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One of the first instruments used to monitor laboratory plasmas was the Langmuir probe
(LP). This instrument is still one of the key sensors in laboratory plasma investigations. With
the access to space, the first sounding rockets with Langmuir Probes were flown in 1946-1947;
followed with Langmuir probes on satellites from the early 1960s and on Pioneer Venus Orbiter
and subsequent interplanetary probes starting in the 1970s. This paper summarizes some of
the experiences of using Langmuir probes over the last 75-years in space, what issues have been
encountered, and how to overcome different known effects unique to space flight measurements.
This work was done through a number of workshops attended by a number of instrument team
members and supported by the ISSI organisation.
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𝛼𝑒 = Contamination impact electrons coupling
𝛼𝑖 = Contamination impact impact coupling
𝛽 = Constant based on sensor shape
𝐴𝑒 = Collection area of the electrons
𝐴𝑖 = Collection area of the ions
𝐶 = Capacitance
𝑑𝑉/𝑑𝑉 = Gradient in the IV-curve
𝑑𝑡𝑠 = Bias sweep step time
𝑑𝑉𝑠 = Bias sweep step in Voltage
𝐹𝑂𝑉 = Field-of-view
𝐼𝑒 = Electron current from the plasma to sensor
𝐿 = inductance
𝑂𝑀𝐿 = orbital-motion-limited
𝑅 = resistance
𝑆𝐶 = Spacecraft
𝑆𝐿 = sheath limited
𝑇𝑒 = Electron temperature
𝑢𝑡ℎ𝑒 = Electron thermal speed
𝑢𝑡ℎ𝑖 = Ion thermal speed
𝑢𝑆𝐶 = Spacecraft speed
𝑢𝑡ℎ𝑒 = Electron thermal speed
𝑢𝑡ℎ𝑖 = Ion thermal speed
𝑉𝑠 = Bias sweep potential
𝑉𝑃 = Plasma Potential
𝑉𝑆𝐶 = Spacecraft potential

II. Introduction
Measurement of bulk plasma density and temperature is critical for our understanding of the space environment.

As an example, the electron density and temperature drives many reaction rates in the thermosphere and ionosphere
regions. Therefore, electron density (𝑁𝑒) and temperature (𝑇𝑒) measurements are important for any attempt to model
or to predict the dynamics in these regions. Often the only in situ instruments that can provide this information are
Langmuir Probes (LP). However, interpreting the measurements from a LP requires a scientific understanding of how
the local plasma environment interacts with the probe and the spacecraft (SC). With more and more LPs flying, there is
a need to have a common scientific understanding of how these interactions impact the measurements. The knowledge
of how to interpret LP measurements in space has been presented in many papers. However, these papers are often
individually incomplete, scattered across multiple journals over many decades, and often very focused on one particular
spacecraft in one particular environment and one particular LP sensor design and its accommodation. Given the broad
current interest in LPs, we empanelled a workshop team at the International Space Science Institute (ISSI) to capture
and consolidate a century of hard-won knowledge and write down working knowledge that is seldom included in journal
publications. In this paper, we present an overview of the efforts of the ISSI LP Workshop team, including the team’s
particular interest in such topics as: How to select LP sensor shape and accommodation? How do plasma flows around
a spacecraft/sensor modify the current collected by the LP? Can LP measurements provide an accurate measurement of
the spacecraft floating potential? How fast can the spacecraft/probe reach equilibrium with the surrounding plasma, and
thus how rapidly can the plasma density and temperature be measured? What are the effects of magnetic fields on LP
measurements? What limits the lowest and highest plasma temperatures measured by a LP? These topics are critical for
interpreting the current and future generation of LP measurements. Our team composition was selected to provide
experience from many different research teams that builds different high quality LP instruments.

A key aspect of LP data analysis resides in the interpretation of the Current-Voltage (IV) curves the LP produces.
A LP instrument operates by varying the voltage bias applied on the sensor surface with respect to the spacecraft
electrical ground and measuring the resulting the current collected by the sensor. The primary interest lies in the current
arising from ambient electrons and positive ions. However, any other charge carriers near the LP (e.g. LP and SC
photoelectrons and secondary electrons) contribute to the measured current, and their contributions may modify or even
obscure the signal from the ambient plasma particles. Any physical obstructions to the field-of-view (FOV) of the LP,
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electrostatic or magnetic barriers, or inhomogeneities of the LP collection surface may also contribute significantly to
the shape of the measured LP curve. The team’s has evaluated jointly the effects that have to be considered when trying
to retrieve a physical parameter such as 𝑇𝑒 and 𝑁𝑒 from a measured LP curve. The team’s has also assessed various
techniques used to retrieve these parameters either directly through numerical derivatives of the LP curve, or through
best-fit non-linear parametric models of the full LP curve.

The LP curve also provides information about the plasma potential, that is, the floating potential of the host
SC relative to the electric potential in the nearby and distant plasma. Accurately identify this is important for the
interpretation of the LP curve, as well as the data from other instruments on the host SC. This particular information
has impact on any other payload instrument and that it should not change during the measurement the team discuss
describes such effects and shows how such parameters may be extracted directly or indirectly from the LP curves in a
separate discussion.

The data collected by other instruments and techniques complement those made by a LP. Such instruments and
their data may be available on a given mission, or may be considered as part of a new mission design to enhance the
probability of measuring the plasma parameters accurately enough to ensure full mission success. The team gathered a
concise list of such complementary instruments and techniques, and here presents how they can improve the accuracy of
LP measurements, and what additional resources and mission constraints such supporting instruments may require.

III. A Brief History of Langmuir Probes in Space
Irving Langmuir and Katherine Blodgett pioneered our understanding of this type of plasma diagnostic probe in

1923-1924 [1]. Mott-Smith and Langmuir followed the pioneering paper with their seminal work on how the current
collected by a voltage-biased probe in a tenuous plasma depends on the electron density and temperature [2]. While
these works were published well before the advent of the space age, modern researchers continue to use and reference
these works, and a century after Langmuir’s work, the Langmuir Probe (LP) is still the best instrument for measuring
the core electron population characteristics of any plasma.

Sounding rocket flights of LP’s began in 1946 with a series of three V2 flights from White Sands NMR in New
Mexico, USA. Only the third flight in the series produced useful data [3]. Starting in 1958, a group of scientists at the
University of Michigan began a series of sounding rocket flights intended to identify better choices of probe geometries
[4]. The first flight tested an ejected subpayload design that was very innovative [4]. Since then, Langmuir probes on
sounding rockets have often been used as part of auroral and ionospheric studies [e.g. 5–10].

Orbital use of LP’s and closely related devices began with the launch of Sputnik 3. The Sputnik 3 SC carried an "ion
trap", which was a boom mounted small sphere surrounded by a grid. The sphere was biased negative and the grid was
swept. This device could measure ion density and infer spacecraft potential [11]. The first US orbital Langmuir probes
were installed on Explorer VIII, which was launched in November, 1960 [12]. Explorer VIII was battery powered and
had a very short mission. Fourteen days of useful LP data were obtained. The mission included 4 ion traps, 2 different
Langmuir probes and an RF impedance probe. This mission was the first mission that allowed removal of the ion and
photoemission currents, thus allowing the electron temperature to be estimated. Since then, LPs have been a mainstay
of in situ aeronomy missions such as Explorer 17 (Atmosphere Explorer(AE)-A) [13], Explorer 22 [14]. Explorer 31
(AE-B) [15], Explorer 51 (AE-C), Explorer 54 (AE-D), Explorer 55 (AE-E) [16], Alouette II [15], and Explorer 63
(Dynamics Explorer-2) [17]. More recent Earth missions with LPs include Akebono [18], Astrid-2 [19], THEMIS [20],
DEMETER [21, 22], Polar [23], Freja [24, 25], Swarm [26], and PICASSO [27]. Some of these missions, such as
Astrid-2, DEMETER, and PICASSO, are examples of the growing power of small satellites.

Moving outward from LEO, the first detection of the solar wind plasma was made by a gridded ion analyzer (aka
Faraday cup) carried on Explorer X [28]. These observations were made on the initial ascending leg of a 45 R𝐸 apogee
orbit. The use of LP’s to study the ionospheres of other planets began with Pioneer Venus Orbiter [29]. Since then, LP’s
have studied Mars (Viking Lander [30] , MAVEN [31]), Saturn (Cassini [32]), a comet (Rosetta [33]), and the Sun
(Parker Solar Probe [34]).

IV. The Concept of a Langmuir Probe: the IV-curve
A plasma contains both negatively and positively charged particles. When the particles hit and are absorbed by an

exposed, biased conductor, a current can be measured. The measured current depends on the density and temperature of
each species of the plasma and the potential between the plasma and the sensor. By biasing the sensor to a significantly
negative potential with respect to the SC only the positive ions are collected. Conversely, with sufficiently positive bias
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Fig. 1 Examples of Langmuir probe bias sweeps from one and the same instrument (LAP on Rosetta) in very
different plasma environments. (a) Solar wind at 3.7 AU. In this tenuous plasma, the currents are only a few nA,
dominated by probe photoemission (magenta) and collection of spacecraft photoelectrons (green). (b) Warm
comet electrons (∼10 eV, green) dominate the positive current in a low activity comet ionosphere. (c) Cold
electrons mix in as comet activity increases. (d) Dense cold plasma near perihelion, with currents more than 3
orders of magnitude higher than in (a). Adapted from Eriksson et al. [33].
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voltage only the negative particles are collected. For this paper the plasma is mostly assumed to only contain electrons
and positive ions. By measuring the sensor current as function of applied bias voltage a current-voltage (IV) curve can
be produced and examples of IV-curves measured in space during different plasma conditions are presented in Figure 1.
From the IV-curve, plasma characteristics can be extracted either by comparison or fitting to some model of how the
current depends on the parameters of the plasma or by the classical "graphical" method (Section IX). This idea is the
fundamental principle of a LP. The LP is most sensitive to low energy particles and therefore primarily measures the
bulk plasma, and is one of the few measurement techniques able to measure cold (≲ 1 eV) plasma temperatures.

The standard convention, adhered to in this paper, is to count the probe current as positive when flowing from the
probe to the plasma. The far negative side of the IV-curve is called ion saturation region, dominated by the current due
to collection of plasma ions (𝐼𝑖) and/or probe photoelectron emission (𝐼𝑝ℎ), while the far positive side is called electron
saturation as it is dominated by the plasma electrons hitting the probe (𝐼𝑒) and photoelectrons from the SC (𝐼𝑆𝐶 ). The
main information that can be derived from these two regions usually are the electron and ion densities. The center part
of the IV-curve (𝐼𝑖 + 𝐼𝑒) is the retarded region where the electron temperature and spacecraft potential (𝑉𝑆𝐶 ) are the key
parameters to be extracted. The three regions are marked in Figure 2. Note here, plasma potential (𝑉𝑃) and 𝑉𝑆𝐶 is
often assumed to mean the same to make interpretations easier, but often they are not exactly the same.

V. The Different Currents Measured in Space
The prime currents of interest for LP measurements, that is the currents from the ambient plasma, are not the only

currents that contribute to the measured current for space LP. These different currents need to be estimated and included
in the data analysis to allow the plasma’s density and temperature from the IV-curve to be extracted correctly. The total
current to a Langmuir probe can be written as a sum of the various contributions:

𝐼𝑡𝑜𝑡 = (1 − 𝛼𝑒)𝐼𝑒 + (1 − 𝛼𝑖)𝐼𝑖 + 𝐼𝑝ℎ + 𝐼𝑆𝐶 + 𝐼𝑑𝑢𝑠𝑡 + 𝐼𝑖𝑛𝑠𝑡 (1)

The plasma currents 𝐼𝑒 and 𝐼𝑖 depend mainly on the bias potential (𝑉𝑠) and the spacecraft potential 𝑉𝑆𝐶 . The
bracketed factors in front of 𝐼𝑒 and 𝐼𝑖 are included to account for possible effects of surface contamination, which we
here use as an umbrella concept for many non-ideal surface effects (Section VI.C). The collected currents will also be
impacted by instrument design, the location of the sensor on the SC with respect to the plasma flow velocity relative to
the SC, and the plasma environment (Section VII). Even if the contribution of all different currents are understood the
measured current might be decreased or increased over the expected theoretical value due to instrument design and
mission implementation. We will use the term FOV to describe the geometric effects which modify the theoretical
expected value. The FOV issues are the corrections that have to be done after the curve fitting based on theoretical
assumptions are made. These corrections are usually done via empirical trends based on support measurements and will
be discussed in Section IX. The paper will show that there are many different causes of FOV issues. How to compensate
for different FOV issues is one of the key difficulties encountered while working with LP instruments.

Solar photons at energies above the work function of the sensor surface will cause photoelectron emission (𝐼𝑝ℎ)
which contribute to the 𝐼𝑡𝑜𝑡 . Any other irradiated surface elements is the SC which also emit photoelectrons reaching
the probe and contribute a current 𝐼𝑆𝐶 and contribute to the 𝐼𝑡𝑜𝑡 in a different fashion. That photoelectrons can impact
the IV-curve in two different ways cna easily be overlooked. Both of these photoelectrons currents depend on solar
irradiation (𝐼𝑟𝑟), together with 𝑉𝑠 and 𝑉𝑆𝐶 . The energy distribution of the photoelectrons is usually well described by a
characteristic energy or temperature of a few eV [35–37].

Just as solar EUV photons, plasma particles with energies above the work function can cause secondary emission
of electrons. Particularly for electrons of a few hundred eV energy, the secondary emission of electrons can lead to a
significant current (𝐼𝑒𝑙𝑒𝑐) that can impact the net current (𝐼𝑡𝑜𝑡 ). The energy distribution of the secondary electrons can
often be assumed to be similar to the photoelectrons.

For observations in dusty plasma such as meteoric layers in the ionosphere, dusty rings, plumes at moons etc the
dust particles can themselves contribute to current, break apart, cause discharges or contaminate the probe. There is no
general model for how dust will impact the 𝐼𝑡𝑜𝑡 and the reader is therefore advised to evaluate their specific conditions
for how the dust impact their IV-curves.

Finally, every LP instrument may have leakage currents and offsets (𝐼𝑖𝑛𝑠𝑡 ). Much of this can be calibrated away
on ground. However, with temperature variations and aging, these perturbations can evolve with time, and regular
onboard calibrations are needed. Many instruments have included the hardware for this measurement into their design
[20, 31, 38, 39]. Most of these instrumental effects are fairly uniform throughout the sweep and can be treated as a
constant offset or a constant resistance when correcting for 𝐼𝑖𝑛𝑠𝑡 .
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Fig. 2 Example of how ideal sensor shapes (Plane, Cylinder, Sphere) impact the the shape of the IV-curve
(OML theory). The plasma parameters are indicated in the title of the figure. The plasma potential 𝑉𝑃 has been
arbitrarily chosen at 0.1 V. The electron collecting area of the sensor (𝐴𝑒) is identical for all 3 geometries, while
the collection area (𝐴𝑖) of the ions ramming at orbital speed is different. Hence the collected electron current is
identical for all 3 geometries up to the plasma potential (𝑉𝑃). For increasing the visibility of the figure, the IV
curve above the plasma potential 𝑉𝑃 , is scaled by a factor of 25 for all 3 geometries. For 𝑉 > 𝑉𝑃 , the current is
constant for a plane geometry, but varies as (𝑉 −𝑉𝑃)0.5 for a cylinder and (𝑉 −𝑉𝑃)1 for a sphere. That slope is
usually refereed as the beta (𝛽) factor.
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VI. Different Plasma Environments
The plasma environments that LP instruments often are designed for require the instrument to operate over large

temperature and density ranges. The target plasma together with the required accuracy of the measurement and
limitations on the resources that can be used (cost, size, volume, and telemetry) all will drive the instrument design. In
this Section the environmental drivers will be discussed.

A. Relative Motion between Sensor and Plasma
The primary impact of the relative speed of the SC and plasma is that it will drive the 𝑉𝑆𝐶 . The electron thermal

speed is almost always much higher than SC speed (𝑢𝑡ℎ𝑒 ≫ 𝑈𝑆𝐶 ). For an electrically conducting SC surface, the total
surface area is exposed to electron current, driving the SC toward negative potentials.

The ion thermal speed can be either larger or smaller that the SC speed (𝑢𝑡ℎ𝑖 > 𝑈𝑆𝐶 or 𝑢𝑡ℎ𝑖 < 𝑈𝑆𝐶). In quasi
neutral plasma and for small SC speeds the surface area is the same for electrons and ions, but as the electron thermal
speed is usually much higher than the ion flow or thermal speed the resulting spacecraft potential 𝑉𝑆𝐶 is usually negative
in dense plasmas where 𝐼𝑝ℎ can be neglected. For 𝑢𝑡ℎ𝑒 > 𝑢𝑆𝐶 > 𝑢𝑡ℎ𝑖 , which is the case for Low Earth orbit (LEO) the
SC is ramming the ions so the area collecting ions is limited to the cross section area of the SC. For sounding rockets
and LEO satellites, spacecraft potentials of -1 V to -3 V are common.

At high altitudes and low densities such as in the solar wind, the ion current is usually small in comparison to the
electron and photoemission currents. As a result, spacecraft in such environments usually reach positive potentials.
These potentials can vary from typically a few volts in the solar wind to tens of volts in very tenuous environments such
as the Earth’s geomagnetic tail or in a comet tail.

The relative speed of the probe to the plasma also influences how much of the surrounding plasma can reach the
sensor. At subsonic flow speeds such effects are small. However, with supersonic flows around the sensor itself the
collection of charges, particularly low energy electrons, that can reach the sensor can be modified by plasma structures
developed by the plasma flowing around the probe and the spacecraft obstacles [40] and local plasma modification due
to photoelectrons and magnetic fields. To first order, the ions are just ramming into the sensor (this was the example
presented in Figure 2 resulting in the different collection areas) and behaves as the classical theory describes. However,
there are three regions surrounding the sensor where the charge density is modified: an overdense region can form in
front of the sensor due to the supersonic flow, an ion wake behind the sensor, and the flanks of the ion wake which also
can be an overdense region stretching far from the sensor. The change in charge density results in modifications of the
potential around the sensor resulting in the electron trajectories is altered and the electron current 𝐼𝑒 to the probe start to
deviate from classical theory. The phenomenon is the same as the wake behind and the overdense plasma in front of a
SC observed by many missions [e.g. 19]. In high density regions the main impact usually is that wake edges guide
electrons into the sensor creating a larger cross section than expected and 𝐼𝑒 becomes larger than classical theory up to a
factor of two [41]. The use of the collected 𝐼𝑒 can therefore result in an overestimate of the density of the unperturbed
plasma. This can be identified when compared to the ion current measured by the LP instrument or density measured
from plasma waves instruments (Section X).

B. Small versus Large Debye Length
To derive plasma parameters from a Langmuir probe sweep, one needs some theoretical model of the probe response

to the sweep potential. Useful such models can be derived for the ideal cases an infinite plane, and infinitely long
cylinder, and an isolated sphere. While perfect realizations of these geometries are impossible, such models are useful
in understanding real probes of planar, cylindrical and spherical shape, which means, therefore, that these models are in
common use.

The probe current expressions will depend also on the fundamental plasma scale length, the Debye length _𝐷 . In a
Langmuir probe context, its importance lies in that variations of charge density on scales shorter than _𝐷 will not create
appreciable potentials. To first approximation, a probe (sphere or cylinder) of radius 𝑟𝑝 ≪ _𝐷 therefore behaves as if in
vacuum, with no appreciable shielding of its potential occurring in the probe sheath. Increasing the probe voltage then
leads to higher current of the attracted particles. This case is known as the orbital motion limit (OML) case, for which
well known theoretical relations apply [42, 43]. In the other extreme limit 𝑟𝑝 ≫ _𝐷 , the probe potential is shielded away
completely in a distance small compared to the probe size. In this sheath limit (SL) or space charge limit case, increased
probe voltage has little effect on the current. This is also the case for a planar probe of infinite extent, irrespective of _𝐷 .
For the intermediate case of 𝑟𝑝 ∼ _𝐷 , even the idealized geometries are best handled by numerical simulations. Such
simulations show that the OML results often hold well for Debye lengths down to probe radius, particularly for cylinders
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Fig. 3 Equivalent circuit of LP measurement. R, C and L represent resistance, capacitance and inductance,
respectively. Subscripts pc, ps, p, rs and rc denote probe contamination, probe sheath, plasma, reference
electrode sheath and reference electrode contamination. The diodes in the equivalent circuit represent non-linear
resistance of the plasma sheath. Figure 1 from Shimoyama et al. [45]

[44].
A convenient way of quantifying the difference between the planar, cylindrical, and spherical shapes are by the

𝛽 parameter and the theoretical curves is shown in Figure 2. In the theoretical description, the 𝛽 parameter is 0 for
an infinite plane, 1/2 for an infinite cylinder and 1 for an isolated sphere. For real probes, it is often found that the
same expressions still apply well. However, the actual value of 𝛽 will differ from these theoretical values as the planar
sensor is often body mounted, the cylindrical probe is not infinitive long and the sphere is mounted on a boom. The
relevant 𝛽 value will also depend on the Debye length. At large _𝐷 cylindrical sensors will start to behave like a sphere
while at sufficiently small _𝐷 all geometries will behave as (finite) planes (𝑏𝑒𝑡𝑎 −→ 0). This resulting 𝛽 value often
lies between the theoretical values of the probe shape and will be changing with _𝐷 . If the environment that the LP
instrument is flying in has a small dynamic range (e.g. _𝐷 is not varying much) then a fixed 𝛽 value can be selected
through in-orbit calibration. Otherwise, the 𝛽 value needs to be presented as function of _𝐷 .

C. Probe Surface Issues
How a probe connects to the plasma and the SC is illustrated by Figure 3. An ideal Langmuir probe surface should

be perfectly conductive. The additional physical and chemical requirements on a probe surface were discussed in detail
by Brace [46]. The surface must have a uniform, stable work function. The surface must also be resistant to chemical
changes caused by >5 eV atomic oxygen bombardment (most space applications have this issue), and as resistant as
possible to adsorption of contaminants. The most important of these issues is work function uniformity. To illustrate the
problem, let’s consider this example. In the early 60’s, electroplated rhodium was the probe coating of choice. When
the spatial uniformity of the work function of electroplated rhodium was measured [47], it was found that the crystal
domains formed macroscopic patches of uniform work function that differed from each other by ≤ 100 mV, owing to
the fact that the Fermi surface of rhodium is not a sphere. Each of these patches will function as a separate probe with a
different sweep voltage. The resulting sum of I-V curves flattens the slope, producing an over estimate of temperature.
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This systematic error drives the requirement for probes to have as uniform a work function as possible. This requirement
is met best by using a surface material with microscopic granularity. The main requirement is that any nonuniform in
the surface micro (either area or potential) is small enough that it impact the mesoscale potential structure surrounding
the sensor preventing the instrument to measuring the temperature the instrument is designed for. Any sensor surface
issues will result in a warm temperature when extracting the information from the IV curve.

Even with the best selection of materials for the probe there are always potential issues with contamination, oxidation
or other processes that complicate the coupling between the plasma and the sensor (Figure 3). Here we will use
contamination as a umbrella word for all of these. Surface contamination can result in a charge layer acting as a capacitor
in parallel with a resistor. Contamination effects can therefore often be modelled by adding a capacitance 𝐶 and a
resistance 𝑅 between the probe and the plasma [48, 49]. If sweeping the probe voltage first in one direction and then
in the other, the effect of an 𝑅𝐶 layer will then show up as an hysteresis effect. If the sweep is faster than 𝑅𝐶 time
constant, the IV-sweep will be closer to an expected IV-curve while in case of contamination a slow sweep will be
distorted compare to expected theoretical curve [50, 51]. However, depending on the probe to plasma time constant
together with the spacecraft to plasma time constant, the sweep time might have to be slow to achieve the full sweep
range. This later case can only be identified if a separate method is monitoring if 𝑉𝑆𝐶 is stable or changing during the
sweep (such as an simple voltage probe).

As described before, this constant may be short compared to the sweep time steps the layer behaves as a resistor.
In this case, 𝛼𝑒 and 𝛼𝑖 in Eq.(1) will be constant. In the other extreme limit of sweep stepping much faster than the
𝑅𝐶 time constant (𝑑𝑡𝑠 ≪ 𝑅𝐶) the effect of the layer can be minimized and 𝛼𝑒, 𝛼𝑖 goes to zero. Examples of the latter
behavior can be found in Figure 5 of Lebreton et al. [52], where fast sweeps show much less hysteresis than slow sweeps.

Fast sweeps also minimize the effect of chemical changes in surface properties. At times, sensor surfaces can be
dynamically modified by ion bombardment or chemisorbtion with CO, NO, N+

2 , or H [53–56]. Typically, these changes
can be restored to original behaviours by floating the probe or by heating the sensor. What these dynamic chemistry
issues imply is that both C and R may need to be treated as sweep-rate dependant. However, sweeping to fast require the
instrument electronics can get to the right potential allowing a probe-spacecraft-plasma to be in a known equilibrium,
e.g. just increase the sweep speed is not always the right solution.

VII. Examples of Different Instrument Designs
Langmuir probes for space applications need to be tailored to the mission under development based on the spacecraft,

environment, and available resources. No design will work in every condition and all instrument designers must assess
their needs for every application. Here the focus will be on the sensor mounting and how the potential around the SC
impacts the shape of the IV-curve.

Physical and electrostatic blocking will in this paper be referred to as field-of-view (FOV) issues. And the mounting
of the sensor needs to take this in consideration. Example, for a theoretical sensor with no SC present the contribution
to the 𝐼𝑒 current should be sum of the ram current and the wake current allowed by the potentials in the ion wake of the
probe itself. However, the SC and structures extending from it can physically block the access of the electrons to the
sensor. Furthermore, the SC and structures such as booms all extend their own electrostatic field into the surrounding
space, interacting with the applied 𝑉𝑠 on the sensor, impacting the motion of charged particles and therefore their
possibility to reach the sensor. The potential structure will change with 𝑉𝑆𝐶 , so the impact on 𝐼𝑒 is as function of both
𝑉𝑠 and 𝑉𝑆𝐶 . In case of a spacecraft with significant areas at potentials deviating from the overall 𝑉𝑆𝐶 the situation
becomes even more complicated.

A. Sensor Location and Size
The sensor location is critical to get the largest possible FOV for the instrument. As described above in Section

VI.A, some of this concern is directly associated with _𝐷 and if ions are supersonic. In a supersonic flow, a location in
the wake will obviously not be ideal for measurements of the unperturbed plasma. For a general purpose Langmuir
probe, a good principle is to get several _𝐷 away from the large structures like the SC body. This principle usually
means mounting the probe on some sort of boom, as slender as possible to minimize perturbations of the boom itself.

For special purposes, other mountings may still be useful. A planar probe mounted at the front of an ionospheric
spacecraft can often provide good measurements of the density of O+ and other heavy ions, whose ram energy of
some 5 eV is well above the typical spacecraft potential (a few volts negative) so that their trajectories are not much
influenced by the SC electrostatic field. However, such a probe could have severe issues with sampling electrons,
whose possibilities to reach the probe may (depending on the detailed potential structure) be severely impacted by the
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Fig. 4 Examples of potential barrier from the structure together with the sensor potential limiting the FOV.
This potential structure changes with the instrument bias voltage sweep. Adapted from Ergun et al. [41].

spacecraft electrostatic field and might prevent any electron temperature to be estimated.
The selection of the location of the boom must change if potential noise sources (such as solar arrays) and structures

that can modify the potential near to the sensor. Also, the attitude and possible spin of the SC need to be evaluated,
including the expected directions of ram flow and solar illumination throughout the mission. As noted above, a normal
requirement is to request the sensor to never be in the wake of the SC. To ensure stable illumination conditions another
requirement could be to keep the sensor out of the shadow of the SC. Mounting two LP booms on opposite sides of
the spacecraft usually result in these two requirements being met most of the time by at least one probe. While this
approach might come with an extra cost, it can mean that LP instrument need not drive spacecraft pointing, simplifying
operations planning and any later operation costs.

The LP instrument operates by pulling electron or ion current from the plasma. To maintain the probe-spacecraft-
plasma to be in quasi neutrality, any current collected by the sensor from the plasma is expected to be closed through the
SC body back to the plasma. The design requirement therefore needs to be that the SC is highly conducting and easily
can close the circuit without changing its own potential. For conditions where 𝑢𝑡ℎ𝑒 > 𝑢𝑆𝐶 > 𝑢𝑡ℎ𝑖 when the sensor is
attracting electrons, the SC body needs to attract ions. However, owing to the large difference in mobility, attracting
enough ions can be difficult unless the surface area of the probe is small compared to the conductive cross section of the
spacecraft. A good rule of thumb is the SC cross section should be at least 200 times larger [45, 57].

Not having a large conducting SC result in 𝑉𝑆𝐶 changes with respect to the plasma and the applied 𝑉𝑠 is no longer
with respect to a stable reference. A small reference surface (the RC-coupling between plasma ans sensor) also impacts
the settling time for each sweep step and require a slow sweep time as discussed in Section VI.C. If the SC 𝑉𝑆𝐶 is not
stable or monitored, the validity of the IV-curve decreases because 𝑉𝑆𝐶 will change during the sweep as function of 𝑉𝑠 .
On small spacecraft, the sensor-to-spacecraft surface ratio can be difficult to achieve. There are several different methods
that have been proposed to compensate for this. Possible solutions to this problem include monitoring the spacecraft
potential change with another probe [31, 39], use of so-called double probes for which the bias voltage is applied
between two probes rather than between probe and spacecraft [e.g. 58, 59], sweeping very fast [45], or stabilizing the
spacecraft potential by particle emitters [60].
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B. Potentials Around the Sensor
Any structure of the SC or the boom holding the sensor will have a surface charge producing an electrostatic

potential that superimposes on the potential from the sensor. With changing 𝑉𝑠 , this interaction will change through out
the sweep. If the sensor is not well placed and the surrounding potential well controlled there is a possibility that the
potential structure from the sensor is shielded from the surrounding plasma. That is, a small change on 𝑉𝑠 does not
modify 𝐼𝑒 significantly because the SC potential blocks the surrounding plasma from reaching the sensor. This blocking
can be avoided with a well designed instrument.

Controlling the surfaces with known potentials around the sensor has several benefits. Stubs provide shadow or wake
"equalization" to reduce the asymmetry introduced by the boom holding the sensor. Stubs also serve as DC electrostatic
surfaces that make the potential distribution near the probe more uniform or closer to the free-space value (Figure 4).

Guards are biased surfaces along the booms between the inner stubs and the main SC body that provide low-energy
electron current control (positive or negative potential barriers) to reduce stray currents from spacecraft or boom
photoelectrons. To decrease currents such as photoelectrons from the spacecraft, a surface minimizing this current (a
guard) is often biased built into the instrument design in such way that SC photoelectrons is deflected away from the
sensor and the stub. The historical norm for this surface-bias design reached peak development on the Polar spacecraft
[23].

To improve the FOV concerns and contribution of currents from other surfaces to the sensor the surfaces closest to
the sensor is often biased in different ways depending on the design. Specially for cylinder sensor to mimic infinitely
long sensor a segment next to the sensor of similar shape (a stub) is often held to the same potential as the sensor, i.e.
sweeping with the LP sweep. This way the potential of the sensor expands and the FOV becomes improved. Additionally,
modeling how the potential around the sensor as function of the instrument sweep need to be done to fully understand
the response of the instrument.

C. Magnetic field effects
Magnetic field effects on Langmuir probes enter in several ways [61–63]. For a particle species with a gyroradius

well below the size of the probe (its radius, for a cylinder or a sphere), the theoretical expressions for current collection
changes as only particles on field lines intersecting the probe can reach the probe [64]. Because of the typical probe
sizes and particle gyroradii in most space plasmas, this issue rarely needs to be considered.

Another effect is a FOV issue. Photoelectrons from the spacecraft may or may not reach the probe depending on the
direction of the magnetic field, unless the gyroradius is large compared to boom length and spacecraft size. The current
𝐼𝑆𝐶 then depends on whether or not the magnetic field intersects both the sensor and a sunlit surface of the SC. This
effect may need to either be minimized by sensor location or taken into account in the data processing. For the later
case, the magnetic field vector in spacecraft coordinates must be known from either an onboard magnetometer or a good
model.

A third effect concerns the ®𝑣𝑆𝐶 × ®𝐵 electric field for a spacecraft moving through a magnetized plasma. A LP sensor
is a conductor and hence the electric field along its surface is zero, in its own frame of reference – but not in the frame
of the moving plasma. For a long cylindrical sensor shape, the potential difference between probe and plasma might
vary significantly over its surface. Thus one end of the cylinder may attract electrons while the other end repels them,
leading to a smearing out of the knee region from which electron temperature is estimated. The user has to assess if this
is an issue for their application and instrument and either change the sensor shape, size or orientation, or accept that
the instrument will not be able to measure the coldest temperatures. One should note that the effect also affects the
spacecraft, so that even a perfectly conductive spacecraft will not be an equipotential from the point of view of the
flowing plasma.

VIII. Instrument Operations
The instrument geometrical design and mounting location are not the only design factors to consider. Selecting a

good way to operate the instrument will improve the understanding of the different factors impacting the IV-curve. On
different space missions the telemetry, power usage, and the environment are all different resulting in different solutions.
Here a few operation schemes are presented that may on may-not be prudent for other instruments.
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A. Bias Voltage Sweeps
The step size in the voltage sweep (𝑑𝑉𝑠) determines how cold a plasma temperature can be measured from the

IV-curve where 𝑑𝑉𝑠 needs to be smaller than the coldest temperature. Resolving the slope and hence the temperature
requires several bias voltage steps within the transition region. The sweep range determines the range of (electron)
temperatures that can be identified from the IV-curve and needs to be a few times wider than the warmest temperature of
interest. Normally the telemetry and sweep frequency determine how many steps in the IV-curve will be measured by a
specific instrument. Depending on instrument design the sweeps are pre-programmed in the instrument while more
newer instruments have table look-up driven sweeps that can be updated on orbit.

The sweeps can be of many shapes: monotonic, up-and-down, a monotonic main sweep where in between each
measurement the sensor is put to ground every time, sweeps that includes a jump from negative to positive then after a
stable time jump back, to just to name a few. With table-driven sweeps, one may in principle apply the various voltages
in a desired IV curve in any random order, not confining to a classical monotonic sweep. The sharp jumps, the ground
potential between every sweep potential and up-and-down sweep all are designed to minimize or assess hysteresis and
contamination effects. For some missions, this approach might just be used during the commissioning phase while on
other missions this approach needs to be though out the mission.

The step size of 𝑉𝑠 in the electron and ion saturation regions can be large while in the retarded region the smallest
steps need to be applied as described above to resolve small temperatures. The smallest step sizes should be where one
expects the knee region where 𝑇𝑒 is extracted, i.e. close to 𝑉𝑆𝐶 . Since the 𝑉𝑆𝐶 often changes with plasma environment
it is often not efficient to design the potential sweep where the step size are symmetric around the SC ground. Recent
instruments often track approximate 𝑉𝑆𝐶 to apply the higher 𝑉𝑠 resolution in the right voltage range. As an example, the
MAVEN LPW instrument uses the zero current crossing from a previous IV-sweep plus a fixed offset is used as a guess
for next sweep [31].

An alternative to classical sweeps is to use a ripple technique, where a high frequency (typically at least hundreds of
Hz) variation is added to the bias voltage. With this technique, one does not only obtain the current 𝐼 at a given bias
voltage but also the slope 𝑑𝐼/𝑑𝑉 of the IV curve at that bias. By measuring at twice the applied frequency, 𝑑2𝐼/𝑑𝑉2 can
also be found, from which 𝑇𝑒 and indeed the electron energy distribution function can be obtained [65, 66]. Several
sounding rockets have used this technique, but the by far largest LP based dataset obtained by it derives from the three
Swarm satellites, with 𝑁𝑒, 𝑇𝑒 and 𝑉𝑆𝐶 values at 0.5 s resolution spanning (at the time of writing) ten years [26, 67]. For
the SWARM mission every data point, 𝐼 and 𝑑𝐼/𝑑𝑉 are first measured in the ion and electron saturation regions, defined
by some sufficiently large fixed negative and positive bias values. The two lines thus obtained intersect in the retarded
region where 𝑇𝑒 is best measured, so there a third measurement is done to measure the electron temperature. Full sweeps
are transmitted every few minutes for comparison. Besides reducing telemetry compared to transmitting full sweeps the
ripple technique has the advantage of being more or less immune to probe contamination issues (Section VI.C) if the
ripple frequency can be selected to be well above reasonable 𝑅𝐶 time constant, at the cost of more onboard processing
and less complete information compared to sweeps.

B. Bias Sweep Program
The cadence (with which we here mean the interval between the start time of two consecutive sweeps) of the

instrument needs to be based on the science requirements on what spatial or temporal scales should be resolved, together
with what the telemetry allocation allows. The more points in the sweep that is measured improvement in the quality of
the plasma parameters increases as they are extracted from the IV-curve. However, the number of sweep steps need to
be selected based on sweep times, resolution needs, and telemetry limitations. Once the maximum cadence and number
of points in the IV-curve have been identified the question becomes how fast should the sweep should be.

If the instrument is well coupled to the plasma one may in principle use the full measurement cadence, with the time
for each sweep 𝑑𝑡𝑠 set to the cadence divided by the number of sweep steps. The timing of bias settings and current
sampling is usually such that at each step in the sweep, the current is measured just before the next voltage step, to give
time for the voltage to stabilize and the current to settle. Sometimes two or more measurements are taken at each step
to allow assessment of any time constants in the system. However, if contamination of the probe is a concern (and
the other aspects covered in (Section VI.C)) this operation methodology may not be the best approach. When 𝐼𝑡𝑜𝑡 is
influenced by insulating film or capacitor build up, it is best to switch rapidly from 𝑉𝑠 to next 𝑉𝑠 in order to minimize
any charge or contamination build up. This method can reduce the time it takes to do a full sweep resulting the time of a
full sweep is much shorter than the cadence of the measurements [32].
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Fig. 5 Different combinations of contributing currents to the IV curve (Eq (1), using the OML formulae)
for a cylindrical probe geometry are presented in four panels: panel a) one electron population, panel b) two
electron populations, panel c) one electron population and photoelectrons, panel d) two electron populations
and photoelectrons. In the main frame, IV curves are presented in linear scale as function of bias voltage 𝑉𝑠.
In the inset, the numerical derivative of the total current 𝐼𝑡𝑜𝑡 and of the electron current 𝐼𝑒 are shown. The
photoelectron influences the determination of the probe floating potential, while it does not contribute to the
derivative of the total current (𝐼𝑡𝑜𝑡 ) below Vp as it is constant. The two derivative curves overlap quite well
around and below the plasma potential. Hence the plasma potential may be estimated from the maximum of
either derivative. The plasma temperature is estimated from the slope (in semi-logarithmic scale) of the derivative
of 𝐼𝑒, dIe/dV) in the transition region. When a (warmer) second electron population is present, the determined
temperature using the method of the slope is higher.
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IX. Interpreting Quantities From the IV-curve
When a IV-curve has been acquired in space several currents in Eq. (1) need to be subtracted (to isolate 𝐼𝑒 and 𝐼𝑖) in

order to extract the main parameters, 𝑁𝑒, 𝑇𝑒, and 𝑁𝑖 . However, for most instruments, 𝐼𝑖𝑛𝑠𝑡 and 𝐼𝑒𝑙𝑒𝑐 result in a constant
contribution through out the IV-curve and both can be treated as constant offsets and be identified by assuming a
quasineutral plasma and comparing the electron and ion densities derived from the two saturation regions and requiring
them to be equal. The 𝐼𝑝ℎ𝑜 depends on the EUV intensity, and it has a known temperature of a few eV [35–37]. The
𝐼𝑝ℎ𝑜 is constant for a bias below 𝑉𝑆𝐶 and decreases exponentially above 𝑉𝑆𝐶 . In contrast, the 𝐼𝑆𝐶 which is due to the
same type of electron population as the phototoelectron current, but is emitted from the SC/boom, and it has the similar
characteristics but contributes to the negative side of the sweep. How the 𝐼𝑑𝑢𝑠𝑡 contributes to the IV-curve if present
depends on the mission details and therefore cannot be reviewed in a generic description.

To illustrate how the plasma parameters can be extracted a subset of the current contributing to Eq. (1) (often
the dominant currents) is illustrated in Figure 5. Here 𝐼𝑒, 𝐼𝑖 and 𝐼𝑝ℎ𝑜 are presented by a green, red, and blue curves
respectively and 𝐼𝑡𝑜𝑡 by a black dotted line. Note that, since the different contributing currents have different signs,
the 𝐼𝑡𝑜𝑡 is not always the line with the largest value. In Figure 5 theoretical IV-curves demonstrating the current
contributions for a cylindrical probe geometry with: a) one electron population, b) two electron populations, c) one
electron population and photoelectrons, d) two electron populations and photoelectrons. All curves are presented in a
linear current scale as function of 𝑉𝑠 . The derivative of 𝐼𝑡𝑜𝑡 and 𝐼𝑒 are presented in an inset. The two methods to extract
plasma parameters are detailed below.

Method 1: Referring to Eq. (1), under conditions that only 𝐼𝑖 and 𝐼𝑒 contribute significantly to the 𝐼𝑡𝑜𝑡 , it is possible
fit the negatively-biased part of the IV curve, representing 𝐼𝑖 , and to subtract it from the total current to isolate the 𝐼𝑒-V
curve. 𝑇𝑒 is obtained from the slope of the semilog plot of the retarding portion of the 𝐼𝑒-V curve [14, 21, 27, 45]. The
plasma potential (𝑉𝑝) may be obtained either at the location of the maximum of the numerical derivative of the 𝐼𝑒-V
curve, or at the crossing of the polynomial fitting of the electron saturation current and the fitted curve to the slope
of the electron retarding region. Under certain plasma conditions the derivative of the total current 𝐼𝑡𝑜𝑡 gives also a
good approximation of the plasma potential. Ideally, assuming the OML theory applies, The fitting of the electron
saturation portion of the 𝐼𝑒-V curve would be a flat line (𝛽 = 0) for a perfect (infinite) plane probe, a degree 2 parabola
(𝛽 = 1/2) for perfect (infinitely long) cylinder or a strait line (𝛽 = 1) for a sphere. The electron density is obtained from
determining 𝐼𝑒 at 𝑉𝑝 . In the case the photo- and the secondary electron currents can be neglected, the ion density can be
obtained from the value of the fitting of the ion portion of the curve at 𝑉𝑝 .

Method 2: This method is based on the fitting of the total current IV-curve, with modelling all the current
contributions. This fit is complicated because it is a multi variable fit (𝑇𝑒, 𝑁𝑒, 𝑁𝑖 , 𝑉𝑆𝐶 , and eventually 𝐼𝑝ℎ). Even with
using 𝑁𝑒 = 𝑁𝑖 the weighing of the IV-curve for the variable is not equal and all variables often cannot be solved in one
step but most algorithms solve this in an iterative way, 𝑁𝑒, 𝑁𝑖 followed by 𝑉𝑆𝐶 and 𝑇𝑒 and then using the last values to
try to optimise the next round [31–33].

In addition to the main two methods described above, one may mention attempts to use an approach that consists in
creating a library of analytically or PIC-simulated IV-curves that encompass all expected Plasma conditions, 𝑁𝑒, 𝑇𝑒, 𝑉𝑆𝐶 .
The model may also account for several physical effects of importance in the interaction of the probe sensor and the
spacecraft with the space plasma environment. These include spacecraft charging, spacecraft wake, photoelectrons, and
secondary electrons [22, 68–70].

It is worth noting that the accuracy of the derived plasma parameters is based on the sweep range of the sweep, the
step size of the sweep, together with how accurately the current can be measured. The fitted quantities 𝑁𝑒, 𝑁𝑖 , 𝑉𝑆𝐶 and
𝑇𝑒 do not have errors with them, they are described by the best fitted value which comes with an uncertainty range
of the quantities. This is important to remember, LP instruments do not provide measurement errors in the reported
quantities, the parameters is extracted from fitting resulting in uncertainties, however, the IV-curve has measurement
errors associated with it.

X. Supporting Measurements
As discussed in detail above, if one has an accurate estimate of the LP’s FOV (effective collection area), its bias

voltage relative to the local plasma, and the species and populations present in the plasma, then one can convert LP
I-V sweeps into quite accurate relative density and electron temperature estimates. However, any uncertainties in
those calibration parameters directly reduce the absolute accuracy of the density and temperature estimates but factors
of at least 2 in practice, regardless of the stability and precise calibration of the basic LP instrument. A variety of
additional plasma and field measurements can improve the accuracy of LP-based estimates of the local plasma density
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and temperature by providing either absolute estimates of both quantities, or estimates of the parameters that affect the
LP’s FOV, or both.

First, one can measure the local vector magnetic field and plasma flow to estimate any finite electron gyroradius,
magnetic wake, drift wake, and trans/supersonic effects on the LP’s FOV. A DC magnetometer and either an ion drift
meter or double probe electric field instrument provide the data required to see if the LP lies in the magnetic or drift
wake of the SC or of its own boom, if the local electron gyroradius is on the order of the LP’s dimensions, if the plasma
flow lies in the sub-, trans-, or supersonic regime (the 𝛽 value), or if there’s a significant gradient in sheath voltage along
the LP’s surface. Modeling or analysis can determine a higher-accuracy FOV that enables higher-accuracy absolute
calibration, or the times when these effects render the nominal FOV highly-inaccurate and the derived density and
temperature suspect. In addition, the sensor-to-SC potentials measured by the E-field probes during LP IV sweeps will
constrain the magnitude of SC floating potential variations, the uncertainty in the LP’s bias voltage relative to the local
plasma potential, and thus uncertainties in the LP electron temperature estimates.

Second, one can utilize double-probe electric plasma wave measurements near the local plasma or upper hybrid
frequency to observe natural plasma instabilities (the ”Langmuir line” technique) or quasi-thermal noise fluctuations
(QTN technique) that provide absolute estimates of the local plasma density and electron temperature. When such
measurements are available, past experience on auroral and solar wind missions [71–73] show that well-designed
instruments utilizing accurate spectral fitting algorithms provide density estimates to better than 10%. Plasma frequency,
impedance, or mutual impedance probes [74, for example] provide for similar absolute estimates of local plasma
density, temperature, and collisionality with similar precision. Acquiring such data depends on a quiet electromagnetic
environment (for QTN) or the presence of natural plasma instabilities (for Langmuir line), or both, and so may not be
available for a given SC and plasma environment at all times or in all environments.

Third, one can utilize direct measurements of the electron and ion velocity distribution functions (VDFs) to constrain
the actual value of the SC floating potential, to determine if returning SC photoelectrons are a significant flux in the
environment, and determine the direct and secondary contributions of suprathermal and energetic electron and ion
fluxes to the measured electron and ion currents at the LP. Integral VDF instruments such as ion drift meters, retarding
potential probes, Faraday cups, and differential VDF instruments such as electrostatic and magnetic analysers all provide
such supporting data as long as sufficient fluxes at high enough energies (typ. a few eV) are present. However, such
measurements at these higher energies can not replace LP-based estimates of 𝑇𝑒 in ionospheric plasmas, and if 𝑇𝑒 is an
important parameter, an LP instrument is almost all ways required.

Thus, if resources allow, hosting an LP as part of a suite of additional instruments increases its accuracy and utility.
Careful and regular and in-flight inter-calibration of this suite of instruments allows for the best fusion of the full suite’s
data into the highest quality density and temperature estimates. A great example of this sort of in-flight calibration may
be found in some of the earliest flights of LPs in the auroral ionosphere where thoughtful instrument design in terms
of on-board current and voltage sources and flexible sensor biasing schemes allowed for the collection of a rich set
of inter-calibration data that allwed for further more accurate interpretation of the measurements [58]. Such in-fight
calibration activities may be combined with remote sensing techniques such as incoherent scatter radar (ISR) that
provide a low-temporal and spatial resolution (seconds to tens of seconds; tens of km) estimate of electron temperature
and density during planned or incidental conjunctions between the radar site and the orbiting SC.

XI. Conclusion
The Langmuir probe is a 100 year old workhorse that is one of the most used instrument for laboratory plasma

experiments. It has been used in space to diagnose the plasma density and temperature since the first sub-orbital
sounding rocket flights (1946-1947) and orbital satellites (1959 and onward). After decades, the LP remains a key
element and mainstay of space plasma instrumentation - easy to build; consuming a modest amount of mass, power
and telemetry; and one of the only instruments able to measure the thermal electron temperature in many plasma
environments. However, interpreting the measured IV-curve requires significant care in understanding what is included
in the measured current and how to interpret that current’s variation with bias voltage in terms of the ambient plasma
parameters. Above, we’ve summarized the relevant instrument and mission design parameters built up over the past
70-100 years to allow future LP instrumentalists and scientists to achieve the performance needed on a given mission,
the accurate extraction of plasma parameters from the LP data itself, and the glorious new discoveries in ionospheric,
planetary, and magnetospheric physics such data will enable.
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