc
output for the triple LP was 24.6 V. It was measured at 25.6 V,
resulting in a difference of 4%.

B. Experimental Characterization of the MLP Using a
Helicon Plasma Source

The MLP was tested using a helicon plasma source at
MIT’s Plasma Science and Fusion Center (PSFC). This source
generates a helicon plasma by exciting gas with a helicon
wave. To operate the helicon plasma source, the pressure in
the chamber is decreased to 2 x 107> Torr. Then, gas (in
this case helium) is introduced and excited into a plasma
state by a 13.56-MHz RF power source. The plasma used
in these tests was not magnetized. More information on the
PSFC’s helicon plasma source can be found elsewhere [16].
The MLP was installed in the helicon plasma source on
a block in the center of the chamber. This way, the LP
electrodes were suspended in the center of the plasma, radially,
approximately 43 cm from the plasma source (see Fig. 9).
To easily control the ON/OFF state of the dual and triple
LP batteries, they were replaced by polyether ether ketone
(PEEK) cables and connected via feedthroughs to a floating
dc power supply outside the plasma chamber. Additionally,
the micro-USB B cable was connected to a computer via a
feedthrough, enabling real-time data acquisition. The plasma
RF power was varied between 100 and 500 W in steps
of 100 W. After examination of several fits, it was determined
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TABLE VI
POLYNOMIAL FIT COEFFICIENTS FOR DUAL LP /-V CHARACTERISTICS

Power Level Polynomial Fit Coefficients
(y=ax+bx*+cx5+dx*+ex*+fx*+gx+h)

100 W —a=58x%x10"°b=-54x10"% ¢c=26x%x107°,
d=22%x10"% e=12x%x10"3 f=47x1072,
g=51x10"1h=16

200 W a=-64x10"°b=-23x10"8¢c=25x107°,
d=-14%x10"% e=19x%x1073, f =6.7x 1072,
g=57x10"1Y h=12

300 W a=36x10"b=-27%x10"7,¢c=-84x107°,
d=18x10"% e=65%x10"3 f=52x1072,
g=11x10"1, h=82x10"2

400 W a=27x10"1"  bh=-28x10"7, c=-74X
107, d=17x10"% e=73%x10"3, f=72x
1072, g=17x10"1, h=—-0.2

500 W a=36x10"%bh=-73%x10"7,¢c=—-4.0x 1075,
d=44%x10"% e=17%x10"2, f=50x1072,
g=-41x10"" h=-2.1x10"1
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Fig. 10. [-V characteristics for five different plasma power levels using the
(a) single LP and (b) dual LP.

that a seventh-order polynomial fit the data collected as -V
characteristics best (see Tables V and VI). The MLP version
tested used the top housing with 5-mm electrode separation
(the configuration compatible with both laboratory plasmas
and the ionosphere). Fig. 10 shows the /-V characteristic
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fits for each power level for both the single [see Fig. 10(a)]
and dual [see Fig. 10(b)] LPs. Fig. 11 shows the floating and
plasma potentials obtained from the /—V characteristics shown
in Fig. 10.

The triple LP gathered two data values: V,;; and ion satura-
tion current. Given that the main advantage of a triple LP is its
real-time sensing, these two measurements were taken every
millisecond for each of the five power levels tested. Due to the
quasistatic nature of the measurements conducted by the MLP
and the seven different values (listed as the inputs and outputs
in Table II) being recorded by the Arduino' module on each
step, the fastest repetition rate of the measurements was equal
to 1 kHz. The V,;; measurements were plotted against time for
each power level (see Fig. 12). The amplitude of the signals
can be seen to decrease linearly with power level, to the point
that at 500 W, the signal appears almost constant at 4.2 V.
A periodic behavior can also be observed with a frequency
of 0.18 Hz for all power levels. To compare the parameters
derived from the triple LP data with those obtained from the
single and dual LPs, time averages were computed for all
the triple LP parameters. The electron temperatures, number
densities, and Debye lengths were plotted against the power
levels for the single, dual, and triple LPs, and the average of
the parameters from all three LP configurations is shown to
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analyze their behavior with respect to plasma RF power (see
Fig. 13).

V. DISCUSSION

This study provides a proof-of-concept demonstration of a
novel, fully additively manufactured, compact MLP plasma
sensor. The device is capable to measure plasma characteristics
in both laboratory and ionospheric plasmas (the key factor is
the separation of adjacent electrodes—for a given electrode
separation, plasmas with a Debye length up to a certain value
can be measured without cross-electrode interference). The
compact circuitry that runs the MLP is adequate for use on
spacecraft that require lightweight and low-power payloads,
e.g., CubeSats. The MLP is well within this range, running
on 786 mW, weighing only 300 g, occupying 0.29 L, and
having an average mass density of 1 kg/L.

As previously discussed, the op-amp array portion of the
MLP circuit enabled the voltage outputs from the Arduino'
modules (which have a lower limit of 0 V) to transform the
signal and achieve negative voltages. However, through testing,
it was found that an identical op-amp array needed to be
implemented for the input signals as well. Therefore, it can be
seen in Fig. 10 that any negative input signals (i.e., negative
currents for the single and dual LPs) were unable to be
measured. These negative values are essential for finding the
ion saturation current, which is subsequently used to calculate
the number density. Luckily, the triple LP takes a constant
measurement of ion saturation current; therefore, this value
was able to be substituted into the number density equations
for all three LP configurations. However, future iterations of
the circuit should rectify this issue by using another op-amp
array to the inputs of the MLP circuit.

In Fig. 10(a), slight inflections in the I-V characteristics
can be seen at the 300- and 400-W power levels. We believe
this is due to the change in mode of the plasma. A helicon
plasma can be inductively, capacitively, or wave coupled
(H, E, and W modes, respectively); as RF power increases,
the helicon plasma shifts from E to H and finally to W
mode. The shift in modes from H to W is accompanied
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by a slight decrease in plasma potential [16]. The fact that
the plasma changes from H to W mode as RF power
increases is supported by Fig. 11(b), where the plasma poten-
tial (which is typically stable over a range of power levels [18])
shows a slight decline in power levels above 300 W. The
inflections are only observed in the single LP because it
is referenced to an external ground. This represents a good
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example of the dual LP being better suited to withstand plasma
fluctuations.

Fig. 10(a) also shows an inflection at the 500-W power
level. This is due to the maximum current being drawn from
the electrode (110 A through a 30-kS2 resistor), resulting in
the Arduino' module reaching its 3.3 V limit. While this can
be addressed by lowering the resistance of the shunt resistor,
it should also be noted that this is an example of sheath
expansion and a clear demonstration of the dual LPs ability
to be resilient to this phenomenon.

The results shown in Fig. 11(a) indicate that the float-
ing potential increases as the RF power increases, which is
expected [18] and has been observed in other studies using the
same helicon plasma chamber at different power levels [16].
The estimates from the single and dual LPs for both plasma
and floating potentials [see Fig. 11(a) and (b), respectively]
exhibit excellent agreement. As explained before, triple LPs
do not estimate these plasma parameters.

It can be seen in Fig. 13(a) that the electron temperature
increases slightly with increasing RF power, which is expected
(i.e., as power increases, temperature also increases). The
number density is strongly dependent on the plasma RF power
[see Fig. 13(b)], with an increase in power resulting in an
increase in number density [16]. This relationship also causes
the Debye length to be inversely proportional to the RF power,
as discussed in Section II-A, which is evident in Fig. 13(c).
This range of Debye lengths is low enough to result in rp/Ap
values greater than 350. Therefore, the assumption made dur-
ing analysis that the MLP is operating in the thin sheath limit
is correct. Also, the separation between adjacent electrodes is
much larger than the Debye length, ensuring that the electrodes
are not experiencing any interference from one another. If the
MLP is used in the ionosphere, the thin sheath limit would not
apply, as the Debye length (millimeter scaled) would be far
larger than the characteristic width of the electrodes (0.5 mm).
Nonetheless, the -V measurements from the MLP could still
be analyzed using the proper framework, e.g., intermediary
state, orbital motion limit [8].

The plasma parameters inferred from single and dual LPs
are very close, while the estimates from the triple LP are
of the same order of magnitude. Nonetheless, the electron
temperature from the triple LP significantly lags for low RF
power (<300 W), as do the Debye length estimates. This is
likely due to the very low measurements of V. As discussed
previously, the dc bias voltage applied to the triple LP (25 V)
should be between five and ten times the value of V,,. This
means that any V;, values below 2.5 V are susceptible to
sheath expansion and effects from the ratio rp/Ap. While
the previous values of V;, were in the 3-5 V range, the
measurements made here are lower than the 2.5 V cutoff at
low power levels below 300 W. This is verified when we plot
the maximum value of these parameters from the triple LP in
relation to the single and dual LPs (see Fig. 14). These graphs
produce significantly better agreement. This clearly highlights
that triple LPs are best used for real-time measurements,
and time averaging these values does not make a sufficient
substitution for other configurations suited to time-averaged
values.
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Given that plasmas constantly fluctuate [18], there are
no “ground truth” plasma references that can be used to
benchmark plasma sensors. Instead, the estimates of plasma
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parameters are corroborated by measuring in parallel, inde-
pendently, locally, the same plasma and by comparing the
results across the independent estimates. In this study, three
different, independent, spatially close LP configurations were
run in parallel and the estimated plasma parameters from
those measurements are very similar. Furthermore, theo-
retical values for 7.y were calculated by rearranging (2);
these values are close to the experimental averages esti-
mated from the MLP data (see Fig. 15). Nonetheless,
it should be noted that, in general, the experimental values
of T,y are known to be more accurate than the theoretical
values [8].

Further improvement of the circuitry could involve using
more sensitive components (e.g., microcontrollers, differ-
ence amplifiers) with less noise, capable of a larger signal
range [33]. These electronics would use a combination of
commercial, off the shelf (COTS) and application-specific
integrated circuits (ASICs) to attain even lower power con-
sumption, fast response, and high energy efficiency. Given
the low ambient temperature in space, it is expected that
the electronics have reduced leakage current and less power
consumption compared to on-Earth operation. The designs
could also be radiation hard through a combination of
resilient design techniques, redundancy, and algorithmic error
correction [34].

In terms of the 3-D printed hardware, the current version
of the MLP reflects the tightest mainstream dimensions and
tolerances currently obtainable, and it is a sensor that already
complies with the size, weight, and power constraints of
a CubeSat. Nonetheless, it might be possible to use arti-
ficial intelligence, e.g., generative design to further reduce
mass and volume [35]. It might also be possible to use
advanced 3-D printing, e.g., micrometallized parts made via
two-photon vat polymerization [36], to create even smaller
hardware.

VI. CONCLUSION

This study reported the design, fabrication, and charac-
terization of a compact, MLP that simultaneously operates
single, dual, and triple LP configurations to measure plasma
parameters with redundancy. The device showcases a compact
and energy-efficient design, making it well-suited for imple-
mentation on CubeSats to investigate the thermosphere. The
utilization of 3-D printing technology facilitated the successful
creation of the MLP and makes its construction compatible
with in-space manufacturing. The device effectively character-
ized plasmas within the range of 0.2-0.8-um Debye lengths.
Notably, the electrode separation of the developed MLP sensor
enables the examination of plasmas with far larger Debye
lengths, extending up to those encountered in the ionosphere.
To further enhance its capabilities, a minor adjustment to
the circuitry is proposed, which would enable the measure-
ment of negative currents, resulting in capturing data more
comprehensively. Other potential improvements in the circuit
include the use of COTS, ASICs, and cryogenic operation.
The use of more advanced 3-D printing, e.g., micrometallized
parts made via two-photon vat polymerization, and the use
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of generative design could yield even smaller and lighter
hardware.
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