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ABSTRACT

We present the first set of particle-in-cell simulations including Monte Carlo collisions between charged and neutral particles used
to simulate a cylindrical Langmuir probe in the electron saturation regime with a collisional electron sheath. We use a setup focused on the
E-region ionosphere; however, the results of these simulations are analyzed in a general sense using dimensionless values. We find that the
electron currents get enhanced as the collision frequency for electrons increases and the values of /,/Ap — 1, where /, is the electron mean
free path and /p is the electron Debye length. In addition, we apply the simulation results to a sounding rocket experiment and show how we
can correct the currents for the Investigation of Cusp Irregularities-4 sounding rocket due to collisions while it flies through the E-region.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (hitp://

creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0079761

I. INTRODUCTION

Langmuir probes have a long history and widespread usage in
space measurements. The probes are usually designed with either
spherical or cylindrical geometries, and they may have different setups
for single- or multi-probe measurements. For example, the Rosetta
spacecraft’ had a two-probe setup designed for low-density measure-
ments. This concept was inherited from earlier missions, like the Freja
F4” and Cluster’ missions, targeting relatively high density plasma in
the ionosphere and magnetosphere. Another modern Langmuir probe
system is the multi-needle Langmuir probe (m-NLP) used on the
Investigation of Cusp Irregularities (ICI) rockets," ° and NorSat-1.”
The different setups require different theoretical equations to extract
plasma parameters like temperature, density, and electric potential
from the surrounding plasma. Usually, these theories are based on
orbital limited (OML) theory,8 which, in the electron saturation
region, predicts that the current I, to a probe p is given by

(v, + v;))”

kT, 1

I, = IthK<1 +

where kg is the Boltzmann constant, g the elementary charge, and T,
the electron temperature. K and f§ are dependent on the probe shape.

In particular, K = 2/+/7 and f = 0.5 for ideal infinite length cylindri-
cal probes and K = f§ =1 for spherical probes. V,, and V are the
probe potential and spacecraft body floating potential, respectively.

Iy = neqS é‘ﬁ;g is the thermal electron current, where n, and m, are
the electron density and mass with S being the surface area of the
probe.

For the m-NLP system, ideally, we can eliminate some of the free
parameters in Eq. (1) by taking the difference of the square of two m-
NLP probes’ to obtain an expression for the electron current that does
not depend on the electron temperature. We could also take the cur-
rent ratio to eliminate some parameters, and get an equation that is
independent of the electron density. In any case, the direct measure-
ment is an electric current to the probe, where for analysis ideal condi-
tions are assumed, and one of these conditions is that the plasma is
collisionless.

Most, if not all, scientific missions in space where Langmuir
probes are used for measurements assume collisionless plasma condi-
tions."” For the most part, this assumption is likely valid. However, in
the lower E-region of the ionosphere—at ~90-150 km—the collision
frequencies between charged and neutral species are too high to call
plasma in this region collisionless.' """ Several missions, like the

Phys. Plasmas 29, 033511 (2022); doi: 10.1063/5.0079761
© Author(s) 2022

29, 033511-1


https://doi.org/10.1063/5.0079761
https://doi.org/10.1063/5.0079761
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0079761
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0079761&domain=pdf&date_stamp=2022-03-21
https://orcid.org/0000-0002-1820-1367
https://orcid.org/0000-0001-5569-6381
https://orcid.org/0000-0002-5202-750X
mailto:s.m.brask@fys.uio.no
mailto:w.j.miloch@fys.uio.no
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1063/5.0079761
https://scitation.org/journal/php

Physics of Plasmas

SPIDER missions’ or the proposed orbital low flyer Daedalus,"” have
their focus on regimes with higher collision frequencies, where colli-
sions are likely to impact the measurements in some way. In these
cases, collisionless theories for the current collection of Langmuir
probes must still be used since there is no collisional theory available.
It is therefore assumed that the impact of collisions is small. However,
this assumption is not trivial; there does not exist, to the best of our
knowledge, any good source that would justify it, or would give a
quantifiable method of correcting the currents collected by the
Langmuir probes in collisional plasma. Interest in the complex and
turbulent nature of the lower E-region is growing, due to radio echoes,
signal degradation, and GPS scintillation."® In addition, there are sev-
eral unanswered fundamental questions of plasma and atmospheric
physics that are linked to this region."* '

There have been some previous works on collisional effects on
the currents collected by Langmuir probes.'”'® While these articles
focus on the ion collection (the negative probe potential) regime,
discussions of the physical processes are applicable also for electro-
n-neutral collisions. In Ref. 17, the authors report an increased ion
current in the low-pressure (low-collision frequency) limit; this is
attributed to the destruction of ion orbits around the probe. In addi-
tion, in the highly collisional case the ion currents are lower, limited by
diffusion and drift to the probe. This is similar to the empirical results
in Ref. 18 where they also report a peak in the ion current in the OML
range when 4; ~ the sheath thickness. In their results, the value of
Ap/2; where this peak occurs ranges from ~0.2 to 0.5, meaning, there
is a peak when /; is slightly longer than /. However, some fundamen-
tal differences between electrons and ions means there will likely be
significant differences between the charge-neutral collision effects on
an ion or electron Langmuir probe current. One major difference is
that for ion-neutral collisions, electrons usually act as a neutralizing/
restoring background; this will not necessarily be the case for electron
neutral-collisions.

Here, we will, for the first time, focus on the effects of electro-
n-neutral collisions in the positive probe potential regime. The
effects of ion collisions are in a sense more relevant than that of
electron collisions because the mean free path is usually shorter for
ions, giving it a wider range of applicability. However, experiments
can easily be designed to circumvent the ion collisional effect by
using probes that collect electron currents in the electron current
regime where ion collisions can be neglected. This is where the
need for an analysis of the electron collision effects arises. One pos-
sible reason explaining why this has not been done before is that
simulating electron collisions is computationally more expensive,
since we cannot treat the electrons as a fluid, as it is done in the
studies of ion-neutral collision effects. We will here present the
first fully 3D, kinetic simulations, of both electrons and ions, of a
cylindrical Langmuir probe in the electron saturation regime, with
a collisional electron sheath.

In this article, we will address both of the aforementioned issues
using particle-in-cell (PIC) simulations. It is our intention that this
article can be used as a reference to emphasize where the collisionless
assumption holds. In addition, we will apply a method for building a
function to correct collisional effects on the collected currents to a
cylindrical Langmuir probe. We apply this method to the ICI-4 sound-
ing rocket data to show an example of the effects of electron-neutral
collisions through the whole E-region.

ARTICLE scitation.org/journal/php

Il. THE PIC SIMULATOR

This section reviews some important aspects of the new fully par-
allel 3D particle-in-cell (PIC) code PINC used in this study. There are
three main classes of simulators employed for simulating plasma: PIC,
fluid, and hybrid. A PIC simulator is well suited for studying kinetic
effects and uses less assumptions as opposed to fluid or hybrid simula-
tors. In particular, a fluid simulator solves the magnetohydrodynamic
(MHD) equations, which assumes a Maxwellian form on the particle
distribution. In hybrid simulators, a fluid treatment is usually per-
formed on the electrons, and a PIC treatment is used for the ions. In a
PIC simulator, we effectively solve the Vlasov equation using the
method of characteristics, making no assumption on the particle dis-
tribution."” In collisional plasma, we have no a priori knowledge of the
particle distributions; thus, a fluid or hybrid simulator is not well
suited for this task. In addition, a fourth kind of simulator has emerged
in recent years called Vlasov simulators.”’ Vlasov simulators solve the
Vlasov equation directly and thus include kinetic effects. However, the
collisionless assumption is usually included in the design of the simu-
lator and would need further development to include charge-neutral
particle collisions. The need for a new code lies in the fact that most
codes that see widespread usage make some assumption—like treating
electrons as a fluid—or are only capable to 2D simulations. There do
exist some modern codes that do most of what we need, with the
exception of for example charge-neutral collisions, which we could
have modified for our use. However, by developing our own code we
gain a larger degree of control in the implementation.

A. Applied algorithms

PINC uses the standard PIC main cycle'”*"** with the addition of
object-plasma calculations using the conductive surface capacitance-
matrix method”>** and charge-neutral collisions using the null-collision
Monte Carlo collision (MCC) scheme.”"** Since particles exist in the
space between grid nodes, on which the fields are defined, we need to
translate between the particle positions and grid nodes. The interpola-
tion between particles and field quantities on the grid is done with a first
order weighting function, often referred to as Cloud-In-Cell (CIC). For
each particle, its charge is weighted to the nearest grid nodes that define
the cell in which that particle resides. This is done with a weighting
function,” which weighs the particle by one minus its normalized dis-
tance to each of the nodes. Similarly, later the field quantities are super-
imposed at the particle position from each of the nodes by the same
weighting function. We also use the so-called superparticles, meaning
that each particle is to be considered a part of phase-space with a size in
space equal to the grid cell volume, but a point in velocity. This gives the
superparticles the ability to be rescaled to include several real particles
and still allow for solving the same Vlasov equation."”

In PING, we are interested in the electrostatic solution, neglecting
any change in the magnetic field. However, a static magnetic field can
still be included using the Boris algorithm.*®

On the edge of the total simulated domain, we have chosen to
use Dirichlet-type boundaries. We set the electric potential to be zero
on the outermost nodes of the simulated domain and inject particles
with a Maxwellian distribution.

The collision module is implemented using the null-collision
MCC method described in Ref. 24, with the exception of a linear
approximation to the collision frequencies, a method similar to the
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one in Ref. 11. In order to maintain the correct collision frequency in
the bulk plasma, in addition to adding the feature that slower moving
particles collide less often than faster moving ones, we calculate the
constant value of the cross sections that maintain this collision fre-
quency. To do this, we begin with the probability for particle p to col-
lide within a time step™**’

Pp -1 e*”l(")(’-T(S)VP(E)7 (2)

where 7, is the neutral density and V), is the relative particle speed
between the incident and target particle, with ¢ the particle energy. o
is the total collision cross section, which can be written as a sum of
cross sections for each collision type i present. From this, we define an
instantaneous collision frequency as follows:

vip = m(x)ai(ep) V(ep), ©)

where v is the instantaneous collision frequency, at position x. In Eq.
(3), the collision frequency v;, can be considered as the instantaneous
collision frequency of one particle, used to calculate that particle’s
probability to collide within a time step, using the neutral density at
the particle and the particle’s speed. If we average over the particle dis-
tribution using Eq. (3), and solve for the cross section, we get
Vi

=y (4)
where 7, is the constant average neutral density and V is the average
speed of the particles, averaging over the particle distribution. We used
here 7; to indicate that this is for the whole distribution, meaning that
this is the actual collision frequency of the species. Although the cross
sections ¢; are generally dependent on a single particle’s energy, using
the averages in this way now gives us a constant value at the average
energy (temperature). Feeding this value back into Eq. (3) will also
give an individual instantaneous collision frequency per particle but
maintain the correct collision frequency when averaging over many
particles. This gives us a model with a linear collision frequency in
speed, i.e, v o< V.

The collisional cross sections are complicated functions of energy
in reality;”* however, simplifications can be made by approximating
the collision frequencies with a linear or squared function of the par-
ticle’s speed.’”” We generally assume that the linear approximation is
well justified for relatively low-energy plasmas such as those found in
the vicinity of the Earth. Assumptions on the form of the collision fre-
quencies are a topic of ongoing discussion, see Ref. 11, Sec. I'V.

Usually, elastic electron—-neutral collisions lead to a loss in energy
for the electron due to the large difference in mass between the elec-
tron and neutral atom.”* However, in some of the highly collisional
cases presented in this article, this loss in energy, or lowering of tem-
perature, could possibly increase the Debye length so much that the
simulation becomes susceptible to the finite grid instability.”*** This is
especially likely for the higher collisional cases (e.g., at least 6 and 7)
because in cases 6 and 7 the particles will collide several hundreds of
times before reaching the probe if they take the shortest path from the
boundary. If this happened, it would be difficult to differentiate what
part of the results were due to nonphysical numerical issues and what
are actual physical results. We therefore use an energy conserving
scheme, where we ensure that the energy before and after a collision is
the same. This is done by storing the speed [v,| of the electron p
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undergoing a collision before the scattering is performed. In previous
works, calculation of the scattered velocity V. [see Ref. 24, Eq. (11)]
is a unit vector, thus multiplying the particle speed before a collision
with the scattered unit vector, i.e., [V, - ¥sq, will maintain the speed
of the particle throughout the collision. Note that the collision fre-
quency, ie., probability to collide for a given particle is still energy
(speed) dependent, so is the scattering angle.”*

One important thing to note is that the MCC method includes
an error in the number of particles to collide. In order for a particle to
have a small probability of having two or more collisions, e.g., r < 0.01
in a single time step, the probability P, of a collision in one time step
should be P, < 0.095.”* This adds a constraint on the time step dt
used for simulations, which will dominate for high collision
frequencies.

B. Verification of simulation setup

During the development of PINC, many verification tests have
been run; most of these are elaborate and outside the scope of this arti-
cle, and we will here present some selected tests that are designed to
cover the bigger picture. A detailed discussion of these tests can be
found in the master’s thesis of Killie,”” Brask,’” Holta,”' and Nielsen.*”

In order to verify the correctness and accuracy of PINC, we ran a
set of verification tests. They can generally be split into two groups.
The first set is for object—plasma interactions. The second set is for
charge-neutral collisions. For object-plasma interactions, we first run
a special case to compare to the OML theory. The case is essentially
the same as in Ref. 23, and we use the same representation of a sphere
with a radius of two cells. The actual geometry used is shown in Fig. 1.
In addition to the floating potential, we compare the current collected
by a biased Langmuir probe with the theoretical value. The current I,
in the electron saturation region is given by Eq. (1), where we have V¢
= 0 since we are simulating a probe without the spacecraft.

In the test case, we used a mass ratio of m;/m, = 100, a density
of n, = n; =1 x 10°m~, and a temperature of T, = T; = 1000 K.
For the floating potential test, we use a radius of 0.06/p in order to
directly compare with Ref. 23. After running the simulation until it
reaches a steady state, we get a floating potential of —0.1260 V, or
—1.46kp T /e, which is 3% of the theoretical value. When running the
simulation again but with a bias of 2 V and again using a radius of 0.06
/., we get a current of 4.310 x 10~®A to the probe compared with the
theoretical value given by Eq. (1), which is 4.102 x 1078A. This gives
a percentage difference of 5%. The differences in values we obtain

FIG. 1. Discretized geometry of a sphere used in the spherical OML test case.
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from the simulator and theory might be explained by the ambiguity in
the radius of the sphere. The sphere is approximated by numerical
cells, which are in fact cubes.

An additional test was performed to verify the current collec-
tion. In this test, we use a slightly more complicated geometry for
the probe, a cylinder which is longer than the Debye length and
has a radius that is shorter than the Debye length. We then com-
pare the collected current to an independent PIC code, PTetra.” >
PTetra differs from PINC in one major way in that it uses nonuni-
form grid spacing. For verification, we used the collisionless case
detailed in Sec. IIT and ran the simulation with the exact same
probe geometry in PTetra and PINC. We ran the simulation both
with a probe bias of 4.5 and 7.5 V. The steady state currents from
PINC and from PTetra are shown in Table I. In this comparison
between PINC and PTetra, we did not expect an exact agreement
due to significant implementation differences between PINC and
PTetra. Still, we obtain a difference of ~8%-9% in both cases,
which we deem to be adequate for this case.

The most important test for verifying the correctness of the colli-
sional module is that the number of colliding particles is consistent
with the collision frequency. This is obtained from the probability for
a particle to undergo a collision within a time step,”**” given by

Pp=1- e A (5)

where P, is the probability for particle p to collide in time At, with col-
lision frequency v/, from Eq. (3). The number of colliding particles in a
simulation per time step will then on average be

N = NrP, (6)

where P is the average probability, using the average collision fre-
quency from Eq. (5). N7 is the total number of particles in the sim-
ulation. Note that with this definition, using probability, the
number of colliding particles will change as the weighting of
the superparticles changes, as it should. To verify that we
collide the correct number of particles, we ran a simulation on an
8 x 8 x 8 grid with 420 particles per cell. With a time step of
0.1wpe = 1.77 x 1078 s and v = 4 x 10°s™!, we get N, = 758 col-
liding particles per time step. The result was an average 769.7 colli-
sions for electrons and 766.2 for ions. This test was run for a
relatively short time, and we expect the numbers to get closer to N,
if we run the text longer; however, the largest error here is 1.5%,
which is lower than other sources of error.

In addition to the collision frequency change, we checked that
the change in energies and scattering angles due to a collision was con-
sistent with the equations given in Ref. 24. In addition, to check that
there was no systematic error in the scattering angles, we checked that
the average of these was zero, i.e., angle has no preferred direction but
is random.

TABLE I. Summary of parameters for the current collection test where we compare
PINC to PTetra.

PINC PTetra
45V —4.59 x 107°A —5.05 x 107°A
75V —6.95 x 107°A —7.55 x 107°A

ARTICLE scitation.org/journal/php

lll. SIMULATION SETUP

In this section, we will go through the simulation setup used. The
set consists of twelve simulations: six of them are run with a probe bias
of 4.5 V and the other six are run with a probe bias of 7.5 V. We main-
tain the plasma parameters fixed with the exception of collision fre-
quency, such that we isolate the effects of collisions on the two
different biased probes. The parameters are based on EISCAT
Svalbard Radar (ESR) data collected at 120 km altitude on 19 February
2015, at 22:00, at the launch of the ICI-4 sounding rocket, and are
listed in the first panel in Table II. The values provided correspond to
the mean quantities obtained from ESR UHF between 22:05:59 and
22:15:59 UT using 120 s integration time.

ICI-4 was launched from Andeya, Norway, in the nightside
aurora and was in total darkness during the entire flight. The collision
frequencies for both ions and electrons vary in power from 0 to 7. ICI-
4 had four Langmuir probes biased at 3, 4.5, 6, and 7.5 V. Ideally, we
would want to simulate all four probes; however, since we are some-
what limited by available computational resources we pick the 4.5 and
7.5 V probes. We are mostly interested in the electron collision fre-
quencies as the collected currents are in the electron saturation region,
and electron dynamics will be the dominating effect. In the E-region
ionosphere, the dominant ion species are NO™ and O**; however, in
the simulations we use He**. It is a common trick in PIC simulations,
however, to reduce the ion mass. This is because otherwise, the ion
dynamics gets so slow that they incur a high computational cost—by
increasing the time steps needed—and, therefore, the computational
time needed to reach steady state. Reducing the jon mass will in turn
increase the ion current. However, in the electron saturation region,
the ion current is nonetheless negligible compared to the electron

TABLE II. Input parameters to the PIC simulator. The simulation parameters are
based on observational data from ESR and NRLMSISE-00 Model 2001. The plasma
parameters come from ESR and neutral densities and temperatures used for calcu-
lating collision frequencies come from NRLMSISE. The simulation ID is assigned
from the power of the electron collision frequency v.

Parameters Value

dx, dy, dz (m) 0.002

dt (s) 5 x 10710

Time steps 100000

Density (e, i) (m™?) 9.597 x 10'°

T, (K) 441

T; (K) 475

m, (kg) 9.109 x 103!

m; (kg) 6.646 x 107%
Simulation ID v; Ve
0 0 0
2 8.737 x 107 2.911 x 10?
3 8.737 x 103 2.911 x 103
4 8.737 x 10* 2.911 x 10*
5 8.737 x 10° 2911 x 10°
6 8.737 x 10° 2.911 x 10°
7 8.737 x 107 2.911 x 107
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current. In addition, there is no collisional coupling between electrons
and ions. The reduced mass therefore should not affect our results.

For comparison, we chose a probe geometry that mimics the
probes from ICI-4. The exact geometry can make a difference, and we
are simulating a probe with length ~54p, such that the probe current
likely is impacted by the finite length effect’”” and the fact that the
probe is actually mounted on a guard, not included in the simulations.
In the following analysis, we assume that such effects do not depend
on the collision frequency such that when we take the ratio of two cur-
rents, effects like the finite length effect will disappear. Due to the uni-
form grid employed in PINC, our simulated “cylindrical” probe is
actually a rectangular box with size 1 x 1 x 12 cells, that is 0.002
% 0.002 x 0.024m>. We also use a simulated domain of 128 x 128
x 128 cells, which is 0.256 x 0.256 x 0.256 m>. That gives each side
of the domain a length of 54.8 Debye lengths.

In Table 111, we have listed some derived parameters for the sim-
ulations, in particular the dimensionless parameter mean free path
(4¢)/Debye length (4p). To calculate 4., we use the definition

L= particle speed _ Vihe

~ e —ncollision frequency v,

. (7)

Here, vy, is the electron thermal speed and v, is the electron-neutral
collision frequency. In the remainder of this article, it is therefore
understood that when we talk about the mean free path it is the elec-
tron mean free path /..

The usual assumption on collisionless conditions is stated as
Wpe/Ve > 1, where w,, is the electron plasma frequency. This
inequality leads to the equation

o VielVe | Opey ) )
AD Vth‘e/ wpe Ve
So, both the dimensionless parameters, A,/ Ap and @, /v, can be used
interchangeably; but we will use the parameter A./Ap as a measure of
the collisionality in plasma.

In order to calculate the collision frequencies between the plasma
particles and neutral particles, we used the equations given in Ref. 36
and the data for neutral temperatures and densities from NRLMSISE-
00 Model 2001.”"* The NRLMSISE model is an empirical model
based on several sources of data, used to calculate the neutral density
and temperature in Earth’s atmosphere. NRL stands for the US Naval
Research Laboratory. MSIS stands for mass spectrometer and

TABLE II. Derived parameters for Table |I.

Parameters Value

Wpe (rad/s) 1.75 x 107
Je (M) 0.004 678
;L,EO /)VD 0
Je)ip 60038
Jes)ip 6003.8
Jes) i 600.38
Jes /i 60.038
Jes) 7D 6.0038
Jer )i 0.6004
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incoherent scatter radar, which was the source of data in the original
form of the model. Later versions also include satellite drag data. The
last E stands for exosphere, indicating that the model extends through
the whole exosphere of the Earth.

IV. RESULTS

The results of the simulations are divided into three subsections.
First, we provide general results of the current collected at two differ-
ent bias values of the Langmuir probe, where the only varied parame-
ter is A./Ap. Second, we carry out an additional test to study the
dependence of the current on the plasma parameters at a fixed value
of /./2p. Third, we quantify the simulation results with a least squares
regression to a well-behaved function.

A. Simulation results

In this section, we present results from the simulations described
in Sec. I11.

Figure 2 shows plots of the electron densities perpendicular to
the probe and through the short side in the center of the probe. The
vertical black dotted line represents the probe surface. In the figure, we
added one plot from each simulation from the 4.5 V bias cases, such
that each plot represents a collision frequency, or equivalently a value
of Z./2p. We chose to omit including a figure for the 7.5 V case as it
shows similar density profiles, only with the exception of higher peak
density values.

As expected, when the collision frequencies increase, the peak
electron density in the probe sheath gets lowered. However, there is
one exception, from simulation 2 we see a small increase in the peak
density. Noting that this increase is small enough to be within simula-
tion error, it might indicate a higher trapping rate for the electrons,
similar to the processes described in Refs. 17 and 18, but for electrons
instead of ions. For relatively low collision frequencies, the electron-
neutral collisions transfer radial momentum to angular momentum,
trapping the electrons in orbit. This happens at a higher rate than the

14

12 4

10

Ne/Ng

FIG. 2. Lineplots across the middle of the probe traversing the short side. The plot
shows the electron densities. Density values are normalized by Ny, the ambient
background density of the electrons, and length is given in Debye lengths.
Densities are averaged over the last 1000 time steps. The plot shows only the con-
tribution from particles, omitting the contribution from surface charges on the probe.
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opposite effect, where the colliding electron orbits are destroyed and
the electrons fall toward the probe. For the rest of the simulations, the
latter effect seems to be dominating, the high rate of electrons getting
pushed out of orbit is effectively lowering the density close to the
probe. The presheath, at ~*5-10/p has the opposite behavior, with
lower values for lower collision frequencies, and higher densities as the
collision frequencies rise.

The development of the currents to the probe in time is presented
in Fig. 3. Comparing the 4.5 V (a) cases to the 7.5 V (b) cases, we see
that the overall behavior between these is the same. For the cases up to
case 6, that is, for all cases where A,/Ap > 1, the currents stabilize at
higher values as the collision frequencies rise and A, gets lower. The
development of the transient in the current slows down and stabilizes
at an enhanced value, compared to the collisionless case. The reason

le-6 currents 4.5V
0 -
- — | — 0
T g e g T 5 T s s g v, 2
_2 -
_4 -
_6 -

(a)

1e-5 currents 7.5V

1e-5
(b)

FIG. 3. Development of the currents to the simulated probe at 4.5 V cases (a) and
7.5V cases (b). The numbers 7, 6, 5, 4, 3, 2, and 0 refer to the order of magnitude
of the electron collision frequency. Values are given in Sl units. Both plots include a
10x zoomed-in area to show the differences in cases 0, 2, and 3. In order to
remove noise, an exponential moving average filter using a relaxation time of ten
time steps was applied. (Associated dataset available at htips:/doi.org/10.5281/
zen0do.5906749) (Ref. 39).
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for higher current values is the same as that for the lower densities
seen in Fig. 2—as the collision frequency rises, more particles are
knocked out of orbit and get collected by the probe.

The impact of varying the electron-neutral collision fre-
quency on the collected current can be seen in Fig. 4. In Fig. 4(a),
the currents are normalized, with I, being the zero collision fre-
quency (collisionless) current obtained from simulations. The
black dotted line indicates a 10% change with respect to the colli-
sionless case. The current ratio, see Fig. 4(b), is the ratio of the
currents at a bias value of 7.5 V to the 4.5 V simulations at differ-
ent values of 4./ /p.

The importance of current ratios is to visualize the difference in
the impact of collisions for the two different probes. If the variation in
collision frequency impacts probes at different potentials equally, the

144 =@ 7.5V
= 45V ,/'
1.3 4 /7,
%
1.2 1 0/
< /,/
4 b
=11 4#
10 B=—=m———- —-—- =
0.9
08 - T T T T
107 10° 10° 10°
/\e/AD
(@
-
1.55 R
-r"‘
1504 ®~777777 ¢
2
< 1.45 1
=
1.40 A
1.35 -
T T T T
107 10° 10° 10!
Ae//\D
(b)

FIG. 4. Comparison of single currents (a) and current ratios (b) for case with fixed
plasma parameters, but with varying collision frequency. Currents are collected at
two different positive bias values: 4.5 and 7.5 V. All values are averaged over the
last 500 time steps. The gray area shows where the mean free path has the same
order of magnitude as the Debye length. The zero collision, infinitely long mean
free path case 0 is represented by the number 6 x 107. (Associated dataset avail-
able at https://doi.org/10.5281/zenodo.5906749) (Ref. 39).
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plotted line in Fig. 4(b) should be straight. Taking the ratio of two
probes a and b using Eq. (1), we get

B
14 q(Va + Vi)
kBTe

ﬁ7
(1 N q(Vy + Vf))
kg T,

L/I = )]

which is independent of density and constant for constant values of
floating potential Vj electron temperature T,, and probe geometry f.
In these simulations, we control Vfand T., and maintain them as con-
stants, so the changes must be explained either with § which is possi-
ble since the probe has a finite length™ or as a purely collisional effect.

In both plots in Fig. 4, the x axis is log scaled using a base 10 loga-
rithm. From the normalized currents, we see that the currents increase
with increasing collision frequency (lower A,) for cases where
Ze/Ap > 1. In addition, the curve seems to follow an exponential
increase, at least for the first five points. This exponential increase sug-
gests that the change in currents linearly depends on 4.//p due to the
log scaled x axis. We will test this dependency in Secs. IV B and IV C.
For the current ratios, we observe a similar increase—suggesting that
the collisions impact the two different bias values differently. However,
the percentagewise change is small and might therefore be negligible
for the present setup. We do not know if this change will be larger for
other setups. It might also impact some analysis methods to a larger
degree, if one takes for example the difference of the squared currents.
In any case, we will include most of these differences in the correction
later.

For the case 7 current value, it is likely true that it will be lower
than at least the case 6 currents, based on the observations from Fig. 3.
Currently, we do not know if this value can be trusted, as it is likely
that when 4,/4p < 1 the plasma dynamics are no longer dominated
by electromagnetic forces. Although this in itself should not invalidate
the simulations, this point should be analyzed with care. In addition,
we highlighted the area where the mean free path has the same order
of magnitude as the Debye length in gray as an area of concern, which
needs additional analysis and verification in the future. However, the
trend makes physical sense as electrical resistance will dominate at
these higher collision frequencies. It is also consistent with a similar
process for ions.'® The point is added for consistency with the previous
plots, and future reference.

B. Dependence on plasma parameters with fixed ic//ip

As we saw in Fig. 4, there is a dependence of the collected current
on the parameter 4,/Ap. However, it might seem unclear if there are
additional dependencies on plasma parameters. In order to answer
this question, we set up an additional test. We modify two additional
simulated parameters, starting with the setup in Table II; for the first
additional case, we increase the temperature by an order of magnitude,
and for the second we increase the temperature by a factor of 10 and
the density by a factor of 5. In each case, we maintain the parameter
Ae/Ap = 60 by varying the electron collision frequency. In addition,
we rescale the simulation grid to maintain the probe size with respect
to Ap. The idea is that if we change the plasma parameters, but main-
tain all the dimensionless parameters at constant values, if there is no
dependence on other parameters, we should get the same value in
each case for I/Ip, the ratio of collisionless current to the collisional

ARTICLE scitation.org/journal/php

current. To this end, we also need to rescale the probe bias. To do this,
we use the dimensionless potential

ke,

In this case, we get a value of 1 ~ 118; for both of the new cases
to maintain a constant #, we need to increase the bias by an order of
magnitude since the temperature increases by an order.

From Table 1V, we see that the value of /I, can be considered
constant as the differences are small enough to be associated with the
simulation errors, such as the finite grid, finite time step, and limited
simulation box. For these values, the mean is 1.2216 with a small stan-
dard deviation of 0.0095; this small standard deviation supports the
fact that normalized currents are dependent only on the dimensionless
parameter A,/ Ap at a constant 7. It is important to note that since 7 is
temperature dependent, realistically, in a rocket mission as temperature
and floating potential of the spacecraft changes, 1 will also change.

n (10)

C. Quantifying the changes in currents

As mentioned previously, the currents in Fig. 3 seem to follow an
exponential curve. We will in this subsection show how we can use
these results from the simulations to fit a suitable exponential function
to the data points. This function will then give a quantifiable method
for correcting the collected currents, which could be used in post-
processed/corrected L2 data products for sounding rocket missions or
low flying orbiters.

There are several candidate functions we can fit to. We chose one
that will be suited for the low to medium collisional range, as this will
be usable for most cases in space plasmas. If we were to include higher
collision frequencies, this function would need a more complex form.
To this end, we use only the five lowest collision frequency points. The
function we chose is of the form

I/l =14 7 = 14+ 10475, (11)

where I is the collected current and I, is the zero collision current. I,
can be any successful theoretical or measured collisionless current; for
example, we may use the OML value of the current for I, then I is the
collisionally corrected OML current. 7y, is a correctional term, in this
case an exponential },,,, = 10475, The variable x is the (log,,) value
of e/ 2p. Y corr could have been the natural exponential, this would just
change the coefficients A and B. We chose to use base 10 for consis-
tency with the simulations and plots.

We perform a least squares regression where we minimize the
residual sum of squares defined as RSS = 3_, (y; — 7,)’. Here, y; are
the values from the simulations and y; are the values we get from Eq.
(11) at the same values of x = log, 4./ Ap.

In order to evaluate the quality of the fit, we use the coefficient of
determination called “R square” value, defined as R> = 1 — RSS/TSS,

TABLE IV. Normalized current values for three cases with different plasma parame-
ters, but fixed ¢/ Zp.
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TABLE V. Table of coefficients, and their residual sum of squares from the fit of Eq.
(11) to the simulation data.

A B R?
45V 0.76 —0.81 0.999 81
75V 0.72 —0.74 0.99976

where TSS = 37, (y; — 7)* and is the total sum of squares. Generally,
a higher value of R squared indicates that the fit is better, and if
R? = 1 the model perfectly describes the data. As we see from the val-
ues of R in Table V, the fit we obtain is good. Since the parameters
are found using a setup applicable to the launch of the ICI-4 sounding
rocket, using these in Eq. (11), this gives us a correction due to colli-
sions that we can apply to the ICI-4 data for the 4.5 and 7.5 V probes.
As mentioned above, the values obtained for the coefficients A and B
are based on simulations using an energy-conserving scheme for the
electron-neutral collisions. It should be noted that this assumption
might be nontrivial, and the inclusion of energy-loss during the elec-
tron-neutral collisions will likely further enhance the collected current,
which would change these coefficients to some degree.

Finally, we can apply this fitted function to the ICI-4 Langmuir
probe data. In addition, we need Ap and /.. The plasma temperature
and density are again obtained using ESR data with a resolution of
5km in the vertical direction and the neutrals’ (N,, O, and O,) tem-
perature and density are obtained with NRLMSISE-00 Model
2001,”"* and /. is calculated using collision frequencies from Ref. 36.
From this, we get a value of 1. //p at each 5km, values are interpolated
between the 5km resolution in Fig. 5(b). Note also that this calculated
Ap is not accurate within these 5 km; however, this should not make a
large impact since it is the order of magnitude that is important.

The result of the collisional correction is shown in Fig. 5(a). Both
the original uncorrected current I4 and the corrected I4, probe current
are plotted. A bandpass filtering was performed on the uncorrected
current to remove the spin from the payload and the first three har-
monics. The bandpass filtering is then effectively also applied to the

%107
0

—14
= I40

I (A)

100 120 140 160 180
Alt (km)
(@)
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corrected current through the uncorrected current. In Fig. 5(b), the
ratio of these is plotted in a similar manner as in Fig. 4. From the
I4/14y ratio, we see that the corrections are small above 120 km and
negligible above 160 km. For ICI-4, if high accuracy in the currents is
required, then it will be important to use collisional corrections on
data up to ~160 km, and under 120 km collisional corrections should
always be used. It is reasonable to assume that similar heights will be
of importance for other missions.

V. CONCLUSIONS AND FUTURE PERSPECTIVES

The results of the simulations indicate that the effect of electro-
n-neutral collisions on an electric current collected by a cylindrical
Langmuir probe, biased in the electron saturation regime, generally
leads to an enhancement in the collected current when 4./4p — 1.
With the simulation results, we could fit a function to the simulation
results for the probes biased at 4.5 and 7.5V for plasma parameters
relevant for ionospheric conditions. These two functions were consis-
tent with the simulations at ionospheric altitudes down to 100 km, at
which point additional simulations and a non-linear function for the
exponent of 7, would be needed. This method of using simulations
results for correcting experimental data is general, and it can be
deployed on a per-mission basis. We expect that the values we
obtained and used in Eq. (11) should hold for ionospheric conditions
similar to the ICI-4 sounding rocket mission presented here. However,
at present we feel that additional simulations should be run in other
missions to verify or obtain new parameters. In addition, since the
model presented here for ICI-4 is not verified outside of simulations,
experimental verification should be done in the future.

It may be possible to extract plasma parameters omitting the col-
lisional effects by taking, e.g., the ratio of two probes. If the collisions
impact the probes at the same rate, the collisional effect should disap-
pear. However, we see some evidence that this is not the case for
higher collision frequencies in Fig. 4(b). More precisely, as long as the
dependence on the dimensionless collision parameter 4./Ap does not
change with varying #, i.e., the term y,,,, in Eq. (11) appears to depend
weakly on 7. In the present study, the 1 dependence will be included
in Eq. (11) as long as the linear assumption holds, which in this case is

2

1 k
100 120 140 160 180
Alt (km)
(b)

FIG. 5. (a) Real filtered current (/4) for ICI-4 sounding rocket, and its collisionally corrected (/4,) current for the 4.5V biased probe. Figure (b) shows the ratio of real (/4) to cor-
rected (/49) currents. Plots show only the relevant range of the upleg flight in the range 85-185 km. (Associated dataset available at hiips:/doi.org/10.5281/zenodo.5647637)

(Ref. 40).
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down to ~100km from comparing Figs. 5(b) and 4(a). However,
when a linear equation [exponent of y,,, in Eq. (11)] does not hold, a
nonlinear dependence on the collisional parameter 4./ 4p and possibly
dimensionless probe voltage /7 seems to be present. A focused study on
these effects is therefore important to perform in the future.

In addition, a function that includes the very highly collisional
currents, where /.//p <1, is favorable. This area is of less practical
interest, but it would nevertheless be instructive to include it in a gen-
eralized function. We would also like to do a study on the kinetic
effects, i.e., how the electron distribution close to the probe changes in
phase-space in the medium-to-high collisional range with respect to
the collisionless case. We expect that there will be some differences,
and that these will help to explain the mechanism of the enhanced col-
lisional currents.

The results presented here should be relevant for any data analy-
sis done on Langmuir probe currents from a collisional plasma in the
electron saturation region. It is especially important to track the
parameter Z./Ap and know the limits of when collisionless theory is
valid. This applies to both previous and future missions in the E-
region, in addition to special cases like complex plasmas in a cometary
tail or outgassing from a planet or moon, where neutral densities can
be relatively high. It is our hope that this article will highlight the
importance of a special treatment needed for such cases.
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