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Abstract

The paper reports on the development and application of a swept Langmuir probe to characterize plasma between
two disc-like electrodes. A battery was added to a probe circuit to offset against the cathode fall voltage, and to make
the sweep voltage effective at the probe tip. This arrangement allowed the collection of the electron and ion parts of
the probe current and the subsequent construction of time-resolved current-voltage I,(V) characteristics with a time
resolution of about one millisecond. The probe collected electron current in the lower voltage region of the discharge
waveform where it surmounted the cathode fall voltage, whereas the ion current was collected continuously due to an
accelerating field for the ions. The results highlighted how the cathode fall voltage limits the collection of the electron
and ion parts of the probe current and how to handle the problem with a series battery in the probe circuit. In addition

to the swept single-probe, a triple-probe was used simultaneously to compare and validate the results.

Keywords Swept Langmuir probe - Triple Langmuir probe - DC-electrode discharge - Time-resolved plasma

measurements

1 Introduction

The knowledge of the plasma parameters is essential to
understand the physical and chemical processes contrib-
uting to the plasma-assisted surface modifications [1, 2,
2]. Langmuir probes (LPs) are a versatile diagnostic tool
that can be used to obtain plasma parameters in pulsed
as well as turbulent plasmas [3-5]. The technique consists
of applying a known voltage (V) to a metallic electrode
placed in the plasma and measuring the resulting current
to it, (I;) [6-8]. The current-voltage characteristic, I,(V), is
used to obtain the plasma parameters including plasma
potential, electron temperature, and number density from
its different regions. The spatial resolution of conventional
probe methods is extremely good, but the time resolu-
tion is not sufficient to track the fast changes in transient
discharges [4, 6]. Sweeping the voltage on the probe tip
and constructing time-resolved probe characteristics may

improve the temporal resolution of probe measurements.
However, plasma must behave quasi-stably in every probe
sweep half-cycle, i.e. up-sweep and down-sweep, other-
wise, the accuracy of the measurements may be compro-
mised depending on the deviation from equilibrium.
Advancing probe technology has enabled the use of
triple, multi-pin, and triggered probes to obtain instanta-
neous values of plasma parameters with a time resolution
upto microseconds [9, 10]. The triple Langmuir probe (TLP)
[11, 12] is the most favourite multi-pin probe version. It
shares the benefits of both double as well as single probe
configurations and thus performs real-time measurements
with better time resolution. Generally, the triple-probe
head is comprised of three conducting tips that enable
tracing the Ip(V) characteristic instantaneously using the
measurements of three distinct points. However, it is not
possible to place all three probe tips at the same location,
and the plasma conditions could vary from tip to tip in
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strongly inhomogeneous plasmas. In contrast, the single-
probe can determine the complete I(V) characteristic at
a single point and derivation of the electron energy distri-
bution function (EEDF) [3, 8, 9]. Thus the fast-swept single-
probe can extract information on plasma parameters at
one spatial location that cannot be made with a triple-
probe[13-15]. The time-resolved I,(V) characteristics can
be constructed at different probe sweep times to deter-
mine the electron temperature and the electron number
density as a function of time. However, the triple-probe
technique is still preferred for fast time measurements
inhomogeneous and strongly time-varying plasmas.

Several studies on the application of swept Langmuir
probes to time-resolved plasma measurements under
various discharge conditions have been reported. Ruda-
kov et al. [16] investigated the effect of electron tempera-
ture fluctuations on the measurement of slowly swept
probes having a sweep frequency much lower than the
characteristic frequencies of plasma fluctuations. The
results showed that due to the presence of temperature
fluctuations with frequencies higher than the swept fre-
quency, the swept probe tends to read higher than the
actual time-averaged electron temperature. This occurs
where the time-averaged I,(V) characteristic is used for
the fit and plasma potential fluctuations does not corre-
late with the electron temperature fluctuations. Moreover,
when the temperature and plasma potential fluctuations
correlate, a slowly swept probe may read either higher or
lower than the average electron temperature, depending
on the relative phase of the temperature and potential
fluctuation and their amplitude. Lobbia et al. [17] studied
the factors affecting the time resolution of probe measure-
ments such as sheath formation time, particle transit time,
sheath capacitance, stray capacitance, and mutual capaci-
tance for the time-resolved operation of a swept Langmuir
probe. These factors limit the time resolution of rapidly
swept Langmuir probes due to the inability of the plasma
to properly respond to rapidly changing probe bias under
steady-state conditions. Theiler et al. [12] investigated the
problems faced in obtaining reliable probe data due to
phase delay errors, ion sheath expansion, and limited
bandwidth of probe sheath dynamics. Based on the nature
of the problem, simple guarding circuits were proposed
to compensate for the stray capacitance to ground and to
improve the time resolution of measurements in strongly
time-varying plasmas.

The objective of this work was to develop a fast diag-
nostic tool for time-resolved plasma measurements in rap-
idly time-varying plasmas. The proposed modifications in
the swept probe technique enable speedy and localized
plasma measurements with better accuracy compared
with other available techniques by making it a valuable
diagnostic implement for dc electrode discharges. This
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technique also put forward a simple driving circuit to
overcome the implications of probe application in the
presence of cathode fall voltage between two dc elec-
trodes. The motivation behind this work was to develop
a swept single-probe system that would help to under-
stand the time evolution of the microwave discharge in
the pre-ionization and later current formation stages dur-
ing experiments on the Glass Spherical Tokamak (GLAST).
The triple-probe technique parallel with the single-probe
technique was used in the present research to measure
plasma parameters and to compare and verify the results.
Moreover, based on the probe measurements, the plasma
reactor can be optimized in terms of active species genera-
tion and plasma reactivity for surface modifications.

The paper is arranged as follows: Sect. 1 introduces the
different Langmuir probe techniques used has been for
plasma measurements with their merits and demerits.
Section 2 explains the probe theory and its formulation
to determine plasma parameters under various discharge
conditions. In Sect. 3, experimental details of the plasma
generation setup are presented, along with the modified
probe circuit and its application to time-varying discharge.
Section 4 describes the results with interpretation and dis-
cussion. Finally, Sect. 5 summarizes the key findings and
implications of the experiment.

2 Probe theory and analysis

The probe characteristic, I,(V), describes the dependence
of the total probe current on the probe potential and
can be constructed experimentally by varying the probe
potential relative to a reference electrode. The qualitative
interpretation of the probe characteristic provides insight
into the sheath dynamics with changing bias voltage. At a
large negative probe potential relative to plasma potential
(|Vgl< <|Vp)), the entire probe current is due to positive ions.
However, with a decrease in the negative bias voltage, the
probe current additionally includes the fast electrons that
manage to overcome the retarding field. The superposi-
tion of electron current produces an exponential increase
in the probe current with increasing bias voltage. Positive
ions continue to be collected by the probe until the bias
voltage reaches the plasma potential, at which point ions
start to be repelled by the probe. For |Vg|>>|V,|, all posi-
tive ions are repelled, and thus the entire probe current
is attributed to the electron collection. For |Vg| <|Vp|, the
electrons are partially collected by the probe, and the elec-
tron current greatly exceeds the ion current due to their
low mass.

The experimental plasma conditions such as colli-
sionality, magnetization level, Debye length, the elec-
tron mean free path, and probe size significantly affect
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the accuracy of measurements and interpretation of the
probe data. Therefore, it seems necessary to collect infor-
mation on these quantities to make the measurement
more reliable. The plasma particles can be considered as
unmagnetized if the cyclotron frequency is less than the
collision frequency or their Larmor radii are larger than
the mean free paths (r, > A, [6, 12].

\/m kT 1
(’L=%>> (ﬂmfp=na >
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In the Earth’s magnetic field of about 65 uT, the elec-
tron behaves as un-magnetized with r, (at 65 pT)=1.6 X
108 m> >0.00032 m =Amfp @nd the probe data can be
analysed by considering the un-magnetized plasma
environment. However, plasma magnetization affects
the Larmor radius of the electrons more than that of the
ions, and consequently the collection of electrons. It also
seems necessary to present information on the ioniza-
tion fraction of the neutral argon atoms using the den-
sity of the neutral argon atoms and using the relation
n,= P/kTg, where Tg is the temperature of the neutral gas,
and P is the gas pressure. For typical experimental values
of P=50 Pa and T, = 300 K, n,=1.2x10%* m~?,
n;=2.5x10'® m™3, the ionization fraction (n/n,) is
approximately 0.02%. For the sheath collisionless regime,
the mean free path of the electrons should be larger
than the probe radius and the Debye length [14, 18].The
plasma characteristics such as Debye length,

Ape = <%)1/2=8.1 pm, plasma frequency = 14.2 GHz,
cyclotro; frequency =1.8 MHz, and probe
radius=0.125 mm for the electron number density
(2.5%10'® m~3) and temperature (3 eV) satisfy the experi-
mental conditions for probe measurements.

The probe current I, is considered positive from the
probe to the plasma. Moreover, if V; the biasing voltage
of the probe tip and V, the plasma potential in the vicin-
ity of the probe tip, the probe current can be expressed
as a sum of electron and ion components for biasing
voltages:[6, 14]

(V) = 1;(Vg) +1,(Vs) )
e(Vo—Vp)
where 1;(Vg) = { —l,sexp[ KT, ]’VB =V }, where
1 Vs < Vp
) = { R [T e < |
Lo Vg > Vi

The electron and ion saturation currents, /,; and /;; are
given by

1
2
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The ion current is determined by the electron current
when T,> > T Here /;is the ion current reaching the probe
tip, I; ls is the ion and electron saturation currents, kT, is
the electron temperature, and n, and n; is the electron and
ion density respectively. Moreover, the probe collecting
area is denoted by A, the electronic charge is denoted by
e, and the electronic mass is denoted by m,, (all SI units).
When the probe potential reaches the plasma potential,
the retarding field between the plasma and the probe dis-
appears, and the probe collects almost all electrons reach-
ing it. However, in dc electrode discharges, it is difficult
to obtain the entire electron component because of the
discharge shifts over the probe tip at higher biasing volt-
age. In such cases, it is convenient to use the exponential
part of the ion current involving the contribution of fast
electrons reaching the probe to obtain electron tempera-
ture. The electron density may be readily derived from the
electron saturation region of the probe characteristic, Ip(V).
The following are well-known formulae based on probe
theory [3-5]:

d(inL)|”
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e
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Moreover, the ability to respond to a rapidly chang-
ing probe bias also depends on probe sheath transit
time, capacitance, and impedance of the measuring cir-
cuit. These are the key factors that restrict the temporal
response of the probe [17-19]. Apart from swept Langmuir
probes [20-23] used by many researchers to obtain time-
resolved plasma parameters, the triple-probe can readily
provide the temporal profiles of electron temperature and
electron density from the voltage difference of positively
biased and floating probe tips and the double probe cur-
rent, respectively, using the following formulae [11-13].

e[V, -V

= (@)
0.7

/.
ne — IS (5)
exp (—%)eAp‘/%
Here I, is the ion saturation current of the differen-
tially biased double probe. V, and V;is the potentials of
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the positively biased and floating probes, respectively.
A detailed description of the working principle and con-
struction of triple-probes can be found elsewhere [9-11].

3 Experiment

To test the swept probe system, a low pressure, pulsed dis-
charge in argon was created between two disc-like brass
electrodes arranged in a parallel-plate configuration. The
electrodes were powered by a Fluke 410B high voltage dc
power supply having triangular-shaped ripples of 50 Hz to
produce a time-varying discharge. The diameter of each
electrode was 4 cm and the spacing between them was
also 4 cm. A cylindrically shaped vacuum chamber made
of Pyrex glass having a 28-cm height and a 16-cm diameter
was used to house the dc electrode assembly. A combined
Bayard-Alpert and Pirani Gauge FRG 720made by Agilent
was used to monitor the working pressure. A rotary vane
pump connected through a controlled valve was used to
achieve the required vacuum before argon filling. A resist-
ance of 1-kQ was connected in series with the power sup-
ply to limit the discharge current and record its waveform.

Figure 1 shows a schematic diagram of the plasma gen-
eration system together with the swept Langmuir probe
biasing circuitry. Here we report on a simple and easy-to-
construct swept probe system that consisted of a Tektro-
nix four-channel variable function generator (AFG 3102C)
connected to a DC-to-5 MHz high voltage amplifier (Falco,
WMA-300). The plasma characteristics depend on variables
such as the voltage across the electrodes, their separa-
tion, type of gas, and its working pressure. Moreover, the
plasma characteristics and the breakdown voltage apart
from the above-mentioned variables also depend on the
size of the electrodes. The electrode diameter was chosen

Gas Cylinder (Ar) W

Pressure &
Guage I

H DC Battery A M
Probe Tip |
== /W’ L
+ Y
nc . 'I
- ==
L
e e
o e
L_ — Function Generator
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J Pump
L

I plasma

To Scope

Fig. 1 Schematic diagram of experimental setup for swept probe
measurements
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based on the power supply rating (300 VA), gas type, work-
ing pressure, and electrode separation [24].

The triangular-shaped time-varying waveform was cho-
sen to demonstrate the probe’s capability for determining
the time-resolved current-voltage characteristics and con-
sequently the electron temperature and electron density
as a function of time and plasma conditions. A triangular-
shaped voltage sweep with a frequency of 1 kHz produced
by the function generator was fed to the voltage ampli-
fier to amply the probe voltage to the required level. A dc
chargeable battery module with alternative polarity was
superimposed on the swept voltage to offset the residual
cathode fall voltage and thus allow probe measurements.
The offset voltage is adjusted to initiate the sweeps from
zero volts, in both directions i.e. positive and negative
sweeps. The probe current was determined by measuring
the voltage across a10kQ resistor, placed in series with the
probe, with differential probe (Rohde& Schwarz RT-ZD01)
coupled with a Rohde and Schwarz 2064 oscilloscope.

The probe was cylindrical and made of tungsten wire.
The tip size was chosen to satisfy the criteria for a colli-
sionless, thin sheath regime. The probe tip had a radius
of 0.125 mm and a length of 2 mm. It was shielded by an
alumina tube. Because argon was the working gas, the ion
bombardment may largely remove the contamination on
the probe tips and obviate the need for any special clean-
ing procedure. The sweep frequency of the function gen-
erator was adjusted to 1 kHz, which seemed adequate for
tracking the temporal variations in the 50 Hz ripple-dc dis-
charge. The time-resolved probe characteristic, 15(V) was
constructed for every half cycle of the voltage sweep, and,
accordingly, the electron temperature and density were
deduced at different discharge times. The triple-probe
technique was simultaneously applied under the same dis-
charge conditions to compare and substantiate the results.

4 Results and discussion

Figure 2 shows waveforms of the plasma current, sweep
voltage superimposed on the dc battery voltage (with
positive polarity), electron part of probe current, sweep
voltage superimposed on the dc battery voltage (with
negative polarity), and the ion part of probe current. The
additional battery allowed the collection of electron probe
currents in the region of lower discharge voltage than
probe biasing voltage arrived at the ripple ending stage.
In the region of higher discharge voltage than the biasing
voltage, the collection of electron probe current would
not have been possible due to an insufficient accelerat-
ing field for electrons. Moreover, with increasing values of
probe biasing, the part of the discharge current shifted to
the probe instead of the discharge electrode and impose
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Fig.2 a Typical plasma current waveform, b voltage sweep with
positive offset of battery, ¢ corresponding electron part of probe
current, d voltage sweep with negative offset of battery, e corre-
sponding ion part of probe current obtained by sweep frequency
of 1 kHz at argon fill pressure of 0.4 mbar, average discharge power
of 25W

limits. The ion current was collected continuously for the
whole region of the discharge ripple even at a lower bias
voltage than the cathode fall voltage.

Figure 3a shows the discharge current and sweep volt-
age waveforms for argon fill pressure of 0.4 mbar, average
discharge power of 2.5 W, and sweep frequency of 1 kHz.
The length of discharge ripple is about sixteen millisec-
onds superimposed with sixteen sweep cycles with a time
resolution of one millisecond. Every half cycle of sweep
voltage serves as biasing for the probe to collect the result-
ing probe current, and construct I,(V) characteristic. Fig-
ure 3b, ¢, d presents the temporal waveform for various
discharge voltages with electron parts of probe signals.
Results confirm the threshold activation for probe biasing
voltage between two dc electrode discharges. The slight
difference in the activation of probe biasing for the collec-
tion of electron part in the presence of cathode fall may
be due to varying local plasma conditions at the probe
position. Figure 4 presents I,(V) probe characteristics for
two different instantaneous discharge voltages. Electron
and ion currents were collected separately, by alternatively
sweeping the probe voltage with the battery connected

with alternative polarities while the plasma conditions
were identical. After acquiring the electron and ion current
parts from the individual sweeps, they were combined and
the data corresponding to the inactive probe region due
to cathode fall voltage (with no probe-current, as shown in
Fig. 4) was neglected to construct the complete I(V) char-
acteristic curve for evaluation of plasma parameters. The
resulting plot presents both the electron and ion current
parts, for the same plasma conditions. The biasing battery
voltages were monitored after each experimental shot and
in case of a change in the battery voltage, it was readjusted
to the required level before inserting it in the probe circuit.

For cylindrical probes, it is difficult to acquire the typi-
cal saturation region at |Vg| >|V;|, and the plasma poten-
tial corresponds to the point of deviation from linearity in
the electron part of the probe characteristic [6, 18]. The
sheath expansion with increasing bias voltage makes the
saturation imperfect because the effective surface area
for charged particle collection is the sheath surface area
and not the geometric probe area. Thus, with increasing
potential on the probes, the minimum impact parameter
for particle collection increases and, consequently, more
particles are collected. Moreover, at large bias voltage
|Vg|> >|Vp|, the field turns into an accelerating field, and
thus the increase of the electron current with bias voltage
violates the rules of conventional probe theory [14, 18].
The inactive I5(V) probe characteristic region indicates the
domain where the collection of probe current is not pos-
sible. This happens because in dc glows the plasma poten-
tial that is almost equal to cathode fall voltage makes the
probe biasing ineffective, and consequently, the probe
collects no current.

The electron temperature was determined from the ion
part of the 1,(V) characteristics [14, 18] as a function of
time for different argon plasma fill pressure and average
discharge power. Figure 5a shows the ion part of the I,(V)
curves for different discharge currents. Here it is clear that
slopes of the I,(V) curves depend on the instantaneous
values of discharge current and consequently on time. The
slope of the I,(V) characteristic has its roots in the energy
distribution of the electrons shaping the probe current
as a function of biasing voltage. The change in the slope
with changing plasma conditions can be credited to the
change in EEDF. Therefore, a decrease in the slope of the
I(V) characteristic suggests an increase in the number of
energetic electrons in the high energy tail of EEDF that
could reach the probe tip even in the presence of a retard-
ing field and constitute a probe current. Figure 5b pre-
sents the time-variation of kT, measured by a swept single
Langmuir probe(SLP) and triple Langmuir probe(TLP) for
an average discharge power of 2.5 W and argon fill pres-
sure of 0.4 mbar. The plots show that the time variation of
electron temperature closely follows the time variation of

SN Applied Sciences

A SPRINGER NATURE journal



Research Article

SN Applied Sciences (2021) 3:84 | https://doi.org/10.1007/542452-020-04019-9

300"-o-SweepvoItage T ———
1/— Plasma current [
250 A R -12
: -10 ©
— 2004 =
= R
-8
5150 8 3
8 o
= 1 6 ©
o
2 100+ L 3
§ 1 £ L4 2
s 504 PE]
® 2 >
0- I
| -0
-50- [
——T—
8 10 12 14 16 18 20 22 24 26 28
Time[msec]
©)gg . +——r—————- 1000
—e— Probe current Probe signal
{|— Discharge voltage
- 800
— 0.6
< &
= (2]
E 600 =
@ 0.4 <a
E -400 2
) o
[} -
e Q
0 0.2- -200 ©
o —
S
-0
0.04
-200

8 10 12 14 16 18 20 22 24 26 28
Time [msec]

Fig. 3 aTemporal waveforms of plasma current and sweep voltage
at argon fill pressure of 0.4 mbar, average discharge power of 2.5 W,
and sweep frequency of 1 kHz, b, ¢, d temporal waveform for vari-

discharge current. This is because the energy of electrons
contributing to plasma current correlates with the vary-
ing current profile. Moreover, the values of electron tem-
peratures obtained by both techniques show almost the
same trend. A possible reason for the small discrepancy
may be the collection of electrons belonging to a different
group of energies. In the case of the triple-probe, the elec-
tron current is balanced by the ion current in the double
probe and, therefore, it can never exceed the ion current
involving only an energetic group of electrons. This behav-
iour can also be attributed to both the sheath expansion
around the probe tip that enlarges the collecting area and
the collision process occurring within the probe sheath
[6, 25].

sinitially, when the probe tip is exposed to the plasma
environment, the electrons as more mobile of plasma
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ous discharge voltages with electron part of probe signals showing
the activation threshold for probe biasing voltage in presence of
resident cathode fall voltage between two disc-like dc electrodes

reach the probe tip first and charge it negatively. This
negatively charged probe tip repels further incoming
electrons and attracts positive ions, and thus a dynamic
equilibrium is established constituting the net current by
the electrons and ions equal to zero. As no net current
flows to the probe under these conditions, we call it a
floating probe, and the corresponding potential is called
floating potential. When biasing is applied to the probe
tip and increased gradually, the retarding potential (|Vp|-
|Vg|) decreases continuously and finally disappears. In
the beginning, only the energetic electrons can over-
come the potential barrier and reach the probe tip, then
slower ones can at lower retarding potential and higher
probe biasing. Thus, the shape of the retarding region of
[,(V) characteristic resulting from the probe current as a
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Fig.4 (V) probe characteristics for two different values of instan-
taneous discharge voltages, constructed by combining the ion and
electron parts of the probe current collected with alternative polar-
ities to provide offset against cathode fall voltage, and to collect
electron current and ion current successively at argon fill pressure
of 0.4 mbar (The figure insets describe the electron part of the I(V)
characteristic)

function of biasing voltage offers an effective represen-
tation of electron energy distribution [14-16].

Figure 6a shows the I,(V) characteristics recorded at
peak discharge values for different argon fill pressures at
a fixed average discharge power of 2.5 W. The plots reveal
that the number of energetic electrons decreases with
increasing argon fill pressure that may be attributed to
the effective collisional transfer of energy from electrons
to other plasma species. Thus, the energetic electrons are
preferentially cooled and not able to reach the probe tip
by overcoming the retarding field. This shows the reduc-
tion in electron temperature with increasing argon fill
pressure. The I,(V) plots in Fig. 6b reveal the effect of dis-
charge power on their slopes and, consequently, to the
electron’s energy distribution. Plots show that average
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Fig.5 a Time-variation of I(V) curves recorded at different probe
sweep times at different values of plasma current, b time-variation
of kT, measured by SLP and TLP at average discharge power of
2.5W and argon fill pressure of 0.4 mbar

discharge power influences the overall bulk electron’s
energy contrary to the case of changing fill pressure where
high energy electrons are influenced preferentially. The
effective ionization process may raise the electron num-
ber accessible to reach the probe tip at the same probe
biasing.

Figure 7a shows the dependence of electron tem-
perature and number density on argon fill pressure at a
fixed average discharge power. The electron temperature
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discharge powers at argon fill pressure of 0.4 mbar

decreased(from 3.21 to 2.12 eV) with discharge pressure
(0.2-0.8 mbar).This is because of the collisional transfer of
energy from electrons at a higher pressure and consequent
cooling of electrons. The electron density increased(from
0.82x10'% to0 2.54x10'? cm™3) with discharge pressure
(0.2-0.8 mbar). This might be due to enhanced electron-
impact ionization at a given discharge pressure. Figure 7b
presents the variation of electron temperature and num-
ber density with average discharge power determined at
the peak value of the triangular current waveform. The
electron temperature increased from 1.82 to 4.74 eV with
discharge power (0.7-3.5 W),whereas electron number
density increased from 0.82 x 10'2t0 2.75x 10'> cm~3 with
discharge power (0.7-3.5 W),respectively. This shows an
increase in electron energy due to higher electric fields
energizing electrons and producing new electrons due to
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Fig.7 aVariation of average KT, and n, with various gas fill pres-
sures (0.2-0.8 mbar) at average discharge power of 2.5 W, b Varia-
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at argon fill pressure of 0.4 mbar

electron-impact ionization. The electrons receive energy
from the electric fields and make inelastic collisions pro-
ducing electron-ion pairs.

The electron density shows a relatively strong depend-
ence on the discharge power with an increase of 235
percent in comparison with electron temperature, which
increases 160 percent with the discharge power. A simi-
lar dependence of electron temperature and electron
density on RF discharge power and discharge pressure
has been reported by Zhao et al. [26]. As the discharge
pressure increased, the electron collision frequency v,
increased resulting in higher electron density and lower
electron temperature due to 9, « neTe_3/2. Godyak et al.
[7] reported the effect of discharge pressure on effective
electron temperature and electron number density meas-
ured from the EEDF using the single-probe technique in
argon. The plasma density was found to increase with dis-
charge pressure whereas electron temperature was found
to decrease. They also proposed that at higher electron
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density, there exists a larger energy range where the EEDF
coincides with the Maxwellian distribution and better
matched the probe theory assumption. Electron-electron
collisions provide a strong Maxwellizing effect. Moreover,
in low-pressure plasmas, the probe sheath can be safely
assumed to be collisionless for electron dynamics, and the
overlap of plasma sheaths forming around the adjacent
probes is negligible [27].

Mainly two factors could affect the accuracy of the
instant probe measurements. Firstly, any variation in the
local plasma conditions (potential, density, and tempera-
ture) during the sweep cycle induces errors in the plot-
ting of the I,(V) characteristics and consequently in the
plasma parameters. It is not possible practically to keep
plasma conditions constant during the probe sweep time.
Therefore, a hysteretic effect occurs during the upsweep
and downsweep probe measurement because of the time-
dependent variations in plasma properties related to the
[,(V) characteristic. Hence, it is only possible to get aver-
aged values over the upsweep or downsweep half-sweep
cycle, rather than instantaneous values. The accuracy of
the temporal measurements can be improved significantly
by increasing the sweep frequency and data sampling rate
using appropriate circuitry.

As pointed out earlier, apart from sweep frequency,
the time resolution also depends on plasma sheath tran-
sit time, sheath capacitance, and stray capacitance of the
circuit. Secondly, errors could be introduced due to devi-
ations of the electron distribution from the Maxwellian,
because the fitting procedures assume a Maxwellian
electron energy distribution function. However, in reality,
the EEDF deviates from the Maxwellian. Therefore, the fit-
ting errors of the I,(V) characteristic in the chosen time
window could affect the accuracy of the derived param-
eters. Herein the fitting errors of the experimental I,(V)
characteristic curves using the standard exponential curve
fit were estimated to be in the range of 4-6 percent. A
possible reason for the discrepancy between the single
and triple-robe measurements is that in the triple-probe
configuration, close to the ion saturation region, the three
tips have different ion sheath structures due to different
potentials on the probe tips. Thus, the expansion of the ion
sheath with bias voltage changes the effective collection
surface area and leads to the variation of probe currents.

5 Conclusion

The application of a swept Langmuir probe to plasma
between two dc electrodes and the collection of probe
currents is not straightforward. However, this situation
can be handled readily using an additional dc battery in
the probe circuit that provides an offset against cathode

fall voltage and makes probe measurements possible. The
temporal profile of the electron temperature closely fol-
lowed the discharge current profile. The plasma param-
eters depended on the shape of the discharge current, the
argon fill pressure, and the average discharge power. The
experimental findings show the capability of the probe
system for time-resolved plasma measurements. This
technique is more suitable for slow time-varying plas-
mas to have fluctuation frequency well below the sweep
frequency to provide more reliable values of the plasma
parameters.
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