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Introduction 

The most widely used electric probes in low temperature 
plasmas are the Langmuir probes. They are constructed 
of a simple and small electrodes of various shapes and 
exposed directly into the plasma as floating or biased 
probes. From the probe’s current voltage characteristics 
many plasma parameters can be found. If the plasma 
is magnetized the interpretation of the Langmuir probe 
data becomes more complicated. Recently, a spe-
cially designed probe, so-called ball-pen probe [4], has 
been developed for direct measurements of the plasma 
potential in magnetized hot plasma because the conven-
tional method of the plasma potential determination 
using the Langmuir probe in such a plasma must be com-
bined with the electron temperature measurements. 

In a tokamak edge plasma, the plasma potential Φ 
is routinely calculated from the floating potential Vfloat 
of the Langmuir probe and the electron temperature 
Te determined of the I–V characteristics of the swept 
probe using the following equation: 

(1)  

The quantities kB and q0 represent the Boltzmann 
constant and the elementary charge, respectively. The 
quantity R = I –

saturat/I+
saturat expresses the ratio of electron 

and ion saturation current, respectively. The ball-pen 
probe can adjust the ratio R to be equal to one and 
therefore its floating potential is equal to the plasma 
potential, as follows from Eq. (1). 

The ball-pen probe consists of a metallic collector, 
which is shielded by an insulating tube; the probe head 
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itself must be oriented perpendicular to magnetic field 
lines. Figure of the ball-pen probe, its detailed descrip-
tion and experiments performed so far can be found in 
previous works [1–4, 6–8, 12, 15]. For its simplicity and 
rugged construction, the ball-pen probe is subject to 
intensive 3-D PIC modeling [13, 14]. 

We show in our contribution the application of a 
ball-pen probe in two experimental systems: in cylin-
drical magnetron at the Charles University in Prague 
and in linear magnetized plasma device at the Jožef 
Stefan Institute in Ljubljana. We have used a ball-pen 
probe with a movable collector accommodated within a 
ceramic shielding tube. The results of both experiments 
indicate that the ball-pen probe might be applicable also 
for the diagnostics of weakly magnetized plasma and 
low ion temperature Ti < 1 eV. 

Experimental arrangement 

The cylindrical magnetron in Prague consists of 
a cylindrical cathode mounted coaxially inside of the 
cylindrical hollow anode. The diameters of the cath-
ode and anode were 10 and 60 mm, respectively. The 
length of the discharge volume was 110 mm. Typical 
discharge current was 75 mA and the discharge voltage 
around 400 V. The homogeneous magnetic field in the 
range from 10 up to 50 mT was within the investigated 
discharge volume parallel with the common axis of 
the system. The ultimate pressure achieved by the 
oil-free pumping system was of the order of 10–3 Pa. 
During the operation, the working gas argon slowly 
flew through the system with a typical flow rate below 
1 sccm. Typical plasma density ranges from 1016 up to 
1017 m–3. The below described experiments were per-
formed in argon at a pressure of 2.4 Pa, discharge current 
75 mA and magnetic field 40 mT. For more detailed de-
scription of the experimental system see, e.g. [11]. The 
ball-pen probe was at a fixed position approximately in 
the middle between the cathode and the anode. 

The main part of the linear magnetized plasma de-
vice in Ljubljana is a stainless steel tube about 1.5 m long 
and 17 cm inner diameter. Plasma is confined by axial 
magnetic field created by the magnetic field coils with 

the maximum induction up to 0.4 T. The plasma is cre-
ated by a discharge from hot cathode W/Th filaments, 
which are heated by direct current. Thermally emitted 
primary electrons are accelerated by a discharge voltage 
40–50 V and plasma is created by impact ionization. 
The discharge current was between 120 and 400 mA. 
In measurements described in this work the magnetic 
field was adjusted between 7 and 20 mT. The ball-pen 
probe was inserted from the side, about 1 m from the hot 
cathode source and could be moved in the radial direc-
tion. Prior to experiments the chamber was evacuated 
down to ultimate pressure below 10–4 Pa. Then argon 
was leaked into the vacuum system. The argon pressure 
was kept between 0.01 and 0.5 Pa. The resulting plasma 
had the electron temperature approximately 2 eV and 
the ion temperature approximately 0.1 eV. The typical 
plasma density was between 1014 and 1015 cm–3. For more 
detailed description of the system see, e.g. [10]. 

The ball-pen probe used in Prague and Ljubljana was 
constructed in a way that enabled the movement/shift 
of the collector. Instead of boron nitride as decribed in 
[4] we used Degussit® tube of 4/2.4 mm in outer/inner 
diameter to shield the collector made of non-magnetic 
stainless steel. The position of the probe collector with 
respect to the tube edge will be denoted as h. 

Results of experiments 

The main aim of our effort was to prove that the ball-
-pen probe is able to operate also at comparatively low 
magnetic fields. At first, we present the results from the 
cylindrical magnetron system in Prague. Since we had 
the possibility of measuring Φ by operating the ball-pen 
probe with an extended collector, i.e. as a Langmuir 
probe, we could use the ion current linearly extrapolated 
to the plasma potential I+

saturat as a normalizing factor. 
At the same time, we could calculate R = I –

saturat/I+
saturat 

using as I –
saturat the linearly extrapolated value of the 

electron saturated current to the plasma potential. 
Example of a set of normalized ball-pen probe charac-
terization with h as a parameter is given in Fig. 1a. In 
Fig. 1b we see the dependence of the floating potential 
on the ratio R in a semilogarithmic scale. In accord 

Fig. 1. (a): Normalized I–V characteristics at different depths h of insertion/extension of the ball-pen probe collector. The 
insert shows clearly the shift of the floating potential. (b): Dependence of the ball-pen probe floating potential on the ratio 
I –

saturat/I+
saturat.
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with Eq. (1), the dependence should be linear. The 
Eq. (1) was, however, derived under the assumption of 
constant saturated electron and ion currents that is not 
the case in low temperature low density plasma. That 
is the probable reason why for large R the dependence 
deviates from the linear one. 

The plasma potential determined by a conventional 
way from the ball-pen probe operating as a Langmuir 
probe, i.e. for positive h, was approximately –10 V while 
Vfloat amounted to around –20 V. These data well agree 
with those published in [11] that were taken in the same 
system under similar conditions. Looking at Fig. 1b, 
we infer that extrapolation of the red line down to 
R = 0.1 gives approximately –10 V, however, at R = 1 we 
arrive in Fig. 1b on the ordinate axis at around –15.5 V. 
Such a discrepancy cannot be explained by the method 
for obtaining the I –

saturat and I+
saturat described above. The 

most probable explanation suggest the results of the 
work [5] where it has been shown that in the same sys-
tem in similar conditions the electron energy distribu-
tion function (EEDF) is not Maxwellian. Consequently, 
Eq. (1) does not hold. An attempt has been made in [5] 
to approximate the EEDF by the so-called “standard” 
distribution introduced in [16] of the form f *(ε) = 
const. √ε exp (–εk/kεp

k), where k ≥ 1 is the distribution 
parameter, εp is related to the voltage equivalent Vp of 
the so-called “effective temperature” by εp = q0Vp. The 
equivalent of Eq. (1) for the standard electron energy 
distribution is as follows: 

(2) 

The parameter k was estimated in [5] to be ap-
proximately 2. Since we use in Fig. 1b linear extrapola-
tion, we should therefore extrapolate to lower value of 
I –

saturat/I+
saturat simple calculation for k = 2, gas argon, 

kBTe = εp = 1 eV and Ti = 300 K arrives at around 
I –

saturat/I+
saturat = 0.14. Extrapolated value of the red line 

in Fig. 1b gives us at this value the ordinate around 
–11 V. We can conclude that the Vfloat value measured by 
the ball-pen probe in the cylindrical magnetron system 
and, in the conditions described above, is close to that 
measured by Langmuir probe. 

In the linear magnetized plasma device it was possible 
to perform experiments at much lower pressure because 
of using the hot cathode as an electron source. At such 
low pressure in argon the EEDF is typically of the “double 
temperature” form, see e.g. [9], i.e. with the EEDF body 
having comparatively low temperature and the EEDF 
“tail” having much higher electron temperature. One 
cannot therefore expect that the difference between the 
Φ and Vfloat will obey Eq. (1); Vfloat will be much more nega-
tive because of the current due to faster electrons. 

Since in this system were installed both the ball-
-pen as well as the Langmuir probe we could directly 
compare the Φ measured by both diagnostics. Both 
probes were located approximately at the axis of 
the experimental system. At a pressure of 0.12 Pa, 
100 mA discharge current and 7 mT magnetic field 
the Φ measured by both the probes (ball-pen with 
extended collector) was around +1.4 V, while the floating 
potential amounted to approximately –42 V. In Fig. 2a 
we see the measured ball-pen probe characteristic with 
an extended collector; the floating potential Vfloat being 
–41.8 V. From the second derivative zero-cross, the value 
Φ has been estimated as 1.4 V. It is clear that at higher 
retarding potentials the probe current is almost solely 
determined by the higher energy “tail” of the EEDF. 
From the difference between Φ and Vfloat, the higher 
electron temperature is estimated as approx. 8 eV. 

In Fig. 2b we plotted the dependence of the floating 
potential of the ball-pen probe on the depth of collector 
insertion. Apart from expected rise of the floating po-
tential with increasing collector insertion, we see a local 
maximum on the curve around h = 0. That phenomenon 
we are, at present, unable to explain. However, for a 
sufficiently deep insertion we see in Fig. 2b that the 
floating potential of the ball-pen probe approaches to 
zero potential, i.e. quite close to the plasma potential 
Φ determined from the Langmuir probe data. 

Summary and conclusions 

After the ball-pen probe has been successfully applied 
in fusion devices we attempted to utilize it in the low 

Fig. 2. (a): Characteristic of the ball-pen probe with collector extended by 3 mm (black line) and its second derivative in a 
semilogarithmic scale (blue line). Note the “double temperature” character of the second derivative. (b): Dependence of the 
ball-pen floating potential on the depth of collector insertion/extension.

float .ln( )k
pV k R= Φ − ε
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temperature slightly magnetized low pressure mag-
netized plasma. We employed the ball-pen probe for 
measurements of the plasma potential at different experi-
mental conditions: in the system in Prague at a magnetic 
field of 40 mT and an argon pressure of around 3 Pa 
and in the system in Ljubljana at a low magnetic field of 
around 7 mT and a very low argon pressure of around 
0.1 Pa. We experienced that for sufficiently deep insertion 
h the floating potential of the ball-pen probe approached 
in both cases quite well to the “true” plasma potential Φ 
determined from the Langmuir probe measurements. 

It has to be noted, however, that the determination 
of the ball-pen floating potential requires sensitive mea-
surements. When the collector is inserted deeper into 
the ceramic tube both the electron and the ion currents 
become reduced down to the fraction of μA range. 

It can be concluded that the presented experiments 
indicate that the ball-pen probe can be successfully ap-
plied for “direct display” of the plasma potential also 
in low temperature slightly magnetized low pressure 
plasma. 
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