PHYSICAL REVIEW E 101, 043206 (2020)

Initial measurement of electron nonextensive parameter with electric probe

Huibin Qiu,” Zhenyu Zhou," Xingkun Peng,’ Xianyang Zhang," Yuqing Zhu," Yue Gao,” Donghua Xiao," Haifeng Bao,
Tianling Xu, Jia Zhang, Tianhui Huang, Jinmao Zhou, Zhiyi Ming, Pengfei Xiang, Hai Yang, Xiaofeng Wang, Dongyang Wu,
and NCST Team
Department of Physics, Nanchang University, JiangXi, Nanchang 330031, China
and Jiangxi Province Key Laboratory of Fusion and Information Control, Nanchang University, Jiangxi, Nanchang 330031, China

M (Received 21 January 2020; revised manuscript received 16 March 2020; accepted 16 March 2020;
published 16 April 2020)

Theoretical analysis and a large number of experiments have proved that plasma components do not satisfy
Boltzmann-Gibbs statistics and can be well described by nonextensive statistical mechanics, while new plasma
parameters, electron nonextensive parameters, which are introduced to describe the nonextensive properties of
plasma, cannot be diagnosed yet. Here we show measurement of electron nonextensive parameters of plasma
with a nonextensive single electric probe. Our results show that nonextensive electric probe may play a role
in plasma diagnosis, measuring nonextensivity of plasma and improving diagnostic accuracy of other plasma
parameters. We expect the proposed nonextensive single electric probe can be starting point of more complex
nonextensive electric probe. In addition, nonextensive electric probe is an important means to study various
plasma waves and instability, turbulence, and anomalous transport, and a definite and quantitative test of the
theory of nonextensive geodetic acoustic models will be relevant to such development.
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I. INTRODUCTION

In the field of plasma parameter diagnosis, much of
plasma parameter information is obtained by electric probe
diagnosis [1]. Presupposition distribution of components in
plasma is very important for single probe measurement, which
requires the presupposition of which statistical mechanics
can be used to describe the plasma to be measured [2,3].
Statistical hypothesis of plasma includes Boltzmann-Gibbs
statistical mechanics, in which plasma components obey the
Maxwellian distribution. However, theoretical analysis [4,5]
and a large number of experiments [6—10] have proved that
plasma components do not satisfy Boltzmann-Gibbs statistics
and can be well described by nonextensive statistical me-
chanics [11-13], while the new plasma parameters, electron
nonextensive parameters, which are introduced to describe
the nonextensive properties of plasma, cannot be diagnosed
yet. Here we show the measurement of electron nonexten-
sive parameters of plasma with a nonextensive single elec-
tric probe. We assume that the plasma to be measured can
be described by nonextensive statistical mechanics and then
establish nonextensive single electric probe theory. Using
nonextensive single electric probe, we measured an electron
nonextensive parameter of 0.775 (see Table I) that cannot be
measured by a traditional single probe and obtained more
accurate electron temperature, plasma potential, electron den-
sity, and floating potential than a traditional single probe.
Our results show that nonextensive electric probe may play
a role in plasma diagnosis, measuring the nonextensivity of
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plasma, and improving diagnostic accuracy of other plasma
parameters. We expect that the proposed nonextensive single
electric probe can be the starting point of more complex
nonextensive electric probes. For example, it is possible to
develop nonextensive single electric probes including effects
of magnetic field, collision, secondary electron emission, rf
field, etc., as well as nonextensive double, triple, four, five, or
N electric probes and an array of nonextensive electric probes.
In addition, nonextensive electric probe is an important means
to study various plasma waves and instability, turbulence, and
anomalous transport, and a definite and quantitative test of
nonextensive geodetic acoustic models theory [14] will be
relevant to such development.

Nonextensive single electric probe is a small solid con-
ductor (there are various sizes and shapes; the most common
shapes are spherical, cylindrical, and flat; it is usually made
from materials such as molybdenum, tungsten, and graphite,
while for chemically active plasmas it is platinum and gold;
the probe holder can be made of glass, quartz, or ceramic ma-
terial) that penetrates into the edge of a plasma to collect elec-
tron and ion flows and connected to the outside world (power
supply, voltmeter, ammeter, etc.) through some kind of circuit
(as shown in Fig. 1). By directly measuring the particle flux
flowing to the surface of the probe, the information described
by nonextensive statistical mechanics of the plasma measured
by the probe (electron nonextensive parameters, electron
temperature, plasma potential, electron density and floating
potential, etc.) is derived; with simple structure and good
spatial resolution, for diagnosis of low-temperature plasma or
high-temperature plasma (parameters) in the boundary region
of tokamak devices or in the divertor, it is an important
means to study various plasma waves, instability, turbulence,
and anomalous transport. Recent plasma studies [4,15-17]
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TABLE I. Nonextensive single electric probe measurement results.

Plasma parameters ESP formula ESP fitting NSP fitting
qFe - —_— 0.775

T. (eV) 7.0497 6.8843 2.8358°
P, (V) 23.6083 24.7228 19.4528
n, (10%cm™3) 1.186 1.263 1.936
s (V) 0.070922 1.7377 2.0397
Qg — 3.3388 6.1405
SSE (arb. units) 594.0110 313.2270 303.9174
R? 0.86765 0.93021 0.93229

2A dash denotes no measured value.

have shown that plasma composition in the actual situation
is not completely following the ideal Maxwellian distribution
and always deviates from the Maxwellian distribution, which
shows that the method for describing plasmas, namely statisti-
cal theory, requires innovation, or the way to describe plasma
needs to change, such as plasma is regarded as composed of
Maxwellian composition and non-Maxwellian composition.
The latest research [17] tends to support the former approach:
Experiments [6,7], theories [15,18], and simulations [4] show
that even in equilibrium plasmas, the components do not al-
ways meet the ideal Maxwellian distribution. In addition, one
candidate, nonextensive statistical mechanics, shows strong
compatibility [17]: The distribution derived from it is uni-
form at time of qr, = —1; « distribution while —1 < g, <1
[19,20]; regressive to Maxwellian distribution at extensive
limit (g, = 1) [21]; truncated distribution, which has a cutoff
in the tail when g, > 1; and Dirac delta function at a limit
of g, — 400, which shows that if nonextensive statistical
mechanics is chosen to describe the plasma, it not only has the
advantage of covering the results under the Boltzmann-Gibbs
statistical mechanics framework and proving the correctness
of the theory itself for the extensive limit but also has the
advantage of obtaining the conclusion that can cover at least
four other cases. Here we set up the theory of nonextensive
single electric probe that can measure electron nonextensive
parameters that the traditional electric probe cannot measure
and improve the measuring accuracy of the single electric

FIG. 1. Single electric probe diagram. For details see the supple-
mentary information for the caption to Fig. 1 given in Appendix B.

probe by introducing nonextensive statistical mechanics to
take into account the nonextensivity of systems that have been
proved by a large number of facts (it may be caused by a
long-range interaction effect).

II. THEORETICAL FOUNDATION OF NONEXTENSIVE
SINGLE ELECTRIC PROBE

In order to obtain the nonextensive probe theory consistent
with the experiment, we extend the electrostatic probe the-
ory under the Boltzmann-Gibbs statistical framework to the
theory under the nonextensive statistical framework. The ob-
tained theoretical formula of single probe under nonextensive
statistical framework is as follows (see Appendix A):

Ay m;
qr, 2mm,

I= eneA,,w/Kf;l—? x[l + (qr, — 1)3("/(;_;%)]"5"4_5 , (D

~[1 - @ - D3]

whenV < @, — kpT,/2e. The above formula is clearly illus-
trated in Fig. 2 and Table II as follows: It can be seen from
Fig. 2(a) that the curves with different nonextensive parame-
ters are different, and the curves do not have simple integral
monotony with respect to electron nonextensive parameters;
the saturation ion current increases with the increase of the
electron nonextensive parameters [also see Fig. 2(b)], and the
floating potential increases with the increase of the electron
nonextensive parameters, too [also reflected in Fig. 2(c),
because ¢y = @, — a,, T.], while the current collected by
probe decreases with the increase of the electron nonextensive
parameter when the bias voltage is the ion sheath potential
[also see Fig. 2(d)]. This indicates that the single probe I-V
curve, the theoretical cornerstone of single-probe diagnosis,
has a complex dependence on the nonextensive parameters,
which is different from the traditional electric probe theory
without the nonextensive parameters; in addition, we find that
the above results return to the traditional theory based on
the Boltzmann-Gibbs statistical framework in the extensive
limit, which proves the correctness and universality of the
nonextensive theory (namely a larger scope of application).

III. PRACTICAL APPLICATION OF NONEXTENSIVE
SINGLE ELECTRIC PROBE

The above analysis has shown that the nonextensive pa-
rameters have effects on the single probe I-V curves. So
then what are the influences of the nonextensive parameters
on the proposed nonextensive single electric probe based on
the I-V curves? The quantities that can be measured by the
traditional single probe theory are @, T,, @,, and n,, while
the proposed nonextensive single electric probe theory can not
only measure the four quantities with higher precision but also
measure the electron nonextensive parameters gr, that cannot
be measured by the traditional electric probe.

A. Floating potential

Floating potential can be measured simply by taking out
the probe signal at each bias voltage and using the following
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FIG. 2. Characteristics of the nonextensive single electric probe I-V curves. (a) Nonextensive single electric probe /-V characteristic curves
show that current collected by probe monotonically increases with the increase of probe bias voltage. For cases of different nonextensive
parameters, when the nonextensive parameter is 1, all conclusions return to the results under the Boltzmann-Gibbs statistical framework [17];
the current collected by probe has no integral monotone property with respect to the electron nonextensive parameter, and the local monotone
property can be discussed in three derived graphs. (b) The dependence curve of ion saturation current factor on electron nonextensive parameter
[g(gF,) — gF,] shows that the ion saturation current factor has a monotonic increasing trend for nonextensive parameter. (c) The dependence
curve of the total current factor on the electron nonextensive parameter (I; — gr,) shows that the total current measured by a nonextensive single
electric probe decreases monotonically with the increase of the electron nonextensive parameter. (d) The variation curve of the sheath potential
coefficient measured with the nonextensive single electric probe with respect to electron nonextensive parameter (®,—gqy, is converted to
@y, —qr,) shows that sheath potential coefficient varies monotonically with the electron nonextensive parameter in the range we are interested in,
namely the floating potential increases with the increase of the nonextensive electron parameter (for details see the supplementary information
for the caption to Fig. 2 and Table II given in Appendix B).

equation: where ¢ is a small quantity that we choose. The floating
potential measurement by this method is not affected by the
Qr = Z Vi/card({(V;, IIIL| < &}), (2) ' nonextensive parameters; this method only uses the partial
[lil<e
TABLE II. Data presentation for curve of o, —qr. and 7, ipe —dFe
naq’,_.(‘ am(O < {gre < 1) aq;.-[,(qu 2 1) CIFe(O < {gFre < 1) QFe(qu 2 1)

Mg, | < 5%

5% < |nam| < 10%
10% < [N, | < 15%
15% < |nq,,, | < 20%
20% < N, | < 25%
25% < oy, | < 30%
30% < My, | < 35%
35% < [N, | < 40%
40% < |1, | < 45%
45% < |nq,, | < 50%

3.3388 < ay,,
3.5025 < ay,,
3.6785 < oy,
3.8379 < ay,,
4.0079 < ag,
4.1723 < ag,
4.3379 < ag,
4.5040 < oy,
4.6797 < ag,,
4.8444 < ay,,

< 3.5025
< 3.6785
< 3.8379
< 4.0079
<4.1723
< 4.3379
< 4.5040
< 4.6797
< 4.8444
<5.0179

3.1694 < a,
3.0022 < ay,
2.8385 < a,
2.6705 < o,
2.5054 < a,
23342 <,
2.1709 < o,
2.0023 < oy,
1.8363 < o,
1.6701 <,

< 3.3388
< 3.1694
< 3.0022
< 2.8385
< 2.6705
< 2.5054
< 2.3342
< 2.1709
< 2.0023
< 1.8363

0.974 < gr. < 1.000
0.948 < gr. < 0.974
0.926 < gr, < 0.948
0.904 < gr. < 0.926
0.884 < gr. < 0.904
0.865 < gr. < 0.884
0.847 < gr. < 0.865
0.829 < gr, < 0.847
0.813 < gr. < 0.829
0.797 < gr. < 0.813

1.000 < gp. < 1.029
1.029 < gr. < 1.060
1.060 < gr. < 1.093
1.093 < gp. < 1.130
1.130 < gr, < 1.170
1.170 < g < 1.216
1.216 < gr. < 1.265
1.265 < gr. < 1.322
1.322 < gr. < 1.386
1.386 < gr. < 1.460
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TABLE III. Data presentation for curve of ngn 7, —gr. at V — @, =—«pT,/2e.

Nsin, T,

qu(qu < 1)

qre(gre 2 1)

Insin,Tp| g 5%

5% < |Nsin,z,| < 10% 0.800 < gr.
10% < [nsin1,| < 15% 0.700 < gr.
15% < |7]sin,T(| < 20% 0.600 < qFe
20% < |nsin1,| < 25% 0.500 < gr.
25% < |nsin,7,] < 30% 0.400 < gr.
30% < |nsin,7,] < 35% 0.300 < gr.
35% < |nsin1,| < 40% 0.200 < gr.
40% < [nsin1,| < 45% 0.100 < gr.
45% < |ngn1,| < 50% 0.000 < gr.

0.900 < gr. < 1.000

1.000 < gr, < 1.100

< 0.900 1.100 < gr, < 1.200
< 0.800 1.200 < gre < 1.300
<0.700 1.300 < gr, < 1.400
< 0.600 1.400 < gr, < 1.500
< 0.500 1.500 < gre < 1.600
< 0.400 1.600 < gr, < 1.700
<0.300 1.700 < gr. < 1.800
<0.200 1.800 < gre < 1.900
<0.100 1.900 < gp. < 2.000

data near the zero value of current to calculate the floating
potential in relative isolation, and the result only reflects the
local characteristics of the experimental data but cannot reflect
the overall characteristics of the data. The whole data fitting
method (WDFM) can overcome this difficulty: Using WDFM,
the floating potential measured by the traditional single probe
is 1.7377 V, while the floating potential measured by the
nonextensive single electric probe is 2.0397 V (see Table I).
It can be seen that the floating potential measurement by
WDFM is affected by the nonextensive parameters. Moreover,
the measurement results of nonextensive single electric probe
are better than those of traditional single probe, which can
be seen from the fact that the goodness of fit of nonextensive
single probe (sum of squares due to error) SSE = 303.9174
arb. units is less than that of traditional single probe SSE =
313.2270 arb. units (see Table I).

B. Electron temperature

In order to measure the plasma electron temperature, we
first read the ion saturation current directly from the observed
data: I; = Zv,»<vc I /card({(V;, I})|V; < V.}), where V, is a
judgment potential artificially selected, and here the selec-
tion method is as follows: V, = @, — 2(®; — @) =~ 2D, —
max {V;}. Note that when you take max {V;}, the data requests
to have been processed, namely the data greater than the
ion sheath potential, have been deleted; if it is the original
data, then @; can be estimated by direct observation or by
the method of “semilog-knee” (note that taking the semilog
is the value of the original data plus the absolute value of
saturated ion current) [22]. Then the electron temperature can
be measured by using the above theory in the framework of
nonextensive statistics:

KBTe,sin —1
—— ={dInd + I)1/dV}™" — (gre — DV — ®,). (3)

It is noted that the Maxwellian plasma electron temperature
T, sin(gr. = 1) can be obtained by the above equation, which
proves the correctness of the proposed theory of nonexten-
sive single electric probe at extensive limit. At this point,
it can be seen that for the more general nonextensive case,
the temperature 7, ,(gr. 7 1) cannot be directly obtained,
because it depends on the value of the electron nonextensive
parameter gr, and (V — @,). However, we have (V — @) <
—kpT,/2e, which cannot be equal to 0. Therefore, the single-

probe method cannot eliminate the influence of nonextensive
parameters on plasma electron temperature measurement, and
the influence degree can be described by the following expres-
sion (method error):

(gre — DV — @p)
{dlin( + Is)1/dvy™!
which is illustrated in Fig. 3(a) and Table III. It can be
seen that when the bias voltage is fixed, the farther away

the electron nonextensive parameter is from 1, the influence
degree increases in a direct proportion.

x 100%, )

Nsin, T, =

C. Electron nonextensive parameter

Therefore, we adopt WDFM by using the form of Eq. (1).
First, we analyze the statistics SSE and R? [see Figs. 3(b) and
3(c)] and then give the optimal value of the electron nonex-
tensive parameter of 0.775 (see Table I), which is a quantity
that cannot be measured with a traditional single probe. Then
T, can be determined (in fact 7;, @,, and n, can be determined
at the same time), and the electron temperature measured by
the nonextensive single electric probe (2.8358 eV, see Table I)
is better than that measured by the traditional single probe
(6.8843 ¢V, see Table I), which can be obtained from the
analysis of I-V experimental data by using the nonextensive
probe theory and the traditional probe theory respectively:
The nonextensive single electric probe goodness-of-fit value
SSE = 303.9174 arb. units is less than the traditional single
probe goodness-of-fit value SSE = 313.2270 arb. units (see
Table I).

D. Plasma potential

With the purpose of making use of the above theory under
the nonextensive statistical framework to measure the plasma
potential, from Eq. (1), letting V = @, and I = 0, one can
derive

b, =P;+a,,T, 5

where if the unit of 7, is eV, then

A ; 17 A e
oy, = |Ing, (2L [ ) || 22 /2 (6)
qre\ 2mm, 2 |l gr. \ 2mm,

is the sheath potential coefficient under the nonextensive sta-
tistical framework [see Fig. 2(d) and Table II]. It can be seen
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FIG. 3. Diagrams of three kinds of theoretical errors, two kinds of goodness of fit, and the maximum electron nonextensive parameter.
(a) The error of the electron temperature measured by nonextensive single electric probe compared with that measured by traditional single
probe decreases monotonically with respect to electron nonextensive parameter. (b) The variation curve of SSE with the electron nonextensive
parameter shows that SSE reaches the minimum value when gr, = 0.775. (c) The variation curve of coefficient of determination (R?)
with electron nonextensive parameter shows that R? reaches the maximum value when gz, = 0.775. (d) The minimum bias voltage of the
experimental data [22] determines the maximum allowable electron nonextensive parameter of 1.164. (e) In the range of interest, the error of
the sheath potential coefficient measured by nonextensive single electric probe compared with that by the traditional single probe decreases
with the increase of the electron nonextensive parameter. (f) The error curve of the electron density measured by a nonextensive single electric
probe compared with that by a traditional single probe increases monotonically. For details see the supplementary information for the caption

to Fig. 3. and Tables II-IV given in Appendix B.

from Eq. (5) that after measuring the floating potential and
electron temperature and obtaining the sheath potential coef-
ficient, the plasma potential in the case of extensive limit can
be obtained: @,(gr, = 1) = @5 + oy, —11.(gr, = 1), which
proves the correctness of the proposed theory. However,
we found that for the more general nonextensive case, the
nonextensive parameter has an effect on the sheath potential
coefficient, and the influence degree can be described by the
following expression (method error):

gy, — Ogp,=1
= e TIT 5 100%,

Ugp,=1

Nay, (7)
which is illustrated in Fig. 3(e) and Table II. It can be seen
that when the electron nonextensive parameter is greater than
0 in the range we are interested in, with the increase of
the electron nonextensive parameter, the nonextensive sheath
potential coefficient has a complex nonlinear dependence
of nonproportional decline. Therefore, the plasma potential
determined by Eq. (5) which depends on floating potential,
sheath potential coefficient, and electron temperature, which
all depend on the electron nonextensive parameter, shows a
complex dependence on the electron nonextensive parameter.
Moreover, the plasma potential measured by the nonextensive
single electric probe (19.4528 V, see Table I) is better than
that measured by the traditional single probe (24.7228 V, see

Table I), which can also be obtained from the analysis of
I-V experimental data by using the nonextensive probe theory
and the traditional probe theory, respectively: The goodness-
of-fit value of the nonextensive single electric probe SSE =
303.9174 arb. units is smaller than that of the traditional single
probe SSE = 313.2270 arb. units (see Table I).

E. Electron density

In order to measure the electron density of plasma using
the above theory under the nonextensive statistical framework,
from Eq. (1) one can derive

|Isi|
ey(452) [0~ (ar, = 1) 3]

mi

®)

Ne sin =

In the case of extensive limit, only 7,(gr, = 1) is required
to obtain the electron density n.(qr, = 1), namely it can
reproduce the results under Maxwellian distribution, which
proves the correctness of the proposed theory. However, for
the more general nonextensive case, we find that the nonex-
tensive parameters have an influence on the measurement of
plasma density, and the influence degree can be described by
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TABLE IV. Data presentation for curve of 1, », —qr. at V —@, = —«pT,/2e.

Nsin,n, CIFe(‘IFe < 1) qu(qu 2 1)
[Msinn, | < 5% 0.916 < gr. < 1.000 1.000 < gr. < 1.076
5% < |Nsing,| < 10% 0.823 < gr. < 0.916 1.076 < g, < 1.147
10% < |Nsinn, | < 15% 0.721 < gre < 0.823 1.147 < gr. < 1.210
15% < |Nsinn, | < 20% 0.606 < gr. < 0.721 1.210 < gr. < 1.270
20% < |Nsinn, | < 25% 0.478 < gr. < 0.606 1.270 < g, < 1.325
25% < |Nsinn, | < 30% 0.332 < gre < 0.478 1.325 < gr. < 1.376
30% < |Msinn, | < 35% 0.165 < gr. < 0.332 1.376 < gr. < 1.424
35% < |Nsinn, | < 40% —0.027 < g, < 0.165 1.424 < g, < 1.469
40% < |Nsinn, | < 45% —0.252 < gr. < —0.027 1.469 < gr, < 1.510
45% < |Nsinn, | < 50% —0.519 < gp, < —0.252 1.510 < gp. < 1.550

the following expression (method error):

o ()

1 41

St 11— (gr—1)s ]
9

which is illustrated in Fig. 3(f) and Table IV. As you can see,
when the electron nonextensive parameter is greater than —1,
with the increase of electron nonextensive parameter, method
error of the electron density measured by nonextensive single
electric probe compared with electron density measured by
the traditional single probe has a complex nonlinear de-
pendence of nonproportional rise on electron nonextensive
parameter, namely plasma electron density determined by
Eq. (8) has a complex nonlinear dependence of nonpropor-
tional rise on electron nonextensive parameter. In addition,
the electron density of plasma measured by the nonextensive
single electric probe (1.936 x 10" cm™3, see Table I) is better
than that measured by the traditional single probe (1.263 x
10" ¢cm™3, see Table I), which can also be obtained from the
analysis of I-V experimental data by using the nonextensive
probe theory and the traditional probe theory, respectively:
The goodness-of-fit value of the nonextensive single electric
probe SSE = 303.9174 arb. units is less than the traditional
single probe goodness-of-fit value SSE = 313.2270 arb. units
(see Table I).

In summary, using the proposed theory of nonextensive
single electric probe, we measured the electron nonextensive
parameter of 0.775 (see Table I) that cannot be measured
by traditional electric probes and improved the measurement
accuracy of the single electric probe: From the comprehensive
effect diagram Fig. 4, it can be seen that the fitting method
(NSP fitting and ESP fitting) is obviously superior to the
formula method (ESP formula), and the nonextensive fitting
method (NSP fitting) is superior to the traditional extensive
fitting method (ESP fitting), which can be seen from that
the nonextensive single electric probe goodness-of-fit value
SSE = 303.9174 arb. units is smaller than the traditional
single probe goodness-of-fit value SSE = 313.2270 arb. units,
as shown in Table I.

—1$x100%,

Nsin,n, =

IV. DISCUSSION AND CONCLUSION

Our results show a strong superiority in describing the
plasma by replacing the Boltzmann-Gibbs statistical mechan-

ics with nonextensive statistical mechanics. The nonextensive
single electric probe theory we established by introducing
nonextensive statistical mechanics to account for the nonex-
tensivity (possibly caused by long-range interactions [4]) of
systems that have been proven by a large number of facts
[6,7,11,12,23-38] not only obtained all the results of the
traditional single probe at the extensive limit, which proves
the correctness of the proposed theory, but also can measure
electron nonextensive parameter (0.775, see Table I) that can-
not be measured by the traditional electric probe and improve

30t
(] Experimental data
&E\ 20t ESP formula
= ESP fitting
g 101 NSP fitting
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FIG. 4. Comprehensive effect diagram of processing single elec-
tric probe I-V experimental data with three methods. The blue points
are 50 single probe [-V experimental data points [22] which are
all the data points of V < @,. The red line is the intuitive curve
corresponding to the results measured by the traditional (extensive)
single probe formula (ESP formula), the black line is the intuitive
curve corresponding to the single probe measurement results ob-
tained by nonlinear fitting under the assumption that the plasma
compositions satisfy the Maxwellian (extensive) distribution (ESP
fitting), and the blue line is the intuitive curve corresponding to the
single probe measurement results obtained by nonlinear fitting under
the assumption that the plasma compositions satisty the nonextensive
distribution (NSP fitting) (for measurement results see Table I). From
the figure, it is easy to see that the proximity of the red line to the
experimental data points is worse than that of the black line and the
blue line, and the blue line is better than the black line, which can
be known from the comparison of the SSE and the coefficient of
determination (R?) [see Figs. 3(b) and 3(c), and Table I; for details
see the supplementary information for the caption to Fig. 4 given in
Appendix B].
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the measurement accuracy of single electric probe, as shown
in Table I.

Our work fills the gap where plasma cannot be described by
Boltzmann-Gibbs statistical mechanics but can be described
by nonextensive statistical mechanics while the corresponding
electric probe theory and techniques are still lacking.

Our research is the starting point for nonextensive electric
probe studies, and extensions to probes with magnetic fields,
dual probes, triple probes, N probes, or probe arrays are being
addressed.
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APPENDIX A: FORMULA OF PROBE
COLLECTING CURRENT

When the probe potential is less than the potential at ion
sheath edge, namely V < @, — (kpT./2e), a sheath of posi-
tive charges will form around the probe. Current collected by
probe is the current formed by the random thermal movement
of charged particles entering the sheath. Under the framework
of nonextensive statistics [17], adopting the one-dimensional
nonextensive distribution function (Eq. (1) in Ref. [17]) and
the similar derivation in Ref. [22], one finds that electron
current /, is the random thermal motion current multiplied by
the nonextensive exponential factor (replace the Boltzmann
factor [22]):

141
e(V—q§p)i| AL

1 _
I, = ZeneApqup [1+(qE,—1) P

where @, is plasma potential, kp is Boltzmann constant, e
is electron charge, 7. is electron temperature, n, is elec-
tron density in undisturbed region, A, is probe area, v, =
Ay
qFe
sive plasma, gp, is nonextensive parameter in electron distri-
bution function of plasma, and A, is normalization constant
of nonextensive distribution. For collection of ion, according
to Bohm’s sheath formation theory [39], there is a presheath
region outside the sheath, and ions flowing to the probe accel-
erate from undisturbed plasma region through the presheath
region and reach the ion sound velocity c;(= +/«kp1,/m; ) at
the edge of the sheath. What the probe surface collects is a
current of ions across the edge of a sheath, called ion satura-
tion current I;;(= —|/|). Extending Bohm’s sheath formation

V/ % is average thermal velocity of electron in nonexten-
e

theory [22,39] to nonextensive case, one has
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where A, is the sheath area and A; = A,when the shell thick-
ness is negligible. Therefore, at this time, the total current

collected by probe is
A [ omi
qF, 2mm,
Lyl
I =enA, /"”;_’Tf Xl:l_i_(qF_l)E(Zf,;) il (A3)
€ Ble
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The above analysis is based on the following assumptions:

(i) No magnetic field;

(i1) The plasma is thin, so the average free path of elec-
trons and ions is much larger than the probe size (collision-
free approximation);

(iii) The electrons obey the nonextensive distribution, and
the ion temperature is very low (7; ~ 0, cold plasma approxi-
mation);

(iv) The thickness of the formed sheath is much smaller
than the probe size (order of several Debye length 1p), thus
allowing the use of plate approximation rather than relying on
the geometry of the probe [22];

(v) The emission of the secondary electron on the surface
of the probe can be ignored, and the charged particles that hit
on the probe do not react with the probe, namely the probe is
an ideal absorber of charged particles.

APPENDIX B: SUPPLEMENTARY INFORMATION FOR
FIGURES AND TABLES

1. Supplementary information for the caption to Fig. 1

The horizontal thick black line represents the single probe,
which is wrapped by shorter insulation holder typically made
of ceramic, quartz, or glass. The right end of the probe passes
through the window through the vacuum chamber wall drawn
by two parallel solid black lines and thin slashes and directly
contacts the plasma represented by random scatter points. The
left end of the probe is connected with the probe circuit, and
the variable power supply with the positive pole upward is
connected with the ammeter, which measures current col-
lected by the probe (the positive direction of the current is set
as the direction of flow from the probe surface to the plasma;
it can be seen from the direction of charge movement of the
electron current and ion current that the electron current is in
the positive direction and the ion current is in the negative
direction). A voltmeter connected to the grounded vacuum
chamber wall measures a variable bias voltage applied to
a single probe. By adjusting the bias voltage of the power
supply, the current data collected by the probe under different
bias voltage can be obtained.

2. Supplementary information for the caption to Fig. 2(a)

The abscissa is external changing bias voltage V' applied
to single probe, the range chose here is [@,—10«pT, /e, D],
where @; is potential at ion sheath edge, the surface of the
probe begins to form an ion sheath when the applied bias
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voltage on the single probe is reduced to &;. The reason
we do not care about the voltage ranged V > @, is that
the current collected by probe I has a jump when V =&;.
Furthermore, the electron saturation flow obtained in the
specific experiment is often not saturated, thus it is difficult to
obtain plasma parameters by the electron saturation flow [40];
®,—10«pT, /e K P, belongs to ion saturation current range.
Actually, when V <&, — 5«37, /e most of the electrons are
rejected by the surface of the probe. The ordinate is the current
collected by the probe (in our discussion, current being drawn
by the probe is designated as positive) with range of [Iy, /] in
this work, where I is the current collected by the probe when
variable bias voltage applied to the single probe is @, and I;
is ion saturation current, which corresponds to a negative bias
potential with a large absolute value. The three curves in the
figure are nonextensive single electric probe I-V characteristic
curves when the electron nonextensive parameters gr. are
respectively 0.8, 1, and 1.1. Focusing on the features common
to the three curves first, the curve begins to increase monotoni-
cally as the probe bias voltage increases from a large negative
value; furthermore, the speed of the monotonically increase
is getting faster and faster, and there is a floating potential
point (@, 0) in the process of the probe bias voltage increase.
This phenomenon can be interpreted mathematically as the
expression of current collected by the probe has the derivative
and second derivative larger than zero and the zero-point theo-
rems for continuous function. Physically, the current collected
by probe is the sum of electron current and ion current, and
during the process of probe bias voltage increasing the electric
field around the probe weaken the suppression of the electron
current in the positive direction and gradually increases the
suppression of the ion current in the opposite direction, which
results in the increase of the current collected by the probe I;
since the electron mass m, is much smaller than the ion mass
m;, the absolute value of the electron current is significantly
larger than the absolute value of the ion saturation current;
moreover, the absolute increase effect of the bias voltage on
the electron current is more obvious than that on ion current,
so that the increase of the current collected by probe is faster
and faster. It is easy to find a point where the electron current
is equal to the ion current during the growth process, which
leads to the zero current collected by probe. For situations
of different nonextensive parameters, when the nonextensive
parameter is equal to 1, all conclusions for nonextensive case
return to results under the Boltzmann-Gibbs statistical frame-
work [17]; there is no an integral monotonicity, but we can
discuss the local monotonicity with three derivative diagrams
[see Figs. 2(b)-2(d)]: g(gr,) — qr,, I; — qF, and @ — gF, (turn
to discussion of &y, — gF,).

3. Supplementary information for the caption to Fig. 2(b)

The abscissa is the electron nonextensive parameter g,
with range of (—1, +00) [7,14,17,41,42], but when gr, > 3,
an imaginary part of g(gr,) appears, and thus here the range
takes (—1, 3]. It is worth noting that if one takes into account
constraint of the second law of thermodynamics [43], then
the range is reduced to (0, 3] which is the same as that
illustrated in Fig. 2(c); gr.=1 is the extensive limit, and at
this point, all the conclusions go back to the results under

the Boltzmann-Gibbs statistical framework [17]. The ordinate
is ion saturation current factor g(gr.) with range of [—1, 0],
and it shows the relative size of ion saturation current; when
the ion saturation current factor g(qr.) = —1, ion saturation
current takes minimum value (the largest absolute value).
When the ion saturation current factor g(qr.)=0, the ion
saturation current is 0. It is easy to see that the dependence
of ion saturation current factor on the electron nonextensive
parameter has a monotone increasing trend. The mathematical
reason is that the first derivative of ion saturation current
factor g(gr.) with respect to the electron nonextensive pa-
rameter gr, is always greater than zero. Physically, the rea-
son can be understood as that the proportion of high-energy
electrons decreases gradually in the process of increasing
the electron nonextensive parameter. Because the plasma
in the undisturbed region satisfies the quasineutral condition,
the proportion of the corresponding ions decreases gradually,
and the speeds of ions” movement decrease as a whole, which
leads to the decrease of the absolute value of ion saturation
current.

4. Supplementary information for the caption to Fig. 2(c)

The range of abscissa, the electron nonextensive parameter,
here is (0, 3], because the current factor is negative when
qr, <0 and imaginary when gp, >3 as well as positive
and negative infinity when gr, = 0; g, =1 is the extent
limit, the results in this case return to the results under
Boltzmann-Gibbs statistical framework [17]. The ordinate
is the total current factor with range of [0, +00). Note
that h(gr,=1) = /m;/2mrm, exp(—1/2 ) —exp(—=1/2),
namely at the extent limit, the total current collected by
the nonextensive single electric probe is the same as the
total current measured with the traditional single probe,
which proves the correctness of the nonextensive single
electric probe theory proposed in this work at the extent
limit. The curve of total current factor measured by the
nonextensive single electric probe is monotonically decreased
with the increasing electron nonextensive parameter. When
gr, €(0,1], h(gr) reaches the maximum at gp— 0%
and then monotonically decreases with the increase of
electron nonextensive parameter, but is still larger than
h(gr, = 1) = /m;/2wm, exp(—1/2 ) —exp(—1/2) until
qr,=1. When gr, € (1, 3], h(gr,) still monotonically decreases
with the increase of the electron nonextensive parameter, less
than  h(gr, = 1) = /m;/2wm, exp (—1/2 ) —exp(—1/2),
and reaches minimum value zero at ¢gp =3. The
mathematical reason for this trend is that the first derivative of
the total current factor to the electron nonextensive parameter
is less than zero. The physical reasons are as follows: With
the electron nonextensive parameter increasing, there are
more and more low-speed electrons, and fewer and fewer
high-energy electrons, so the temperature is getting lower
and lower until the temperature is zero; in this process,
the velocity of charged particles such as electrons and ions
is getting smaller and smaller, namely current collected
by probe is getting smaller and smaller, and when the
temperature is zero, the electrons and ions, etc., do not move,
so the corresponding particle flux is zero, and surely the total
current collected by the probe is zero.
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5. Supplementary information for the caption to Fig. 2(d)

The abscissa is electron nonextensive parameter with range
of [0, 11] here, because oy, has an imaginary part when
qr, <0, and the range of too-large parameter is not the range
of experimental parameter; gr, =1 is the extensive limit, and
the results in this case all return to the results under the
Boltzmann-Gibbs statistical framework [17]. The ordinate
is nonextensive sheath potential coefficient with range of
(0.1000, +00) here; note that o,,,—; = 3.3388; that is, at the
extensive limit, the sheath potential coefficient measured by
nonextensive single electric probe is the same as measured
by traditional single probe, which proves the correctness of
proposed nonextensive single electric probe theory at the
extensive limit. When g, > 0, the curve of the nonextensive
sheath potential coefficient with respect to electron nonexten-
sive parameter is monotonically decreasing in the range of our
interest. In the case of gr, € (0, 1), oy, approaches positive
infinity when gr, — 07 and then monotonically decreases
with the increase of the electron nonextensive parameter
but greater than a,, —;, until g, =1 the value is ag, -1 =
3.3388; when gf, € (1, 11), o, still monotonously decreases
with the increase of electron nonextensive parameter but less
than a4, -1, until gr, =11 the minimum value of 0.1000 is
obtained. The mathematical reason for this change is that
doy, /dqre <Owhen gr, € (0, 11). Physically, in general, as
the electron nonextensive parameter increases, the sheath
potential coefficient decreases from positive infinity to 0.1000.
Specifically, when gf, € (0, 1), the sheath potential coefficient
measured by nonextensive single electric probe is larger than
that measured by traditional single probe and approaches the
maximum (positive infinity) when gr, — 0T; as the electron
nonextensive parameter increases, the sheath potential coeffi-
cient becomes smaller and smaller. until gr, = 1 the sheath
potential coefficient is oy, =1 = 3.3388, which is the same
as the sheath potential coefficient measured by traditional
single probe, because the nonextensive statistical mechanics
is reduced to Boltzmann-Gibbs statistical mechanics; that is,
at this time, the sheath potential coefficient is measured by the
same method, thus the measured quantity values are naturally
the same at this time. When g, € (1, 11), the sheath potential
coefficient measured by nonextensive single electric probe is
smaller than that measured by traditional single probe, and
as the electron nonextensive parameter increases, the small
degree gradually increases from zero and finally reaches the
maximum at g, =11, at which time the sheath potential coef-
ficient drops to the minimum of 0.1000. The physical reason
for this change is that as electron nonextensive parameters
increase, there are more and more low-speed electrons and,
at the same time, fewer and fewer high-energy electrons, so
the temperature is getting lower and lower. In this process,
the moving speed of charged particles such as electrons and
ions is getting smaller and smaller, and the dropping of the
sheath potential is more and more difficult; that is, the sheath
potential coefficient is getting smaller and smaller.

6. Supplementary information for the caption to Fig. 3(a)

The ordinate is the error of the electron temperature mea-
sured by nonextensive single electric probe compared to the
electron temperature measured by traditional single probe [see

Eq. (4) in text]; since it depends on the bias voltage, its value
range is a function of the bias voltage, and the specific value is
uncertain, but the typical value is shown in the corresponding
table (Table III); note that 7, 7,(gre =1)=0, namely at the
extensive limit, the electron temperature measured by the
nonextensive single electric probe is equal to that obtained
by traditional single probe, which proves the correctness of
the proposed nonextensive single electric probe theory at
the extensive limit. The curves for the error of the electron
temperature measured by nonextensive single electric probe
compared to the electron temperature measured by traditional
single probe is monotonically decreasing with the increasing
electron nonextensive parameter. When gr, € (—1, 11, nsn.7,
reaches the maximum at g5, — —1, and then 7, 7, 1S mono-
tonically decreasing with the increasing electron nonextensive
parameter, and 7,7, i always greater than zero in the process
until gr, =1, nsin.7, = 0; Nsin,7, 1s still monotonically decreas-
ing with the increasing electron nonextensive parameter when
qr, € (1, +00), and n4pn 7, is less than zero until gp, =400,
and 7nn 7, reaches negative infinity at this time. The mathe-
matical reason for this trend is dngin 1, /dqr. < 0. Physically,
in general, as the electron nonextensive parameter increases,
the error decreases from positive to negative. Specifically,
the electron temperature measured by the nonextensive single
electric probe is larger than the electron temperature measured
by the traditional single probe, and the maximum of the error
i8 1sin.7, (qre — —1) = —2(V —®,)/{d[In (I + I;)]/dV} ™" x
100%, and the error is getting smaller and smaller with the in-
creasing electron nonextensive parameter until gr, = 1 the er-
ror disappeared, because nonextensive statistical mechanics is
reduced to Boltzmann-Gibbs statistical mechanics at this time,
namely the temperature is obtained by the same way, where
surely the error is equal to zero. When gf, € (1, 400), the
electron temperature measured by nonextensive single electric
probe is smaller than that of the traditional single probe;
actually, the gap gradually increases from zero and reaches
the maximum value 7, 1,(qre — +00)=—00. Namely the
electron temperature measured by the nonextensive single
electric probe is zero at this time. The physical reason for this
trend is that as the electron nonextensive parameter increases,
there are more low-speed electrons and fewer high-energy
electrons, so the temperature is getting lower and lower until
the temperature is zero.

7. Supplementary information for the caption to Fig. 3(b)

The range of abscissa, the electron nonextensive pa-
rameter, here is [0, 1.164]; the reason for not consider-
ing the situation of —1<gp, <0 is that when g5, <0, the
total current factor is negative [see Fig. 2(c)] and the
imaginary part of o, appears [see Fig. 2(d)]. The maxi-
mum value of the electron nonextensive parameter gr, max =
Solution_of {Viin = @, — %%1"3} }, which shows that the
range of electron nonextensive parameters that the nonexten-
sive single electric probe can deal with also depends on the
minimum bias voltage value of the /-V experimental data [22],
which here is gp, max=1.164[see Fig. 3(d)]; gr, =1 is the ex-
tensive limit, and the results in this case all return to the results
under the Boltzmann-Gibbs statistical framework [17]. The
ordinate is SSE with a range of [303.9174, 4537.5306] arb.
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units; note that SSE(gr, = 1) = 313.2270 arb. units, namely
at the extensive limit, the nonlinear fitting SSE obtained by
using the nonextensive single electric probe theory is the
same as that obtained by the traditional single probe theory,
which proves the correctness of the proposed nonextensive
single electric probe theory at the extensive limit. The curve of
the nonlinear fitting SSE obtained by using the nonextensive
single electric probe theory decreases first and then increases
with the increasing electron nonextensive parameter, namely
the nonextensive fitting effect becomes better first and then
worse (there are fluctuations in very few places). Specifically,
when gp.— 0, the maximum SSE of nonlinear fitting can be
obtained, SSE(gr, — 0) = 4537.5306 arb. units; when g, €
(0, 0.506), with the increase of electron nonextensive param-
eter, the SSE of nonlinear fitting becomes smaller and smaller
(there are fluctuations in very few places) but is larger than
the SSE of nonlinear fitting obtained by using the traditional
single probe theory, until gr, = 0.506 it is equal to the non-
linear fitting SSE = 313.2270 arb. units obtained by using the
traditional single probe theory; when g, € (0.506, 0.775), the
SSE of nonlinear fitting obtained by using the nonextensive
single electric probe theory still decreases with the increase of
the electron nonextensive parameter, until g, =0.775 the SSE
of nonlinear fitting reaches the minimum of 303.9174 arb.
units; that is, the fitting result is closest to the real value at this
time. After that, the SSE of nonlinear fitting increases with
the increase of electron nonextensive parameter but is still
smaller than the SSE of nonlinear fitting obtained by using the
traditional single probe theory; until gr, =1, nonlinear fitting
SSE is the same as that obtained by using the traditional single
probe theory, because the nonextensive statistical mechanics
is reduced to Boltzmann-Gibbs statistical mechanics, namely,
the same theory is used at this time, and the 2 SSEs are nat-
urally the same. When ¢f, € (1, 1.164), the SSE of nonlinear
fitting obtained by using the nonextensive single electric probe
theory is larger than that obtained by using the traditional
single probe theory, and with the increase of the electron
nonextensive parameter, the large degree gradually increases
from zero until the maximum electron nonextensive parameter
qFe.max = 1.164; at this point, SSE(gr, = 1.164) = 332.0206
arb. units. The mathematical reason for this trend is that the
SSE of nonlinear fitting has been optimized once the electron
nonextensive parameter g, increase from 0, and until gr, =
0.775, the optimal value 303.9174 is obtained. After reaching
the optimal value, the nonlinear fitting results have been
getting worse with the increase of the nonextensive parameter.
The physical reason for this change is that Boltzmann-Gibbs
statistical mechanics is not an optimal statistical mechanics to
describe the plasma system, but for the nonextensive statistical
mechanics, because of its variable nonextensive parameter
which can be adjusted, the theory can better describe the real
plasma system. here, the real plasma system [22] is described
by the nonextensive statistical mechanics with an electron
nonextensive parameter of 0.775.

8. Supplementary information for the caption to Fig. 3(c)

The ordinate is the nonlinear fitting coefficient of
determination R? with range of [—0.2519, 0.93229] here;
note that R2(qu = 1) = 0.93021; that is, at the extensive
limit, nonlinear fitting coefficient of determination obtained

by nonextensive single electric probe theory is equal to that
obtained by traditional single probe theory, which proves the
correctness of the nonextensive single electric probe theory
proposed in this work at the extensive limit. The curve of
nonlinear fitting coefficient of determination obtained by
the nonextensive single electric probe theory is increased
first and then decreased with a monotonically increasing
electron nonextensive parameter (fluctuations exist in very
few places). Physically, in general, as electron nonextensive
parameter increases from 0 to 0.775, the nonlinear fitting
coefficient of determination is closer to 1, and then the fitting
result is surely closer to reality. By contrast, as the electron
nonextensive parameter increases further from 0.775, the
farther the fitting result is from the real. Specifically, when
qre.— 0, the minimum value of nonlinear fitting coefficient
of determination obtained by nonextensive single electric
probe theory is R*(qr, — 0) = —0.01098; the nonlinear
fitting coefficient of determination obtained by nonextensive
single electric probe theory increases with the increase of the
electron nonextensive parameter when gp. € (0, 0.506], but
less than that obtained by traditional single probe theory, until
gre = 0.506 the nonlinear fitting coefficient of determination
obtained by nonextensive electric single probe theory will be
equal to that obtained by traditional single probe theory. As
the electron nonextensive parameter increases from 0.506, the
nonlinear fitting coefficient of determination is monotonically
increasing until gr, = 0.775 (fluctuations exist in very few
places) reaching the maximum coefficient of determination
R*(gr, = 0.775) = 0.93229; namely the nonlinear fitting
coefficient of determination obtained by nonextensive single
electric probe theory reaches the maximum value (closest to
1). In other words, it is the closest fitting result to the real;
then, as the electron nonextensive parameter increases, the
nonlinear fitting coefficient of determination decreases. The
situation continues until gr, = 1. The nonlinear fitting
coefficient of determination obtained by nonextensive
single electric probe theory is equal to that obtained
by traditional single probe theory, because nonextensive
statistical mechanics is reduced to Boltzmann-Gibbs
statistical mechanics at this time; that is, nonlinear fitting
coefficients of determination are obtained by the same theory,
and the coefficients of determination are surely the same.
When gp, €(1,1.164), the nonlinear fitting coefficient of
determination obtained by nonextensive single electric probe
theory is less than that obtained by traditional single probe
theory; furthermore, as the electron nonextensive parameter
increases, the degree of smallness is gradually increased from
zero. Finally, the nonlinear fitting coefficient of determination
reaches R*(qr, = 1.164) = 0.926024 at the edge of electron
nonextensive parameter gr, = 1.164. The reason for this
change is that Boltzmann-Gibbs statistical mechanics is not
the optimal statistical mechanics to describe plasma systems;
by contrast, nonextensive statistical mechanics has the
adjustable nonextensive parameters, so that the nonextensive
statistical mechanics can better describe real plasma systems.
The real plasma system [22] here is described by a nonex-
tensive statistical mechanics with an electron nonextensive
parameter of 0.775, and this is the same result [see Fig. 3(b)]
as the fitting method measured by SSE for goodness
of fit, which has confirmed the reliability of our fitting
results.

043206-10



INITIAL MEASUREMENT OF ELECTRON NONEXTENSIVE ...

PHYSICAL REVIEW E 101, 043206 (2020)

9. Supplementary information for the caption to Fig. 3(d)

The range of abscissa, the electron nonextensive param-
eter, is [1, +00) because for all the electron nonextensive
parameters of gr, < 1 the ideal minimum voltage which can
be described by the nonextensive single electric probe theory
is negative infinite; gr, =1 is the extensive limit, the results
in this case return to the results under the Boltzmann-Gibbs
statistical framework [17]. The ordinate is the ideal minimum
voltage that can be described by the nonextensive single
electric probe theory when the nonextensive parameter is
greater than or equal to 1 with range of (—oo, —39.8582] V,
where the minimum value of the bias voltage in the ex-
perimental data [22] is Vigemin(qr, =1.164) = —39.8582 V.
Note that Vige min(qre — 1) = —oo0; that is, at the extensive
limit, the ideal minimum voltage that can be described by the
nonextensive single electric probe theory is negative infinity,
returning to the result under the Boltzmann-Gibbs statistical
framework, which proves the correctness of the proposed
nonextensive single electric probe theory at the extensive
limit. When the nonextensive parameter is greater than 1,
the ideal minimum voltage described by the nonextensive
single electric probe theory is monotonically increasing with
the increase of the electron nonextensive parameter. When
qr, € [1,+00), at gre = 1, Videmin reaches minimum value
negative infinity, which is equal to the ideal minimum volt-
age described by traditional single probe theory, and then
monotonically increases with the increase of nonextensive
parameter until gr, = 1.164. At this point, the ideal minimum
voltage described by nonextensive single electric probe theory
is —39.8582 V, which is the same as the smallest single
probe experimental bias voltage in the experimental data
[22] we used. Physically, in general, when gr, > 1 the ideal
minimum voltage that can be described by the nonextensive
single electric probe theory increases with increasing elec-
tron nonextensive parameter. Specifically, at extensive limit,
the ideal minimum voltage that can be described by the
nonextensive single electric probe theory is negative infinity
(minimum) which is equal to the ideal minimum voltage
described by traditional single probe theory, because nonex-
tensive statistical mechanics is reduced to Boltzmann-Gibbs
statistical mechanics at this point; that is, the voltage is
obtained by the same single probe theory, and surely the
results are the same. When gf, € (1, +00), the ideal minimum
voltage that can be described by the nonextensive single
electric probe theory increases monotonically from negative
infinity, although the increase speed gradually slows down
later and reaches the maximum value of voltage —39.8582 V
(the minimum bias voltage of the experimental data, too)
at maximum electron nonextensive parameter 1.164. The
physical reason for this change is that the range of electron
nonextensive parameter that can be processed by nonextensive
single electric probe depends on the minimum bias voltage
of the experimental data; actually, the higher the minimum
bias voltage, the larger the electron nonextensive parameter.
Specifically, the relationship between the maximum value
of the electron nonextensive parameter and the minimum
bias voltage is g, max = Solution_of {Viin =P, — 45)1—1 aley
which shows that the range (maximum) of the electron nonex-
tensive parameter that can be processed by the nonextensive
single electric probe theory depends on the minimum bias

voltage value of the /I-V experimental data, and the higher
the minimum bias voltage, the larger the maximum allowable
electron nonextensive parameter is; gr, = 1 is the extensive
limit, and at this point the results return to those under the
Boltzmann-Gibbs statistical framework [17].

10. Supplementary information for the caption to Fig. 3(e)

The abscissa is electron nonextensive parameter with range
of [0, 11] here [see Fig. 2(d)]; gr, =1 is the extensive
limit, the results in this case return to the results under the
Boltzmann-Gibbs statistical framework [17]. The ordinate
My, is the error of the sheath potential coefficient measured

by nonextensive single electric probe compared with that by
the traditional single probe with range of [—0.9700, +00).
Note that Natyy, (gre = 1) = 0; that is, at the extensive limit, the
sheath potential coefficient measured by nonextensive single
electric probe is the same as that measured by traditional
single probe, which proves the correctness of proposed nonex-
tensive single electric probe theory at the extensive limit. The
curve for error of the sheath potential coefficient measured by
nonextensive single electric probe compared with that by the
traditional single probe with respect to electron nonextensive
parameter is monotonically decreasing in the range of [0, 11].
Physically, with the increase of electron nonextensive param-
eter, the error of the sheath potential coefficient measured by
nonextensive single electric probe compared with that by the
traditional single probe decreases from the positive infinity in
the range of [0, 11], until g, =11 Moty takes the minimum
of —0.9700. The physical reason for this change is that as the
electron nonextensive parameter increases, there are more and
more low-speed electrons, and fewer and fewer high-energy
electrons, so the temperature is getting lower and lower; in
this process, the moving speed of charged particles such as
electrons and ions is getting smaller and smaller, and the drop-
ping of sheath potential is more and more difficult, namely the
sheath potential coefficient is getting smaller and smaller.

11. Supplementary information for the caption to Fig. 3(f)

The abscissa is the electron nonextensive parameter
because of the need to make sure 7nsn, 1S a real
number (namely an imaginary part cannot appear);
meanwhile the denominator cannot be zero, so there
are limits of ngn7, +1>0 and [l — (g — 1)i]1>0.
The maximum value of gp, varies with different bias
voltage, and the range of values can be regarded as
(=1L 1 —{dlIn( +1)]/dV } 1/ (V = ®,)); g =1 s
the extensive limit, and in this case, the conclusions
all go back to the results under the Boltzmann-Gibbs
statistical framework [17]. In addition, when ¢gp, — 1 —
{dIn({ +Isi)]/dV}’1/(V — @,), the error ngp,, — +00.
The ordinate is the error of the electron density measured
by a nonextensive single electric probe compared with that
by a traditional single probe which is expressed by Eq. (9)
with a range of [exp (—3)/v/Nin1,(qre=—1) + 1, +00] =
(exp (1) 2(V—@,)/dlIn € +1)1/dV )~ +1 +00),
where the minimum value depends on the bias voltage. Note

that ngin,n, (gre = 1) = 0, namely at the extensive limit, the
electron density measured by nonextensive single electric
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probe is the same as that measured by traditional single
probe, which proves the correctness of the nonextensive
single electric probe theory proposed in this work at the
extensive limit. The curve for error of the electron density
measured by a nonextensive single electric probe compared
with that by a traditional single probe with the increase
of the electron nonextensive parameter is monotonely
increasing. When gp, €(—1, 1], nsn,7, takes minimum at
qr——1, and after that, it increases monotonously with
the increase of electron nonextensive parameter but is
less than zero, until gr =1, the value is zero; when
gr, € (L 1—{dlIn(I +I))/dV Y /(V=®,),  nnr,  still
monotonically increases with the increase of the electron
nonextensive parameter but is greater than zero, until
qr, — 1={d[In(I + I;)]/dV }"'/(V — &,), the value is
+o00. The mathematical reason is d7sin, n, /dqr.>0. Physically,
with the increase of electron nonextensive parameter, the
error goes from negative to positive. When g €(—1, 1),
the electron density measured by nonextensive single
electric probe is smaller than that measured by traditional
single probe, and the maximum error 7, (gre = —1) =

[exp (— 1)/ o+ 1= 11 % 100%. With  the

increase of the electron nonextensive parameter, the error
becomes smaller and smaller; until gp, =1, the error
disappears, and at this time, the nonextensive statistical
mechanics is reduced to Boltzmann-Gibbs statistical
mechanics, so the error is naturally zero. When g, € (1, +00),
the electron density measured by the nonextensive
single electric probe is larger than that measured by the
traditional single probe, and with the increase of the electron
nonextensive parameter, the large degree gradually increases
from zero and finally reaches the maximum value of +oc0
when gr, — 1—{d[In(I +I4)]/dV}™'/(V-®,); that is,
the electron density measured by the nonextensive single
electric probe is infinite at this point. The physical reason
for this change is that with the increase of the electron
nonextensive parameter, the percentage of electrons at large
speed decreases, while keeping the material flux constant
(i.e., the current collected by probe constant), and the electron
density must increase.

12. Supplementary information for the caption to Fig. 4

The abscissa is the external changing bias voltage with
range of [—39.8582, 9.1489] V applied to the single probe;
actually, the minimum voltage in the experimental data is
—39.8582 V, which determines the maximum value of the al-
lowable electron nonextensive parameter 1.164 [see Fig. 3(d)],
and the maximum voltage 9.1489 V (~@®;) is obtained by the
method of “semilog-knee” [22]. The ordinate is total current
collected by single probe with range of [—18.98,29.97] mA.
Blue points are the I-V experimental data [22] used in this
work, and we select all the data that meet the criteria V < &y,
a total of 50 data points [22], and other data are not the
processing object of the proposed theory. The red line is
the intuitive curve corresponding to the results measured by
method of the ESP formula, the black line is the intuitive
curve corresponding to the single probe measurement results
obtained by method of ESP fitting, and the blue line is the
intuitive curve corresponding to the single probe measurement
results obtained by method of NSP fitting (for measurement
results see Table I). The three curves conform to the trend of
the single probe measurement curve and always increase with
the increase of the bias voltage when V < @;. It is easy to read
from the figure that the red line; namely the result measured
by the ESP formula method is the worst result of closing to the
experimental data. We use the sum of squares due to error SSE
and the coefficient of determination R? to determine which is
the closest to the experimental data among the three curves.
The calculations [see Figs. 3(b) and 3(c) and Table I] show
that the result measured by the method of NSP fitting is closest
to the I-V experimental data under the above two indexes,
which proves the superiority of nonextensive statistical me-
chanics. It is worth mentioning that the nonextensivity of the
system implied by the I-V experiment data can be reflected by
the optimal electron nonextensive parameter given by the NSP
fitting method based on nonextensive statistical mechanics,
which is the most important function of the nonextensive
single electric probe proposed in this work (as mentioned in
the title), and the electron nonextensive parameter value we
measured here is 0.775.
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