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Abstract

University of Oslo (UiO) has a desire to explore multi-scale physical processes giving
rise to ionospheric scintillations, which implies the need for sub-meter spatial resolution
of plasma measurements. One of the most common methods of plasma diagnostics is
the Langmuir probe. Traditionally, by sweeping a bias voltage of an exposed Langmuir
probe in a plasma, a current-voltage curve is obtained from which the plasma parameters
can be derived. However, sweeping takes time and makes this approach unsuited for
high spatial resolution measurements on fast moving space platforms. The multi-needle
Langmuir probe (m-NLP) technique was developed by UiO to address this issue. A
key feature of the m-NLP instrument is its ability to determine the electron density at
very high spatial resolution without the need to know the plasma potential or electron

temperature.

Since its first flight on board the Investigation of Cusp Irregularity 2 (ICI-2) sounding
rocket from Svalbard in December 2008, the m-NLP instrument has been deployed on a
variety of space platforms, e.g., the NorSat-1 microsatellite and the QB50 CubeSats. Fur-
thermore, the instrument has been on board the Andgya Space Center (ASC) small-sized
payloads, which was released from a NASA sounding rocket being launched from ASC
in January 2019. The major advantages of unprecedented high spatial resolution plasma
measurements, low mass and low power have made the m-NLP instrument attractive
for small spacecraft applications. However, all in-situ measurements in space plasmas
are challenged with spacecraft-plasma interaction effects, e.g., spacecraft charging and
wakes. My research project was to identify and evaluate the most severe issues that need
to be accounted for in further development of the UiO m-NLP instrument including the

data analysis. I decided to investigate the following:

— Performances of the m-NLP instrument on the above-mentioned space platforms.

— Spacecraft charging, probe contamination and probe design issues.

v



— Evaluate and assess data analysis techniques for the m-NLP instrument.

In order to support the investigations, I have accessed data from a variety of missions
including NorSat-1, QB50, ICI-2 and MICA. In addition, I have developed tests in the
plasma laboratory at European Space Research and Technology Center (ESTEC). The

main results from these investigations are:

— I demonstrate that the m-NLP system is capable of continuously resolving small-
scale plasma structures as well as monitoring the platform potential on NorSat-1.
For the QB50 satellites, a miniaturized thermionic electron emitter has been pre-
viously developed and included along with the multiple needle probes to alleviate
spacecraft charging effects. It has also been demonstrated that the m-NLP system
developed for QB50 has been successfully verified in the plasma chamber. Labora-

tory and in-situ data have validated operations of the electron emitter.

— Since the volume of the ASC payload (hockey puck shape with 100 mm in diameter
and 45 mm in height) is very small, it is vulnerable to deploy the m-NLP system on
board the ASC payload due to the risk of inter-probe sheath coupling. A possible
solution to this issue is to deploy a single fixed-bias needle probe with high bias.
The analysis using the ICI-2 data shows that, if the spacecraft is not charged to
more negative potential than —2 V, electron density can be estimated within 10 %
of the m-NLP calculated electron density, which is believed to be immune to the

spacecraft charging.

— A needle probe as small as the m-NLP probes (typically 0.51 mm in diameter and
25 mm in length) is hardly affected by surface contamination as it is operating in

the electron saturation region.

— Two data analysis techniques, i.e., linear and non-linear fits, for the m-NLP instru-
ment have been studied using the ICI-2 data. The two approaches of estimating
the electron density have advantages and disadvantages with respect to the current

m-NLP implementation, and both can be applied to derive the plasma parameters.

— At present, the m-NLP probe is manufactured using only one guard/bootstrap.
Thus, the probe edge near the bootstrapped part could potentially collect less

electrons while the other open-ended edge could collect more electrons than the



rest of the probe. This would undesirably cause the electron current collection to
deviate from the orbital-motion-limited (OML) theory. In order to mitigate the

edge effect, the m-NLP probes are recommended to be made longer.
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Chapter 1

Introduction

Due to solar extreme ultraviolet (EUV) radiation the upper terrestrial atmosphere is
partly ionized. This part of the atmosphere is called the ionosphere and is, due to energy
input from even higher altitudes, often structured across a multitude of spatial scales
le.g., Kintner and Seyler, 1985]. Fueled by this energy input, various plasma instability
processes create inhomogeneous magnetic field-aligned density structures ranging from
scales of tens of kilometers to meters [Basu et al., 1990, and in general these are most
severe at high and low latitudes [e.g., Basu and Basu, 1981, Basu et al., 1988, 1998].
As these irregularities may interfere with and disturb all commercially used radio wave
frequency bands, it would be of high value to be able to forecast the presence of severe
events causing radio wave disturbances. This is of particular importance for the Global
Navigation Satellite System (GNSS). In order to forecast, it is necessary to understand
dynamics of the instability processes, the drivers as well as the plasma irregularity de-

velopment and decay.

Moen et al. studied the effectiveness of gradient drift instability (GDI) by ground based
measurements and concluded that high resolution in-situ measurements would be crucial
to study the multi-scale processes involved in generating high-frequency (HF) backscatter
instability targets [Moen et al., 2002]. The Investigation of Cusp Irregularities (ICI)
sounding rocket program was initiated to explore the plasma instability processes, their
mesoscale drivers and the resulting nature of plasma irregularities growth and decay in
the auroral/polar ionosphere [e.g., Moen et al., 2013, and references therein|. It was

suggested that electron density at kHz sampling rates would be necessary in such plasma
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instability studies to achieve meter scale resolution, and the University of Oslo multi-
needle Langmuir probe (m-NLP) instrument was invented for this purpose [Bekkeng

et al., 2010, Jacobsen et al., 2010].

Since the initial work by Mott-Smith and Langmuir in 1920s [Mott-Smith and Langmuir,
1926, Langmuir probes have been widely used as diagnostic instruments for both labora-
tory and space plasma [Boggess et al., 1959, Brace, 1998, Brace et al., 1973, Chapkunov
et al., 1976]. Traditionally, by sweeping a bias voltage of a Langmuir probe exposed in
a plasma and measuring the collected current, a current-voltage (I-V) curve is obtained
from which the plasma parameters can be derived. However, sweeping takes time and
makes this approach unsuited for high spatial resolution measurements on fast moving
space platforms. The m-NLP design uses several needle probes biased at different fixed
voltages within the electron saturation region such that the currents to these probes can
be sampled at a much higher rate, resulting in high-resolution plasma density observa-
tions. A key feature of the m-NLP technique is its ability to determine the electron
density without the need to know the plasma potential or electron temperature. Under
certain conditions, the m-NLP is even capable of monitoring the spacecraft potential and

its variations as described in Bekkeng et al. [2013, 2017].

Since its first flight on board the Investigation of Cusp Irregularity 2 (ICI-2) sounding
rocket from Svalbard in December 2008, the m-NLP instrument has been deployed on
a variety of space platforms, e.g., the first Norwegian scientific satellite NorSat-1 and
eleven Cubesats of the European QB50 constellation |Bekkeng et al., 2017, Hoang et al.,
2018]. Furthermore, the instrument has been on board the Andgya Space Center (ASC)
daughter payloads, which was released from a NASA sounding rocket being launched
from ASC in January 2019. This experiment is expected to bring important lessons
for the ICI-5 sounding rocket, on which a similar but better designed experiment is
carried out. The major advantages of unprecedented high spatial resolution plasma
measurements, low mass and low power have made the m-NLP instrument attractive
to small spacecraft applications. However, all in-situ measurements in space plasmas
are challenged with spacecraft-plasma interaction effects, e.g., spacecraft charging and
wakes. My given research project was to identify and evaluate the most severe issues
that need to be accounted for in further development of the UiO m-NLP instrument

including the data analysis. I decided to investigate the following:
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— Performances of the m-NLP instrument on the above-mentioned space platforms.
— Spacecraft charging, probe contamination and probe design issues.

— Evaluate and assess data analysis techniques for the m-NLP instrument.

In order to support the investigations, I have accessed data from a variety of missions
including NorSat-1, QB50, ICI-2 as well as Magnetosphere Ionosphere Coupling in the
Alfvén (MICA). In addition, I have developed tests in the plasma laboratory at European
Space Research and Technology Center (ESTEC). This thesis is organized as follows.
Chapter 2 introduces the environment in which the measurements were obtained as well
as theoretical background of Langmuir probe measurements. Chapter 3 presents probe
implementations and practical considerations for the probe deployment on spacecraft.
The multiple space platforms where the experiments took place are generally described
in Chapter 4. Chapter 5 consists of summaries and discussions of the four main papers

as well as ideas of future works.






Chapter 2

Background

2.1 The ionosphere

The ionized part of the Earth’s atmosphere is known as the ionosphere, which is a complex
and dynamic region extending from 80 km to 1000 km [Rich and Basu, 1985, Schunk
and Nagy, 2000]. This region is composed of mainly neutrals, free electrons and positive
ions, which are produced by photoionization and energetic particle precipitation. While
the photons, which causes the photoionization process, come from the Sun, energetic
particles can come from cosmic rays, the Sun, the magnetosphere or from the ionosphere
itself [Luhmann, 1995]. Once produced, the charged particles are affected by processes
including chemical reactions, diffusion, plasma instabilities, and transport due to electric

and magnetic fields.

Historically, the ionosphere is divided into three regions: D (below 90 km), E (between 90
and 130 km) and F (above 130 km). The dominant ion species of the D layer are NO*
and O; . These predominant ions can recombine with electrons, but at low altitudes
electrons can attach themselves to neutrals to form negative ions. The main ionizing
sources of this layer are solar ultraviolet (UV) radiation of 121.6 nm wavelength, solar
X-rays in the range < 1 nm, solar protons with energies of 1 — 100 MeV and possibly
solar electrons of energy > 10 keV. The E layer is usually noticeable since there is a
local peak of the electron density around 110 km. The ions in this layer are O; and
NO™ which are produced by UV radiation in the 100 — 150 nm range and solar X-rays
in the 1 — 10 nm range. The F region is the major region of the FEarth’s ionosphere.
The region is regarded as most important from a radio communication and navigation

systems viewpoint. Under certain solar-terrestrial conditions, the F region is split into

5
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TABLE 2.1: Summary of the ionosphere layers.

Layer Altitude [km] lonizing sources Predominant ions
D 60 —90 UV radiation (< 121.6 nm), solar NO* and O
X-rays (< 1 nm), solar protons
(1 - 100 MeV) and possibly solar

electrons (> 10 keV)

E 90 - 130 UV radiation (100 — 150 nm) and NO* and OF
solar X-rays (1 — 10 nm)
F1 130 — 200 EUV radiation (5 — 102.7 nm) ot
F2 200 — 400 EUV radiation (5 — 102.7 nm) o+
Top-side F > 400 EUV radiation (5 — 102.7 nm) O* and H

F1 and F2. A few hours after sunset, the F1 and F2 regions merge into one. The F
layers are mainly composed of OT. The main source of ionization in the F region is the
extreme ultraviolet (EUV) radiation in the wavelength range from 5 to 102.7 nm. The
height of F1 varies with solar activity, season and geomagnetic activity. The F2 layer is
present all day under all solar-terrestrial conditions, but decreases in density at night.
The top-side F electron density decreases with altitude and the layer primarily consists
of O and H' [Anderson et al., 1999|. Table 2.1 provides a summary of the altitude

range, primary ionizing sources and predominant ion(s) for the ionosphere layers.

2.1.1 International Reference Ionosphere (IRI))

International Reference Tonosphere (IRI) is the international standard empirical model
for the terrestrial ionosphere since 1999 [Bilitza et al., 2017, 2014]. While being unable
to give us details of ionospheric dynamics, the IRI model provides average parameters
such as electron density, electron and ion temperature, and the molecular composition
in the range from 50 km to 2000 km altitude for a given location, time and date. Major
data sources of the IRI model are worldwide networks of ionosondes, powerful incoherent
scatter radars, the ISIS and Alouette topside sounders, and in-situ instruments flown on
many satellites and rockets. Since ionosondes are an essential data source for the IRI
model, the IRI model is known to be less accurate at high and low latitudes, where the

ionosonde coverage is lower compared to mid-latitudes |e.g., Bilitza and Reinisch, 2008].

Figure 2.1 shows the electron density profile of the ionosphere above Svalbard at daytime
(12:00 LT) and nighttime (24:00 LT) in solar minimum (July 1996) and solar maximum

periods (July 2001) estimated by the IRI model. As can be seen, the electron densities
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Day/Nighttime Electron Densities
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FiGURE 2.1: Typical high-latitude daytime and nighttime electron den-
sity profiles estimated by the IRI model.

peak at around 300 km altitude in the F region. The ionospheric plasma becomes more
tenuous as the altitude increases from 300 km. The densities in the solar max period are

about three to four times higher than those in the solar minimum.

Figure 2.2 shows the IRI model profile of neutral, ion and electron temperatures with
the same location, date and time as Figure 2.1. It is seen that the temperatures at
solar maximum are slightly higher than those at solar minimum. While the neutral
temperatures during daytime and nighttime level off at an altitude of around 200 km,
the electron temperatures increase significantly from about 400 K at 100 km to more
than 2000 K at 300 km altitude. Regarding the ion temperatures, after a steep increase
from 100 km to 150 km altitude, they gradually raise to more than 3000 K at 1000 km

altitude.

2.1.2 Plasma structuring

Generally, ionospheric plasma structuring is poorly understood. At high latitudes the
general consensus seems to be that as regions of high-plasma density, so-called polar

cap patches, which are created near the dayside cusp region, drift across the polar cap
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Daytime Temperatures Nighttime Temperatures
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FiGURE 2.2: Typical high-latitude daytime and nighttime temperature
profiles for neutrals, ions and electrons estimated by the IRI model.

driven by ionospheric convection |[Buchau et al., 1983, McEwen and Harris, 1996, Moen
et al., 2007, 2015, Oksavik et al., 2010, Zhang et al., 2015], their trailing edges provide
favorable conditions for the growth of a macroscopic plasma instability called the gradient
drift instability (GDI) [Simon, 1963, Tsunoda, 1988|. As this instability breaks up the
drifting plasma density gradient associated with the polar cap patch [Basu et al., 1990,
Gondarenko and Guzdar, 2004b, Weber et al., 1984], it creates plasma density structures
on a variety of spatial scales ranging from kilometers down to meters [Gondarenko and
Guzdar, 2004a, 2006]. These plasma density structures can then, if they are large in
amplitude, introduce scintillations onto trans-ionospheric radio signals [e.g., Rino, 1979].
Contrast this knowledge with a large statistical study that finds no evidence for enhanced
scintillation levels inside the polar cap at Global Navigation Satellite Systems (GNSS)
frequencies, even when there is clear evidence of polar cap patches as shown in Clausen
et al. [2016]. In the European Arctic sector, enhanced GNSS scintillation levels are
attributed to high TEC levels in the auroral oval, at day and night [Jin et al., 2014,
2015, 2016].

Our knowledge about plasma structuring in the equatorial region is slightly better. Equa-
torial spread F (ESF) [Woodman and La Hoz, 1976] is now understood to be a conse-

quence of the generalized Rayleigh-Taylor (GTR) instability acting on the edges of rising
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“bubbles” of low plasma density. Most of the large-scale ionospheric plasma models for
ESF deal with fluid-like or hybrid approaches, for which the dynamics of the ionospheric
plasma or some of its species are treated as a continuum describing macroscopic (bulk)
properties of the plasma species [e.g., Huba et al., 2008]. Such an approach has recently
been successful in describing plasma dynamics and formation of ESF in the low-latitude
ionosphere; in fact, with initial parameters from radars, these models can now predict the
general evolution of ESF [Hysell et al., 2015]. However, these models omit kinetic effects
linking the results to the smallest scales that can only be constrained by measurements at
meter-scale resolution. There are still important open questions regarding the link across
scale sizes, e.g., by what mechanism energy cascades from larger (10-100 kilometer) to
smaller (10’s of meters) scales and what initiates the instability |Woodman, 2009|. It is
also unclear whether meter-scale irregularities are really just drifting passively with the
background plasma as has been commonly assumed [Hysell et al., 2009]. Furthermore, we
lack a comprehensive understanding of the day-to-day variability in the ESF occurrence.
Also, the average spatial distribution of the small-scale density irregularities associated

with this phenomenon is until now largely unknown [Rodrigues et al., 2009].

Essentially all our knowledge about ionospheric plasma density structures with scale
sizes of a few tens to hundreds of meters was derived from indirect measurements. It
was shown, for example, that electromagnetic signals received on the ground frequently
contains fluctuations in amplitude and phase, so-called scintillations [Hey et al., 1946].
An example of dynamics of phase scintillations can be seen from Figure 2.3. These are
imposed on the signal as the wave travels through an ionosphere that contained plasma
density irregularities. These irregularities would locally alter the refractive index and,
therefore, cause minute differences in the travel time for selected parts of the wave front,
combining to cause sometimes significant signal distortions. It was hypothesized that
plasma density structures at scale sizes around the Fresnel scale, i.e., a few hundred
meters for typical frequencies used for GNSS, are most effective in causing signal scintil-
lations. Thus, in order to better understand plasma structuring and instability drivers,

in-situ high spatial resolution measurements are desirably needed.
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2.2 Langmuir probe theory

While the previous section introduces the ionospheric plasma and the plasna structuring,
this section gives some basic aspects of Langmuir probe theory and how to use a Langmuir

probe to measure characteristic parameters of the plasma.

2.2.1 Probe characteristic
DC sheath

A plasma is characterized by its quasi-neutrality, which means that the number of ions
and electrons are nearly equal. When a positive electrode is immersed in a plasma,
electrons are attracted and shield the electric field between the electrode and the plasma
from the bulk plasma. By contrast, a negative electrode is surrounded by positive ions
that shield the major portion of the plasma from the disturbing field caused by the
electrode. This shielding region is referred to as the sheath. Figure 2.4 shows density and
potential profiles of non-neutral regions, i.e., sheath and presheath, adjacent to a wall that
is biased positively with respect to the potential of the bulk plasma assumed at zero. The
presheath region is where the quasi-neutrality is still preserved, and the sheath region is
where the neutrality does not exist, e.g., the electron density is higher than the ion density
[Scheiner et al., 2015]. In the sheath region, the ion density decreases exponentially
with increasing electric potential according to the Boltzmann relation N; = Neoeev/ kBTi,
where Ngg is the electron density of the bulk plasma, kp is the Boltzmann constant,
T; is the ion temperature and V is the potential difference between the wall and the
plasma. The electron density also decreases since the electron velocity increases closer to
the wall. The electron and ion densities ‘cancel out’ at the sheath edge. The potential
drops significantly from the wall potential in the sheath region. The sheath thickness is
in order of the Debye length, which is given by

60/€BTQ
AD =4/ 2.1
D Ne€2 ; ( )

where ¢ is the free-space permittivity, T, is the electron temperature, N, is the elec-

tron density and e is the electron charge. The Debye length is independent of the wall

potential, but the sheath thickness will expand as the wall potential increases.
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FIGURE 2.4: Density and potential profiles of non-neutral regions adja-
cent to a wall that is biased positively relative to the plasma potential.
The sheath thickness is in order of the Debye scaling length.

I-V characteristic curve

The Langmuir probe principle is based on sweeping the bias voltage of an electrode ex-
posed to a plasma and measuring the collected currents from the electrode. A represen-
tative I-V characteristic curve is shown in Figure 2.5, where three operational regions of
electron saturation, electron retardation and ion saturation are separated by the plasma
potential and the floating potential. Towards negative voltages, where all the electrons
are repelled, is the ion saturation region. Note that the ion current has been significantly
exaggerated for clarity in the figure. The plasma floating potential, Vy, is the equilibrium
potential attained by a conductor immersed in a plasma, such that the total current of
electrons and ions to the conducting surface sums to zero. In the electron retardation
region, the ion current is negligible, and the electrons are partially repelled by the neg-
ative potential V;, — V,,, where V}, is the electrode (i.e., probe) bias and V), is the plasma
potential at which no fields/sheath exist between the probe surface and the surrounding
plasma. If the particles in the plasma have the Maxwellian velocity distribution, this
part of the curve is exponential. The plasma potential is normally of the order of 5]“’%
|Chen, 2003]. As V; reaches Vj,, all of the random thermal flux of electrons is collected.
In the electron saturation region where all ions are repelled, the electron current grows
only slowly because of the expansion of the sheath as the probe bias increases. From the
I-V curve, the plasma parameters Ne, T¢, V), can be determined. The plasma parameter
determination by analyzing the I-V curve is described with more detail in Subsection

2.24.
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F1GURE 2.5: Representative I-V curve for a Langmuir probe. Note that
the ion current has been significantly exaggerated for clarity of the figure.

2.2.2 Probe current collection
The current to and from a Langmuir probe can be expressed as follows:
Liotal = Ie + 1; + Iph + I, (2~2)

where Ii414) is the total current, I, is the electron current, I; is the ion current, I, is the
photoelectron current and I is the secondary emission current. In order to make the
analysis simpler, the photoelectron and secondary emission currents can be ignored. If a

plasma has the Maxwellian velocity distribution, the thermal average velocity of species

|2kpT;
v = | 22 (2.3)
m;

where T is the species temperature and m; is the species mass. For a plasma in the I

7 can be expressed by

region with a species temperature of 1000 K, the electron thermal velocity is about 174
km/s and the O ion thermal velocity is roughly 1 km/s. While the electron thermal
velocity is much higher than the spacecraft velocity, i.e., 1 km/s for sounding rockets

and 8 km/s for LEO satellites, the velocity of the predominant ion in the ionosphere F
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region is comparable or smaller. This situation is generally referred to as mesothermal

plasma and mainly affects the ion saturation region [Barjatya et al., 2009)].

The electron current to a Langmuir probe can be described using the orbital-motion-
limited (OML) theory, which is also known as the thick sheath theory, proposed by
Mott-Smith and Langmuir [Mott-Smith and Langmuir, 1926]. The theory deals with
collisionless electron and ion trajectories surrounding an electric probe with its radius
much smaller than the Debye length, assuming the plasma outside the sheath to be
perfectly neutral. In general, the electron current collected by a Langmuir probe in a

non-drifting, collisionless and unmagnetized plasma as described by the OML theory is:

8
eV
- 1 if 2.4
I C’Ieo< +]<7BT5> if V>0 (2.4)
1%
I, = Lo exp <];T> if V<0, (2.5)

where C' = 2/4/7 for a cylindrical geometry and C' = 1 for planar and spherical geome-

kpTe
2T Me

tries of the probe. I.g = N.A.e is the electron thermal current to the probe at
the plasma potential and A, is the electron collection area, V is the probe bias with
respective to the plasma potential. The parameter 3 is equal to 0, 0.5 and 1 for a planar,
cylindrical and spherical probe, respectively. Further the OML current expression of a

cylindrical probe requires eV/kpT, > 2 [Mott-Smith and Langmuir, 1926].

While the electron current is regarded as non-drifting since the electron thermal velocity
is much higher than the probe velocity (as it is mounted on a spacecraft), the ion current
has to be modeled using the collection theory with superimposed drift [e.g., Bekkeng,
2017, Suresh, 2011, and references therein|. The ion collection currents for planar, cylin-

drical and spherical probes are expressed as the following:

I, = A;N;qivaitt for a planar probe (2.6)
2q;V kgT;
I, = A;N;qivarire | 1+ %2 32 . for a cylindrical probe (2.7)
MiVqriy MVt
2q;V kBT;
I; = A;N;q;varis <1 + qlz + BQ ! > for a spherical probe, (2.8)
MiVqrige  MiVarifs



Background 15

250 T
Planar
Cylindrical
— Spherical
200
Z 150
=
N
=
cu
S 100}
=
o
50+
0 L
-1 -0.5

Probe bias [V]

FIGURE 2.6: I-V curves for different Langmuir probe geometries in a

plasma N, = N; = 10" m~3, T, = T; = 1000 K and ion drift velocity is 8

km/s. The probe bias is relative to the plasma potential V,,. The planar

and spherical probes have the same collection area as the cylindrical one
with a length 25 mm and a diameter of 0.51 mm.

where A; is the ram ion collection area, ¢; is the ion charge, T; is the ion temperature
(which is approximated to the electron temperature for the quasi-neutral plasma) and
vdrige 18 the drift velocity. Typical I-V curves for the three different Langmuir probe
geometries in a plasma environment with N, = N; = 10" m—3, T, = T; = 1000 K and
the ion drift velocity is about 8 km /s are shown in Figure 2.6. The probe is biased with
respect to the plasma potential V), indicated at the black dashed line. The planar and
spherical probes have the same collection area as the cylindrical one with a length 25

mm and a diameter of 0.51 mm.

2.2.3 Laframboise’s numerical method

In the case of a collisionless OML sheath, the species collection current characteristics of
cylindrical and spherical probes have simple analytical forms in the sheath limit [Mott-

Smith and Langmuir, 1926]. The theory was then extended by Bernstein and Rabinowitz
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TABLE 2.2: Laframboise’s calculations for attracted Maxwellian-species
current to cylindrical Langmuir probe (T;/T, = 1) [Laframboise, 1966].

I‘/)\D
0 1 1.5 2 2.5 3 4 5 10 20 30 40 50 100
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0.1 | 1.0804 1.0803
0.3 | 1.2101 1.21  1.208  1.205 1.198 1.194
0.6 | 1.3721 1.371 1362  1.348 1.327 1.314
1 1.556 1.554 1.549 1.523  1.486 1.439 1.409
1.5 | 1.7551 1.754 1.747 1.735 1.677  1.605 1.523 1478
eV 2 1.932 1.928 1913 1.893 1.798 1.689 1.576  1.518
ksTe 3 2.2417 22417 2237 2226 2192 2151 1.98 1.801 1.638 1.561
5 2.7555 2.75 2.731 2.701 2626 2.544 222 1.94 1.703  1.599
7.5 | 3.2846 3.266 3.227 3.174 3.05 292 2442 2.06 1.756 1.628
10 | 3.7388 3.735 3.703  3.645 3.567 3.402 3.231 2622 2157 1.798 1.65
15 | 4.5114 4.493 4.439 4342 4235 399 3.749 2919 2319 2.082 1.868 1.686
20 | 5.1695 5.1695 5.141 5.06 4936 4.780 4489 4.183 3.166 2455 2177 2025 1.929 1.719
25 | 5.7526 5.7525 5.711 5.607 5462 5291 4.926 4.565 3.384 2576 2.262 2092 1.983 1.747

who considered the full Poisson equation [Bernstein and Rabinowitz, 1959]. It was fur-
ther refined by Laframboise who extended the calculation to Maxwellian distribution of

attracted particles |[Laframboise, 1966].

Laframboise has obtained complete numerical results for collected Maxwellian-species
current of both spherical and cylindrical probes at arbitrary values of /Ap as respectively
shown in Table 2.2 and Table 2.3. The normalized collected Maxwellian species current

to the Langmuir probes is presented as a function of keBVTe and r/Ap. Third-order-analytic

fits [Chiaretta, 2011] to the Laframboise’s cylindrical and spherical probe currents for
several values of r/Ap are shown in Figure 2.7. At r/Ap = 0, where the probe radius
to the Debye length ratio is negligible, the computed currents are approaching the OML
currents. For the cylindrical probe, the computed currents are not much different given
r/Ap < 2, whereas there is up to about 34% difference between the ideal OML ratio
where 7/Ap = 0 and r/Ap = 2 for the spherical probe. Thus, to have a valid operation
within the OML regime, the spherical probe dimension is required to be much smaller

than the Debye length more strictly as compared to the cylindrical one.
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TaBLE 2.3: Laframboise’s calculations for attracted Maxwellian-species
current, to spherical Langmuir probe (T;/T, = 1) [Laframboise, 1966].
T/)\D
0.0 02 0.3 05 1 2 3 5 75 10 15 20 50 100
0 |1 1 1 1 1 1 1 1 1 1 1 1 1 1
01|11 1.0999 1.099 1.098 1.097 1.095 1.094
0313 1.299 1293 1.288 1.28 1269 1.255 1.246
06| 1.6 1595 1584 1572 1552 1518 1481 1433 1.402
I |2 1987 1955 1922 1.869 1.783 1694 1592 1.534
15|25 2493 2469 2399 2329 2219 2.05 1.887 1.719 1.632
Lo 2 |3 2.087 2945 2824 2709 2529 2.266 2.03 1.803 1.694
ksTe "3 4 3.97 3878 3.632 3406 3.068 2.609 2235 191 1.762
5 |6 5917 5.687 5126 4.64  3.957 3.119 2516 2.037 1.833
7585 8324 7.871 6.847 6.007 4.887 4.094 3.62 2779 2.148 1.801
10 |11 10.704 9.99 846  7.258 571 4658 4.0 3002 2241 1938
15 | 16 15403 14.085 11.482 9542 7.167 5.645 4.796 3.383 2397 2.022
20 | 21 20031 18.041 14314 11.636 8473 6518 5453 4.318 3.716 2.532 2.007
25 | 26 25.763 25462 24.607 21.895 17.018 13.603 9.676 7.318 6.053 4.719 4.018 2.658 2.166
6 Cylindrical currents 30 Spherical currents
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FIGURE 2.7: Analytic fits to computed Langmuir probe currents by
Laframboise. (a) Cylindrical probe currents. (b) Spherical probe cur-
rents.
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2.2.4 Plasma parameter extraction

Derivation of main plasma parameters

The electron temperature is determined in the electron retardation region. Taking the

logarithm of Eq. 2.5 we obtain:

V kpTe
log(I) = I;T + log <N6Aee 27fm ) . (2.9)

The electron temperature is thus obtained from the slope of the retardation region S as:

e

T, = .
kS

(2.10)

At the plasma potential (V' = 0), for a cylindrical probe, the electron and ion densities

can be calculated from Eq. 2.4 and Eq. 2.7, respectively, as following:

wl,

N, = eAV:O 22}6 and (2.11)
I;

NFW";?&. (2.12)

The ion density calculation assumes the drift velocity is sufficiently large compared to

the ion thermal velocity, which is satisfied for the case of LEO spacecraft.

Data analysis methods

There are two main methods for determining the main plasma parameters including
the electron density, ion density, the electron temperature and the plasma potential by
analyzing the I-V characteristics of a Langmuir probe, i.e., a conventional graphical
method and an analytical fitting method [e.g. Barjatya et al., 2009, Lebreton et al.,
2006]. The two methods presented below are illustrated using measurement data, that
is collected by a cylindrical Langmuir probe with 25 mm length and 0.51 mm diameter
in the ESTEC plasma chamber. This chamber is 1 m in diameter and 2 m in length,

with a plasma source generating argon ions accelerated to approximately 8 km /s towards
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the probe. Figure 2.8(a) shows the obtained I-V curve, which is filtered before applying
the analysis methods. All of the voltage values shown in the analysis are relative to the

chamber ground.
A. The conventional graphical method consists of following steps:
1. Derive an approximation line for the ion saturation region as shown in Figure
2.8(b).
2. Subtract the ion saturation current from Iioiq to get I as shown in Figure 2.8(c).
3. Determine Vy at location where Iy = 0. V7 is found at about —0.85 V.

4. 'V, can be determined by taking the first derivative of I, as shown in Figure 2.8(d).

The maxima location gives the V), approximation of —0.7 V.

5. Locate the electron retardation region, estimate its slope S to calculate T, as shown

in Figure 2.8(e). Using Eq. 2.10, T, is estimated to be about 410 K.

6. Compute the electron density using Eq. 2.11 and the ion density using Eq. 2.12

gives about N, = 3 x 10" m™3 and N; = 8.3 x 10'% m™3, respectively.

B. The analytical fitting method consists of following steps:

1. Perform steps (1—4) as the conventional graphical method to determine the floating

potential and plasma potential. The ion density is then also estimated using step

(6)-

2. Fit the total current in the electron retardation region as expressed in Eq. 2.13
to the measured current for determining T¢, which is estimated at roughly 330 K

using the fitting method. V, in Eq. 2.13 is the probe bias.

kgT, V, =V,
Liotal = — AiNievasits + NeAcey | =2 exp e Vo — V) (2.13)
2 me k BTe
3. With the knowledge of V), and T, fit the electron current expressed by Eq. 2.4 to
the measured current in the electron saturation region for determining N, and

parameter, which are estimated to be about 3.3 x 10! m~—3 and 0.57, respectively.
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As can be seen, the two analysis methods produce comparable values of the plasma
parameters. However, the calculated ion densgity is about four times lower than the
electron density. The ion collection area is determined assuming that only ram ions are
collected. Even though this assumption could introduce errors regarding the collection
area, this is not enough to result in significant difference between the ion and the electron
density estimation. Thus it is believed that the plasma inside the chamber at the time
of the measurement was not quasi-neutral. Moreover, ideally the § parameter according
to OML theory should be 0.5. However, in practice under certain conditions this
parameter could fluctuate due to that the maximum radius of the probe for the OML
validity varies with eV /kpT, and the ion to electron temperature [Sanmartin and Estes,

1999|. This issue is discussed in more detail in Paper IV.
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FIGURE 2.8: Plasma parameter extraction from data obtained by im-
mersing a cylindrical Langmuir probe with 25 mm length and 0.51 mm
diameter in a plasma chamber at ESTEC. (a) Measured current and fil-

tered current.

(b) Fit line to the ion saturation region. (c) Electron

current. (d) First derivative of the electron current with respect to the
bias voltage. (e) Linear fit to the retardation region presented in the log-
arithmic scale. (f) Non-linear fit to the retardation region in linear scale.
(g) Fit line to the electron saturation region. (h) Measured and modeled

I-V curves.






Chapter 3

Langmuir probe implementations
and practical considerations for

deployment on spacecraft

3.1 Langmuir probe implementations

There are different techniques for a Langmuir probe measurement. In this section, con-
ventional techniques and the multi-needle Langmuir probe (m-NLP) technique, which
was invented to characterize ionospheric plasma with a high-spatial resolution for plasma

instability studies, are described.

3.1.1 Conventional techniques

Traditionally, both swept-bias and fixed-bias Langmuir probes are used as plasma diag-
nostics. The swept-bias technique sweeps through a range of voltages to obtain the I-V
characteristic curve as shown in Figure 2.5, from which the plasma parameters includ-
ing the electron density, electron temperature, ion density and plasma potential can be
derived. However, sweeping takes time, typically on the order of 0.1 — 1 second. For a
LEO spacecraft, the sweeping time corresponds to the spatial resolution of 800 m — 8
km. Increasing the sweeping frequency requires much high data transmission rate as well
as significantly large on board data storage capacity. Thus, this approach is considered

to be unsuited for high spatial resolution measurements, i.e., plasma structure studies.

23
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For the fixed-bias technique, a single fixed DC voltage is applied to a probe so that the
probe works in the electron saturation region. While, the technique has an advantage
as it supports high resolution measurements of the electron density, it is mostly used
to measure relative changes in the density, and not the absolute value [Bekkeng, 2017].
The technique is also susceptible to changes in the floating potential of the reference
platform where the probe is mounted. However, under certain conditions, the technique
can possibly be used in small-sized spacecraft to estimate the absolute electron density

with an acceptable accuracy as described in Paper III.

3.1.2 Multi-needle Langmuir probe technique

The m-NLP technique is described in detail in Bekkeng et al. [2010], Jacobsen et al.
[2010]. The technique uses several cylindrical probes (commonly 0.51 mm diameter, 25
mm length) biased at different fixed voltages within the electron saturation region such
that the currents to these probes can be sampled at a much higher rate, resulting in high-
resolution plasma density observations. From Eq. 2.4, the electron saturation current of
a cylindrical probe with a radius much smaller than the Debye shielding distance is in

OML theory given as:

2 kBTe eV
I. = N Ace—— 14+ -2 3.1
/T \/27Tme\/ et (3:-1)

where V is the probe bias potential, V}, with respect to the plasma potential. It is noted
that the equation used above is valid under the assumption of a non-drifting, collisionless
and non-magnetized plasma. At our altitudes of interest ranging from above 90 km, all
three assumptions are typically fulfilled [Jacobsen et al., 2010] since (i) the thermal speed
of the electrons is much larger than the speed of the spacecraft relative to the plasma, (ii)
the mean free path of the electrons is far greater than both the probe radius and the scale
length of the electric potential distribution around the probe; and (iii) the Larmor radius
is much larger than the probe radius. The current collection expression is a function of
the applied bias potential relative to the plasma potential. The probe bias is relative to
a common electrical ground, which is connected to the conductive parts of the satellite

surface so the signal ground is the same as the floating potential of the payload platform.
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FiGURE 3.1: m-NLP measurement principle. Figure adapted from
Bekkeng [2017].

The measurement method of the m-NLP system handles at least two probes biased at

two different voltages above the plasma potential to determine the electron density as

1 A (I?)
N, = — c 2
=\ A (3.2
where K is a constant given by # mle, A (I 62) is a difference in the square of collected

currents and AV} is a difference in the probe biases [Jacobsen et al., 2010]. A key feature
of the m-NLP technique is its ability to determine the electron density without the need
to know the plasma potential or electron temperature. Under certain conditions, the
m-NLP is capable of monitoring the spacecraft potential and its variations as described
in Bekkeng et al. [2013, 2017]. The m-NLP measurement principle is shown in Figure
3.1, where the A (IZ) — AV}, slope is extrapolated down to the square of the electron

thermal current (IeO)Q, from which the spacecraft charging potential can be determined.

3.2 Probe fabrication

The electron saturation current expression for a cylindrical probe given by the OML
theory comnsiders the ideal case of an infinitively long probe. Since it is not possible

to make such a probe in reality, guard electrodes/bootstraps, which are biased at the
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FI1GURE 3.2: A typical needle probe with 25 mm length and 0.51 mm
diameter, the bootstrap with 15 mm length and 2.2 mm diameter.

same potential as the probe itself, are commonly placed around the probe with a finite
length. The aim is to make the electric potential structure around the probe as uniform
as possible. At present, the needle Langmuir probe is manufactured using only one
guard/bootstrap. Thus, the probe edge near the bootstrapped part could potentially
collect less electrons while the other open-ended edge could collect more electrons than
rest of the probe. This would undesirably cause the electron current collection to deviate
from the OML theory. In order to mitigate the edge effect, it is desired that the m-NLP
probes are longer as described in Paper IV. As we would like to make the m-NLP probes
with their radius much smaller than the Debye length, which ranges from a few mm
to tens of mm in the ionosphere, the probes have not been made thicker than 0.255
mm radius (or 0.51 mm diameter). Since the probe radius is significantly small, it is
challenging to make such a good probe with a uniform electric potential surrounding
it. An example of the probe fabrication is shown in Figure 3.2. However, Laframboise’s
numerical analysis as shown in Figure 2.7 indicates that the needle probe diameter could
potentially be lager, i.e., r/Ap ~ 0.5 while the expected probe collected current is still
very close to the OML current. Thus, an improved probe fabrication has been planned
for future space campaigns, e.g., increasing the probe radius and having two guards with

negligible distances between the guards and the probe.

The deviation in the collected current can also arise from a variation in the work function
of the probe surface. The variability in the surface behavior would cause local differences
in the probe to plasma potential over the probe surface. The work function patchiness can
be addressed by a probe coating. The coating can be, e.g., gold, rhenium, molybdenum,
titanium nitride or carbon such as Aerodag or Aquadag. In most of our campaigns, the
probe and bootstrap has been coated by Aerodag G to provide a uniform material work

function.
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3.3 Probe surface contamination

A well-known problem associated with DC Langmuir probe deployment is the probe
surface contamination [Oyama, 1976]. This contamination occurs when the probe surface
absorbs impurities, mainly water vapor. When sweeping up and down the bias of a
contaminated probe in a plasma, one would obtain the I-V curve such that the swept
upward path is different from the swept downward one. This phenomenon is called
hysteresis, and because of it the plasma parameters, i.e., electron density and electron
temperature, cannot be accurately estimated. Probe surface contamination is usually
countered by deploying in-flight probe cleaning techniques such as internal heating or
electron/ion bombardment. However, implementing these in-flight cleaning techniques is
not always expedient. Another approach is to keep the cleaned probe in a sealed container
prior to flight, and then release it in space. Unfortunately, during flight the probe can
still be re-contaminated by water, which has a high dielectric constant (~ 80) and mainly
contributes to temporal variations as if desorbed from the surface of the probe. While
the contamination effect is possibly visible in swept-bias Langmuir probes in terms of
the hysteresis in the I-V curve, the effect might exist even in fixed-bias Langmuir probes

where it is not directly measurable [Piel et al., 2001, Steigies and Barjatya, 2012].

A contamination layer formed on the probe surface can be modeled by a capacitor C), and
a resistor R, connected in parallel [Oyama, 1976, Steigies and Barjatya, 2012|. When
a probe bias V; is applied to the probe with respect to a reference electrode, i.e., a
spacecraft platform, the probe current flows through the probe, the contamination layer,
the sheath, the plasma and closes at the reference electrode. The effective voltage of the

probe after passing through the contamination layer can be expressed as

Vi Rps

Vo = — 225
eff Rp—i_Rps’

(3.3)

where Ve is the effective voltage of the probe and R, is the probe sheath resistance.
When the probe is clean, R, = 0 so Veg = Vj. As the probe is contaminated, R,
increases depending on the contamination level, making the effective voltage smaller

than the applied probe bias.

The work by Oyama et al. [2012] experimentally confirmed that if the probe bias is

swept fast enough, i.e., at several Hz, the hysteresis can be removed and accurate plasma
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parameters can be derived from the obtained I-V curve. We carried out the sweep
test with our fabricated cylindrical probe (25 mm length and 0.51 mm diameter). The
obtained I-V curves with different sweep frequencies are shown in Figure 3.3. As can be
seen, the hysteresis exists when the probe bias is swept at a low frequency of 0.01 Hz.
The hysteresis is reduced but still visible when the bias sweeping frequency increases to
0.1 Hz. As the sweeping frequency increases to 1 Hz and above, the hysteresis disappears.
Figure 3.3 indicates that the contamination can have a negative impact on the small-
sized probe, i.e., our needle probe, in the electron retardation region but does not affect
the probe if it operates well into the electron saturation region. Moreover, the electron
saturation currents for different sweeping frequencies are almost similar. This agrees with
our simulation analysis presented in Paper 1. From the I-V curves without the hysteresis,
we derive the electron density of about 1.6 x 10" m™3 and the electron temperature of

1500 K.

3.4 Boom system

One of the main design challenges of the m-NLP instrument aboard a spacecraft is getting
the probe tips into an area of undisturbed space plasma. As the spacecraft moves along
its trajectory, it creates a ‘plasma wake’ in the opposite direction of travel. Because
this ‘plasma wake’ is poorly understood and hard to predict, the probe tips are desired
to be placed on long protruding booms, in an effort to place the tips as far out into
the undisturbed plasma as possible. The boom system has to be deployable due to the

limited dimension and volume of the spacecraft.

Figure 3.4 shows an example of a boom system design for the NorSat-1 satellite. The
NorSat-1 m-NLP probe tips are placed on long deployable booms, whose overall length is
limited by the length of the spacecraft itself. Two identical Langmuir probe cassettes are
included on NorSat-1, each housing two probes. The cassettes have a total length of 400
mm, base width of 25 mm and height of 23 mm. The booms have a length of 370 mm,
including the probes, and are held down by a uniquely designed mechanism. Through
spring preloads, the booms are forced to stay stowed. Using a space-qualified shape-
memory-alloy pin-puller from TiNi Aerospace Inc., the preloaded spring mechanism can
be released in orbit via a command, allowing it to perform a half-turn, and consequently

pushing both booms out with a large enough force to reach their fully deployed positions.
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Once fully deployed, each of the booms would lock in place via a locking pin. While
Figure 3.4(a) shows the boom system in stowed position, the boom system in deployed
position is illustrated in Figure 3.4(b). The payload booms and probes after deployment
are given a minimum clearance to the spacecraft platform or other payload equipment

of about 15 cm.

3.5 Spacecraft charging and its effect on Langmuir probe

measurements

The m-NLP probes by default are positively biased with respect to the spacecraft floating
potential, in order to draw electron currents from the ambient plasma that are then used
to determine the electron density. Current continuity thus requires a return ion current
through conductive surfaces of the spacecraft bus that are connected to the power ground
(reference electrode). Since the ion current is much smaller than the electron current due
to its significantly lower mobility, either the spacecraft conductive surface area is expected
to be sufficiently large to neutralize the charge caused by electrons collected through the
probes or the spacecraft platform would be charged to highly negative potential values.
If the spacecraft-to-probe-surface-area ratio is not higher than a critical value estimated
by Amemiya and Fuchs [1991], the Langmuir probe measurement could be affected by

the spacecraft charging. The critical value of the surface area is given as:

€m;

Scrit - 3 (3~4)

2mme

where Syt is the critical value of the surface area and € is the base of natural logarithm.
In the ionospheric F region where O is the dominant ion population, the critical ratio
is about 115. While this condition can easily be met in sounding rocket applications, it
is hard to achieve this condition for tiny spacecraft, like CubeSats and the ASC small-
sized payloads. Particularly, as many of the QB50 satellite skin parts are not metallic,
their conductive surfaces are very limited. For example, the total conductive surface
area of Ex-Alta 1, an QB50 satellite, is at most 120 cm?, which leads to the surface
area ratio of just about 40. The small surface area ratio would not only cause the
spacecraft to charge to highly negative potentials, possibly making the m-NLP probes

unable to operate in the desired electron saturation region, but also expand the sheath
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Pin-puller

Cassette

Langmuir probe

Locking pin

FIGURE 3.4: CAD drawing of NorSat-1 boom system design. The cas-

sette has a total length of 400 mm, base width of 25 mm and height of

23 mm. The boom length including the probe is 370 mm. (a) Stowed
position (b) Deployed position.
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surrounding the spacecraft. For tiny spacecraft, the sheath expansion can modify the
current collection of the Langmuir probes since the distances between the probes and

the spacecraft platform are limited.

To address the limited surface area issue on tiny spacecraft, many charging mitigation so-
lutions have been introduced such as electron-emitting film and electron emitters, a.k.a.,
electron gun. The work in Iwata et al. [2012] has shown that the developed 5 mm square
film could emit a current from 10 to 100 pA for 4 hours. In the literature there are also
reports of several electron guns, which are small in size and capable of emitting beam
currents up to mA. However, none of those guns satisfy the targeted power consumption
requirement of 100 mW for the QB50 CubeSats as well as the ASC payload. Therefore, a
miniaturized thermionic electron emitter has been developed by the University of Oslo.
The design details and test results are demonstrated in Bekkeng [2017], Hoang et al.
[2017]. At 1.2V filament voltage, the beam current reaches up to 54 pA, 147 pA and 210
uA for the acceleration voltages 38 V, 76 V and 114 V, respectively, and the electron
emitter power consumption is about 100 mW, which meets the low power consumption

demand mentioned above. More detail can be found in Paper III.



Chapter 4

Experiments

4.1 NorSat-1 microsatellite

With one of the aims to open a new era in ionospheric research, the first Norwegian sci-
entific satellite NorSat-1 was launched from Baikonur, Kazakhstan on July 14th, 2017.
NorSat-1 is a multi-payload micro-satellite (~16 kg, 23 cm x 39 cm x 44 cm) that
was commissioned by the Norwegian Space Center (NSC) and built by the University
of Toronto, Institute for Aerospace Studies (UTIAS-SFL). A schematic drawing of the
NorSat-1 satellite is shown in Figure 4.1, where X, Y and Z coordinates represent the
satellite body coordinate system. The satellite was launched into a polar orbit at approx-
imately 600 km altitude where it is expected to operate for at least three years. While
its main objective is to monitor maritime traffic in Norwegian waters using a Automatic
Identification System (AIS) receiver made by Kongsberg Seatex, NorSat-1 also carries
two scientific instruments: (1) a Compact Lightweight Absolute Radiometer (CLARA)
made by Physikalisch-Meteorologisches Observatorium Davos/World Radiation Center
(PMOD/WRC) [Walter et al., 2017], intended to observe total solar irradiation and vari-
ations over time; and (2) the multi-needle Langmuir probe (m-NLP). The mission is

operated from Vardg and Longyearbyen ground stations in Norway.

The m-NLP on board the NorSat-1 satellite gives us an ideal opportunity to study the
high-latitude and low-latitude ionospheric plasma. With its sampling rate of up to 1
kHz, the m-NLP instrument aboard the NorSat-1 satellite provides an unprecedented
opportunity to investigate plasma density structures down to a few meters at LEO.

Science objectives of the NorSat-1 satellite using the m-NLP instrument are:

33
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FIGURE 4.1: Schematic drawing of the NorSat-1 satellite. X, Y and

Z coordinates represents a satellite body coordinate system. The m-

NLP probes are mounted on booms that are deployed after its launch.

The NorSat-1 is weighted approximately 16 kg and has dimensions of 23
cmx39 cmx44 cm. Image credit: UTIAS-SFL.

— Primary objective:

e Identify and quantify the mechanisins that cause the generation of small-scale

ionospheric plasma density structures.
— Secondary objectives:

e Map the global spatial characteristics of meter-scale plasma structures in the

ionosphere and their dependence on meso- and large-scale ionospheric drivers.

e Provide physical understanding of ionospheric structuring mechanisms as the

foundation for scintillation forecasts.

e Understand spacecraft /ionosphere interaction and its impact on in situ plasma

density measurements

The m-NLP measurement data will be combined with data from the Super Dual Au-
roral Radar Network (SuperDARN) and the Defense Meteorological Satellite Program
(DMSP) satellites to get the ‘big picture’ context of the ambient plasma. Over the
following years, the satellite will cross the equatorial and polar regions twice every 90

minutes, providing a wealth of data that will help us better understand the mechanisms
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that dissipate energy input at larger scales by creating small-scale plasma density struc-
tures within the ionosphere. Within the scope of the dissertation, only first results from

the m-NLP instrument commissioning phase are discussed (Paper I).

4.2 QB50 picosatellite constellation

QB50 is a project within the Furopean Union’s Seventh Framework Programme for Re-
search (FP7) that aimed at launching a constellation of 50 CubeSats into the lower
thermosphere at approximately 380 km altitude [Muylaert et al., 2009]. The region to
be investigated is a poorly understood because it is difficult to reach experimentally.
One of the main purposes of the QB50 project is to achieve sustained and affordable
access to space for small scale research space missions and planetary exploration. The
QB50 satellites are expected to operate for three to twelve months before burning up
during re-entry. All QB50 satellites can carry their own instruments, but most of the
satellites additionally accommodate a set of common science instruments to accomplish
atmospheric research in the lower thermosphere. There are three different types of scien-
tific instruments, each of which is part of the common instrument set. The Ion-Neutral
Mass Spectrometer (INMS) is part of set 1. The Flux-®-Probe Experiment (FIPEX) is
part of set 2 and the multi-needle Langmuir probe (m-NLP) science unit is part of set

3. A surface thermal monitor (STM) is installed in all satellites.

The idea with QB50 was to deploy several spacecraft like pearls on a string, which would
be ideal for instability studies because the satellites would revisit instability regions
allowing us to study growth and decay of structures, as was demonstrated during the
commissioning of the Swarm mission [Goodwin et al., 2015, Spicher et al., 2015]. In
addition to providing plasma density measurements, the main drivers for UiO to get

involved with the QB50 mission are:
e Demonstrate that the m-NLP system can provide high resolution electron density
measurenients onboard CubeSats.

e Explore the temporal evolution of F-region plasma irregularities in the polar caps

and in the equatorial region.



FEzxperiments 36

b

FIGURE 4.2: QB50 Ex Alta-1. (Image credit: University of Alberta)

FEven though the m-NLP instrument is originally aimed at providing high resolution data,
there is a practical limitation of 2 MBit/day of generated data that is the main limiting
factor for how the instrument operates. Nominal sample rate is about 10 Hz, but higher
data rates can be obtained in selected parts of the orbit. The m-NLP science unit has
four needle Langmuir probes and has been adapted to be deployed on the QB50 satellites
by: (i) lowering the power consumption, (ii) introducing onboard data processing (due to
telemetry constraints), and (iii) developing an electron emitter to control the spacecraft
potential [Bekkeng et al., 2017]. In addition, since the spacecraft conductive surface
area of CubeSats is much smaller than that of sounding rockets, the probe diameter has
been reduced from 0.51 mm for the sounding rocket version to 0.29 mm, to alleviate
effects of spacecraft charging. Each of the m-NLP probes is 25 mm in length and has the
bootstrapped section of 1.19 mm in diameter and 15 mm in length. The m-NLP system
on a fleet of CubeSats is expected to be the most cost effective approach to monitor the
dynamics of the problem regions and hence be valuable to regional or global forecast

services.

Within the scope of the dissertation, preliminary in-orbit data from two QB50 satellites,
Ex-Alta 1 and Hoopoe are reported (Paper IT). Ex-Alta 1 and Hoopoe are 3U and 2U
Cubesats developed by Alberta University, Alberta, Canada, and Space Laboratory of
the Herzliya Science Center, Israel, respectively. They were both launched on May 18,
2017 from the International Space Station (ISS). Due to the low bandwidth and limited
power on the two satellites, the m-NLP instrument has been in operation only a few

times since its launch into orbit. Figure 4.2 illustrates a rendering model of Ex-Alta 1
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satellite, carrying the m-NLP instrument in front (ram side). The science unit extends
36 mm, including the connector, downwards into the QB50 CubeSat structure, from the
bottom side of the science unit top plate. In addition to the m-NLP science unit, the
Ex-Alta 1 satellite carries a digital fluxgate magnetometer (FGM) [Miles et al., 2013,
2016], which is used for high frequency measurements of the Earth’s magnetic field. The

magnetometer is encased in a box mounted on a long boom behind the satellite.

4.3 ASC small-sized payload

Figure 4.3 shows a new payload module concept developed by Andgya Space Center
(ASC) to enable multi-point measurements [Lindahl, 2015]. The module is a so-called
daughter payload in the shape of a hockey puck. Since the payload module has been de-
signed to be stackable and scalable, a cloud of these payloads can be released from either
a mother sounding rocket or satellite to measure temporal variations and spatial gradient
of the plasma parameters. While the daughter payload version shown in Figure 4.3 is
designed for sounding rocket applications, for satellite applications a few adaptations

need to be made, e.g., solar panels are included for longer operations.

The bottom left of Figure 4.3 shows a mechanical design of the daughter payload, which
has a diameter of 100 mm, height of 45 mm and mass of around 350 g. The daughter
payload accommodates an instrumentation section, which runs either the m-NLP or
single needle Langmuir probe (NLP) system to characterize the ambient plasma with
high sampling rate up to 1 kHz. The instrument system design has heritage from our

sounding rocket and satellite versions of the instrumentation system.

Within the scope of the thesis, only a study of the deployment feasibility of the ASC
daughter payloads is reported (Paper III). However, at the time of writing this thesis, we
have completed the fabrication of the Langmuir probe-based instrumentation section of
the daughter payload with a new electronics design. For the first experimental demon-
stration for the multi-point electron measurement, a deployment mechanism has been
developed to deploy six daughter payloads from a sounding rocket. The six payloads are
placed on a carousel deck named 4DSpace experiment deck as shown in Figure 4.4(b).
The 4DSpace deck has a height of 228.6 mm and a weight of about 20 kg excluding

the daughters. At an altitude of about 70 km, the carousel is activated to rotate and
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F1GURE 4.3: Cloud of ASC daughter payloads released from a sound-
ing rocket for multi-point measurements. Image credit: Andgya Space
Center.

release pairs of the daughter payloads as shown in Figure 4.4(a). The minimum release
time is about 4 s. The rocket is spinning at around 4 revolutions per second. Due to
the centrifugal force exerted on the daughters, they are launched on an escape vector
orthogonal to the rocket trajectory at a velocity of roughly 4.4 m/s. The link capacity of
the first demonstration is limited to 125 kps. The communication section on the mother
rocket employs the time-division multiple access (TDMA) scheme to receive data from
the six daughters. The daughters was expected to be in communication range from the
mother up to about 1200 — 2000 m separation. The 4DSpace experiment deck has been
integrated to a NASA sounding rocket, which is an essential part of Grand Challenge
Initiative (GCI), a large-scale international collaboration targeting advancement in our
understanding of cusp region space physics. The rocket was launched from ASC in Jan-
uary 2019 with an apogee of about 150 km. This experiment will be followed by a similar
but better designed experiment carried on the ICI-5 sounding rocket, which is aimed for

December 2019.

4.4 Sounding rockets

The sounding rocket experiments within the scope of this thesis are ICI-2 and MICA
missions (Paper III and Paper IV). The ICI sounding rocket program was initiated to
explore plasma instability processes, their mesoscale drivers and the resulting nature

of plasma irregularities growth and decay in the auroral/polar ionosphere (e.g., Moen
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Daughter payloads

F1GURE 4.4: Release mechanism for the daughter payloads on board

sounding rockets. (a) The daughters are released in pair. (b) Carousel

deck named 4DSpace experiment deck, which houses the six daughter
payloads. Image credit: Andgya Space Center.
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et al. [2013| and references therein). The main objective for the ICI-2 rocket mission
was to carry out the first in-situ measurements of the decameter backscatter targets in
the cusp ionosphere, and to test the GDI and its drivers [Lorentzen et al., 2010, Moen
et al., 2012, Oksavik et al., 2010]. The rocket was launched from Ny-Alesund, Svalbard
on 5 December 2008. Figure 4.5 shows the ICI-2 payload, which also accommodates
an instrumentation package including the m-NLP system, a fixed-bias spherical probe,
E-field double probes, two AC and DC magnetometers, a low energy particle experiment
(LEP-ESA) and a sounding rocket attitude determination system. Figure 4.6 shows the
rocket vehicle, which has two stages carrying the payload with 356 mm diameter, 2915
mm long. While the second stage motor and the payload are always connected, the 1st

stage motor is separated from the second stage after running out of fuel.

The MICA sounding rocket was launched from Poker Flat, Alaska on 18 February 2012.
In addition to the m-NLP system, the instrumentation package aboard MICA includes
other instruments such as magnetometer, GPS TEC receiver, petite ion probes (PIP),
low energy electron spectrometer, E-field and plasma wave instrument. The aims of the
mission are to investigate the role of active ionospheric feedback in the development of
large amplitude and small scale electromagnetic waves and density depletions in the low
altitude (< 400 km), downward current, auroral ionosphere. Further detail about the

MICA mission can be found in, e.g., Fisher et al. [2016], Lynch et al. [2015].
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Chapter 5

Summary, discussion and future

work

5.1 Summary of results

Paper I:

H. Hoang, L. B. N. Clausen, K. Rged, T. A. Bekkeng, E. Trondsen, B. Lybekk, H.
Strom, D. M. Bang-Hauge, A. Pedersen, A. Spicher and J. I. Moen (2018), The
Multi-Needle Langmuir Probe System on Board NorSat-1. Space Science Reviews,
214(75), doi: 10.1007/s11214-018-0509-2.

The first paper presents the m-NLP system developed for the NorSat-1 microsatel-
lite together with some initial results. The m-NLP instrument has four Langmuir
probes with 25 mm length and 0.5 mm diameter. The boom system has been de-
signed and deployed when the satellite reaches the orbit, giving a minimum clear-
ance between the probes and the spacecraft platform and other payload equipment
of about 15 cm. The probe instrument is capable of measuring the plasma density
and spacecraft potential at up to 1kHz sampling rate, thus offering an unprece-
dented opportunity to continuously resolve ionospheric plasma density structures
down to a few meters in LEO. Data collected during the sweep mode show that
plasma parameters calculated from the obtained I-V curves are within the ex-
pected range, assuming that the ambient plasma is homogeneous over the sweep

period. Data in the normal mode, where the m-NLP probes are biased at 3 V, 4 V|

43
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5V and 6 V, and sampled at 400 Hz, recorded on August 30th, 2017 are reported.
The estimated electron density in the auroral zone fluctuated around 5 x 10*° m—3
and the NorSat-1 potential varies from —3.5 V to —2.5 V during the measurement
period. Just after the satellite left the auroral region and entered the eclipse, all
probe currents dropped significantly and recovered shortly thereafter. A possible
reason for this behavior could be the sudden lack of emission of photoelectrons due
to the absence of sunlight. Further statistical study of this phenomenon is reported
in Ivarsen et al. [2018]|. The small-scale ionospheric plasma density structures are
also observed. These structures lie at the heart of the scientific investigation made
possible by the m-NLP onboard NorSat-1. The electron density measured along
the NorSat-1 satellite’s orbit was compared with that derived from the IRI-2016
model. While there are still some discrepancies, the comparison results indicate
quite good agreement between those two approaches. The IRI model is believed to
underestimate the electron density in the polar cap/auroral region. Even though
the m-NLP instrument has the highest sampling rate of 1 kHz on the NorSat-1
satellite, we used 400 Hz during the first stage of the commissioning phase. Over
the coming years, NorSat-1 will cross the equatorial and polar regions twice ev-
ery 90 minutes, providing a wealth of data that will help to better understand
the mechanisms that dissipate energy input from larger spatial scales by creating

small-scale plasma density structures within the ionosphere.

Paper II:

H. Hoang, K. Rged, T. A. Bekkeng, J. I. Moen, L. B. N. Clausen, E. Trondsen,
B. Lybekk, H. Strom, D. M. Bang-Hauge and A. Pedersen (2018). The multi-
needle Langmuir probe instrument for QB50 mission: Case studies of Ex-Alta 1

and Hoopoe satellites. Submitted to Space Science Reviews.

The second paper presents the m-NLP instrument development for the QB50 pi-
cosatellites. The m-NLP science unit has been mounted on board eleven QB50
satellites to characterize the ambient plasma. While the instrument has been de-
ployed on many sounding rockets, QB50 and NorSat-1 satellites offer opportunities
for the first time to continuously monitor the plasma density in LEO. Due to the

limited conductive surface area of the QB50 satellites, the electron emitter has been
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included in the m-NLP science unit, that also accommodates four needle Langmuir
probe with small diameter of 0.29 mm and length of 25 mm. The full system has
been verified in the ESTEC plasma chamber. Mounted on a 2U CubeSat, running
the electron emitter at 1.22 V (it was intended to be at 1.20 V but the actual
measurement indicates the filament voltage to be 1.22 V) filament voltage helped
‘reduce’ the CubeSat charging from about —4 V (without the electron emitter) to
—3 V when the science unit operated in the swept-bias mode. It is also shown that
the CubeSat potential started to be affected by the sweeping probes as long as the
biases were higher than 1 V. Although the QB50 mission’s scientific goals have not
been reached yet and some uncertainties still remain, there are some optimistic in-
orbit preliminary results from two QB50 satellites, Ex-Alta 1 and Hoopoe, which
could be helpful for the system improvement in future campaigns. Particularly,
the electron emitter as part of the m-NLP science unit has demonstrated its ca-

pability in the plasma chamber and in orbit to mitigate spacecraft charging effects.

Paper I1I: ©IOP Publishing. Reproduced with permission. All rights reserved
H. Hoang, K. Rged, T. A. Bekkeng, E. Trondsen, L. B. N. Clausen, W. J. Miloch
and J. I. Moen (2017). High-spatial-resolution electron density measurement by

Langmuir probe for multi-point observations using tiny spacecraft. Measurement

Science and Technology, 28(11), doi: 10.1088/1361-6501 /aa87el.

Bekkeng has shown that the m-NLP experiments on many sounding rockets were,
to a very large extent, immune to spacecraft charging [Bekkeng, 2017]. However,
the measurement capability of the m-NLP system comes at the expense of multiple
probe placement, making it not trivial to be deployed in multi-point measurements
using such small spacecraft as the ASC daughter payloads where available pay-
load space, power consumption and data link capacity can be even more limited.
For example, the space constraint in the daughter payloads would likely give rise
to the inter-probe interference due to coupling of the probe sheaths. While the
fixed-bias Langmuir probe is mostly used for relative measurements of the elec-
tron density, in the third paper, we show that the fixed-bias probe, under some
certain conditions, can be used to estimate the absolute ambient plasma density

with acceptable errors if the probe bias is set high enough, e.g., 10 V. It should
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however be noted that the collected electron current will increase with increasing
bias potentials. It will lead to a more negative platform floating potential as a
result of keeping the current balance. Generally the probe bias should be selected
based on multiple factors such as power consumption, ratio between probe surface
area and total conductive area on spacecraft, and expansion of the Debye sheath.
The experimental results in the plasma chamber and space with the data from
the ICI-2 sounding rocket have demonstrated that the electron density estimation
deviation is just around 10 %, compared to the m-NLP system, for a single needle
probe biased at 10 V and the spacecraft floating potential of around —2 V. The
deviation would be much lower if the platform floating potential is controlled at
small negative values. Moreover, detailed analyses on two challenging issues when
deploying the DC Langmuir probe on a tiny spacecraft, which are the limited
spacecraft conductive area and probe surface contamination, are also presented
in the paper. It is shown that small needle probes used in our campaigns not
only have small radius compared to Debye lengths in typical ionospheric plasma,
making the collected currents approach to the OML currents, but they are also
hardly affected by the contamination due to water vapor impurities as they are
operating well in the electron saturation region. The single probe technique com-
pared to the m-NLP method still has some disadvantages, i.e., lack of a method
to verify probe linearity, and hence the quality check of the data collection, and
the platform potential determination capability. However, the presented method
can help avoid the inter-probe interference issue, in addition to great advantages
of significantly reduced cost, complexity, power consumption, available space, and
demanded data-link capacity. Those all are very important factors for multi-point

observation applications.

Paper IV: (©IOP Publishing. Reproduced with permission. All rights reserved

H. Hoang, K. Rged, T. A. Bekkeng, J. I. Moen, A. Spicher, L.. B. N. Clausen, W. J.
Miloch, E. Trondsen and A. Pedersen (2018). A study of data analysis techniques
for the multi-needle Langmuir probe. Measurement Science and Technology, 29(6),

doi: 10.1088,/1361-6501 /aab948.

In the fourth paper, we evaluate and assess two data analysis techniques for the
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m-NLP instrument. The first technique uses the linear fitting technique that we
commonly use, while the second uses the non-linear fitting technique. It is shown
that both techniques have advantages and disadvantages. The linear fitting tech-
nique assuming the S value of 0.5 is simple and computationally efficient, and can
easily be applied for onboard electron density and spacecraft charging determi-
nation, especially for a limited down-link capacity. Since the § parameter might
vary, this approach could however result in erroneous electron density estimation
of about 20% and 45% if the 3 parameter is equal to 0.55 and 0.6, respectively,
for the case of eV /kgT. = 40. For the linear fitting technique verification, we
have compared the calculated results with other instruments including incoherent
scatter radar measurements as well as in-situ instruments. The results are in a
satisfactory agreement so far. However, in order to further improve the analysis
technique, the probes are required to be longer and cleaned prior to the launch.
The non-linear least squares fit can be a good alternative to the linear fit tech-
nique since it does not have the above assumption of 5. However, the number
of data points are limited within the current m-NLP implementation. The non-
linear technique accuracy strongly depends on how good the bound constraints
and initial estimates of variables are selected. Inaccurate guesses would result in
non-negligible erroneous estimate as well. In reality, the measurement data often
have some degree of error or random noise within it. Thus, attempting to make the
model conform too closely to the limited data set could possibly introduce errors
in the model. In order to improve the reliability of this data analysis technique,
more deployed probes are needed in future campaigns. Higher bias voltages are
additionally required to ensure that all probes operate in the expected electron
saturation region. In many space missions, we have observed that the floating
potential of rocket payloads and satellites operating in the ionosphere at high ge-
omagnetic latitudes could reach —2.5 V or even more negative, hence the selected

biases should be at least 3 V or higher.
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5.2 Discussion

The dissertation aims at assessing the m-NLP instrument performance in terms of
electron density and spacecraft potential measurements on a variety of space plat-
forms, most of which mainly operate in the high-latitude ionosphere region. Paper
[ shows that the m-NLP system has demonstrated its capability to continuously
resolve small-scale plasma structures as well as to monitor the platform potential
on NorSat-1. The discrepancies between the probe measurements are observed in
the in-orbit validation of the m-NLP instrument as shown in Figure 7 of Paper I.
Since the boom deployment current for only one cassette accommodating Probe
1 and 2 was probably recorded, it is suspected that Probe 3 and 4 of the m-NLP
instrument on board NorSat-1 have not been deployed properly (private discus-
sion with Arne Pedersen). Work is still underway to clarify the issue. Besides,
we found that the m-NLP system operation is significantly affected by solar cell
arrays on board NorSat-1 [Hoang, 2018, Ivarsen et al., 2019]. As a consequence,
measurement data in dayside, where the solar power system is active, for many pe-
riods should be taken with caution. Coming out of an eclipse, due to the quantity
of massive electrons collected by the solar arrays, the spacecraft would charge to
a very negative potential causing a significant drop in the probe currents. As the
satellite continues traveling along its orbit, the spacecraft potential neutralization
process by ions would take place but at a much longer time due to the relatively
lower mobility of ions. We suspect that, for some orbits, the spacecraft charging
due to the eclipse exit would affect the m-NLP instrument even in the cusp region,

in addition to that caused by electron precipitation.

For spacecraft with a smaller surface area ratio such as the QB50 satellites, the
miniaturized thermionic electron emitter has been developed and included along
with the multiple needle probes. The system has been successfully verified in the
plasma chamber as described in Paper II. Without running the electron emitter,
the CubeSat floating potential was at most —4 V when the probes were all biased
at 10 V. As the probes are operating in the electron saturation region, the electron
density and floating potential determination are independent from the spacecraft

potential, however, it should be kept in mind that the highly negative potential
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leads to sheath expansion, possibly affecting the current collections on the needle
probes since they are just about 15 cm away from the platform. As a consequence,
the instrument could underestimate the ambient electron density. Running the
electron emitter at 1.22V filament voltage helped ‘reduce’ the CubeSat charging
level to —3 V. With higher filament voltages, the CubeSat potential is expected
to be even ‘lower’. It is noted that the situation where the probes are all biased at
10 V is an extreme case. The CubeSat potential could be less negative for the m-
NLP probes biased at smaller positive voltages. Since the spacecraft attitude data
are not available yet, it is not trivial to understand what happened to the m-NLP
system as there are anomalies in the collected currents. It remains unclear whether
or not the probe deployments were successful. There are some remarks to be made
about this campaign. First, with their really small diameter, the m-NLP probes
are delicate and vulnerable to any vibration or shock during the delivery and
launch process, which could possibly affect the probe surface uniformity. Second,
while the great advantage of the m-NLP instrument is the ability to resolve plasma
density with high resolution, due to the relatively low down-link capacity of the
QB50 mission, the m-NLP sampling rate has been set at a very low level. Last
but not least, in order to interpret the m-NLP data, accurate spacecraft attitude
information is needed and this has not been achieved yet in the mission. Moving
forward, spacecraft bus and boom design changes should be considered for the
optimal m-NLP science unit deployment. Although the electron emitter is included
in the unit, increasing the minimum conductive surface area of the spacecraft to
be on the order of 200 — 300 cm? is recommended in order to effectively operate
the electron emitter, which balances the electron current collected by the m-NLP
probes. In addition, the boom system design can be adjusted so that the m-NLP
probes are similarly oriented with respect to the magnetic field in order to mitigate
likely impacts of a bi-Maxwellian plasma. Furthermore, the limited data amount
does not permit whether the solar power systems on board the QB50 satellites

have negative impacts on the probe performance.

Even though the total conductive area of the ASC daughter payload is comparable
to that of the QB50 CubeSats, its volume is much smaller. Thus it is vulnerable to

deploy the m-NLP system on board the ASC payload due to the risk of inter-probe
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sheath coupling. A possible solution to this issue presented in Paper III is using
a single needle probe with high bias. This could give an absolute electron density
estimate within 10 % of the calculated density by the m-NLP instrument, which is
believed to be immune to the spacecraft charging, if the spacecraft is not charged
to a more negative potential than —2 V. The needle probe as small as the m-NLP
probes (typically 0.51 mm in diameter and 25 mm in length) is hardly affected by
the contamination due to water vapor impurities as it is operating in the electron

saturation region.

Additionally, two data analysis techniques, i.e., linear and non-linear fits, for the
m-NLP instrument have been studied using data from the ICI-2 sounding rocket.
The two approaches of estimating the electron density have advantages and dis-
advantages with respect to the current m-NLP implementation, and both can be
applied to derive the plasma parameters as discussed in Paper IV. The m-NLP
probes are recommended to be longer and cleaned prior to launch to improve the
instrument performance. As can be seen from Figure 7 of Paper IV and Figure 3.3
in this thesis, as long as the needle probes operate in the expected electron satura-
tion region, contamination impacts on the probes performance are negligible. This
agrees with our simulation analysis in Paper [. Cleaning the probes could, how-
ever, help reduce the necessary voltage of the probe bias over the plasma potential
in order for them not to be affected by the contamination. The probe cleaning
would be helpful, for example, in a case where a single probe is biased at a small
fixed voltage for relative density measurements on a tiny space platform without
using the electron emitter. Making the probes longer can also improve the probe
performance; however, the spacecraft-to-probe-surface-area ratio should be taken

into account, especially for the small space platforms.

5.3 Future work

The following are some of research areas I would like to continue in the future.

Multi-point electron density measurements with the ASC daughter pay-

loads
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The multi-point electron density measurements using the ASC daughter payloads
would be able to provide more insights about plasma dynamics, i.e., the separation
of temporal and spatial variations in electron density, which cannot be achieved
with the measurement at a single location. Since the electron density measurement
on such small payloads is very challenging, more efforts needs to be put into, e.g.,

spacecraft charging mitigation solutions, and the probe and boom system design.

The 4DSpace experiment deck has been integrated to a NASA sounding rocket,
which was launched from Andgya Space Center on January, 2019. Experiences
gained from the experiment will be precious for the next campaign of ICI-5,

planned for December, 2019.

Multi-instrument measurements of the spacecraft potential fluctuations
For a more consistent determination of the spacecraft floating potential, multi-
instrument measurements are needed. On the series of the ICI sounding rockets,
the spacecraft floating potential fluctuations can be estimated using an electric
field double-probe instrument (E-field instrument) in addition to the m-NLP in-
strument. The electric field instrument was deployed to measure low frequency
and quasi-static electric field associated with the production of sub-meter scale
HF radar backscatter-related irregularities in high latitude upper atmosphere of
the Earth [Spicher et al., 2016]. The instrument is comprised of two identical pairs
of spherical sensors with conducting surface attached at the end of two orthogonal
booms radially deployed from the spinning rockets. In addition to the voltage dif-
ference signals measured between two probes in each pair, potential signals of the

single probe sensors with respect to the rocket payload potential are examined.

First results indicate a good agreement between the two different instruments in
estimating the payload charging issue as shown in Figure 5.1, where the payload
potential of ICI-3, which was launched from Ny—Alesund, Svalbard on December
3rd, 2011 is given. The floating potential fluctuations measured by the electric
field instrument (two single probes SP1 and SP2 are used) are normalized to the
m-NLP. When summing up the data from the two single probes of the electric

field instrument, the measured electric fields between them and the rocket body
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Ficure 5.1: Payload floating potential of ICI-3 as a function of time.

Floating potential fluctuations measured by electric field instrument are

normalized to the m-NLP to have absolute payload potentials. SP1 and
SP2 are single-probe channel of probe 1 and probe 2.

are canceled reducing the ‘spikes’ in the calculated floating potential compared to

the floating potential estimated by the single probe SP1.

Moreover, it is interesting that the voltage differences between the probes of the
E-field instrument and the rocket payload, i.e., SP1, SP2, are just about 50 mV.
That means the electric field probes and the rocket payload came to very similar
floating potentials. As the floating potentials are estimated to be roughly —3 V
as shown in Figure 5.1, it might be that the relatively large negative floating po-
tentials are caused by heated electron population in the cusp region. Works are

in progress to study the issue.

Probe fabrication

As previously mentioned, in order to mitigate edge effects, the m-NLP probes are
planed to be made longer and/or two guards/bootstrapped sections are inserted at
the two ends of each probe. The probe diameter is considered to be chosen bigger
so as to facilitate the probe fabrication with the two ended bootstrapped supports.
Such probes can be deployed for sounding rocket applications. However, for tiny
spacecraft, increasing the probe dimensions would significantly reduce the space-
craft to probe surface area ratio, thus degrading the measurement performance.
More efforts need to be put into, e.g. spacecraft charging mitigation solutions. A

feasible option is to include the electron emitter.
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FIGURE 5.2: Unstructured meshes of conductive sphere (a) and cylinder
(b) used in SPIS.

Probe to plasma coupling modeling

There is an approach of Particle-In-Cell (PIC) which also provides a tool to com-
pute the distribution of the current collected by a spherical or cylindrical probe.
While Laframboise’s method considers the phase space as a continuum, the PIC
approach discretizes the phase space by representing the charge distribution as dis-
crete particles. One of the most popular tools with the PIC approach for plasma
simulations is the Spacecraft Plasma Interaction System (SPIS) software, which
has been developed under European Space Agency (ESA) contract with a consor-
tium including ONERA /DESP, Artenum and University Paris VII since 2002. The
SPIS open-source code models the plasma particles as macro particles, instead of
the level of individual electrons and ions which would require much computation

power [Hilgers et al., 2008, Roussel et al., 2008|.

Our first modeling trial is to simulate ideal cases of spherical and cylindrical Lang-
muir probe modeling using SPIS. Unstructured meshes of conductive sphere and
cylinder are shown in Figure 5.2(a) and (b), respectively. The results show that the
current collections are closely matched to the OML currents. Work is in progress
to model the probes with more complicated structures as well as the coupling
between the probes, the spacecraft and the plasma. This would give a better un-
derstanding of how the probe current collections are affected by plasma wakes and

spacecraft sheath expansion.

Electron energy distribution measurement

It is possible to improve the connection between the E-field probes and their local
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plasmas by a positive current bias to the probes (private discussion with Arne
Pedersen), as demonstrated by Fahleson et al. [1974]. This will shift the potentials
of the probes closer to the plasma potential and reduce the sheath resistance values,
which in turn gives a better coupling between the probes and their local plasma
potentials. The positive bias currents to the probes are supposed to be monitored
in order not to drive the rocket payload potential more negative, because these
currents would allow a larger share of the more energetic part of the electron
population to come to the rocket payload. Model calculations are required for

determining good bias current values.

We let each probe of one probe pair of the E-field instrument have the same fixed
bias current. The other pair can start with no bias current to the two probes and
then increase the bias current to these probes to detect whether a negative shift in
the rocket payload potential measured by the m-NLP instrument (probably due
to heated electron population). The measurements of the probe to rocket payload
potentials of the latter two probes will provide the form of the electron current
versus the potentials of the E-field probes, which will contain information about
the electron energy distribution. The electric field will be measured in parallel

with the bias current sweep.
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Abstract On July 14th, 2017, the first Norwegian scientific satellite NorSat-1 was launched
into a high-inclination (98°), low-Earth orbit (600 km altitude) from Baikonur, Kazakhstan.
As part of the payload package, NorSat-1 carries the multi-needle Langmuir probe (m-NLP)
instrument which is capable of sampling the electron density at a rate up to 1 kHz, thus of-
fering an unprecedented opportunity to continuously resolve ionospheric plasma density
structures down to a few meters. Over the coming years, NorSat-1 will cross the equatorial
and polar regions twice every 90 minutes, providing a wealth of data that will help to better
understand the mechanisms that dissipate energy input from larger spatial scales by creating
small-scale plasma density structures within the ionosphere. In this paper we describe the
m-NLP system on board NorSat-1 and present some first results from the instrument com-
missioning phase. We show that the m-NLP instrument performs as expected and highlight
its unique capabilities at resolving small-scale ionospheric plasma density structures.

Keywords Ionospheric plasma density - High resolution - Langmuir probe - Polar orbit

1 Introduction

Due to solar extreme ultraviolet (EUV) radiation the upper terrestrial atmosphere is partly
ionized. This part of the atmosphere is called the ionosphere and is, due to energy input
from even higher altitudes, often structured across a multitude of spatial scales (e.g. Kintner
and Seyler 1985). Generally, ionospheric plasma structuring is poorly understood. At high
latitudes the general consensus seems to be that as regions of high-plasma density, so-called
polar cap patches which are created near the dayside cusp region, drift across the polar cap
driven by ionospheric convection (Buchau et al. 1983; McEwen and Harris 1996; Moen
et al. 2007, 2015; Oksavik et al. 2010; Zhang et al. 2015), their trailing edges provides
favorable conditions for the growth of a macroscopic plasma instability called the gradient
drift instability (GDI) (Simon 1963; Tsunoda 1988). As this instability breaks up the drifting
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plasma density gradient associated with the polar cap patch (Weber et al. 1984; Basu et al.
1990; Gondarenko and Guzdar 2004b), it creates plasma density structures on a variety
of spatial scales ranging from kilometers down to meters (Gondarenko and Guzdar 2004a,
2006). These plasma density structures can then, if they are large in amplitude, introduce
scintillations onto trans-ionospheric radio signals (e.g., Rino 1979). Contrast this knowledge
with a large statistical study that finds no evidence for enhanced scintillation levels inside
the polar cap at Global Navigation Satellite Systems (GNSS) frequencies, even when there
is clear evidence of polar cap patches as shown in Clausen et al. (2016). In the European
Arctic sector, enhanced GNSS scintillation levels are attributed to high TEC levels in the
auroral oval, at day and night (Jin et al. 2014, 2015, 2016).

Our knowledge about plasma structuring in the equatorial region is slightly better. Equa-
torial spread F (ESF) (Woodman and La Hoz 1976) is now understood to be a consequence
of the generalized Rayleigh-Taylor (GTR) instability acting on the edges of rising “bubbles”
of low plasma density. Most of the large-scale ionospheric plasma models for ESF deal with
fluid-like or hybrid approaches, where the dynamics of the ionospheric plasma or some of
its species are treated as continuum describing macroscopic (bulk) properties of the plasma
species (e.g., Huba et al. 2008). Such an approach has recently been successful in describing
plasma dynamics and formation of ESF in the low-latitude ionosphere; in fact, with initial
parameters from radars, these models can now predict the general evolution of ESF (Hysell
et al. 2015). However, these models omit kinetic effects linking the results to the smallest
scales that can only be constrained by measurements at meter-scale resolution. There are
still important open questions regarding the link across scale sizes, e.g., by what mechanism
energy cascades from larger (10-100 kilometer) to smaller (10’s of meters) scales and what
initiates the instability (Woodman 2009). It is also unclear whether meter-scale irregular-
ities are really just drifting passively with the background plasma as has been commonly
assumed (Hysell et al. 2009). Furthermore, we are lacking a comprehensive understanding
of the day-to-day variability in the ESF occurrence. Also, the average spatial distribution
of the small-scale density irregularities associated with this phenomenon is hitherto largely
unknown (Rodrigues et al. 2009).

Essentially all our knowledge about ionospheric plasma density structures with scale
sizes of a few tens to hundreds of meters was derived from indirect measurements. It was
shown, for example, that electromagnetic signals received on the ground frequently contains
fluctuations in amplitude and phase, so-called scintillations (Hey et al. 1946). These are im-
posed on the signal as the wave travels through an ionosphere that contained plasma density
irregularities. These irregularities would locally alter the refractive index and therefore cause
minute differences in the travel time for selected parts of the wave front, combining to cause
sometimes significant signal distortions. It was hypothesized that plasma density structures
at scale sizes around the Fresnel scale, i.e. a few hundred meters for typical frequencies used
for GNSS, are most effective in causing signal scintillations.

In the last 50 years, sounding rocket instruments overcame the usual bandwidth limi-
tations of satellites and provided plasma density measurements with sub-km resolution in
the polar and equatorial region (e.g. Kelley et al. 1982; LaBelle et al. 1986; Hysell et al.
1994; Spicher et al. 2014, and references herein). However, these studies can only speak to
the specific situation during the rocket flight lasting a few minutes, and allow only a lim-
ited outlook towards the average picture of ionospheric structuring. Since continuous in situ
measurements with sufficient resolution to resolve plasma density irregularities with a size
of a few meters were not available, much of our knowledge about small-scale ionospheric
structuring is therefore based on the analysis of signals received on the ground. While from a
standpoint of applied science such studies give an overview of the spatial distribution of the
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regions where signal distortions for different satellite systems can be expected, they provide
only limited insight into the physical processes that cause them.

Previous high-resolution in situ exploration of the plasma density at equatorial latitudes
has mainly been realized with rockets (Kelley et al. 1982; LaBelle et al. 1986). Since the
magnetic field at the equator is horizontal (essentially aligned North-South), a vertical rocket
flight cuts through the vertically stratified ionosphere in the same manner as a satellite cross-
ing high-latitude magnetic field lines. The studies mentioned above show that the spectrum
of small-scale plasma density fluctuations exhibits a knee towards smaller scale sizes, indi-
cating the presence of energy input at larger scales and energy dissipation at smaller scales;
the low-frequency part of the spectrum is often related to the GTR instability, while the
steepening is usually attributed to diffusion, drift waves (LaBelle et al. 1986), or wave steep-
ening (Hysell et al. 1994) although this connection is tenuous due to the lack of continuous
data.

2 The NorSat-1 Satellite

With one of the aims to open a new era in ionospheric research, the first Norwegian scientific
satellite NorSat-1 was launched from Baikonur, Kazakhstan on July 14th, 2017. NorSat-1 is
a multi-payload micro-satellite (~ 16 kg, 23 cm x 39 cm x 44 cm) that was commissioned
by the Norwegian Space Center (NSC) and built by the University of Toronto, Institute for
Aerospace Studies (UTIAS-SFL). Fig. 1 shows a schematic drawing of the NorSat-1 satel-
lite together with the orientation of the X-, Y-, and Z-axis of the spacecraft body coordinate
system. The satellite was launched into a polar orbit at approximately 600 km altitude where
it is expected to operate for at least three years. While its main objective is to monitor mar-
itime traffic in Norwegian waters using a Automatic Identification System (AIS) receiver
made by Kongsberg Seatex, NorSat-1 also carries two scientific instruments: 1) a Compact
Lightweight Absolute Radiometer (CLARA) made by Physikalisch-Meteorologisches Ob-
servatorium Davos/World Radiation Center (PMOD/WRC) (Walter et al. 2017), intended to
observe total solar irradiation and variations over time; and 2) the multi-needle Langmuir
probe (m-NLP) developed at the University of Oslo (UiO) (Bekkeng et al. 2010; Jacob-
sen et al. 2010). The mission is operated from Vardg and Longyearbyen ground stations in
Norway.

With the m-NLP on board the NorSat-1 satellite is an ideal candidate to study the high-
latitude and low-latitude ionospheric plasma. With its sampling rate of up to 1 kHz, the
m-NLP instrument aboard the NorSat-1 satellite provides an unprecedented opportunity to
investigate plasma density structures down to a few meters at LEO. Science objectives of
the NorSat-1 satellite using the m-NLP instrument are:

e Primary objective:
— Identify and quantify the mechanisms that cause the generation of small-scale iono-
spheric plasma density structures.
e Secondary objectives:
— Map the global spatial characteristics of meter-scale plasma structures in the ionosphere
and their dependence on meso- and large-scale ionospheric drivers.
— Provide physical understanding of ionospheric structuring mechanisms as the founda-
tion for scintillation forecasts.
— Understand spacecraft/ionosphere interaction and its impact on in situ plasma density
measurements

@ Springer



Paper I 71

75 Page 4 of 16 H. Hoang et al.

Fig. 1 Schematic drawing of the Solar Cell GPS
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The m-NLP measurement data will be combined with data from the Super Dual Auroral
Radar Network (SuperDARN) and the Defense Meteorological Satellite Program (DMSP)
satellites to get the ‘big picture’ context of the ambient plasma. Over the following years,
the satellite will cross the equatorial and polar regions twice every 90 minutes, providing a
wealth of data that would be able to help us better understand the mechanisms that dissi-
pate energy input at larger scales by creating small-scale plasma density structures within
the ionosphere. In this preliminary paper, no attempt is made to clarify the causes for iono-
spheric plasma structuring. Instead Sect. 3 presents the m-NLP instrument and its imple-
mentation on NorSat-1. In-orbit instrument validation is described in Sect. 4 and examples
of the preliminary results from the m-NLP system are shown in Sect. 5. Section 6 concludes
the paper.

3 Instrument Description

Since its first flight on board the ICI-2 sounding rocket from Svalbard in December 2008
(Lorentzen et al. 2010; Moen et al. 2012; Oksavik et al. 2012), the m-NLP instrument has
been flown on sounding rockets over 10 times (Friedrich et al. 2013; Lynch et al. 2015;
Spicher et al. 2016). It is also on board 11 cubesats of the European QB50 constellation
(Bekkeng et al. 2017). In this section, the instrument measurement principle and its imple-
mentation for the NorSat-1 satellite are presented.

3.1 Measurement Principle

Langmuir probes have been widely used as diagnostic instruments for both laboratory and
space plasma (Boggess et al. 1959; Brace et al. 1973; Chapkunov et al. 1976; Brace 1998).
A representative current-voltage (/—V') characteristic curve of a Langmuir probe is shown
in Fig. 2, where three operational regions of electron saturation, electron retardation and ion
saturation are separated by the plasma potential, V),, and the floating potential, V. Mott-
Smith and Langmuir (1926) presented the orbital-motion-limited (OML) theory, which deals
with collisionless electron and ion trajectories surrounding a spherical or a cylindrical probe.
This approach provides a quantitative understanding of the cross-sections for electron and
ion collection. Traditional Langmuir probe designs sweep through a range of voltages to ob-
tain the /—V characteristic curve, from which the plasma parameters including ion density,
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Fig. 2 Representative -V A
curve for a Langmuir probe
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electron density and electron temperature can be derived. However, sweeping takes time and
makes this approach unsuited for high spatial resolution measurements.

The m-NLP design on NorSat-1 uses four cylindrical probes biased at different fixed
voltages within the electron saturation region such that the currents to these four probes can
be sampled at a much higher rate, resulting in high-resolution plasma density observations.
The electron saturation current of a cylindrical probe with a radius much smaller than the
Debye shielding distance is in the OML theory given as:

I.=N,A 2 kpTe 1+ ¢ (D)
v\ 2rnm, kgT,

where N, is the electron density, kg is the Boltzmann constant, 7, is the electron temper-
ature, e is the electron charge, A is the probe surface area, m, is the electron mass and V
is the probe bias potential, V},, with respect to the plasma potential, i.e. V =V, — V,. Itis
noted that the equation used above is valid under the assumption of a non-drifting, collision-
less and non-magnetized plasma. At the altitude of the NorSat-1 orbit all three assumptions
are typically fulfilled (Jacobsen et al. 2010) since (1) the thermal speed of the electrons is
much larger than the speed of the spacecraft relative to the plasma; (2) the mean free path
of the electrons is far greater than both the probe radius and the scale length of the electric
potential distribution around the probe; and (3) the Larmor radius is much larger than the
probe radius. The current collection expression is a function of the applied bias potential
relative to the plasma potential. The probe bias is relative to a common electrical ground,
which is connected to the conductive parts of satellite surface so the signal ground is as same
as the floating potential of the payload platform. The measurement method of the m-NLP
system handles at least two probes biased at two different voltages over the plasma potential
to determine the absolute electron density as:

1 JAU)?
KA\ AV,

2

e
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. . A2 . . .
where K is a constant given by % ml, A(I.)? is the difference in the square of collected

currents and AV, is the difference in the probe biases (Jacobsen et al. 2010). A key feature
of the m-NLP technique is its ability to determine the electron density without the need to
know the plasma potential or electron temperature. Under certain conditions, the m-NLP is
capable of monitoring the spacecraft potential and its variations as described in Bekkeng
et al. (2013, 2017).

As the m-NLP probes collect high-mobility electrons from the surrounding space plasma,
the spacecraft will inevitably charge up, and could potentially begin to repel incoming elec-
trons if a sufficient charge is achieved. Furthermore, the bias to the probes, which is relative
to the spacecraft potential, might no longer fall within the electron saturation region, thereby
compromising the assumptions underlying the m-NLP measurement principle as described
above. Thus the NorSat-1 satellite was designed to have as much conductive surface area on
the platform as possible.

3.2 Probe and Boom System Design

The NorSat-1 m-NLP instrument consists of four individual probes, each of which has a
diameter of 0.5 mm and length of 25 mm. Each probe comes along with a bootstrapped
section with 2 mm in diameter and 15 mm in length. The probes were designed to be much
smaller than the Debye length of a few to tens of millimeter for common ionospheric plasma
conditions. All the probes and bootstraps are carbon coated to provide a uniform material
work function for all probes. Each bootstrapped section of the instrument has the same bias
as the accompanied probe to mitigate edge effects. Due to the instrument delivery schedule
for the spacecraft system integration and a significant delay in the launch, the instrument was
exposed to the Earth’s atmosphere for about one and a half years, possibly causing probe
surface contamination. However, the probes are cleaned by solar heating and ion sputtering
over its mission in orbit. Furthermore, the work in Hoang et al. (2017) showed that the m-
NLP probes are barely affected by contamination due to water vapor impurities in space. To
ensure a good measurement performance against likely impacts of contamination, in-flight
probe performance validation by sweeping probe biases is regularly executed.

One of the main design challenges of the m-NLP instrument aboard NorSat-1 was getting
the probe tips in an area of undisturbed space plasma. As the spacecraft moves along its
orbit, it creates a ‘plasma wake’ in the opposite direction of travel. Because this ‘plasma
wake’ is poorly understood and hard to predict, the probe tips are desired to be placed on
long protruding booms, in an effort to place the tips as far out into the undisturbed plasma
as possible.

The NorSat-1 m-NLP probe tips are placed on long deployable booms, whose overall
length is limited to the length of the spacecraft itself. Two identical Langmuir probe cassettes
are included on NorSat-1, each housing two probes. The cassettes have a total length of
400 mm, base width of 25 mm and height of 23 mm. The booms have a length of 370 mm,
including the probes, and are held down by a uniquely designed mechanism. Through spring
preloads, the booms are forced to stay stowed. Using a space qualified shape memory alloy
pin-puller from TiNi Aerospace Inc., the preloaded spring mechanism can be released in
orbit via a ground command, allowing it to perform a half-turn, and consequently pushing
both booms out with a large enough force to reach their fully deployed positions. Once
fully deployed, each of the booms would lock in place via a locking pin. This cassette
design is shown in Fig. 3. While Fig. 3(a) shows the boom system in stowed position, the
boom system in deployed position is illustrated in Fig. 3(b). Structural analysis of the boom
system has been performed using AutoCAD Inventor and NASTRAN. The analysis results
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Fig. 3 Probe and boom system
design. The cassette has a total
length of 400 mm, base width of
25 mm and height of 23 mm. The
boom length including a probe is
370 mm. The probe has a
diameter of 0.5 mm and length of
15 mm. Bootstrapped section has
a diameter of 2 mm and length of
15 mm. (a) Stowed position.

(b) Deployed position

()

Pin-puller

Cassette

Langmuir probe

Locking pin

indicate that the first modal frequency of the system is at around 1800 Hz. Within a typical
vibration band of 20-2000 Hz, the boom system is regarded as stiff. Experimental vibration
tests at Kongsberg Norspace company have validated the analysis. The boom system was
tested at 43 Grms maximum out-of-plane without any issues. NorSat-1 deployed the boom
system four days after launch, and the recorded boom deployment current for one of the
two cassettes is shown in Fig. 4. The m-NLP payload current increased by about 572 mA
at 12 V power supply for a short period of less than 90 ms during the deployment. The
payload booms and probes after deployment are given a minimum clearance to the spacecraft
platform or other payload equipment of about 15 cm.

3.3 Electronics Design

Since the m-NLP probes are very small, the electronics are designed to have a good sensitiv-
ity and a low noise floor for very low collected currents. The instrument provides a current
measurement resolution of 1 nA and can measure the electron density from 108-10'* m=3,
To get a good signal-to-noise (SNR) at significant lower electron densities, e.g. 5 x 108 m~3,
an automatic gain switch control (AGSC) is implemented with a digitally adjustable gain in
five discrete steps from 1 to 500. While the m-NLP electronics design for the NorSat-1
satellite is not radiation hardened, a Microsemi ProASIC3L flash-based field-programmable
gate array (FPGA) has been used instead of an SRAM-based FPGA for increased radia-
tion tolerance in the LEO environment. The m-NLP electronics block diagram is given in
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Fig. 5. Due to the highly sensitive AIS receiver onboard NorSat-1, radiated electromagnetic
emissions by the m-NLP payload in the 156.0 to 162.5 MHz region are required to be less
than —130 dBm. Thus connectors with built-in C-filters are used at both interfaces with
the NorSat-1 onboard computer (OBC) and the m-NLP probe. The selected filter connec-
tors have an insertion loss of about —45 dB in the specific region. Currents collected by
the probes are converted to voltages and amplified in a pre-amp block. The voltage sig-
nals then pass through a low-pass filter to eliminate high frequency noise before going to
an Analog-to-Digital converter (ADC). The output digital data are subsequently sent to the
OBC through a satellite interface block. By default the data format is 16-bit, but can be
adjusted by a ground command. The voltage bias of probe is set by a Digital-to-Analog
converter (DAC) controlled by the FPGA. Figure 6(a) depicts the m-NLP electronics sys-
tem fabricated for NorSat-1. All electronics are fitted on a single printed circuit board,
125 x 94 mm, placed inside an enclosure shown in Fig. 6(b). The enclosure is located inside
the spacecraft body. The cassettes, booms and electronics enclosure are all Alodine 1200
coated aluminum 7075 and directly connected to the spacecraft chassis. Inside the electron-
ics enclosure, an electromagnetic interference (EMI) shield is additionally used to cover the
digital part, FPGA and memory. The NorSat-1 platform can supply an unregulated voltage
from 10-13 V, with a nominal value of 12 V, and a maximum of 1.8 A current continuously
to the m-NLP payload. The payload power consumption is verified to be less than 1 W on
average throughout the normal operation. During scientifically unfavorable conditions the
payload might be switched off to save power and telemetry (TM) resources.

There are two main modes of operation for the m-NLP instrument on NorSat-1, a nor-
mal mode and a sweep mode. The normal mode is implemented for high-resolution electron
density measurement. In this mode, the m-NLP probes are biased at different fixed voltages,
which are expected to lie above the plasma potential in order to make the probes operate in
the electron saturation region. Either raw probe current data or onboard computed electron
density and spacecraft potential data, can be downloaded depending on the down-link capac-
ity. The second mode is a sweep mode, which is occasionally used for instrument validation.
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In this mode all probes are simultaneously swept from —10 V to +10 V in 128 steps. The
step time can be adjusted from 1 ms to 255 ms. Since all probes are swept simultaneously,
it is not possible to fully characterize the perturbation of the spacecraft potential during the
sweep.

The m-NLP instrument includes a telemetry and command interface to the spacecraft
bus. By default at power-up, the baud rate is 230.4 Kbps with an absolute accuracy under
all conditions of better than +50 ppm. The packet structure is compatible with the Nano-
satellite Protocol (NSP) which has been developed by UTIAS-SFL (Tuli et al. 2006).
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Table 1 Calibration coefficients for each probe of the m-NLP instrument

Probe Gain =1 Gain =5 Gain =10 Gain = 100 Gain = 500

a b a b a b a b a b

Probe 1 1.0166 —17 50754 34 10.164  —47 103.17 —67 516.50 211
Probe 2 1.0163 —16 5.0722 28 10.183 32 103.04 106 506.41 626
Probe 3 1.0171 2 5.0812 —-10 10.165 23 10343 —71 51973  —175
Probe 4 1.0175 —4 5.0684 —18 10215 =25 103.29 82 51372 =304

3.4 Instrument Calibration

The complete electronic system was calibrated in the laboratory prior to flight in order to
ensure that all biases for each channel were calibrated to zero. Each measurement channel
was connected to a Keithley Model 2635 low-current source meter instrument. Input to the
instrument is a stepped current ranging from —50 nA to 2 pA, in steps of 10 nA. Compen-
sation of the NorSat-1 data based on the pre-flight calibration is given by:

DV —b
L = ———— x 0.24068 [nA] 3)
a

where I, is the calibrated current measurement in nA, DV is digital value from the ADC.
The coefficients a and b for each probe with different gain settings is given in Table 1.

4 In-orbit Validation

The m-NLP has been validated in orbit by running the sweep mode. The validation was
done when NorSat-1 flew over the equatorial region. The sweep mode data are demon-
strated in Fig. 7(a) on a linear-scale and in Fig. 7(b) on a logarithmic scale. Since currents
measurements at biases lower than —9 V are unreliable, we omitted the data in the plot. It
can be seen that while the collected currents of the probe 2, 3 and 4 are relatively similar,
the probe 1 current is higher. A possible reason could be variations in the probes’ surface
due to the long exposure time in the Earth’s atmosphere before launch. An alternative rea-
son is that the measurement was done when the probes 2, 3 and 4 were inside the ‘plasma
wake’, whereas the probe 1 was outside. Further runs of the sweep mode are required for
better data interpretation. Assuming the ambient plasma is homogeneous during the vali-
dation period, we analyzed the /-V curves in Fig. 7 to estimate the electron density and
temperature. The value of the floating potential, V, is determined by the point where the
total collected current goes to zero. The first-order derivative of the electron current with
respect to bias voltage is taken to roughly estimate the plasma potential, which locates at
the maxima within the derivative. The region limited by the floating potential and plasma
potential is the electron retardation region, where the electron temperature, 7, is calculated.
The electron temperature is determined from the slope of the exponential growth of the elec-
tron current by least squares fitting of the data as shown in Fig. 7(b). The electron density is
determined using Eq. 2. The floating potentials measured by all probes are at around —2.1 V
to —1.7 V. While the electron density measured by the probe 1 is 4.90 x 10" m~2, the other
three probes estimate more or less the same electron density of about 3.5 x 10! m=3. The
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Fig. 7 In-orbit validation of the m-NLP instrument. (a) Linear scale. (b) Logarithmic scale. In (b), dashed
lines indicate least squares fitted curves in the electron retardation region for the electron temperature estima-
tion

electron temperature is estimated to lie between 961 K and 2000 K. Although some uncer-
tainties still remain, these calculated values lie within the expected range for the equatorial
ionosphere, thus showing that the m-NLP is performing as expected.

5 Preliminary Results

The m-NLP does not operate continuously on NorSat-1 since all instruments on the satellite
cannot run simultaneously, mainly due to limited bandwidth and power. Data collection on
some of the m-NLP operational periods are reported in this paper. Figure 8 shows the data
of the m-NLP instrument recorded on August 30th, 2017. The four Langmuir probes were
biased at 3 V, 4V, 5 V and 6 V, and sampled at 400 Hz. Even though the m-NLP instrument
has the highest sampling rate of 1 kHz on the NorSat-1 satellite, we have been using 400 Hz
during the first stage of the commissioning phase. Collected currents from the four probes
and calculated electron density are respectively shown in Fig. 8(a) and (b). The spacecraft
floating potential is shown in Fig. 8(c), the spacecraft’s geographic latitude and longitude are
shown in Fig. 8(d). It can be seen that the data presented in Fig. 8 were collected as the satel-
lite crossed over the northern polar region. The spacecraft attitude is presented in Fig. 8(e),
where V., V,, V, are normalized velocity vectors in X, Y and Z direction of the satellite
body coordinate system (see also Fig. 1). It can be seen that during this period the satellite
was continuously pointing toward the Sun. Figure 8(a) shows that the collected current from
the probe biased at 3 V is negative before 21:00:00 UT, meaning the probe mainly collected
positive ions. This is because the spacecraft potential is negatively charged to about —3.5 V
as indicated in Fig. 8(c). The vertical dotted line marks the location of the boundary be-
tween day- and nightside, i.e., the point at which the satellite passed from sun-lit conditions
into darkness. Before entering the Earth’s shadow, the NorSat-1 potential fluctuated around
—3.5 and —3 V (see Fig. 8(c)). Just after NorSat-1 left the auroral region and entered the
eclipse, all probe currents dropped significantly and recovered shortly thereafter. A possible
reason for this behavior could be the sudden lack of emission of photoelectrons due to the
absence of sunlight. Further investigations into this phenomenon are currently underway.
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Figure 8(b) shows that the electron density fluctuated significantly between 21:10 UT and
21:13 UT—as indicated by the position of the spacecraft, this is likely due to the crossing of
the auroral region. A closer look at the electron density measurement for 1 s duration from
21:14:25-21:14:26 UT is shown in Fig. 8(f), where small-scale ionospheric plasma density
structures are observed. These structures lie at the heart of the scientific investigation made
possible by the m-NLP onboard NorSat-1.

Figure 9 shows a global view of the plasma environment variation along the NorSat-
1 orbit on September 15th, 2017. Electron density measured by the m-NLP instrument is
compared to that derived from the International Ionosphere Reference (IRI-2016) model,
which is an empirical model providing estimates of ionospheric parameters from an altitude
of 50 to 2000 km (Bilitza et al. 2014, 2017). Major data sources of the IRI model are the
worldwide network of ionosondes, powerful incoherent scatter radars, the ISIS and Alouette
topside sounders, and in-situ instruments flown on many satellites and rockets. As can be
seen from Fig. 9, there is a quite good agreement between the measurements and the model.
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Fig. 9 Global view of plasma variations along NorSat-1 orbit on September 15th, 2017. (a) Electron density
comparison between NorSat-1 and IRI model. (b) Latitude and longitude. (¢) Spacecraft attitude

There are still discrepancies in other ionospheric regions. In particular, the IRI model pos-
sibly underestimates the electron density in the auroral region (Moen et al. 2008). Since
ionosondes are an essential data source for the IRI model, the IRI model is known to be
less accurate at high and low latitudes, where the ionosonde coverage is lower compared to
mid-latitudes (e.g., Bilitza and Reinisch 2008).

6 Conclusion

An overall description of the multi-needle Langmuir probe (m-NLP) instrument aboard the
NorSat-1 satellite is presented in this paper. The instrument is capable of measuring the
plasma density and spacecraft potential at up to 1 kHz sampling rate, which allows the
resolution of plasma density structures at spatial scales of a few tens of meters in low-Earth
orbit. Data from the sweep mode shows that plasma parameters calculated from the obtained
I-V curves are within the expected range. We plan future in orbit instrument validation by
comparing the m-NLP derived plasma density with measurements obtained from the ground
by incoherent scatter radars. Overall, the preliminary data presented here indicate a good
performance of the m-NLP on board NorSat-1. The electron density measured along the
NorSat-1 satellite’s orbit was compared with that derived from the IRI-2016 model. While
there are still some discrepancies, the comparison results indicate quite good agreement
between those two approaches. The IRI model is believed to underestimate the electron
density in the polar cap/auroral region.

@ Springer



Paper I 81

75 Page 14 of 16 H. Hoang et al.

With its high-inclination orbit of 98°, NorSat-1 carrying the m-NLP system is an excel-
lent candidate to study the high-latitude and low-latitude ionospheric plasma. A complete
data set is expected to be acquired over the mission lifetime that will allow addressing the
main scientific objectives through statistical studies. It is reasonable to believe that studies
using high-resolution NorSat-1 plasma density data will lay the foundations for an oper-
ational scintillation forecast, which has a desired long-term goal to predict the quality of
trans-ionospheric radio waves, such as those used in Global Navigation Satellite Systems.
With such forecasts, the probability of groundings, accidents, and collisions at sea and in
the air are reduced, thereby reducing the probability of environmental pollution, injuries,
and loss of life, especially in the Arctic region.
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Abstract The QB50 mission is a satellite constellation designed to carry out measure-
ments at between 200-380 km altitude in the ionosphere. The multi-needle Langmuir probe
(m-NLP) instrument has been mounted on board eleven QB50 satellites in order to char-
acterize ambient plasma. The distinct feature of this instrument is its capability of mea-
suring the plasma density at high spatial resolution without the need to know the elec-
tron temperature or the spacecraft potential. While the instrument has been deployed on
many sounding rockets, the QB50 satellites offer the opportunity to demonstrate the op-
eration of the instrument in low-earth orbit (LEO). This paper provides a brief review of
the m-NLP instrument specifically designed for the QB50 mission and the case studies
of the instrument’s performance on board the Ex-Alta 1 and Hoopoe satellites. The sys-
tem has also been functionally verified in a plasma chamber at the European Space Re-
search and Technology Center (ESTEC). Although the QB50 mission’s scientific goals
have not been reached yet and some uncertainties still remain, there are some optimistic
in-orbit preliminary results which could be helpful for the system improvement in future
campaigns. Particularly, the electron emitter as part of the m-NLP science unit has demon-
strated its capability in the plasma chamber and in orbit to mitigate spacecraft charging
effects.
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1 Introduction

A CubeSat is a small satellite standard initiated by California Polytechnic State University
(Cal Poly) in collaboration with Stanford University’s Space System Development Labora-
tory in 1999. In the CubeSat specification, satellites are described in multiples of 1 U, where
1 U has a volume of 10 cm x 10 cm x 10 cm cube with a maximum weight of 1.33 kg. Typi-
cal CubeSats have sizes from 1U to 4U. The project goal was to provide both mechanical and
electrical specifications for a standard satellite platform. Additionally, a Poly-PicoSatellite
Orbital Deployer (P-POD) was specifically developed to make it easy and secure for a launch
provider to include CubeSat satellites aboard a rocket in addition to the rocket’s main pay-
load. This kind of standardization makes a CubeSat launch much cheaper than other regular
launches of non-standardized satellites, paving the way to scientific investigations and tech-
nology demonstrations in low-earth orbit (LEO) in such a way that is cost-effective, timely
and relatively easy to accomplish. The use of CubeSats has been increasingly exploited
for commercial services and business, e.g. to support the Automatic Identification System
(AIS) in the maritime sector (Helleren et al. 2012; Beattie et al. 2013), as well as for mil-
itary applications (Venturini et al. 2009). The number of universities developing CubeSats
has increased over the past decade. The complete set of CubeSat specifications is available
online (Program CPSTC 2015).

QB50 is a project within the European Union’s Seventh Framework Programme for Re-
search (FP7) that aimed at launching a constellation of 50 CubeSats into the lower thermo-
sphere at approximately 380 km altitude (Muylaert et al. 2009). One of the main purposes
of the QB50 project is to achieve sustained and affordable access to space for small scale
research space missions and planetary exploration. The QBS50 satellites are expected to op-
erate for three up to twelve months before burning up during re-entry. All QB50 satellites
can carry their own instruments, but most of the satellites additionally accommodate a set of
common science instruments to accomplish atmospheric research in the lower thermosphere.
There are three different types of science instruments, each of which is part of the common
instrument set. The Ion-Neutral Mass Spectrometer (INMS) is part of set 1. The Flux-®-
Probe Experiment (FIPEX) is part of set 2 and the multi-needle Langmuir probe (m-NLP)
science unit is part of set 3. A surface thermal monitor (STM) is installed in all satellites.

This paper will present the m-NLP science unit which has been built at the University of
Oslo (UiO) (Bekkeng et al. 2010; Jacobsen et al. 2010). The main purpose of this paper is
to provide a description of the instrument and to present first in-flight results from a system
and technology demonstration point of view. The science unit includes four needle Lang-
muir probes and an electron emitter. The probe system had been deployed on many sounding
rockets before the QB50 mission to resolve ionospheric plasma density variations down to
the meter scale. In order to adapt to the limited resources in terms of size, power consump-
tion and data-link budget in the QBS50 satellites, instrument design adaptations have been
made. Until now we have received the m-NLP data from three QB50 satellites including
Experimental Albertan satellite number 1 (Ex-Alta 1), Hoopoe and Pegasus. While in this
paper the data from the Ex-Alta 1 and Hoopoe satellites are discussed, the data from the
Pegasus satellite will be reported in another paper. This paper is organized as follows. Sec-
tion 2 describes the theoretical background and scientific objectives. A detailed description
of the m-NLP science unit is introduced in Sect. 3, which also presents the system verifica-
tion in a plasma chamber at the European Space Research and Technology Center (ESTEC).
Section 4 presents some in-orbit preliminary results with two case studies of the Ex-Alta 1
and Hoopoe satellites, followed by some conclusions in Sect. 5.
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2 Background and Scientific Objectives
2.1 Background

Since the initial work by Mott-Smith and Langmuir in the 1920s (Mott-Smith and Langmuir
1926), Langmuir probes have been widely used as diagnostic instruments for both labora-
tory and space plasma (Boggess et al. 1959; Chen 1965; Brace et al. 1973; Chapkunov et al.
1976; Brace 1998). Traditionally, Langmuir probe operation is based on sweeping the bias
voltage of a conductor exposed to a plasma and measuring the collected currents from the
conductor. With the general understanding of the processes involved in the plasma, Lang-
muir probe theory is applied to infer the plasma parameters through the obtained current-
voltage (I/-V) curve. However, sweeping takes time at least hundreds of ms and makes this
approach unsuited for high spatial resolution measurements on space platforms.

Instead of sweeping the bias voltage, the m-NLP design (Jacobsen et al. 2010; Bekkeng
et al. 2010) uses several cylindrical probes biased at different fixed voltages within the
electron saturation region such that the currents to these probes can be sampled at a much
higher rate, resulting in high-resolution plasma density observations. For a probe with its ra-
dius much smaller than the Debye length of a non-drifting, unmagnetized, and collisionless
plasma, the electron saturation current to the probe can be described by the Orbital-Motion-
Limited (OML) theory as follows:

L=cClo(1+-2Y ' 1)

e — e0 kB Tg
where C =2/./7 for a cylindrical geometry and C = 1 for planar and spherical geometries
of the probes. I,o = N, A.e ;f;’}:‘; , is the electron thermal current to the probe at the plasma

potential, N, is the electron density, kg is the Boltzmann constant, 7, is the electron temper-
ature, e is the electron charge, A, is the probe surface area, m, is the electron mass and V
is the probe bias potential V}, with respect to the plasma potential V, i.e. V =V, —V,. On
space platforms, a probe bias is relative to a common electrical ground, which is connected
to the spacecraft chassis so the signal ground is at the same level of the floating potential of
the spacecraft chassis. Thus the parameter V in Eq. (1) can be expressed by V =V, + V/,
where the spacecraft floats relative to the plasma at a bias of V; and Vj is the probe bias
with respect to this spacecraft floating potential. The parameter 8 is equal to 0, 0.5 and 1 for
a planar, cylindrical and spherical probe, respectively. The electron density derived by the
m-NLP instrument deploying two cylindrical probes is given by:

1 |AaU?)
N.= (2)
KA\ AV,

where K is a constant given by eiﬁ / m%, A(I?) is the difference in the square of collected

currents and AV, is the difference in the probe biases (Jacobsen et al. 2010). Under cer-
tain conditions, the m-NLP is also capable of monitoring the spacecraft potential and its
variations as described in Bekkeng et al. (2013).

Since the B parameter is prone to variations, an alternative data analysis technique is
using a method of non-linear least squares when fitting the probe measurement currents
with the model shown in Eq. (1) i.e. with 8, N, and T, being free parameters of the fitting
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process. The two approaches of estimating the electron density using Eq. (2) and the non-
linear least squares fit have advantages and disadvantages with respect to the current m-
NLP implementation, and both can be applied to derive the plasma parameters (Hoang et al.
2018).

2.2 Scientific Objectives

The m-NLP probe system was originally developed for the Investigation of Cusp Irregu-
larities (ICI) program and it was first flown on the ICI-2 sounding rocket in 2008 (Moen
et al. 2012; Oksavik et al. 2012; Spicher et al. 2014, 2015b). Our basic research desire is to
explore the chain of multiscale physical processes giving rise to ionospheric scintillations
(Moen et al. 2013, and references therein). Radio communication and Global Navigation
Satellite Systems (GNSS) both suffer from ionospheric scintillations, and the problems are
most severe at low and high latitudes (e.g. Basu and Basu 1981; Basu et al. 1988a,b, 1990,
1998). In GNSS ionospheric systems, scintillations can cause rapid variations of the mea-
sured phase of a signal, causing degraded positioning accuracy. These problems may take
place during the entire solar cycle (Kintner et al. 2007). Prikryl et al. (2010) reported serious
GNSS signal degradation in the polar cusp even during solar minimum conditions. Unless
ionospheric scintillation forecasts to reliably predict the signal quality become available,
users in the affected regions cannot fully rely on communication and navigation services
without taking risk. The m-NLP system on a fleet of CubeSats is expected to be the most
cost effective approach to monitor the dynamics of the problem regions and hence be valu-
able to any attempts to regional or global forecast services.

The idea with QB50 was to deploy several spacecraft like pearls on a string, which would
be ideal to revisit instability regions and to study growth and decay of instability regions, as
was demonstrated during the commissioning of the Swarm mission (Spicher et al. 2015a;
Goodwin et al. 2015). In addition to provide plasma density measurements, the main drivers
for UiO to get involved with the QB50 mission are:

— Demonstrate the m-NLP system can provide high resolution electron density measure-
ments on board CubeSats.

— Explore temporal evolution of F-region plasma irregularities in the polar caps and in the
equatorial region.

3 The m-NLP Science Unit Description and System Verification

3.1 Instrument Design for QB50 Satellites

We have adapted the m-NLP design for being possibly deployed on the QB50 satellites by:
(1) lowering the power consumption, (ii) introducing onboard data processing (due to teleme-

try constraints), and (iii) developing an electron emitter to control the spacecraft potential
(Bekkeng et al. 2017).

3.1.1 Probe and Boom System Design
The m-NLP science unit includes four Langmuir probes, which are made from a coaxial

cable with bootstrapped sections to mitigate edge effects. Since the spacecraft conductive
surface area of CubeSats is much smaller than that of sounding rockets, the probe diameter
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Fig. 1 CAD drawing of the Langmuir
m-NLP science unit, where the probe 5 15
booms are in stowed position. \ { . 1.
The spring-loaded booms are .=rL=5 L ‘
) Electron

Boom

Fig. 2 Boom hold down and '
release mechanism (HDRM)

was reduced from 0.51 mm for the sounding rocket version to 0.29 mm, to alleviate the
effect of spacecraft charging. Each of the m-NLP probes is 25 mm in length and has the
bootstrapped section of 1.19 mm in diameter and 15 mm in length. The probe design spec-
ification ensures that the probe radius is much smaller the Debye length, which is ranging
from a few mm to tens of mm in LEO, for the OML condition fulfillment.

One of the main design challenges of the m-NLP instrument aboard the QB50 satellites
was getting the Langmuir probes in an area of undisturbed space plasma. When the space-
craft travels in space, it creates a ‘plasma wake’ in the opposite direction of travel similar to
the disturbed region behind a moving vessel. Because this ‘plasma wake’ is poorly under-
stood and hard to predict, the probes were placed on long booms, aiming at locating these
probes as far out into the undisturbed plasma as possible. Thus the boom system, consist-
ing of four separated booms, was designed to be deployable and mounted on a common
Alodine 1200S coated top plate of the m-NLP science unit. The spring-loaded booms are
stowed along the outer surface of QB50 spacecraft, with a length of about 188 mm includ-
ing the probe tip and its bootstrapped section. The boom length is limited to the size of
the spacecraft itself. A computer-aided design (CAD) drawing of the m-NLP science unit is
shown in Fig. 1, where the booms are in stowed position. Each boom has a diameter of 2.2
mm and is made of aluminium. All the probes, bootstrapped supports and booms are coated
by Aerodag G to provide a uniform material work function. Each boom has an individual
hold down and release mechanism (HDRM) as shown in Fig. 2. The spring-loaded booms
are forced to stay stowed by using burn wires, which are pressed down onto two resistors
with good thermal contact. The current needed to burn each of the wires is about 0.5 A at
5.0V for 3 seconds. The preloaded spring mechanisms can be released on orbit via a ground
command, allowing them to perform a 90° turn, and consequently push the probes out to
reach their deployed position.
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Fig. 3 Fabricated m-NLP
science unit for QB50, where the
booms are in their deployed
position. The probe is 25 mm
long with a 0.29 mm diameter.
The bootstrapped section has a
length of 15 mm and a diameter
of 1.19 mm. Figure adapted from
Bekkeng (2017)

Probe: L=25 mm, ® = 0.29 mm
‘Bootstrap: L=15 mm, ® = 1.19 mm
Boom: L=148 mm, ® = 2.2 mm

Table 1 Summary of the QB50

m-NLP instrument Mass 220 g (including the boom system

and the electron emitter)

Current measurement range 1nA-2.2 pA

Current resolution 1 nA

Electron density range 2x10° m3-4.5x 1012 m~3
(Vp=2Vand

T, = 1000 K)

Output data resolution 16-bit raw data (can down-sample

to 14-, 12-, 10-bit for more data)
Sampling rate Up to 255 Hz

Power consumption ~1.1 W (including the electron
emitter and real-time processing
power for electron density and
spacecraft potential computation)

3.1.2 Electronics Design

All electronics are fitted on two circuit boards, front-end and digital PCBs, placed under
the Alodine coated top plate. While the m-NLP electronics design for the QB50 satellites
is not radiation hardened, a Microsemi ProASIC3L flash-based Field Programmable Gate
Array (FPGA) has been used instead of an SRAM-based FPGA for an improvement of the
radiation tolerance in the LEO environment. Details about the system electronics block are
given in Bekkeng (2017). The power consumption has reduced from 3 W of the sounding
rocket version to about 1 W, which meets the power constraint for the QB50 satellites. The
sampling rate can be set to upto 255 Hz, however, the downlink budget of approximately
2 Mbits per day for the QBS50 satellites severely limit the rate the amount of measurement
time of the m-NLP instrument. The data length is set by default at 16-bit, but can be reduced
to 14-, 12- and 10-bit to deal with the limited bandwidth. The fabricated m-NLP science
unit is shown in Fig. 3, where the booms are in their deployed position. It is noted that the
instrument signal ground is electrically connected to the satellite platform. Table 1 presents
a summary of the m-NLP developed for the QB50 mission.

The m-NLP instrument has two main operation modes, a fixed-bias mode and a swept-
bias mode. While in the fixed-bias mode the probes are biased at fixed voltages for high-
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Table 2 Summary of the

electron emitter developed for the ~ 1YP® Thermionic emission

QB50 mission
Accelerating voltage 38V
Filament voltage range 09-12V
Emitted current range 20 nA-54 pA
Power consumption Up to 100 mW @ 1.2V filament voltage

resolution electron density measurement, the probes bias are swept from —10 V to 10 V
with 21 evenly spaced voltage steps in the sweep mode. The time between two adjacent
voltage steps can be adjusted from 1 ms to 255 ms. The fixed-bias mode is the mode dur-
ing normal operation. The swept-bias mode can be used for probe performance verification
during operations.

3.1.3 Miniaturized Thermionic Electron Emitter (MTEE)

The four probes of the m-NLP instrument by default are positively biased with respect to
the spacecraft payload potential, in order to draw electron currents from the ambient plasma
that are then used to determine the electron density. Current continuity thus requires a return
ion current through conductive surface of the spacecraft bus that are connected to the power
ground. Since the ion current density is much smaller than the electron current density, either
the spacecraft conductive surface is expected to be sufficiently large to neutralize coming
electrons through the probes or the spacecraft platform would charge to highly negative
potential values. As many of the QB50 satellite skin parts are not metallic, their conductive
surfaces are very limited, for example, the total conductive surface area of Ex-Alta 1 is at
most 120 cm?. In order to address this issue, an electron emitter was developed and encased
in the housing mounted on the top plate of the m-NLP science unit as shown in Fig. 3.

Electrons emitted from a heated filament are accelerated by a anode with its positive po-
tential (accelerating voltage). The anode has a rather large aperture of 3 mm, which prevents
the majority of the electrons constituting the beam from being collected at the anode. As the
electrons will get an outwards velocity when passing through the aperture of the anode, an
additional electrode with an aperture of 3.2 mm is placed 1 mm in front of the anode. The
purpose of this electrode is to limit the beam angle by collecting the most deflected elec-
trons. The electrode was placed at the same potential as the anode to otherwise not affect the
electron beam. More details of the electron emitter development can be found in Bekkeng
et al. (2017). Test results of the electron emitter have been obtained, showing that with a
limited power consumption of 100 mW, emitted beam currents could reach up to 54 pA
for the accelerating voltage of 38 V on the QB50 satellites (Hoang et al. 2017). Electrons
emerge from the electron emitter with a kinetic energy of 38 eV, which corresponds to about
3600 km/s with respect to the satellite. Thus the electron recollection probability is expected
to be small. Assuming no negative spacecraft charging and ram ion current, an upper limit
for the required emitter current can be estimated of the sum of the probe currents. For a
1000 K plasma with density of 10! m=2, and biases of 1 V, 1.5V, 2 V, and 2.5 V, the upper
limit is estimated about 20 nA using Eq. (1). At a density of 10> m~3, the maximum current
needed is about 2 pA, presumably well within the capability of the emitter. Table 2 presents
a summary of the electron emitter developed for the QB50 mission.
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Fig. 4 STM THO placement on | 100,00
QB50 spacecraft wake-side panel
(+Z face). The four protruding
parts are the m-NLP boom
system viewed from the +Z face.
All dimensions are given in mm

Fig. 5 QB50 Ex Alta-1 satellite

3.1.4 Surface Thermal Monitor (STM)

Besides the electron density and spacecraft charging measurement by the m-NLP science
unit, there are six temperature transducers AD590*F, namely THO to THS, to monitor the
temperature on the QBS50 satellites. The output of each transducer is a twisted pair of wires
without shielding. Five of those transducers, THO to TH4, are used to keep track of the
temperature on different panels of the satellites, i.e. inner side of solar panels, and THS
examines the temperature inside the m-NLP electronics board. Figure 4 shows placement of
THO on the +Z face of the QB50 spacecraft. The QB50 spacecraft body coordinate system
can be found in Denis (2015). The transducers TH1 to TH4 are located in the —Y, — X, +Y
and +X face, respectively. The m-NLP science unit reads the temperature values from the
transducers and periodically sends data to the onboard computer (OBC) every 3.5 minutes
by default. The sampling rate of the STM experiment can be adjust via a ground command.

3.1.5 Instrument Interfaces to QB50 Spacecraft

The m-NLP science unit has been designed to mechanically interface to commercially
available CubeSat structures either through an adapter or through appropriate relocation
of mounting holes on the structures. The instrument was accommodated at the —Z face,
which is ram velocity direction, of the QB50 spacecraft. Figure 5 illustrates a rendering
model of Ex-Alta 1 (Mann et al. 2019, this issue), one of the QB50 satellites, carrying the
m-NLP instrument in front. The m-NLP science unit goes 36 mm, including the connector,
downwards into the QB50 CubeSat structure, from the bottom side of the science unit top
plate. In addition to the m-NLP science unit, the Ex-Alta 1 satellite carries a digital fluxgate
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magnetometer (FGM) (Miles et al. 2013, 2016), which is used for high frequency measure-
ments of the Earth’s magnetic field. The magnetometer is encased in a box mounted on a
long boom behind the satellite.

The QBS50 platform supplies regulated voltages 3.3 V and 5.0 V to the m-NLP science
unit. The two power rails should achieve stabilized nominal voltage levels within maxi-
mum 150 ms after switch-on. A 3.3 V, 9600 bps universal asynchronous receiver-transmitter
(UART) serial interface is used to control the science unit from the OBC.

3.1.6 Instrument Script Handling

The OBC can execute scripts to operate the m-NLP instrument. The scripts provide a time-
tagged sequence of commands to be run. The m-NLP state transition is quite complicated,
for instance, measurement data collection can not be executed until voltages and currents
of the power rails are correctly verified and the probe bias is set. There is no broadcast
mode on the QB50 m-NLP science unit, hence a data request command is sent whenever the
measurement data collection is needed. As a consequence, the script size is relatively large,
e.g. a script to turn on the instrument, ask for the housekeeping data including voltages and
currents of the system power rails and then turn the instrument off is 42-byte long. A typical
script with a common procedure to send a few data request commands would be more than
500-byte long.

It is possible to get either raw data (21 current measurements from each of the 4 probes)
or the processed data (81 electron density and 8 spacecraft floating potential values) from
the m-NLP science unit for each data request command.

3.2 System Functional Verification in Plasma Chamber

We have functionally verified the m-NLP science unit system in the plasma chamber at the
European Space Research and Technology Center (ESTEC). The unit was mounted on a
2U CubeSat, where its solar cells were not installed. The solar panel locations were instead
filled with conducting metallic patches. The total conductive surface area of the CubeSat
is estimated to be about 450 cm?, including the Alodine coated top plate. The test setup
is shown in Fig. 6, where the m-NLP science unit is located on the ram-facing side of
the CubeSat. The CubeSat was hung from the top of the chamber. This chamber is 1 m
in diameter and 2 m in length, with a plasma source generating argon ions accelerated to
approximately 7 km/s. Electrons in the chamber are generated by a heated filament, and
flow down the centerline of the chamber together with the argon ions.

The effect of using the electron emitter is clearly shown in Fig. 7. The m-NLP system
operated in the swept-bias mode, where all of the m-NLP probes were swept simultaneously
from —10 V to 10 V with 21 steps and back to —10 V with the same number of steps.
The probes bias, which was swept with several step durations longer than 180 ms, as a
function of time is shown in Fig. 7(a). The filament voltage of the electron emitter is shown
in Fig. 7(b) and the CubeSat floating potential, which was measured by a multimeter, is
shown in Fig. 7(c). Before 250 s, the electron emitter was off. When the m-NLP probes
were not biased, the CubeSat potential was around —0.6 V. At the time the swept-bias mode
started, the CubeSat floating potential became more negative and reached around —4 V as
long as the biases of the probes were at 10 V. After 250 s, the electron emitter was turned on
with the filament voltage of 1.2 V. The CubeSat potential became less negative and relatively
stabilize around —0.3 V when the m-NLP probes were not in operation. The CubeSat floated
at about —3 V as the probes were biased at 10 V. It is noted that the situation where the
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Fig. 6 Verification setup in the
ESTEC plasma chamber. The
total conductive surface area of
the CubeSat is about 450 sz,
including the Alodine coated top
plate. The bottom right conner of
the figure shows the m-NLP
science unit with the electron
emitter being in operation

Fig. 7 Spacecraft charging
mitigation by the electron
emitter. (a) All the probes of
m-NLP are swept simultaneously
from —10 V to 10 V and back to
—10 V. (b) Filament voltage of
the electron emitter. (¢) CubeSat
floating potential

probes are all biased at 10 V is an extreme case. The CubeSat potential could be less negative

~
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for the m-NLP probes biased at smaller positive voltages. The CubeSat potential variations

are superimposed over one complete period of the probe bias sweep for the two cases: with
and without using the electron emitter as shown in Fig. 8. As can be seen, the CubeSat
potential started to be affected by the sweeping probes when the biases were higher than

1V.

@ Springer



Paper 11

The Multi-needle Langmuir Probe Instrument for QB50 Mission Page 11 of 19 21

Fig. 8 The CubeSat potential 10F ' ' ' ' : ]
variations shown in Fig. 7 are EMITTER OFF

| g rare . _ 0 |- EMITTER ON
superimposed over one complete
period of the probe bias sweep
for the two cases: with and
without using the electron

Probe bias [V]
[—]

emitter. (a) Probe bias. ST
(b) CubeSat potential 0 (a)
Y : : : : :
o
g
=
2
=3
2
N
<
@
-
=
S (b).
0 2 4 6 8 10 12
Time [s]
Fig. 9 Measurements in the 40

fixed-bias mode of the m-NLP
instrument. (a) Currents collected

CH1=1.0V

CH2 =15V
CH3 =2.0V
CH4 = 2.5V

by the m-NLP probes.
(b) Estimated electron density.
(c¢) Estimated CubeSat potential.

Current [nA]
=
&
wWh
el
v, ¥
AR
- .
AR
L "L

The electron density was 0 (2)
calculated using Eq. (2) (having a : : . : :
linear fit to the square of the 3.5 .- _

probe currents) and the floating
potential was calculated using a
method described in Bekkeng
et al. (2013, 2017)

e
v

N [x 10" m?)
E
TP T
R
ReperArs

051

CubeSat potential [V]

o @
0 20 40 60 80 100 120
Time [s]

Figure 9 shows the electron density and CubeSat floating potential estimated by the m-
NLP system running in the fixed-bias mode. The probes were biased at different fixed volt-
ages 1.0V, 1.5V,2.0V and 2.5 V. During the measurement period, the electron emitter was
turned on with the filament voltage of 1.2 V. The currents collected by the m-NLP probes
are shown in Fig. 9(a). Figures 9(b)—(c) show the calculated electron density and CubeSat
floating potential, respectively. The electron density and CubeSat floating potential were
roughly estimated to be 3-3.5 x 10'® m™3 and to be —1 V, respectively, during the mea-
surement process. The electron density was calculated using Eq. (2) (having a linear fit to
the square of the probe currents) and the floating potential was calculated using a method
described in Bekkeng et al. (2013, 2017). It is noted that the above values are just coarse
estimates since the plasma environment in the chamber at the time of the measurements was
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Fig. 10 Measured temperatures by the STM experiment on Ex-Alta 1. While the black dashed lines indicate
the boundary of nighttime region, the black dotted lines indicate the boundary of civil twilight. (a) Measured
temperatures. (b) Satellite location (left axis) and altitude above WGS84 (right axis)

believed to be inhomogeneous, meaning that the plasma at the probe locations might differ
from each other. As can be seen from Fig. 9, the measurements were only taken before 30 s
and after 100 s. Though there are some uncertainties in the plasma parameter estimation, the
testing results have validated the m-NLP system operation and the electron emitter, which
is capable of mitigating the spacecraft charging issue.

4 First Results and Discussions

Preliminary in-orbit data from two satellites, Ex-Alta 1 and Hoopoe, of the QB50 constel-
lation are reported in this paper. Ex-Alta 1 and Hoopoe are 3U and 2U Cubesats developed
by University of Alberta, Canada and Space Laboratory of the Herzliya Science Center, Is-
rael, respectively. They were both launched on May 18, 2017 from the International Space
Station (ISS). Due to the low bandwidth and limited power on the two satellites, the m-NLP
instrument has been in operation only a few times since its launch into orbit.

4.1 Ex-Alta 1 Case Study
Results of the STM experiment on Ex-Alta 1 recorded on October 21st, 2017 from 11:00-

13:15 UT are shown in Fig. 10(a), where temperatures measured by the six transducers,
THO to ThS5, are presented. Figure 10(b) shows the satellite location and altitude. The black
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Fig. 11 Measurement data from the m-NLP instrument on Ex-Alta 1 on August 25th, 2017. (a) Currents
collected by the m-NLP probes (left axis) and MTEE filament voltage (right axis). (b) Satellite location (left
axis) and altitude above WGS84 (right axis)

dashed lines indicate the boundaries of nighttime region and the black dotted lines indicate
the boundaries of civil twilight. As can be seen from Fig. 10(a) all of the temperatures
reduced by about 30 °C when the satellite flew from the dayside into the nightside. While
the temperature inside the m-NLP electronics board THS is the highest of about 40 °C on
the dayside, the transducer THO located on the bottom panel (+Z face) reports the lowest
temperature on the dayside of just about 15 °C. The nightside temperatures of these two
transducers are about 9 °C and —19 °C, respectively. The satellite attitude data are currently
under calibration. When the calibration process is done, this would help us to know exactly
relative position of the spacecraft side panels with respect to the Sun.

During the first commissioning phase of the satellite, the m-NLP probes were biased at
0.8 V,1.4V, 1.8V and 2.2 V without using the electron emitter. This was done on August
15th, 2017 from 11:01-11:15 UT when the satellite was in eclipse. The results indicate
almost no electron current collected by the probes probably due to highly negative spacecraft
potential. Ten days later, the electron emitter was turned on and the m-NLP recorded data
from 11:11 to 11:16 UT as shown in Fig. 11. Even though the m-NLP instrument has the
highest sampling rate of 255 Hz on the QBS50 satellites, we have been using just 10 Hz on
Ex-Alta 1 due to the low bandwidth. Currents from the four m-NLP probes, which were
biased at 1.0 V, 1.5V, 2.0 V and 2.5 V, are shown in Fig. 11(a), where Fig. 11(b) shows the
satellite location and altitude. The filament voltage of the electron emitter was set at 1.2 V
for 10 min before this measurement process. During the measurement period, the filament
voltage reduced from 1.2 V to 1 V by several voltage steps. The pink dashed line in Fig. 11(a)
indicates the filament voltage, which are actual measured data stored as housekeeping data
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Fig. 12 Measured temperatures by the STM experiment on Hoopoe. The measurements were done when
the satellite was in eclipse. (a) Measured temperatures. (b) Satellite location (left axis) and altitude above
WGS84 (right axis)

on the m-NLP system and are periodically transfered to the OBC. The filament voltage were
intended to be reduced to 0.95 V at around 11:15:30 UT, however, the housekeeping data
after about 11:15:00 UT have not been available.

In looking at Fig. 11, the astute reader is confronted with several anomalies, e.g. the
current from the 1.0 V probe is higher than that from the probes with higher bias. Since
the attitude data are not available yet, it is difficult to understand what happened to the m-
NLP probes. There are three main possibilities: (i) some of probes were possibly damaged
during the satellite launch such that the surfaces of the probes are not uniform (ii) the probes
were affected by plasma wakes (iii) the probes were not connected to the electronics in
the right order. The other possibilities could be due to that photoemission from the four
probes may be different and/or electrons emitted from the emitter may be recollected by the
probes and contaminate the measurement. It is not possible to estimate the electron density
and spacecraft potential with the data anomaly. However, a decrease in the probe current is
observed as the MTEE filament voltage is lowered. This is a first in-flight demonstration of
the MTEE, showing its capability to help mitigate the negative charging of the platform.

4.2 Hoopoe Case Study

Due to limited onboard memory of the Hoopoe satellite, the m-NLP binary script is limited
to up to 2 KB. This not only limits the sampling rate of the m-NLP science unit, but also the
measurement time. Results of the STM experiment on Hoopoe recorded on October 21st,
2017 for 4 minutes from 11:04-11:08 UT are shown in Fig. 12, where Fig. 12(a) shows the
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Fig. 13 Measurement data from the m-NLP instrument on Hoopoe on October 21st, 2017. (a) Current col-
lected by the 10 V probe (left axis) and MTEE filament voltage (right axis). (b) Comparison between the
electron density estimated by the 10 V probe and that estimated by the IRI model. (¢) Satellite location (left
axis) and altitude above WGS84 (right axis)

measured temperatures and Fig. 12(b) shows the satellite location and altitude. The experi-
ment was done when the satellite was in eclipse. The m-NLP electronics board temperature
is also the highest at about 8 °C. Because of the lack of satellite attitude information, we
cannot further interpret the data.

Similar to the Ex-Alta 1 case, the m-NLP probes biased at 0.8 V, 1.4V, 1.8 Vand 2.2 V
collected almost no electron current without the electron emitter. The emitter was later used
during probe operation. The m-NLP measurement data recorded on October 21st, 2017 are
shown in Fig. 13. Because of a likely problem during the boom deployment, only probe 4
has been used in the operation. Thus it is not possible to estimate the spacecraft floating
potential. However, the electron density can be roughly estimated as N, >~ K+xe \/I—“_h, which
is an approximation of Eq. (1) for a single probe with high bias. Probe 4 was then biased
at 10 V and the sampling rate was set at 10 Hz. The MTEE filament voltage was at 1.2 V
for 10 min before this measurement process. During the measurement period, the filament
voltage was intended to reduce from 1.2 V to 0.95 V, however, the housekeeping data in-
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dicate only a reduction down to 1 V. The housekeeping data after 11:15 UT are missing,
thus we are not sure if the MTEE followed the script setting. The electron density can be
roughly estimated about 1-2.5 x 10'' m~3 as shown in Fig. 13(b), which also shows the
electron density derived by the International Reference Ionosphere (IRI-2016) model. The
IRI model is an empirical model providing estimates of ionospheric parameters from an al-
titude of 50 to 2000 km (Bilitza et al. 2014, 2017). It can be seen that, the electron density
calculations of the two approaches are similar. The satellite location and altitude are shown
in Fig. 13(c). There was also a decrease in the measurement current as the MTEE voltage
decreased as shown in Fig. 13(a). The lower the MTEE filament voltages, the more negative
the spacecraft floating potential causing the reduction in the electron current. The reader
could think that the reduced current could be due to a reduction in the electron density since
the satellite traveled over 1000 km during the measurement period. However, at the time the
satellite was traveling towards the equator where the electron density was expected to be
higher as estimated by IRI as shown in Fig. 13(b). This has further validated the MTEE op-
eration in orbit. It is noted that unlike the m-NLP technique, the electron density estimated
by the single probe is dependent on the spacecraft potential, i.e. the more negative spacecraft
potential the lower the estimated electron density.

5 Conclusion

The multi-needle Langmuir probe (m-NLP) developed for the QB50 mission has been de-
scribed in detail. The system functional verification has been successfully performed in the
plasma chamber. The in-orbit preliminary data from two of the satellites in the QB50 con-
stellation, Ex-Alta 1 and Hoopoe, have been shown, indicating that even though there were
some uncertainties with the m-NLP measurements, some optimistic in-orbit preliminary re-
sults, which could be helpful for the system improvement in future campaigns, have been
obtained. A first in-flight demonstration of the MTEE has been presented, showing a depen-
dency on the MTEE filament voltage for the probe currents in both case studies. Further-
more, the temperatures on all of the satellite panels were observed, showing nominal values
as expected. Work is in progress to resolve remaining uncertainties. Additionally, the space-
craft attitude information on the satellites has not been available, making it hard to interpret
collected data, not only for probe behavior analysis but also for physical process study.
There are some remarks to be made about this campaign. First, with their really small
diameter, the m-NLP probes are delicate and vulnerable to any vibration or shock during
the delivery and launch process, which could possibly affect the probe surface uniformity.
Second, while the great advantage of the m-NLP instrument is the ability to resolve plasma
density with high resolution, due to the relatively low down-link capacity of the QB50 mis-
sion, the m-NLP sampling rate has been set at a very low level. Last but not least, in order
to interpret the m-NLP data, accurate spacecraft attitude information is needed and this has
not been achieved yet in the mission. Moving forward, spacecraft bus and boom design
changes should be considered for the optimal m-NLP science unit deployment. Although
the electron emitter is included in the unit, increasing the minimum conductive surface area
of the spacecraft to be on the order of 200-300 cm? is recommended in order to more ef-
fectively operate the electron emitter, which balances the electron current collected by the
m-NLP probes. This would also help to reduce the power consumption from the electron
emitter. In addition, the boom system design can be adjusted so that the m-NLP probes are
similarly oriented with respect to the magnetic field in order to mitigate likely impacts of
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a bi-Maxwellian plasma (Jacobsen et al. 2010). It is important to have a detection mecha-
nism in the next version of the m-NLP system to make sure whether the boom deployment
is successful. Particle-In-Cell (PIC) simulation is also needed to do modeling the coupling
between the m-NLP probes, the spacecraft and the plasma. This would give a better under-
standing of how the probe current collections are affected by plasma wakes and spacecraft
sheath expansion.

The QBS50 mission is an excellent opportunity for the involved universities to develop
their own space programs and to demonstrate both space instruments and measurement tech-
niques in orbit. The mission has enabled us to develop the electron emitter, which is then
used to actively control the spacecraft platform potential. This makes the m-NLP available
on many spacecraft for ionospheric density measurements.
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