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Abstract— We present a numerical study disclosing non-linear
effects and hysteresis loops for a swept bias Langmuir probe.
A full kinetic particle in cell (PIC) model has been used to study
the temporal sheath effects and the probe current. Langmuir
probes are normally operated at low frequencies, since a “close
to steady state” condition is required to characterize the plasma.
However, during operations above frequencies normally used,
capacitive and non-linear resistive effects are being unveiled.
We demonstrate how ion and electron density and temperature
change properties of the probe-plasma system. We also show that
a swept Langmuir probe exhibits essential properties described
as the “fingerprint of memristors” and how a Langmuir probe
can be identified as a transversal memristor. Understanding
non-linear processes might enable new ways to operate Langmuir
probes with higher sampling rates and better accuracy.

Index Terms— Langmuir probes, memristors, plasma.

I. INTRODUCTION

ANGMUIR probes are standard instruments for char-

acterizing plasma quantities both in space physics and
in laboratory experiments. Langmuir probes are inexpensive
and relatively easy to operate, and theoretical models to
derive electron density and temperature based on the measured
voltage—current (V-I) relation have been established. The
simplest setup for characterization of plasma is a single
Langmuir probe where the probe bias is swept through a
voltage range. Since the plasma needs some time to adjust
to the voltage and to stabilize, due to sheath formation and
sheath capacitance, there will be limitations on the sweeping
frequency and subsequently a temporal limitation of the sys-
tem. Other methods utilizing several Langmuir probes, each
with their own fixed bias, have been developed allowing a
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higher sampling rate [1]. The trade-off is a more complicated
setup involving more circuitry that needs to be calibrated.
In the ionosphere radio frequency (RF) probes like sweeping
impedance probes (SIP) and High Frequency Capacitance
probes (HFC) are also used [2]-[4]. While Langmuir probes
require a low frequency of the sweep, at which the sheath
gets time to establish itself, SIP rely on sweeping frequencies
so high that the sheath does not get time to form and the
effect of the sheath is negligible [5]. These probes are normally
operated in the range from a few hundred kHz to a few dozen
MHz, and the data can be analyzed using a fluid formulation
and thin sheath approximation [2], [6], [7].

When data from Langmuir probes are analyzed, we often
see deviations from theoretical studies [8]. This can be caused
by charged objects close to the probes, contamination on
the probe itself [9], [10] or the method used for analyzing,
including how the data is fit to the measured V-1 curve [8].
Relevant for this study is hysteresis effects observed in V-1
characteristics, which are commonly contributed to surface
contamination and is discussed in numerous studies [11]-[14].

In this article, we study the response of a single spherical
Langmuir probe when the sweeping frequency of the probe
bias is increased beyond the maximum frequency normally
used (which would be required for reaching a steady-state con-
dition), and into the domain where capacitive and non-linear
resistive effects are being unveiled. We are still operating
at frequencies below the RF probes. Understanding these
processes might enable new ways to operate Langmuir probes
at higher sampling rates and with better accuracy. Langmuir
probes have been used on many sounding rockets, satellites,
and interplanetary spacecraft to perform in situ measurements
of electron/ion density and temperature. In our study, we use
realistic parameters typically reflecting a Low Earth Orbit
environment of a satellite.

II. SHEATH EFFECTS ON LANGMUIR PROBES

When operating a probe to obtain the /-V characteristics,
the probe needs to be biased relative to floating potential,
which is a potential of an isolated object in plasma at which
the net current to the object surface vanishes. Thus, the
probe potential is swept through a voltage range V, and
the corresponding probe current / is measured. We normally
require a low sweeping frequency, so the sheaths and the probe
current are stable before we do the readout, which is reached
within a few ion plasma periods.
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Fig. 1. V-I curve for a Langmuir probe, showing the floating potential, V,

and the plasma potential V). Outside this region, we find the ion saturation
region and the electron saturation region. The blue dashed line shows the
electron current, the red dashed line shows the ion current and the green solid
line shows the total probe current, all for a spherical probe. The black solid
line shows the total current for a planar probe.

The bias voltage controls whether electrons or ions are
repelled or attracted to the probe. For a negative bias voltage,
much below the floating potential, the probe will operate in
the ion saturation region, where electrons are repelled, and all
ions are attracted, see Fig. 1. In this region, a sheath caused by
a majority of positively charged ions will build in the vicinity
of the probe and limit the ion current. For voltages above
floating potential but still beyond the plasma potential the
probe will be in the electron retardation region. In this region
both the electron and ion densities decrease but at a different
rate. Assuming the ions are positively charged, the ion density
decreases because ions are attracted by the negative potential
while the electrons are repelled. However, to form this negative
sheath the ion density must decrease more than the density of
the electrons, and for cold ions it must have thermal speed
exceeding the Bohm-velocity, vg, given by [15]

kT,

m;

v = ey
where k is Boltzmann’s constant, 7, is the electron tempera-
ture, and m; is the ion mass. In this region, the ion current is
negligible and most of the current is determined by the number
of electrons which can overcome a retarding potential. The
current will have an exponential growth up until it reaches the
plasma potential where all sheaths are broken down.

In the electron saturation region, all electrons are attracted
and the electron current will be limited, in the same way as
the ion current in the ion saturation region, by a non-neutral
sheath caused by a majority of negative particles close to the
probe as seen in Fig. 2. Outside the sheath region, we have
the presheath where quasi-neutrality has been established, but
electrons and ions are still accelerated [16]. The sheath will
couple the probe potential to the quasi-neutrality plasma where
the majority of the particles accelerated toward the probe
equals out the potential of the probe. The sheath does not
have a sharply defined edge, although, in general, we can
assume that outside the sheath region the quasi-neutrality of
the plasma is preserved and inside the sheath region the plasma
quasi-neutrality brakes down.

The distance where the electric field of an isolated object
at floating potential becomes so weak, that the thermal energy
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Fig. 2. Plasma probe coupling. For an object with a positive potential the
electrons are attracted and the ions are rejected. We can see that the density
of the electrons will dominate in the vicinity of the probe and shield out the
positive probe potential.

of the particles is sufficient to escape from the electrostatic
potential is called the Debye length 1p. It depends on the
electron temperature and the electron density, n., and it is
given by

kG() Te

Ip =
q2n.

)
where € is the permittivity of free space.

A. Probe Current

The analytic theory for the probe current was first intro-
duced by orbital-motion-limited (OML) theory by Mott-Smith
and Langmuir [17], and it requires a steady-state condition
for the sheath and the measured current for each probe bias.
The dominating factor is normally the time required for the
sheath to form and the time the particles need to traverse
the sheath. The OML theory provides a simple formula for
calculating electron and ion current for some basic probe
shapes: planar, cylindrical, and spherical. It is normally based
on a Maxiwellian velocity distribution and assumes a collision-
less plasma. From the OML theory the current collected by a
Langmuir probe in the saturation regions for a given species
s is given by [18]

B
eV

I, =Clg| 1+ — 3
s th( + kTS) ( )
where the thermal current Iy, to the probe is given by

kT
I = nyqs A 4)
2w my

Here, A is the surface area of the probe, the parameters C
and S are the dependent on the geometry of the probe, where
£ equals 0, 0.5, and 1 for, respectively, planes, cylinders,
and spheres. The parameter C is for a cylindrical probe
C = (2/4/7) and for spherical and plane probes C = 1. V is
the potential of the probe relative to the ambient plasma. For
the repelled species, such as for the electrons in the electron
retardation region, the collected current will be given by

eV
L1, exp(ﬁ). )
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II1. TEMPORAL EFFECTS FOR LANGMUIR PROBES

In practice, the applied bias will be a linearly ramped
voltage, normally applied by a triangular sawtooth waveform.
The frequency must be sufficiently low for the sheaths to
be established, and the particles must have time to traverse
the sheaths. However, we aim to study how a sinusoidal bias
affects the collected current to understand the temporal effects
in the transition phase before the probe reaches steady state
and look for non-linear properties. A good overview over the
temporal effects can be found in the study by Lobbia and
Gallimore [19] where five temporally constraining issues are
mentioned: 1) sheath transit time; 2) sheath formation time;
3) plasma resonance; 4) polarization drift; and 5) capaci-
tive effects due to sheath capacitance, stray capacitance, and
mutual capacitance.

A. Sheath Formation Time

The sheath will couple the probe potential to the
quasi-neutral plasma as illustrated in Fig. 2 where the differ-
ence in density between negative and positive charges equals
out the probe potential toward the quasi-neutral plasma. When
the probe potential changes, the sheath changes its size and
species composition. While the electrons, due to their higher
velocity, adapt rather fast, within a few nanoseconds, the
sheath still needs to adjust to the ions. Based on simulation,
it has been suggested that the sheath formation time can be
between a few and up to ten ion plasma cycles before the
sheath has been fully established [20]

-1

ion * (6)

Based on the sheath formation rate, the sheath formation
time can also be approximated to [19]
4Vshealh

Tsheath ~ ——————— @)
AgheathDion

Tsheath ~ 10

where, Vipeatn, 18 the sheath volume, Agpean i the sheath area
and, vj, is ion thermal velocity given by

Ton
. ®)

Mion

For a spherical probe this can further be expressed by the
Debye length, electron temperature, ion mass and the probe
radius 7,

Tsheath ~ 2(rp + AD)/\/ el,/m;. 9)

B. Capacitive Effects

Several capacitive sources can be related to a Langmuir
probe system, such sources may include: probe-plasma sheath
capacitance, stray capacitance between the probe line and the
ground level, and mutual capacitance between neighboring
conductors.

C. Sheath Capacitance

The shielding caused by the higher mobility of electrons
acts like a component with capacitive properties in parallel
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Fig. 3. Spherical Langmuir probe and its coupling to the plasma through
the sheath capacitance, C;, and the sheath resistance, R;.

with the sheath resistance, as seen in Fig. 3. The probe sheath
capacitance, Cgheath, 1S in general given by [21]

EOAprobe
Ad
where o is determined by experimental data and will be in

the range 0.1-1. For a probe with a spherical geometry where
Aq > r this can further be expressed as

Csheath = @ (10)

2

4w egr
iy (11)

Ad

Typical values for the sheath probe-plasma capacitance for
our probe are in the range 5—-15 pF. Given the reactance y. =
1/2x f C, we can see that the current related to the capacitance

(12)

Csheath =

i =27 fCshean V

is dependent of both the frequency and the capacitance, and
we see that the current will increase with the frequency.
Combining (12) with the capacitance given in (10), we see that
the current is proportional to i o (1/4p) for (r/A4) > 1 and
further related to the electron temperature given in (2). We see
that the capacitive current, i., is inversely proportional to
temperature

13)

and similarly we see that the current is directly proportional
to the density

i. X A/N,.

The capacitive current will decrease as the electron temper-
ature increases and it will increase as the density increases.

(14)

D. Stray Capacitance

In the real setup of a Langmuir probe, stray capacitance will
occur. This capacitance arises between the probe line and the
ground level of the system and will be in series with the probe.
With the intention of reducing complexity, to better understand
the non-linear effects, the stray capacitance will be neglected
in our model.

IV. MEMRISTIVE PROPERTIES

A memristor links magnetic flux and charge, and its
state-dependent resistance which depends on the previous flow
of charges. Like a normal resistor, a memristor reduce the
flow of charge and has the same unit as normal resistance,
Q [22], [23]. However, a memristor exhibits some unique
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Fig. 4. Probes coupling to the plasma through a memristor with a parasitic
capacitive element in parallel.

properties which enables memristive devices to be distin-
guished from non-memristive devices. The first indication of
memristor-like behavior can be seen in the shape of the VI
characteristics where a memristor exhibits the unique property
called “pinched hysteresis loop.” This characteristic property
is referred to as the fingerprint of a memristor [23]. When
applying a voltage source v(¢) = A sin(wt) we will see a V-1
Lissajous curve, with two distinct values of the current, except
from when it crosses. An ideal memristor is also expected to
pass through the origin I = 0,v = 0 with a single value.
However, a memristor can have a significant offset of the pinch
point due to parasitic elements [24]. Another fingerprint of the
memristor is the decrease of the hysteresis loop area [25] as the
frequency increases, which tends toward a single-valued curve
for lim f — oco. Memristors are furthermore divided into two
branches depending on whether the loop of /—V characteristics
cross the in the origin and it will be referred to as a transversal
memristor or if the slopes are touching and it will be referred
to as a tangential memristor [25].

In the perspective of the memristor, the illustration of
the probe coupling to the plasma, shown in Fig. 3, can be
replaced equivalent circuit where the resistance is replaced by
a memristor with a capacitive element in parallel, as shown in
Fig. 4.

V. NUMERICAL SETUP

To examine the non-linear properties of the probe, a numeri-
cal study using Particle in Cell (PIC) model was accomplished.
We used the PTetra model that was modified to support a
time-varying bias. The PTetra model uses an unstructured grid
and follows a standard PIC scheme, [26], [27]. The geometry
and mesh were generated using the open-source meshing tool
Gmesh [28]. Particles are initiated with Boltzmann distributed
velocity given by, respectively, the ion- and electron tempera-
ture. The particles move in the defined volume by integrating
the Lorentz force implemented as leap frog scheme giving
a second-order accuracy. The model supports static magnetic
fields. However, in this study, an external magnetic field is not
considered.

The simulated probe is a sphere with a radius of 2 cm
inside the computational volume limited by an outer sphere
with a radius of 40 cm. The mesh was generated with an
outer mesh resolution set to 4 mm and an inner resolution
set to 2 mm. Fig. 5 shows the simulation setup. The probe
bias was a sine wave with an amplitude of +/—5 V with
the following frequencies: 5, 10, 20, 40, 80, 160, 320, and
640 kHz. The plasma temperature was in the range 0.2-1 eV
in a quasi-neutral plasma with a density from 3.5 x 10'! to
28 x 10" m™3. The ions were all taken to be H* except
for the simulations where heavier ions from 2 to 7 u were
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TABLE I

SIMULATION AND CENTRAL PARAMETERS, CALCULATED FOR THE
REFERENCE CASE WITH A FREQUENCY OF 40 kHz

Parameter Value
Electron density Ne 7.0x 10T m=3
Ion density n; 7.0 x 101 m—3
Electron temperature Te 0.2 eV - 2320 K
Ton temperature T; 0.2 eV - 2320 K
Electron Plasma period wa;el 0.13 ps
Ton Plasma period 27rz,up_e1 5.68 us
Debye length AD 3.97 mm
Sheath formation time Tsheath 6 us
Sheath capacitance Csheath 13.4 pF

Fig. 5. Simulated probe is a sphere with a radius of 2.0 cm within the
computational volume given by a spherical boundary with a radius of 40.0 cm.
The mesh was generated using Gmesh with an outer mesh resolution set to
4.0 mm and an inner resolution set to 0.002 mm.

compared. To reduce noise and simulation time, a larger probe
radius than normal was used. The size of the probe does not
fulfill the requirements of the OML theory for spherical probes
where R <« 1p, and we can expect a probe current between
the current of a spherical probe and for a planar probe with
the area of the sphere. Plasma parameters and parameters used
in the simulations are listed in Table I.

VI. NUMERICAL RESULTS

An initial study of a constant probe bias was performed to
determine the sheath resistance without any capacitive effects.
The probe was biased at 5 V and the simulation time was
20 us. The data was filtered by a second-order Butterworth
low-pass filter. At simulation start, the applied bias acts like a
step-function, and the system needs time to stabilize. In Fig. 6
we can see that after about 1 us, the current reaches a
peak caused by the electrons in the immediate vicinity of the
probe being attracted to the probe by the strong electric field.
A steady-state condition is reached after about 10 us and the
average current over the last ion period is 492.6 uA.

In Fig. 7 we see the raw data compared to the filtered
data for the 40 kHz simulation. The raw data is noisy and
needs to be filtered. Any kind of filters applied will change
the V—I characteristics either by introducing a phase delay,
changing the hysteresis area, and/or moving the pinched point.
Normally, an exponential averaging filter has been used to
filter the PIC data. However, data in this model was filtered
with a low-pass filter since this filter best preserved the shape
of the signal in the V—I characteristics. The effect of the filter
is a very small phase shift of the signal which also moves the
pinched point of the hysteresis loop away from the origin of
coordinates. The filter is constructed to filter the noise based
on the time-step used in the PIC model and has a cutoff well
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Fig. 6. Current to the probe as a function of time. The probe was biased
fixed at 5 V and the simulation was run for 20 us. Steady state is reached
after about 10 us.
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Fig. 7. Signal was filtered with a low-pass filter to reduce the noise.

above the highest frequency used for the bias. The phase shift
will be different for each frequency and is very small, within
1° or 2°. We simulated at least four periods for all frequencies,
and we took the average over the last three periods after the
cycle had stabilized.

A. Frequency Response

In our study, we have run simulations for sweeping signals
from 5 up to 640 kHz. The V-I characteristics for the
reference case at 40 kHz, with parameters given in Table I,
is presented in Fig. 9. For the lowest frequencies considered
in this study (5 and 10 kHz), the shape VI characteristics is
shown in Fig. 10. It is similar to the shape of the illustrated
V—I characteristics in Fig. 1. We see a hysteresis in the
electron saturation region with a higher current for the rising
voltage than for the falling voltage. For the 5 kHz signal
seen in Fig. 10, there are oscillations in the order of the
ion period. As the frequency increases, the hysteresis in the
electron saturation increases, and from 20 kHz we can see how
the hysteresis also develops in the electron retardation region
and stretches into the ion saturation. The formation time of the
sheath, that acts like a resistance for the electrons, is according
to (7), about 6 us. Obviously the effect will also be present at
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sinusoidal probe bias. The ion current is small compared to the much larger
electron current and there is the phase delay between the applied bias and the
current. The current at rising probe bias is higher than at falling voltage.
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Fig. 9. V-1 plot for 40 kHz. The upper line, with the highest current, is for
the rising voltage, while the underneath line, with lower current, is for the
falling voltage.

shorter time intervals. For the case at 40 kHz, seen in Fig. 10,
the probe is operated in the electron saturation region for
about one quarter of the sweeping period, which corresponds
to 6.25 us, and from Fig. 8 we can see that the current
is higher for the rising voltage than for the falling voltage.
In Fig. 12 the simulated current is also compared to the
theoretical capacitive current of the probe given by (12) and
the theoretical capacitive current plus the steady-state current.
We can see that the increase in current follows the tendency
of the capacitive current, but is somewhat higher. This is
as expected since the capacitive current should increase as
frequency increases, and at the same time the resistive sheath
has less time to establish, giving a smaller resistance and more
electrons will be attracted toward the probe. However, the
capacitive current is small for 40 kHz, so the difference in
current for rising and falling bias should mainly be attributed
to the sheath formation. This is further supported by the
electron and ion density distributions in the vicinity of the
probe as seen in Figs. 13 and 14, where we see a snapshot
of the ion and the electron densities for the same rising and
falling 3 V as marked in Fig. 8. We can see a higher density
of the ions close to the probe for rising voltage than for falling
voltage which illustrates that the ions need time to move out
of the sheath region. Within the sheath, we also observe a
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Fig. 11.  V-I plot for frequencies from 80 to 640 kHz.

slightly lower density of electrons very close to the probe for
falling than for rising bias. In total, the sheath has a higher
density of electrons compared to the density of the ions that
will slow down the electrons and reduce the current.

From Fig. 11, we see that the pinched curve vanishes in
the electron saturation region as the frequency increases. The
capacitive effect becomes more and more dominating and the
current increases as demonstrated in Figs. 11 and 12.

B. Comparing Temperatures and Density

Since the current caused by the capacitive effect is dom-
inated by the electrons, and since the sheath effects in the
electron saturation region are dominated by the ions, it is
reasonable to also examine the variation of the electron and ion
temperatures separately. In Figs. 15 and 16 we compared the
V—I characteristics for different electron and ion temperatures
ranging from 0.2 to 1 eV. In Fig. 15 we see that the probe
current is reduced when the electron temperature increases,
in accordance with the current given by the OML theory
in (3). While the thermal current increases by a factor of
/T, the total current will decrease by a factor of 1/7, when
1 < eV /kT. This is an assumption for a steady-state condition
when the capacitive effect will be absent. On the other hand,
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Fig. 13.  Electron and ion densities at rising 3 V (top panels) and falling 3 V
(bottom panels) bias voltage at 40 kHz. We can see that the ion density close
to the probe is higher at rising bias than falling. The ions are pushed away and
the sheath is formed. The positive potential in the sheath acts like a resistance
and will slow down the electrons and reduce the current.

when we consider the current caused by the capacitive effect
it will also be related to the temperature as seen in (13), and
we see that current caused by the capacitive effects should
also be reduced as the electron current is increased. However,
as seen in Fig. 12 the capacitive current is small, about 17 ¢ A
for 40 kHz, and the current is less affected by the variation
of the electron temperature than by the variation of the ion
temperature.

From (7) it follows that the sheath formation time is reduced
when the ion velocity is increased, which means that the sheath
uses less time to build up and it will limit the current for higher
temperatures. We also observe that when the temperature
increases, the hysteresis area is shrinking and we are moving
toward a linear curve. If we only increase the temperature of
the electrons to 1.0 eV and keep the ions at 0.2 eV, there is
a reduction of the current in accordance with (3) and (13),
see Fig. 15. If the ion temperature is increased to 1.0 eV
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and z-direction. We can see how the ions have moved out of the sheath and
electrons in the vicinity of the probe has been collected. The higher number
of electrons are equaling out the potential from the applied probe bias.
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Fig. 15.  V-I characteristics for different ion and electron temperatures

ranging from 0.2 to 1 eV at 40 kHz.

and the electron temperature is at 0.2 eV, which is a situation
that would be unlikely to occur in a real space environment,
we see that the current increases. This is a bit unexpected
since according to (7) the ions use less time to establish the
sheath due to their higher mobility and we would expect that
the sheath was established faster and the current should be
reduced. However, since in this case 7; > T,, the equations
for the current to the probe would need to be revised.

As for the temperature, both the sheath capacitance and
the steady-state current are related to the plasma density.
According to the OML theory the thermal velocity is directly
proportional to the density given in (4), and we can see
this tendency in Figs. 17 and 18. In contrast to the electron
temperature, the capacitive current will be proportional to the
electron density given by (14) and the current will increase
with density. However, as far as we know, this contribution is
relatively small at 40 kHz.

C. Comparing Ion Masses

Simulations of ion masses from 1 to 7 u were performed.
Ion masses heavier than 7 u resulted in instabilities and
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Fig. 16. Probe currents for different ion and electron temperatures. The red
curve shows simulated currents for the ion temperatures from 0.2 to 1 eV while
the electron temperature is fixed at 0.2 eV. The blue curve shows simulated
currents for electron temperatures from 0.2 to 1 eV while the ion temperature
is fixed at 0.2 eV. The green curve shows simulated currents for equal electron
and ion temperatures (7, = 7;) from 0.2 to 1 eV.
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oscillations in the order of the ion plasma period and are
not included. The sheath formation time given in (7) depends
on the thermal velocity given in (8), which again depends
on the ion temperature and the ion mass. In contrast to the



1244

Voltage-Current for masses from 1u to 6u

m = 1lu
800 800

m = 2u

600

400

Current [pA]
»
8
Current [pA]

% -4 —2 o0 2 4 & -6 -4 -2 0o 2 4 s
Voltage [V] Voltage [V]
m = 4u m = 6u
800 800

600

400

Current [pA]
»
8
Current [pA]

6 -4 2 o 2 a4 6 -6 -4 —2 0 2 a &
Voltage [V] Voltage [V]

Fig. 19. V-I characteristics for ion masses of 1, 2, 4, and 6 u at 40 kHz.
As the ion mass increases, the collected current increases and the hysteresis

shrinks.
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Fig. 20. Maximum probe currents as function of mass from 1 to 7 u. The

current increases as the ion mass increases due to the longer formation time
of the sheath and consequently less resistance.

change caused by varied temperatures, a higher ion mass
will reduce the thermal speed, and the sheath formation time
will increase as the ions use longer time to move out of the
sheath region. Consequently, the resistance for the electrons
will decrease, resulting in a higher current for heavier species
as seen in Fig. 20. Since we know that the capacitive current
mainly is associated with the electrons and it will remain
unchanged here, the increase in the current for higher ion
masses illustrates well how the sheath, and subsequently the
resistance, needs time to build up. This is further supported by
the reduction in hysteresis seen in Fig. 19 where the difference
between rising and falling voltage is reduced.

VII. DISCUSSION AND CONCLUSION

Simulations carried out in this work disclose non-linear
effects of a swept Langmuir probe with a pinched hysteresis
loop and a double valued V—I characteristics. The hysteresis
loop is an effect of sheaths that needs to form, as the ions
needs time to move out of the sheath region. The hysteresis
area will therefore depend on the frequency and shrink as the
frequency is increased. As expected, we can see that the sheath
formation time is dominated by the ions and the mobility of
the ions related to the temperature and mass of the ions.
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In the perspective of a memristor, this pinched hysteresis
loop, with a double valued V-I characteristics, is the first
fingerprint of a memristor exposed to a sinusoidal signal
and as the V—I loop crosses it can furthermore be identi-
fied as a transversal memristor. Another fingerprint of the
memristor is the decrease of the hysteresis loop area as
the frequency increases, which tends toward a single-valued
function. If we compare the results from 40, 80 and 160 kHz
in Figs. 10 and 11 we see how the lobe area decreases and
the pinched curve in the electron saturation region straightens
out. We also see that sheath capacitance dominates as the
frequency increases, and from 160 kHz the pinched curve
vanishes, and we are left with the capacitive effect. In the
context of a memristive circuit, the sheath capacitance can be
introduced as a parasitic element parallel to the memristor as
shown in Fig. 1. An effect of a parasitic element is that voltage
and current cannot be equal to zero simultaneously [29] and
as a result, the pinch point will not pass through the origin.
It is also worth noticing that resistance in parallel or in series
with the memristor is not discussed since the equivalent circuit
itself will be a memristor [23].

The hysteresis measured in the V—I characteristics has
commonly been contributed to surface contamination of the
probe [11], [12]. In this study, we see that the hysteresis also
can be attributed to the sheath and sheath formation time,
determined by the mobility of the ions.

It is shown that a Langmuir probe immersed in plasma
holds several non-linear properties that can be identified with a
memristor. Non-linear effects for the swept Langmuir probes
are a novel field and should be studied more systematically
including experiments performed in a physical laboratory.
A better understanding of the sheath formation process would
particularly be very useful. However, the observed hysteresis
and memristive properties illustrate the potential of swept
Langmuir probe methods to disclose more of the plasma
properties. A further study of these properties could possibly
be used to introduce new measurement methods for character-
ization of plasma.
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