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We investigate the effects of different guard geometries on the currents to needle-type
Langmuir probes. The results are based on particle-in-cell numerical simulations. We
show that if the guard length is less than 6—-8 Debye lengths there can be a significant
effect on the currents to the probe. A guard radius should not be larger than the Debye
length, otherwise it can also significantly affect the currents. However, since guard radii
are often close to the probe radius, the second condition is usually satisfied.
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1. Introduction

Current—voltage (/-V) characteristics of electrically conducting surfaces in isotropic
plasmas were first discussed by Irvin Langmuir Mott-Smith & Langmuir (1926) with the
so-called orbital motion limited (OML) theory. Derivations for ideal planar, spherical
and cylindrical electric probes in plasma were done, and such probes are nowadays
collectively referred to as Langmuir probes. The Langmuir probe theory was later refined
by Laframboise (1966) with such additions as a finite radius of the probe. In space and
ionospheric plasma experiments, both spherical and cylindrical probes are commonly
used. Langmuir probes have seen a widespread usage both outside the ionosphere, with,
e.g., the Rosetta mission, and inside the ionosphere with orbital missions such as Freya,
Swarm, Cluster and Norsat-1 (Holback et al. 1994; Gustafsson et al. 1997; Eriksson
et al. 2007; Buchert et al. 2014; Hoang et al. 2018). In addition, Langmuir probes have
been deployed in many sub-orbital sounding rocket missions, such as the ICI 1, 2 and 4
rockets or the ECOMA campaign (Bekkeng et al. 2010; Jacobsen et al. 2010; Bekkeng
et al. 2013). The Debye length in the ionosphere ranges from a fraction of a millimetre to
centimetres, and it is difficult to manufacture such a small spherical probe that will fulfill
the OML assumptions and will collect currents with acceptable signal-to-noise levels.
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Thus, cylindrical probes with very small radii are often used. Such small cylindrical probes
are often called needle-type probes (Hoang et al. 2018).

When a Langmuir probe has a high enough bias voltage, it will collect only charges of a
single (opposite) sign. This regime of the probe bias is called saturation. In the ionosphere
and space plasma, for a sufficiently high positive bias voltage, only electrons will be
collected. Note that if there are different ion species, including negative ions, they will
also contribute to the currents in the electron saturation regime. However, in the following
we consider probes at a high positive bias, and consider only electrons to be collected in
this regime, which is the usual condition in the ionosphere.

For a cylindrical Langmuir probe p in the saturation regime at a voltage V with respect
to the background, the collected current due to species « is approximately given by

Laframboise (1966)
Lo =InoK 1+q°‘V ' (1.D)
p,@ th,a kBTa ) .

where kg, g4, T, are the Boltzmann constant and the charge and temperature of the
species, respectively, K is a constant depending on the probe shape with K = 2/4/m for a
cylindrical probe, 1y, , = n,qS/ksT,/27m, is the thermal current due to random particle
motion through a surface S if the surface and plasma are at the same electric potential and
ng, My are the species’ number density and mass.

Several assumptions are made in the OML theory for the derivation of (1.1), such as the
probe being very long, and the probe radius being very small with respect to the Debye
length. Since the B parameter of (1.1) is 1 for a spherical probe, and 0.5 for an infinitely
long cylindrical probe, it is assumed that the real effects of both of these assumptions
can be captured in the B parameter, with a value approaching 1 as the probe gets shorter
(Laframboise 1966; Marholm & Marchand 2020). This was also recently shown to hold
true empirically using kinetic numerical simulations by Marholm & Marchand (2020).

Several high-quality corrections have been made to the OML theory recently that are
regression based, using nonlinear functions such as radial basis functions (RBFs) or
feed-forward neural networks (Olowookere & Marchand 2021; Liu er al. 2023). These
methods can be used to infer plasma parameters such as temperature or density from
simulations using the regression model as a ‘black box’. A high degree of complexity
can be included, although a complete understanding of the physics is not available. This
is possible for specific use cases, for example, by limiting the model to a specific probe
geometry, which adds a powerful tool to a specific space mission (Liu ef al. 2023). In
some cases it is also possible to use such methods to construct a more general function,
which is more widely applicable (Marholm & Marchand 2020). However, as of now for
such general functions, some assumptions need to be made. It is not clear how much these
assumptions affect probe measurements. Therefore, in this work we investigate the effect
of the two geometrical assumptions commonly made on the guard length and guard radius.

It is quite common in the design of needle Langmuir probes to accept guard lengths
as short as 1-2 Debye lengths (Hoang et al. 2018). Recent results have shown that
the end-effects can reach much longer than one or two shielding lengths, giving some
motivation for testing the common 1-2 Debye lengths assumption (Marholm & Marchand
2020). In addition, seldom is the guard radius of particular interest in needle Langmuir
probe design, although it is quite reasonable to assume there are some changes in the
probe current when a larger current collector is right next to it. To the best of the authors’
knowledge, these assumptions have never been tested properly. In this article, we address
this issue, so that previous and upcoming probe designs can get substantive information to
base their designs upon.
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It is useful for the discussion to understand how the model function is derived for the
finite-length (FL) theory (see Marholm & Marchand 2020). The Marholm—Marchand
model (FL) includes the finite-length end-effects of a cylindrical probe, removing the
infinite length probe assumption that was made in the OML theory (Marholm & Marchand
2020). We therefore briefly review it here.

The main idea is that the problem can be described completely by a function
that includes all physical parameters that can have an effect. Introducing independent
dimensionless variables we can write a relationship between the parameters. The problem
can then be reduced by Buckingham’s m theorem to yield a function of the form

(Buckingham 1914)
i —qV [
g(i av oz 1or n,pD): , (12)

where /iy, —qV /kgT are the normalised current and the probe bias potential, z/Ap is the
position on the probe, [/ Ap, r/Ap are the probe length and radius, respectively, and nd3 is
the plasma parameter. We use the Debye length Ap to normalise the parameters in length.
We omit any subscript for the radius r initially since we consider a single free-floating
cylinder. At this point some assumptions are made that reduce the dimensionality of the
problem further.

First, it is assumed that the probe is thin r/Ap — 0: this is a usual assumption for the
Langmuir probes, and it is often stated as r/Ap < 1 (see Laframboise 1966). Second, it is
assumed that plasma is weakly coupled i.e. nd3 >> 1, which is also a common assumption.
The last two arguments of (1.2) can therefore be disregarded, and the equation can be
inverted with respect to the first argument to yield

. . z I —qV
i(z) = ing /l_; T ) (1.3)
p Ap kg

Equation (1.3) is for the collected current density at position z on the probe, and the total
probe current is then the integral of i(z) over the whole surface of the probe. The parameter
space, which the simulations need to span is the length of the probe and the probe potential.
A Python library using local polynomial regression to make a nonlinear fit of the profile
function g was made available by Marholm (2019), and the resulting profile functions
and corrected currents are available in the Langmuir library (Marholm & Darian 2021).
The g functions in the library were constructed from the simulation made by Marholm &
Marchand (2019) as a part of the work by Marholm & Marchand (2020).

Figure 1(a) is adopted from Marholm & Marchand (2020), and together with figure 1(b),
it shows the assumed probe and guard geometry used in this work. In figure 1(a) we use
the same geometry as Marholm & Marchand (2020), with the addition of a bootstrapped
section, also called a spacecraft bus, carrier or boom, on the left side. In this geometry
the probe radius and guard radius are the same. In fact, the simulations run in the
Marholm—Marchand paper are of a free-floating cylinder, and the guard is imposed by
removing a section of the profile function g. It is therefore implicitly assumed that the
guard radius has no effect on the probe current. In reality the boom—guard—probe geometry
is more complex, and while the removed section of the profile function currently removes
one of the end points which typically leads to an increase in the current, a boom will
likely lower the current to the same section. In addition, practically the boom—guard—probe
system usually needs a guard with a larger radius (Bekkeng ef al. 2010), which is illustrated
in figure 1(b), and which likely also affects the currents to the probe. If we where to include
one of these additional parameters, for example the guard radius (and even the normalised
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FIGURE 1. Assumed geometry of the needle Langmuir probe and guard in the FL library
Marholm & Darian (2021) (a) including a carrier (boom), compared with a more realistic
geometry (b) including a guard with a larger radius R,. The current [i(z)| curve represents the
collected current density on the probe surface as a function of distance z. The dotted part of the
li(z)| curve in (b) represents the region where the current density inferred from the FL library is
uncertain due to the presence of a guard and boom. In addition, we marked the guard length L.

guard length L,/Ap), (1.3) must be extended

. . Z Rg l _qv
i(z) = iomLg /l_; /l_’ /l_’ wT )
D Ap Ap Kp

(1.4)

where R, /Ap is the normalised guard radius.

It is roughly enough to use 10 data points per dimension to sufficiently describe (1.3)
in the range of typical values used in space plasma according to Marholm & Marchand
(2020). Therefore, the number of simulations needed to span the two dimensions in (1.3)
is 10 x 10 = 100. If we were to add one parameter, for example the radius of the guard,
and this parameter also needed 10 data points, the total number of simulations needed
would increase to 10 x 10 x 10 = 1000. Although this is a large number of simulations,
it is not impossible, but for this to be worth the effort, the added parameter should have a
significant effect on the probe current.

2. Particle-in-cell simulations
2.1. Numerical approach

For all simulations in the present work we use PTetra which is a parallelised 3D
particle-in-cell (PIC) simulator (Marchand 2012; Marchand & Resendiz Lira 2017). PTetra
is a good choice of simulator to use due to the unstructured grid, giving us a high spatial
resolution close to the simulated objects such as probe and guard. In addition, PTetra tracks
the current through each surface cell, such that we can get localised currents at discrete
points along a simulated surface, and not only the total current to that surface, giving us
more information about the current distribution.

2.2. Simulation set-up

We have designed numerical experiments so that each simulation has the same inner
resolution of 0.0564p and initially use 50 x 10° simulation particles, or so-called
super-particles. In every simulation the plasma parameters are 7. = 0.1 eV, and n, = n; =
1 x 10" m~3. This gives the Debye length of 7.4 mm. We also set the shortest length
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from the simulation outer boundary to any other simulated surface to be 154p. As in
the Marholm & Marchand model, plasma is assumed to be stationary. To speed up the
simulations a usual technique is to use a modified ion mass, and we use m; = 114m.. We
set a sufficiently high positive bias on the probe and guard, so that the attracted species are
the electrons. We also set the probe bias voltage equal to the guard voltage. The currents
to the probe do not depend on the ion mass with negligible contributions from the repelled
ions, as long as we are in the electron saturation regime, i.e. the probe bias is sufficiently
large (Marholm & Marchand 2020). This is the case for all probe bias voltages considered
in this study. The simulations are then run for 1 x 1073, or 2.7 ion plasma periods, which
is sufficiently long to reach a steady state. To understand the effects of different parts of
the Langmuir probe, we split up the geometry and run one set of simulations where we
isolate the effects of a charged boom, with varying the guard length L,. Then we run a
second set of simulations where we omit the boom and simulate only the probe and guard,
with varying guard radius R,.

A summary of the parameters for the main set of experiments is listed in table 1. For
the first experiment we let L, vary, and we run the simulations for two probe voltages.
In this experiment we use the geometry as in figure 1(a) where R, = R,. In reality, the
probe and guard will be attached to some surface. This is typically a boom, which has the
same floating potential as the main spacecraft body. Spacecraft charge can be calculated
by considering the current contributions of different species (Garrett 1981; Whipple 1981).
To calculate some typical values of spacecraft potentials ¥, in the low Earth orbit (LEO)
we can use the equation given by Anderson (2012)

In — 2.1

lpsc = - Aj

keT. A.[ kT, 7'?
2mmev2,

where the fraction of surface accessible to the electrons with respect to ions is given
by A./A;, and the spacecraft speed relative to the background plasma is given by vy..
Using typical plasma values, the most realistic values of the spacecraft voltages range
from ~—0.3 V to —0.6 V. It is also noted that spacecraft in LEO rarely experience
potentials of more than a few volts negative, which is also supported by observational
data (Anderson et al. 1994; Anderson 2012). However, there are a few examples of
high charging events where potentials can exceed 100 V negative (Gussenhoven et al.
1985; Eriksson & Wahlund 2006; Anderson 2012). This is valid for low background
plasma density and high flux of precipitating electrons inside the auroral arc. In these
cases the electron distributions are likely to be a two-component Maxwellian (Yeh &
Gussenhoven 1987). We do not complicate the simulations with adding high-energy
precipitating particles at this stage. We therefore use two voltages for the spacecraft/boom
in the simulations: we first consider a realistic boom voltage of —0.5 V and, then, a slightly
more negative value at —2 V, which are both representative of boom (or spacecraft)
voltages in the ionosphere. Due to limited amount of computational resources, we select
the most important parameters to vary. Thus, the guard length L, is varied while the probe
length is maintained at L, = 104p. We assume that the boom radius is large and set it
to 10Ap. Thus, in this experiment the changes we observe will be attributed to the guard
length. We repeat the same process for two different probe radii of 0.14p and 0.51p, and
later refer to these as ‘small probe’ and ‘large probe’, and run each configuration for the
probe bias voltage of 1 V and 5 V. This gives us 56 simulations in the first numerical
experiment.

For the second numerical experiment, we use the geometry as in figure 1(b), where
the boom is blurred to show that it is removed from the simulations. We remove the
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D Vp Re/Ry L Vo
la:R,=0.11p  [L5]V 1 [12,34,5710] p  [L5]V
1b:R,=051p  [L5]V 1 [12,34,57101 &p  [L5]V
2a:Ry=0.11p [L510]V  [2,3458,16] 10 Ap N/A
2b: Ry =0.51p  [1510]V  [2,34,58,16] 10 Ap N/A

TABLE 1. Summary of parameters for two main numerical experiments.

boom to isolate the effects of having a guard radius that is different from that of the
probe. We therefore vary R, while keeping R, fixed. We reuse the small and large probe
with radius of 0.14p and 0.54p, with probe and guard length of L, = L, = 104p. In
Buckingham’s 7 theorem we can choose a dimensionless parameter for R,, however one
may find a better choice, where the two candidates are R,/R,, and R,/ Ap. To investigate
this we set R, /R, = 2, 3,4, 5, 8, 16 for both the large and small probe. If R, /R, is a better
parameter to consider, the curves should be quite similar. Although we cannot eliminate
the parameter altogether, if the curves are similar, then the behaviour of the parameter
in the function derived using Buckingham’s m theorem gets simpler. In regression tasks
in the future, this simplicity will likely mean that we can reduce the number of data
points needed in the dimension of R,/R, or R,/Ap. We also run all configurations for
three probe bias voltages of 1 V, 5 V and 10 V. The total number of simulations is
36 for this set-up, bringing the overall number of simulations for the whole project
up to 92.

In the next section, we compare the currents from the present simulations with the
Marholm—Marchand model (Marholm & Marchand 2020). To do this we first want
to validate, and get an estimate of the error, for the currents in the present set-up
with respect to the Marholm—Marchand model. The Langmuir library developed for the
Marholm—Marchand model was constructed using a single cylinder (Marholm & Darian
2021). For that cylinder, the total current / is an integral of the profile function i(z) which
is the current as a function of length along the whole length of the probe. However,
since the probe current i(z) is a function of length for that cylindrical probe, defining
the probe to be the part of the cylinder, for example, from O to Z/2 for a cylinder of
length Z, the current [ is readily available integrating over only the part of the probe
from O to Z/2. This is effectively the same as splitting the cylinder into two separate
simulated surfaces at Z/2, a probe and a guard in the simulator, and considering only
the probe, defined as the surface starting at 0. These two will therefore give the same
total current /. In order to verify that this is correct and to get an estimate of the errors
for the large and small probe, we ran simulations with R, = R,,, and L, = L, = 104p.
That means that in the simulations we define two cylinders of the same radius, and then
compare with the Langmuir library, which is based on simulations of a single cylinder,
where we set the probe length, and guard length equal to 104y such that the library does
an integration over only the 104p that correspond to the probe. For the small probe R, =
0.14p the relative errors in per cent with respect to FL, at the three chosen voltages are
[—3.52, —1.64, —0.08], and for the large probe R, = 0.51p, the relative errors in per cent
are [6.64, 7.86, 9.45]. We see that the large probe has the largest error, and it is generally a
positive change, meaning that we collect a larger current to the probe than predicted with
the Langmuir model. We should keep these errors in mind when evaluating the results
later on.
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3. Results
3.1. Guard length

The probe currents obtained in the first numerical experiment with set-up ID 1 from table 1
are shown in figure 2, with panel (a) including currents for the small probe (ID 1a), and
panel (b) including currents for the large probe (ID 1b). The panels include both thermally
charged boom (blue, yellow), and higher charged boom (green, red). The only parameter
being varied here is L,. It is reasonable to assume the current values to converge towards
the current given by the FL theory. Convergence does not seem to have been exactly
reached within the considered parameter space, although, it is in quantitative agreement
and within 10 %. Similar to the FL theory, the probe needs to be 101, before the current
i(z) 1s close to the OML current at the probe center, but the probe needs to be >>104p
before OML is a good approximation for the total current (Marholm & Marchand 2020).
It does look like the currents will continue to converge towards the FL theory at some
guard length longer than the 104p chosen here, at least for the case of a small probe.
The larger radius for the large probe might be large enough that it contributes to a small
deviation from FL theory. The curves gather and flatten out in both cases around 6-8A1p,
we therefore deem this to be the length needed for a reasonable degree of convergence, and
the length needed for the probes to have a small effect from the boom. For the boom to have
zero effect on the probe, the guard needs to be longer than at least 101p, since the curves
have not flattened out completely even at 101p. We also see that for the common usage of
a guard of 2-31p, the error from the charged boom will likely be significant. In addition,
we can generally state that when the guard is short, the currents are significantly lowered
due to the density depletion in the vicinity of the boom. This is therefore in agreement
with previous assumptions that a long enough guard leads to minimal effect on currents.
However, what is not in agreement is the scale length of the effect.

Another notable effect is that the currents are larger in some cases, with a visible peak at
L,/ Ap = 3 for the large probe with a thermal charging of the boom. A smaller local peak
is seen at L, /Ap = 4 for the small probe. This shift in position suggests that this effect is
at least dependent on R, in addition to L,. This is counterintuitive, as one would expect the
boom to only reduce the currents to a certain degree as it has opposite polarity. This might
be different for ion collection since then both boom and probe are normally negatively
charged.

For the second experiment we have gathered all simulated currents in figure 3. While
we compare results with the FL theory here, we should not expect the currents to coincide
with the FL currents since the FL theory is applicable for the ‘ideal’ theory, where it is
assumed that R, = R,,. In this experiment the boom is removed from the simulations, and
the only varying parameter is R,. The simulation parameters are summarised in table 1
with set-up ID 2. In figure 3, panel (a) is again for the small probe, whereas panel (b) is
for the large probe. The two panels do not follow the same trend, indicating that R, /R,
is not the best choice of parameter for the dimensionless set of variables. However, we
observe a peak for the currents in both panels. In dimensions of Ap this is at R, = 0.81p
for the small probe, and R, = 1.54p, for the large probe. This is quite close considering
the resolution of 0.54p for the large probe. This, instead, suggests that R,/Ap is a better
choice for dimensionless parameter to use. By using R;/Ap we also avoid issues in the
mathematical model when assuming that R, — 0.

It is clear from figure 3, that the currents behave quite differently at high and low probe
voltages. For a small probe, in panel (a) for the 1 V curve we observe a clear negative trend
as the guard radius increases. This makes sense as a larger object collecting particles in
the vicinity of the probe leaves fewer particles for the probe to collect. However, for both
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FIGURE 2. Normalised currents collected by the probe as a function of the guard length. The
plots include one data point for each of the simulations listed in table 1 with the simulation ID 1.
The guard length L, is treated as a variable, and the four lines per panel correspond to the four
possible configurations of the remaining parameters. The plot shows the ratio //Irr, where [ is
computed from the simulations, and Igy, is the current obtained from the FL model. Panel (a)
contains data for the small probe with probe radius R, = 0.14p, and panel (b) contains data for
the large probe with Ry, = 0.51p.

(a) ®)
Rp = OlAD
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Ry/Rp Ry/Rp
FIGURE 3. Normalised total currents as a function of the guard length for the second numerical
experiment with the simulation ID 2 and parameters listed in table 1. The parameter Ry/R,
is treated as a variable, and the three lines in each panel correspond to the three probe biases
simulated. The probe current is normalised //Ir;., where Iy is the current obtained from the FL
theory. Panel (a) shows results for the small probe with probe radius R, = 0.14p, and panel (b)
shows results for the large probe with R, = 0.54p.
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the 5V and 10 V curves we see a peak in the curves, indicating that the guard increases
the current to the probe at certain guard radii. This also seems to be true for the large
probe, although it is less clear as there is only one simulated sample point before the
peak. For the large probe the effect is quite significant when varying the ratio R,/R,,.
However, significant values for change in current to the probe of greater than 10 % occur
for R, Z 41p.

3.2. Guard radius

The peaks in the currents seen in figure 3 can be further analysed by considering the
currents as a function of position on the probe (i.e. i = i(z)), similarly to what has been
done by Marholm & Marchand (2020). Similar to what we did in § 3.1, it would be ideal
to compare the regression curves for i(z) from the present simulations to the i(z) curves
obtained from the global regression in the FL theory, which are readily available in the
Langmuir library (Marholm & Marchand 2020; Marholm & Darian 2021). However, since
the changes in current observed in the present simulations are in some cases quite small, it
might be misleading to make this comparison as it would be difficult to discern the source
of the observed changes when the changes are smaller than the error with respect to the
verification simulations. Therefore, we use the verification simulations as a comparison,
and use the same local regression technique as in the FL library on the verification
simulations and the simulations with ID 2 presented in table 1. The regression on the
verification simulations are performed with the same method as the local regressions in
the FL library, however, comparing regressions from verification simulations to R, /R,
simulations will not include the small errors due to the global regression, assumptions on
geometry, etc.

For this analysis, we selected 10-V-current curves from figure 3 and present the
corresponding i(z) regression curves in figure 4. The probe tip is set at z = 0, and the probe
is attached to the guard at z = 104p. The small probe i(z) results are shown in panels (a,c),
and the results for the large probe are shown in panels (b,d). The upper panels show the
normalised current with respect to the OML current, i(z) /iom (2). To differentiate between
the effect of changing the guard radius and the finite length effects we also show in the
lower panels the percentage error between R, = R, curves and the R, # R, curves as a
function of z. In general, on the guard side the currents are lowered. This is followed by
a relative current error increase towards the tip of the probe, although not at the tip, but
at 2-4Ap from the probe tip, and finally another drop in relative current error at the probe
tip. The drop is with respect to the FL current, and is thus an increase with respect to the
OML current, according to the FL library. Integrating over the i(z) curves in figure 4 gives
the total probe currents we see in figure 3. For small R,, or lower values in figure 4(a,c)
R, = 0.2-0.3R,, the peak in relative current is still lower than the comparison current
R, = R, in addition to the generally lower currents close to the guard. This means that an
integral over this current will lead to a lowered current with respect to the FL current. For
large R, = 0.8—1.6R,, this peak is large and wide, such that an integral over this curve will
give a slightly larger current with respect to the FL current. For the intermediate values of
R, we see that there are indeed changes in the currents. However, the maxima and minima
in the currents roughly cancel each other after integrating, leading to an overall negligible
change in the total current to the probe. For large values of R, the larger values in 4(b,d),
there is a more significant lowering of the current. However, this effect is along the whole
probe, and it is most significant at the opposite end of the guard.

The aforementioned area of positive error in the R, = 1.54p (yellow) curve in
figure 4(b,d) is indeed interesting. In contrast to this area of the probe, the area closest
to the guard, between the lower values of R, in figure 4(b,d) to the larger values of R,
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FIGURE 4. Normalised currents per unit length i(z) as a function of position z along the probe
for the second numerical experiment (a,b). There is one current curve shown for each simulated
value of Ry. Values for the small probe R, = 0.14p are to the left (a,c), and values for the large
probe R, = 0.5 are to the right (b,d). All legends in (a,b) are given in units of Ap. Panels (c,d)
show the percentage change ie;; with respect to the R, = R, curve (i.e. the FL current).

in figure 4(a,c) suggest that the guard’s effect on the probe is opposite for the small and
large guard in this range of parameters. The idea that the larger guard will serve as a
sink of particles, leading to an overall lowering of the probe currents in its vicinity, is in
opposition to this result. Therefore, other sheath effects must play an important role in this
case.

3.3. Guard radius effects on the sheath density

To look closer at the effects of the guard on the probe currents, in figure 5 we plot slices
of charge density and potential around the probe and guard from the same simulations as
in figure 4(a,c), i.e. for the small probe biased at 10 V and for varying guard radius. The
guard radius increases in each panel from 0.24p (upper left panel) to 1.64p (lower right
panel), and each panel is split in two along the center of the probe in the z direction running
the length of the probe. The left half shows the averaged charge density, and the right half
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FIGURE 5. Slices in the normalised x—z directions of the average charge density pave, and
average electric potential ¢,ys in the vicinity of the probe and guard. The simulations selected

are from the small probe R, = 0.14p case. The colour bar refers to paye in units of C m73.

shows the averaged electric potential. The time-averaging follows the averaging scheme
given by Marchand (2012) with the relaxation time of 1 ws. The added colour bar shows
the colour map for the charge density. We omit the colour bar for the electric potential as
this goes from 0 to 10 V since the probe is biased at 10 V.

Figure 5 shows the changes in the density sheath and electric potential as the guard
radius is varied. For the charge density, an area of density depletion gets wider close to the
probe with the width of the depletion area roughly equal to the guard radius. At transition,
which in the present case is close to R, = 0.81p, the depletion area is overtaken by a
density cone shape stemming from the tip of the probe. It is not clear currently if this cone
shape is at the tip because the tip happened to be at 101p, or if it will always be at the
tip of the probe. It does seem however that the peak in currents observed in figure 4 at
2—41p can be explained by the formation of this cone, as the peaks are located right on the
inner edge of the cone structure. A possible explanation as to how the cone forms can be
seen from taking into account the electric potential. In the fourth panel, for R, = 0.51p,
it seems that particles travel from the edge of the guard towards the probe. Most of these
particles are trapped in the potential well of the guard, and will follow the equipotential
lines that are pointing slightly in the direction of the probe (radially inwards) in the area
between 5-104p in this case. This gives a small number of particles the additional radial
energy needed to overcome the trapping potential.

In figure 4(a,c) the smallest guard radius R, = 0.24p has a slightly lower current along
the whole probe, which might be explained by the density depletion gap close to the probe
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seen for the smaller values of R, in figure 5. For these small values, the depletion leads
to the lowering of the currents, and the funnelling effect discussed is not large enough to
contribute to the current increase at any point.

4. Discussion

The currents in the upper panels of figure 4 include the FL end-effect resulting in an
increased current, which is seen as a peak in the current towards the tip of the probe. The
FL current peak is in this case 4 times larger (300 %) than the OML current. In present
simulations, the largest change seen as a result of changing the guard radius is 40 % as long
as R, < Ap, so the FL end-effect dominates in all the cases considered. However, since we
only simulate probes with a probe length L, = 104p, and we see that there are changes in
the current along the whole probe it is possible that there exists some configuration where
the FL end-effect and the effect of varying R, can contribute to the error on an equal
scale. In addition, it seems likely that the cone shape observed at the probe tip appeared
at the tip because the tip happens to be at 104p. The present set-up, where we assumed
the probe length to have a minimal effect as long as the probe is sufficiently long for the
change in the end-effects (including varying R,) to be negligible, leaves room for further
investigations and a follow-up study that includes a varying probe length in addition to the
varying guard radius.

As mentioned earlier, it seems that R,/Ap is the best parameter to use for a model using
the Buckingham’s m theorem. However, the differences between the small probe and large
probe do not seem to be negligible, and therefore R, may also need to be included in the
dimensionless set of variables when doing a regression. The initial assumption that R, is
small with respect to Ap may no longer be valid for the R, = 0.54p probe. This is supported
by results in figure 3 where we see that (for relatively small guard radii) the currents for
the small probe are all within a 5-7 % band, which is likely within the simulation error,
whereas the errors for the large probe are >10 %. It is likely that R, = 0.54p, is the limit
of this assumption, and for R, < 0.51p, R, can be neglected, however, for R, > 0.51p,
R, should be included. In addition, evaluating the changes for a large R,, if we take for
example R, = 1.64p (brown) curve from 4a,c), and R, = 1.5 (yellow) curve from 4b,d),
these two curves should be nearly equal if there were no dependence on R,,. For these
curves we see a 20 % difference in the current errors at the tip of the probe. There is also
an area of negative error for the small probe closer to the guard, while the large probe is
positive in the same area. In addition, as seen in figure 3 when integrating over the two
curves the difference is 10 % (R,/R, = 16 from panel (a) vs Ry/R, = 3 from panel (b)).
Therefore, the differences also seem to appear for higher values of R,.

As a final example we could evaluate the applicability of these results to a real world
scenario. We could for example consider the m-NLP system, which uses a probe with
R, = 0.25 mm (diameter of 0.5 mm) and L, = 25 mm. For the guard the radius R, = 1 mm
(diameter of 2 mm), and guard length is L, = 15 mm. We include also a quote on the
m-NLP design by Hoang et al. (2018): “The probes were designed to be much smaller
than the Debye length of a few to tens of millimeter for common ionospheric plasma
conditions’. With the Debye length of tens of millimetres the guard will be close to one
Debye length or shorter. In the present numerical set-up the m-NLP probes will have a
probe length of 3.64p, a guard length of 2.21p, and a guard radius of ~0.11p. With these
numbers we can see that the guard length will likely lead to significant errors. In addition,
the design being for a few to tens of millimetres, and the usual assumption of L, = 1-21p
should not be considered sufficient. However, based on the limited present results, the
small R, and small difference in R, /R, likely do not contribute to a significant source of
error.
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5. Conclusions

For the first numerical experiment, where we considered a varying guard length and
included a boom, we can summarise the results as follows. In order for the boom to have
a small effect on the probe current, the guard needs to be 6-81p long. For a zero effect,
the guard needs to be longer (or much longer) than 101p. As mentioned earlier, to include
the parameter L,/Ap in an empirical model we will need up to 1000 simulations. This is
not impossible, but expensive computationally considering that the problem can be mostly
avoided by enforcing the requirement on the guard length of 6-84p long. However, it may
be important in a study where new data are compared with older data if these data were
taken with a probe design where only a guard length of 24p was used as the requirement
for the shortest Ap in its operating range.

For the second numerical experiment, a zero effect on the total current to the probe is
only possible for R, = R,, and this is often practically impossible. However, the effect is
small enough that it should not be the major source of error. Again, including R, as a
parameter in an empirical model is possible, but computationally expensive. We therefore
need justification for this to be necessary. However, this justification may not be strong as
R, usually has a small effect on the total probe current. However, this is only true as long
as the guard radius is not too large with respect to the Debye length. This is usually the
case for most of the needle Langmuir probes, however, it is a good practice to explicitly
check this condition when using data from a particular probe system.
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