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Abstract

This paper presents a simulation study of the wake formation behind a Langmuir probe thinner than the Debye Length in the space
environments such as the ionosphere’s F region. We find that the wakes formed in plasma density and electric potential behind the pos-
itively biased probe can extend up to 15 Debye lengths in the subsonic plasma flow. Higher electric bias and flow velocity can further
enhance the plasma wake perturbations. With an external magnetic field parallel to the object’s axis, the plasma wake becomes asym-
metric and more extensive than for the unmagnetized case. The wing structures in the electron and ion densities are also observed along
the background magnetic field in the case of subsonic plasma flow. The quantitative results in this paper may provide a practical refer-
ence for data processing and the future design of the Langmuir probe instrument flying in the F region on such as sounding rockets and
low Earth orbit (LEO) satellite missions. In particular, since the Langmuir probe instrument may comprise two or more biased Debye-
scale Langmuir probes, the plasma wake formed behind a single probe may influence the measurements from other instruments onboard.
� 2021 COSPAR. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).
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1. Introduction

Space plasma research has utilized ground-based obser-
vation and in-situ measurements for the exploration of the
Sun-Earth environment. For the in-situ measurements,
instrument-carrying rockets and satellites are designed to
conduct experiments along the spacecraft’s trajectory.
Among these in-situ missions, it is widespread to employ
Langmuir probes for the density and temperature measure-
ments (e.g. Jacobsen et al., 2010; Fowler et al., 2015;
Shebanits et al., 2020; Chernyshov et al., 2020). As a biased
conductor, the Langmuir probe collects an amount of
charged particles that depends on the voltage and result
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into the so-called current–voltage characteristic. The char-
acteristic can be derived analytically from the Orbital
Motion-Limited (OML) theory (Mott-Smith and
Langmuir, 1926).

Operating classical Langmuir probes requires sweeping
the bias voltages from the ion saturation region to the elec-
tron saturation region. Based on the shape of the obtained
current–voltage characteristics (slopes and intersections,
for example), we can infer physical parameters such as
ion density, electron density, and electron temperature
(Mott-Smith and Langmuir, 1926). The so-called multi-
needle Langmuir probe (m-NLP) instrument consists of
two or more fixed-bias cylindrical Langmuir probes
(Bekkeng et al., 2010; Jacobsen et al., 2010) that are small
compared to the Debye length. In particular, based on the
OML theory, the current Ip collected by small fixed-bias
cylindrical probes can be written as
ommons.org/licenses/by-nc-nd/4.0/).
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where V 0p is the fixed bias with respect to the spacecraft,
and V 0 is the unknown floating potential with respect to
the ambient plasma (Mott-Smith and Langmuir, 1926;
Hoang et al., 2018). A is the surface area of the probes.
With the collected current IP1 and IP2 by the probes with
different biases V 01 and V 02, respectively, we can eliminate
the unknown V 0 and electron temperature T e and infer the
electron density by

n2e ¼
p2me

2A2e3
I2P2 � I2P1
V 02 � V 01

� �
: ð2Þ

The advantage of the m-NLP system is that it can provide
electron density measurements with a high sampling rate
(� kHz) since it does not require sweeping over different
voltages (Bekkeng et al., 2010; Jacobsen et al., 2010). The
m-NLP instrument thus becomes an appropriate option
to acquire high-resolution electron density data (Jacobsen
et al., 2010). This is useful for instance for the Investigation
of Cusp Irregularities (ICI) missions, consisting of a series
of sounding rocket experiments designed to study the irreg-
ularities and turbulence in the high latitude F region iono-
sphere (Moen et al., 2013). With the same consideration,
the m-NLP system was also included on other sounding
rockets such as ECOMA (e.g. Bekkeng et al., 2013), ICI-
3 (e.g. Spicher et al., 2016), MAXIDUSTY (Antonsen
et al., 2019), the ones from the Grand Challenge Initiative
CUSP (Moen et al., 2018), and on satellites such as
NorSat-1 (Hoang et al., 2018) or cubesats (Hoang et al.,
2019).

However, a traveling object can disturb the local plasma
environment. The interaction between the moving object
and its surrounding plasma can lead to a plasma wake in
the downstream region (Al’pert et al., 1966; Gurevich
et al., 1969; Liu, 1969; Whipple, 1981; Samir et al., 1983;
Wang and Hastings, 1992; Hutchinson, 2012; Deca et al.,
2013; Toledo-Redondo et al., 2019). The wake can poten-
tially lead to measurement errors (Rylina et al., 2002;
Roussel and Berthelier, 2004; Engwall et al., 2006;
Eriksson et al., 2006; Miyake et al., 2013). It is rational
to expect that the main rocket or spacecraft body will cause
the primary disturbance (Hastings, 1995; Endo et al.,
2015). For instance, in such ICI missions, which employ
sounding rockets for the in-situ measurement in the F
region of Earth’s ionosphere, spacecraft (here means the
main rocket body) charging and wake formation issues
thus become one primary concern for the experiments.
The past studies have shown that the interaction between
the main rocket body and ionospheric plasma will reach
equilibrium after several plasma periods (Darian et al.,
2017). The rocket will typically become negatively charged
(� �1 V in the equilibrium), and the plasma wakes behind
the rocket can extend to 30 Debye lengths (20–30 cm in the
ionospheric F-region plasma) (Darian et al., 2017). Mean-
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while, by considering the wake potential behind the spin-
ning rocket, the inferred wake modulation filter can
significantly improve data quality (Paulsson et al., 2018).
Besides the main rocket body, since the Langmuir probes
are often mounted on a boom, it is also essential to con-
sider the charging effects and the plasma disturbance in
the vicinity of the boom (Paulsson et al., 2019). Note that,
even though it is possible to analyze these plasma–object
interaction problems theoretically under a simplified and
idealized condition, numerical simulations can provide
new insight with fewer assumptions and flexible set up
(Marholm et al., 2019; Marholm and Marchand, 2020).

To be able to correctly interpret in-situ data, it is essen-
tial to understand the impact of plasma-probe interactions
on the measurements. This comprises the effect of the large-
scale objects above-mentioned, and the one associated
smaller objects such as the Langmuir probes themselves.
In the present paper, we investigate the importance of the
latter, with particular emphasis on wake formation behind
single small cylindrical Langmuir probes in flowing iono-
spheric plasmas. We will also discuss how far such probes
should be placed from each other to avoid plasma measure-
ment errors. Referring to the Debye length in the Earth’s
ionosphere, since the Langmuir probes’ radius has to be
much smaller than the Debye shielding distance
(Jacobsen et al., 2010), the Langmuir probe’s radius in
the m-NLP instrument is generally smaller than 1 mm. It
is worth noting that, in contrast with the main rocket body
and the boom traveling with a floating potential, the Lang-
muir probes here will have a fixed positive bias of a few
volts with respect to the rocket (Darian et al., 2017;
Paulsson et al., 2018; Paulsson et al., 2019). However, as
mentioned above, with a sounding rocket traveling in the
ionospheric plasma, we can expect a floating potential
� �1 V in the equilibrium (Darian et al., 2017).

The organization of this paper is as follows. In Section 2,
we will first introduce the simulation setup and the param-
eters used in different cases. We will show the simulation
results in Section 3, and the discussion and the compar-
isons with other studies are given in Section 4. Section 5
is the Summary.
2. Simulation setup

For the simulations in this paper, we employ a three-
dimensional unstructured Particle-in-cell code, PTetra,
which can simulate the time-dependent interaction of satel-
lites with space plasmas (Marchand, 2012; Marchand and
Resendiz Lira, 2017). As shown in Fig. 1, we construct a
simulation domain of tetrahedral cells in a lantern shape
lying along the x-axis. The largest cross-section along the
x-axis is on x = 0 with Hl = 20 cm and W l = 12 cm. The
cross section is constructed by two symmetric arches with

the center of a circle on (0, �ðH 2
l þ W 2

l Þ=W l � W l, 0),
respectively. The section’s area is decreasing along both
�x̂ directions, and the smallest sections with Hs = 8 cm



Fig. 1. The sketch of the simulation domain.

Table 1
Plasma parameters in the simulation system.

Parameter Value

Plasma density n0 2 �1011 m�3

Electron temperature T e 2000 K
Electron plasma period 2p=xpe 0.25 ls
Debye Length kD 6.91 mm
Mass ratio mi=me 1836
Ion temperature T i 2000 K
Ion plasma period 2p=xpi 10.68 ls
Sound Speed cs 5744 m/s
Magnetic field a B0 50 lT
Electron gyro-period a 2p=xce 0.72 ls
Electron gyroradius a vthe=xce 1.98 cm
Ion gyro-period a 2p=xci 1.31 ms
Ion gyroradius a vthi=xci 84.9 cm

a If the magnetic field is applied in the simulation system.

C.-S. Jao et al. Advances in Space Research 69 (2022) 856–868
and W s = 4 cm are in the front and back of the simulation
domain, x = �Lf and x = Lb, where Lf = 12 cm and
Lb = 40 cm.

Focusing on the interaction between a single Langmuir
probe and its surrounding plasma, we set a Langmuir
probe as an octagonal prism standing along the z-axis with
its center on the origin of coordinate. As also shown in
Fig. 1, Lp and DP are the length and the diameter of the
Langmuir probe, respectively. The bias on the Langmuir
probe / is a variable in the presented cases. Note that here
the zero potential is set on the boundary of the simulation
domain. In a realistic situation, the fixed positive bias on
the Langmuir probes is with respect to the rocket, which
means that the probe potential will vary with respect to
the plasma according to the rocket’s floating potential.
As mentioned above, the interaction between the main
rocket body and the F-region ionospheric plasma will
reach equilibrium in a few ion plasma periods and reach
a final floating potential � �1 V, which can also be related
to the plasma temperature (Darian et al., 2017). Here, how-
ever, we only simulate a probe with a fixed voltage with
respect to the plasma in order not to simulate the entire
spacecraft. It is also worth mentioning the finite-length
effects on cylindrical Langmuir probes (Marholm and
Marchand, 2020). The fact that both ends of the simulated
probe are free instead of one being mounted on a space-
craft will inevitably lead to an enhanced current collection.
However, in this paper, our concern is the wake directly
behind the probe and not the collected current. Setting
up the whole m-NLP instrument will cause prohibitive
computational cost due to the large scale differences
858
between the probe radius and spacecraft dimensions. But,
to some extent, our simulation model corresponds to the
real situation where the probes are attached to the boom
to avoid interference from the spacecraft sheath and there
is a cylindrical segment (the guard) between the boom
and the probe. Since the plasma wake caused by the boom
is generally within a few Debye lengths (Paulsson et al.,
2019), it is reasonably assumed that the boom sheath does
not interfere with the probe measurement.

To mimic the ionospheric environment in the simulation
system, as shown in Table 1, the background plasma with
electrons and ions is set with the number density

n0 ¼ ni ¼ ne ¼ 2� 1011 m3 and the temperature

T ¼ T i ¼ T e ¼ 2000 K (1:72� 10�1 eV). Thus the Debye
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length in the system is kD = 6.91 mm. Note that with the
temperatures specified in Table 1 for applications to the
Earth’s F-region ionosphere, the sound speed is
cs = 1436 m/s based on the definition

cs ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðkbT i þ kbT eÞ=mi

p
, where kb is the Boltzmann con-

stant and the ion mass mi is that of oxygen ions. In addition
the neutral particles or fluids are not included in the present
study considering that the collisions between ions or elec-
trons and neutrals are relatively weak in the upper iono-
sphere. In particular, the electron-neutral and ion-neutral
collision frequencies are �1000 Hz and <100 Hz, respec-
tively, at the altitude above 200 km in the Earth’s iono-
sphere (Kelley, 1989; Schunk and Nagy, 2009). We take
the sounding rocket and the Langmuir probe’s moving
frame as the rest frame in our simulation system and the
plasma flow is along the x-axis. Note that the speed of
the sounding rocket is generally around 1 to 1.5 km/s,
which is mainly in the subsonic regime. However, with a
plasma flow of with opposite direction of 500 m/s to the
sounding rocket, a relative flow speed can become super-
sonic. Thus we will also include the supersonic cases, which
can be applied for the employment of the m-NLP instru-
ment on the low Earth orbit satellites such as NorSat-1
and QB50. (Hoang et al., 2018, 2019)

In the following section, we will first present the simula-
tion results of nine typical cases under different circum-
stances. Table 2 lists the varied simulation parameters for
these cases. Note that here, we first adopt protons as the
ion species in consideration of computing resources. When
the mass ratio is set to be mi=me ¼ 1836, the sound speed
increases to cs = 5744 m/s, and the drift velocity is
increased proportionally to retain the correct Mach num-
ber when employing protons instead of oxygen ions, in
the simulations. The effect of the mass ratio reduction will
be presented after the discussion of these typical cases.
Here we will first discuss the cases with a Langmuir probe
with a voltage self-consistently determined from the
charged particles hitting on it (Case A and Case B for
the unmagnetized and magnetized systems, respectively).
In the magnetized system (Cases B and D to I), we set a
background magnetic field B0 ¼ 50 lT parallel to the
probe’s axis. We further adopt a fixed bias 3 V or 6 V in
other cases (Cases C to I). Since the plasma wake behind
the object is more significant in the supersonic flow, in most
Table 2
Simulation parameters that are varied for each study case.

Case M B0 (lT) / (V) DP (mm)

A 1.33 0 no 4
B 1.33 50 no 4
C 1.33 0 3 4
D 1.33 50 3 4
E 1.33 50 6 4
F 0.67 50 3 4
G 1.00 50 3 4
H 1.33 50 3 2
I 1.33 50 3 1
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of the cases (Cases A to E, H, and I), we set up a supersonic
plasma flow with the Mach number M = u/cs � 1.33
(u = 7660 m/s, which is also the orbital speed of the Inter-
national Space Station). For comparisons, we also use
M = 0.66 and M = 1 in Cases F and G, respectively.
The octagon’s diameter DP is another variable, ranging
from 1 mm to 4 mm, to be studied in Cases D, H, and I.
After discussing these typical circumstances (Cases A to
I), we will present a comprehensive survey with varying
Mach numbers and biases for the magnetized system (refer-
ring to Cases D to G) in the end of Section 3.

To reach equilibrium, we let the simulation run until

t = 2� 10�4 s, that is, for about 20 ion plasma periods.
The mesh resolution at the outer boundary is the Debye
length in the simulation system. Since the probe’s radius
is smaller than the Debye length in the simulation system,
the mesh resolution at the inner boundary will also vary
with the size of Langmuir probes as Dxin = 0.5 Sp, where
Sp is the side length of the octagon. In the simulation
domain, the total number of cells is also varied from
�270000 to 330000 with the varied Dxin, and we employ
fifty million superparticles (the number may fluctuate a
bit throughout the simulation) for each species in all pre-
sented cases.

The purpose of this paper is to study how far such
probes should be placed from each other to avoid plasma
measurement errors. We will focus on the density perturba-
tion directly and the changes in the density will affect the
currents collected (as shown in Eq. 1). In all figures, the
physical quantities shown are the average values in the final
ion plasma period. We have also subtracted the convective

electric field (�~u� ~B0) in the plots of electric potential pro-
files for the magnetized cases.
3. Simulation results

We will first present the cases with a Langmuir probe
with no fixed bias (Case A and Case B). In these cases,
the electric potential of the probe will float based on the
current it collects. Fig. 2(a) and (b) shows the 2D electric
potential profiles for Case A and Case B, respectively.
Fig. 3(a) and (b) shows the 2D ion density profiles for Case
A and Case B, respectively. Fig. 4(a) and (b) shows the 2D
electron density profiles for Case A and Case B, respec-
tively. On the x-y plane (top view, x = 0) and x-z plane (side
view, y = 0) in these figures, the black shadows at the origin
of the coordinate system is the Langmuir probe. As indi-
cated, compared with other no-bias objects such as the
main rocket body and boom (Darian et al., 2017;
Paulsson et al., 2018), the lack of geometric wake is reason-
able due to its relatively tiny size. Besides, in both cases,
since the electrons are more mobile than ions, the electric
potential on the probe becomes negative based on the cur-
rent it collects. When the charging process reaches steady-
state, the probe’s potential is lower than �0.36 V (red
dashed contour) and reaches � �0.5 V in equilibrium. It



Fig. 2. The top-view (x = 0) and side-view slices (y = 0) of electric potential profiles for (a) Case A (no bias, unmagnetized, supersonic), (b) Case B (no
bias, magnetized, supersonic), (c) Case C (3 V, unmagnetized, supersonic), (d) Case D (3 V, magnetized, supersonic), (e) Case E (6 V, magnetized,
supersonic), and (f) Case F (3 V, magnetized, subsonic). The dashed curves show the potential contours of �0.36 V (red curves), �0.12 V (orange curves),
�0.06 V (yellow curves), �0.03 V (green curves), 0.006 V (blue curves), 0.012 V (cyan curves), 1.0 V (magenta curves), and 4.0 V (white curves). The black
shadows at the origin of the coordinate system is the Langmuir probe. For the supersonic cases (Case A to Case E), the Mach cone is plotted with the black
line with the half angle h = arcsin(1/M). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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is in good agreement with the theoretical prediction that
the expecting floating potential is �2.5 kT e/e in the hydro-
gen plasma (Howard, 1961), while the plasma temperature

is � 1:72� 10�1 eV). As a result, as also indicated in Fig. 6
(blue curves, Case B), a negatively charged object in the
plasma will attract ions and repel electrons in the object’s
vicinity. Thus, in the ion density, we find the ion-focusing

area with a maximum density of 2:4� 1011 m�3 (cyan
dashed contour in both Fig. 3(a) and (b)) behind the Lang-
muir probe (Miloch et al., 2008), which accompanies a pos-
itive potential wake (blue and cyan dashed contours on
Fig. 2(a) and (b)). The length on the ion wake and the size
of the focusing area are � 1 cm (� 1:4kD) and 4 cm
860
(� 5:8kD), respectively. Note that the ion gyroradius
(84.9 cm) is relatively large in the magnetized system. Thus,
in both electric potential and density profiles, we do not
observe any obvious difference caused by the background
magnetic field’s presence in Case B compared with Case
A since the ion dynamics mainly determine the ion focus-
ing. Only the potential wake is more pronounced in the
unmagnetized case (Case A, > 0:012eV, cyan dashed con-
tour) than in the magnetized case (Case B). Note that, as
indicated in Fig. 5, the history of the current collected by
probes, the present cases have reached steady state within

1 ion plasma periods (t � 1� 10�5 s), and the net collected
current is zero in the equilibrium.



Fig. 3. The top-view (x = 0) and side-view slides (y = 0) of ion density for (a) Case A, (b) Case B, (c) Case C, (d) Case D, (e) Case E, and (f) Case F. The
dashed curves show the density contours of 0:5� 1011 m�3 (red curves), 1:0� 1011 m�3 (orange curves), 1:5� 1011 m�3 (yellow curves), 1:75� 1011 m�3

(green curves), 2:4� 1011 m�3 (blue curves), 2:8� 1011 m�3 (cyan curves), 3:2� 1011 m�3 (magenta curves), and 3:6� 1011 m�3 (white curves). The black
shadows at the origin of the coordinate system are the placed Langmuir probes. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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The m-NLP system generally operates with a positive
potential bias. In Case C, we use the same parameters as
in Case A but with a fixed 3 V bias applied to the probe.
In the electric potential (Fig. 2(c)), we observe a clear
potential wake structure in the downstream region of the
positive-bias Langmuir probe. As indicated, the potential
structure formed is the decaying potential in the probes’
closest vicinity following by a negatively charged wake with
a minimum potential < �0:06 V (yellow dashed contour).
It is a typical wake structure behind a Deybe-scale
positively-charged object (Engwall et al., 2006; Miloch
et al., 2010; Yaroshenko et al., 2011). As for the density
profiles (Fig. 3(c) and Fig. 4(c)), in contrast with Case A,
the probes with a positive potential of 3 V will repel ions
861
and collect electrons in the its vicinity. The ion density will
go down to 0 in the closest vicinity of the probes
(< 2:5 cm;� 3:6kD) and slowly increase to the background
value. As for the electron density, we find the high-density
area in the closest vicinity of the probes and also a low-
density groove after x > 2:5 cm. The formed wake has a

minimum density of � 1:0� 1011 m�3 (0.5 n0, orange
dashed contour in Fig. 4)) and extends to > 10cm
(� 14:5kD).

We have to consider the effects of the magnetic field for
Earth’s ionosphere applications where the electron gyrora-
dius (1.98 cm) is comparable with our system’s spatial
scale. With the same parameters as in Case C, here we fur-
ther apply an external background magnetic field



Fig. 4. The top-view (x = 0) and side-view slides (y = 0) of electron density for (a) Case A, (b) Case B, (c) Case C, (d) Case D, (e) Case E, and (f) Case F.
The dashed curves show the density contours of 0:5� 1011m�3 (red curves), 1:0� 1011 m�3 (orange curves), 1:5� 1011 m�3 (yellow curves), 1:75� 1011 m�3

(green curves), 2:4� 1011 m�3 (blue curves), 2:8� 1011 m�3 (cyan curves), 3:2� 1011 m�3 (magenta curves), and 3:6� 1011 m�3 (white curves). The black
shadows at the origin of the coordinate system are the placed Langmuir probes. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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B0 ¼ 50 lT parallel to the probe’s axis in Case D. Fig. 2(d),
Fig. 3(d), and Fig. 4(d) show respectively the electric poten-
tial and density profiles of Case D in the equilibrium. As
indicated, the simulation results show a more pronounced
plasma wake in Case D’s potential and density (magnetized
system) than in Case C (unmagnetized system). In particu-
lar, we find a clear regime with the electron density is lower

than 1:0� 1011 m�3, that is lower than 0:5n0 (orange
dashed contour) in Fig. 4(d). However, the positive bias
probe will collect fewer electrons in its closest vicinity with
the background magnetic field’s presence. Previous numer-
ical studies have shown that the background magnetic
field’s presence will lead to an asymmetric wake structure
in the rocket’s downstream region (Darian et al., 2017;
862
Usui et al., 2019). With a background magnetic field in
the ẑ direction, we also find the asymmetric plasma wake
in our simulation. For the electric potential profiles, we
see the potential wake shifting to the +ŷ direction from
the top view (top panel) in Case D (Fig. 2(d)) compared
with Case C (Fig. 2(c)). As for the electron density profiles,
we also find the density wake shifting to the -ŷ direction in
the magnetized system by comparing Case D (Fig. 3)) and
Case C (Fig. 3(c)).

To further investigate the effect of bias on the wake for-
mation, in Case E we increase the fixed bias to 6 V in order
to compare the results with Case B (no fixed bias) and Case
D (3 V). Fig. 2(e), Fig. 3(e), and Fig. 4(e) show the electric
potential and density profiles of Case E in the equilibrium,



Fig. 5. Evolution of the current collected by probes in all cases. (For
interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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and Fig. 6 shows the 1D electric potential, ion density, and
electron density profiles along the x-axis for Cases B, D,
and E. We find that the probe’s higher electric bias will
enhance the plasma wakes’ potential and density perturba-
tions. In particular, we find the minimum potential at
< �0:12 V (orange dashed contour) in the plasma wake.
Meanwhile, we also find a shift in the density wake as in
Case D due to the magnetic field effects. As for the col-
lected current in the equilibrium (Fig. 5), it is higher for
Fig. 6. The electric potential (top panel), electron density (middle panel),
and ion density profiles (bottom panel) along the x-axis (y = 0, z = 0) for
Case B (no bias, blue curves), Case D (/ = 3 V, orange curves), and Case
E (/ = 6 V, green curves). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

863
the probe with higher bias as expected (Bekkeng et al.,
2010; Jacobsen et al., 2010).

Since the relative velocity between the spacecraft and
plasma is not always supersonic, we performed additional
simulations using the same parameters as in Case D but
with a subsonic flow (M = 0.67). This is referred to as Case
F. In its steady-state potential profile (Fig. 2(f), the nega-
tively charged potential wake in the downstream region
of the probe becomes weaker with the slower plasma flow;
particularly, with a minimum potential � �0.03 V (blue
dashed contour). And, as shown in Fig. 5, the collected cur-
rent by probe in the equilibrium becomes smaller if the
plasma flow is slower (Whipple, 1981). Fig. 7 shows the
1D electric potential, ion density, and electron density pro-
files along the x-axis for Cases D, F, and G. As indicated
(also shown in Fig. 3f) and Fig. 4(f)). The positive-bias
Langmuir probe can still repel all ions in its closest vicinity
(< 2 cm;� 2:9kD). We find a weaker density wake with a

minimum density of 1:5� 1011 m�3 (0.75 n0, yellow dashed
contour) extending to �10 cm (15kD) behind the probe.
Note that in Fig. 3f) and Fig. 4(f), we also find the distur-
bance in both electron density and ion density from the side
view along the background magnetic field (also the axis of
the probes). Even if we extend the simulation domain in �ẑ
along the probes’ axis to 150 Debye lengths, the density
disturbances will still exist and persist to the simulation
Fig. 7. The electric potential (top panel), electron density (middle panel),
and ion density profiles (bottom panel) along the x-axis (y = 0, z = 0) for
Case F (M = 0.67, blue curves), Case G (M = 1.00, orange curves), and
Case D (M = 1.33, green curves). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this
article.)
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domain’s boundary. The present wing-like structures are a
few electron gyroradii width, and the disturbance regime of
ions is downstream of the electron disturbance regime.
Similar wing-like structures have been reported around
negatively charged spacecraft, where the spacecraft size is
larger than an average electron gyroradius of the environ-
ment (Miyake et al., 2020). Moreover, the wing-like struc-
tures presented in this previous study are with a density
higher than the background value. On the other hand, we
have a Debye-scale object with positive potential and
wing-like structures with a density lower than the back-
ground value. The formed wing structures are more pro-
nounced in the subsonic flow case than in the supersonic
case.

The last factor we discuss in this paper is the size of the
probe. Fig. 8 shows the 1D profile in the downstream
region of the object for Case D (W P = 4), Case H
(W P = 2), and Case I (W P = 1). With the same 3 V bias
applied to the probe, both the ion and electron density
recovers earlier for the thinner probe. Fig. 5 also shows
that the collected current in the equilibrium is proportional
to the probe’s diameter, so does the side surface area of the
probes (Bekkeng et al., 2010; Jacobsen et al., 2010). How-
ever, the electron density wakes all extend to 20 cm
(� 30:0kD). The simulation results show similar features
in the downstream plasma wake as long as the probe is
Fig. 8. The electric potential (top panel), electron density (middle panel),
and ion density profiles (bottom panel) along the x-axis (y = 0, z = 0) for
the Case D (DP = 4 mm, blue curves), Case H (DP = 2 mm, orange curves),
Case I (DP = 1 mm, green curves). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this
article.)
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small compared to the Debye length. Note that in the m-
NLP instrument, the probe’s radius can be smaller than
1 mm. However, considering the computational limitation,
we can take the cases with W P = 4 as representative for
thinner probes.

In the above paragraphs we have presented the charac-
teristics of the plasma wake under different circumstances
based on nine simulation cases. For the in-situ measure-
ment applications, we have carried out a comprehensive
survey of the parameter regimes based on 32 simulation
cases in the magnetized system (B0 ¼ 50 lT). Fig. 9 shows
the 1D potential, ion density, and electron density profiles
downstream of a probe with DP = 4 mm for different biases
and Mach numbers. As indicated, the Mach number plays
a more crucial role in determining the wake’s length as
compared to the bias effects and the electron density per-
turbation can extend from 10 cm (� 15:0kD) to 20 cm
(� 30:0kD) for increasing Mach number from 0.7 to 1.3.
In addition, the composition of the ionospheric plasma
can change significantly with the altitude; specifically, the
majority of ions will transfer from oxygen ions to protons
from the height above 400 km to 1000 km (Kelley, 1989;
Schunk and Nagy, 2009). For the application in the sound-
ing rocket and low Earth orbit satellite missions, here we
adopt pure protons (solid curves) and pure oxygen ions
(dashed curves), respectively, as the ion component in the
background plasma. Compared with the effects of Mach
number, the simulation results show that the different ion
components do not change the characteristic wake length
significantly. This is to be expected, since physical relations
between dimension-full quantities (density, drift velocity,
etc.), can always be reduced to relations between dimen-
sionless quantities such as the characteristic wake length
divided by the Debye length, or, in this case, the Mach
number (Buckingham, 1914). For the data processing and
the future design of the Langmuir probe instrument, the
potential measurement errors can be avoided by referring
to these density profiles.
4. Discussion

Previous numerical studies have presented the wake for-
mation problems for positively charged and Debye-scale
objects (Engwall et al., 2006; Miloch et al., 2008; Miloch
et al., 2010; Yaroshenko et al., 2011). For instance, for
the Cluster mission (Engwall et al., 2006), the spacecraft
is highly positively charged (20–40 V) while it is traveling
in the tenuous plasma (�0.1 cm or less). Moreover, the size
of spacecraft (�1.5 m) and boom (� 80 m) is of the same
order as the Debye length in the Earth’s magnetospheric
plasma (�20 m). When kbT i < miu2=2 < e/ (where / is
the potential on the Cluster and the fixed bias on the probe,
respectively), the positive potential will scatter the ions and
cause a so-called enhanced wake (Engwall et al., 2006). Evi-
dence of such enhanced potential wake was presented in
simulations by comparing data from the Electric field and



Fig. 9. The electric potential (top panel), electron density (middle panel), and ion density profiles (bottom panel) along the x-axis (y = 0, z = 0) for varied
bias (/ = 3, 4.5, 6, 7.5 V) and M = 0.7 (orange curves), 0.9 (green curves), 1.1 (red curves), and 1.3 (purple curves). The solid and dashed curves are for the
cases adopting protons and oxygen ions, respectively, as the background ions. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
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Wave instrument (EFW) and the Electron Drift Instrument
(EDI) on-board Cluster. As also shown in our simulations,
behind the positively charged object, the electric potential
decays in the object’s closest vicinity, and a negatively
865
charged wake is formed after a few Debye lengths. Even
we do not discuss temperature effects in this paper; in their
simulation, it shows that the wake’s size will decrease with
increasing ion temperature and decreasing electron temper-
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ature (Engwall et al., 2006). Note that the magnetic field
effects are negligible in that previous study because the Lar-
mor radii (several km for ions and a few tens of meters for
electrons) are much larger than the spacecraft’s and boom’s
size (Engwall et al., 2006).

For the Cassini mission, similar to our conditions,
another study also addresses the wake formation problems
during its Saturn orbit insertion flyby. (Yaroshenko et al.,
2011). In particular, outside Rhea’s dipole shell, the Cassini
is positively charged and with a size much smaller than the
local plasma’s Debye length (0.14 kD). This previous study
shows both the narrow wake and the enhanced wake by
changing the ion temperature. On the other hand, while
the spacecraft is in Rhea’s shell’s direct vicinity, the Cassi-
ni’s size compared with the local plasma’s Debye length is
0.35 kD, and the spacecraft will become negatively charged.
As presented in Case A in this paper, the simulation results
show the ion focusing area behind the relatively small
object (Miloch et al., 2008). However, for the application
to the Cassini mission, the magnetic field effect is not con-
sidered in the simulation either, since the particles’ Larmor
radii (> 700 m for cold electrons) are much larger than the
wake’s dimensions (Yaroshenko et al., 2011).

In our study, for focus on wake formation behind
Debye-scale Langmuir probes in the F region ionosphere.
We find, with a few volts potential bias on the Langmuir
probes (3 to 6 V) in a plasma flow with M = 1.33, the
plasma wakes in density and electric potential in the down-
stream region can extend up to 15 Debye lengths
(� 10.4 cm, according to the parameters used in this
paper). As expected, the higher flow velocity enhances the
plasma wake’s disturbance. However, even in the subsonic
case (M = 0.67, Case F), the density wake still extends to
�10 cm (15kD) behind the probe. While the m-NLP instru-
ment consists of two or more Debye-scale Langmuir
probes, this study gives a necessary distance between the
cylindrical probes mounted close to each other. The
probe’s positive bias is critical for the wake formation
behind the Debye-scale object; the higher electric bias can
lead to a more pronounced plasma wake behind the Lang-
muir probe. When there is no fixed bias on the probe (Case
A and Case B), the simulation results show the lack of geo-
metric wake due to its tiny size compared with other larger
objects (e.g., main rocket body or boom). However, as
mentioned above, we can still find the ion focusing area
resulting from the negatively charged probe. Note that,
since the ion dynamics mainly determines the formation
of ion focusing area (Miloch et al., 2008), in Case A and
Case B, we do not observe the magnetic field effect due
to the relatively large ion gyroradius in our system.

The magnetic field effect plays a significant role in our
system, where the electron dynamics determine the mecha-
nism of wake formation. Notably, when we apply a back-
ground magnetic field in the simulation, the electron
gyroradius (1.98 cm) is of the same order as the wake struc-
ture’s spatial length. With an external magnetic field along
the probes’ axis, the plasma wake becomes asymmetric in
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the electric potential and densities (Darian et al., 2017;
Usui et al., 2019). The simulation results also show that
the positively charged probe attracts more electrons in its
closest vicinity (< 2 kD) for the unmagnetized case (Case
C) compared with the magnetized (Case D). However,
the size of the potential and density wakes is larger for
the magnetized case.

Furthermore, the simulation results also show the elec-
tron density and ion density perturbations along the back-
ground magnetic field (also the probe’s axis) as a wing-like
structure in the magnetized case with a subsonic plasma
flow (Case F, M = 0.66). The wing structures are in width
of a few electron gyroradii in both electron and ion density
profiles. A previous study has reported similar flied-aligned
wing structures around the negatively charged spacecraft in
the supersonic plasma flow (M = 1.65) (Miyake et al.,
2020). Specifically, the reflected electrons from the nega-
tively charged spacecraft will travel out along the back-
ground magnetic field. The size of the conductive object
(satellite, 0.5 to 2 m) is in the order of the ion’s gyroradius
(1.5 m). However, in our case, the conductive object (Lang-
muir probe) has a size < 1 cm, which is in the same order as
the electron’s gyroradius (1.98 cm). As a result, the present
wing-like structures have a width of a few electron gyro-
radii. Also, note that the wing-like structures are more pro-
nounced in a slower case (Case D, the subsonic case).

5. Summary

In this paper we have studied the wake formation prob-
lems in the interaction between positively biased Debye-
scale Langmuir probe and its surrounding plasma by
employing a three-dimensional unstructured Particle-in-
cell code. The choices of the positively biased and Debye-
scale Langmuir probe, are set based on the basic concept
of the m-NLP instrument which consists of a few thin
(smaller than the Debye length) cylindrical probes at differ-
ent fixed biases and the electron density can be obtained
rapidly without operating the classical bias-voltage sweep-
ing (Jacobsen et al., 2010).

We first systematically present the characteristics of the
plasma wake under different circumstances. We find that
both the higher electric bias and the higher flow velocity
can enhance the plasma, and an external magnetic field will
also enhance and skew the wake behind a thin cylindrical
Langmuir probe. While employing the background mag-
netic field in the simulation system, we can also observe
the wing structures in the density profiles along the back-
ground magnetic field. Moreover, based on the 32 simula-
tion cases with a comprehensive survey of practical
parameter regimes, we found that the distance between dif-
ferent probes should be at least 15� 30kD to avoid plasma
measurement errors. The adoption of protons or oxygen
ions do not change the length of the plasma wake signifi-
cantly, for similar Mach numbers.

For comparisons with the space mission data, in the
future study more factors such as varying plasma densities,
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temperatures, flow velocities, and the magnetic field’s direc-
tions and strengths, should be considered. Additionally, to
set up the whole m-NLP instrument and the main space-
craft as well as the boom in the simulation system will be
of more practical use for the in-situ missions such as sound-
ing rockets and low Earth orbit satellites. The present study
has provided a comprehensive reference for the practical
design of such instruments that will limit the wake effects.
It is worth noting that this study is not only relevant for
the m-NLP technique. For the other instruments (e.g.,
the electric field probes thinner than the Debye Length)
placed on the boom but far away from the payload body,
the plasma wake formed behind one probe can also cause
the measurement error on other instruments.
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