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Abstract

The electron energy distribution function (EEDF) at different radial positions
is derived from Langmuir probe measurements in the CASTOR tokamak edge
plasma using the first derivative method. It is shown that the EEDFs are not
Maxwellian but can be approximated as bi-Maxwellians with one dominant,
low temperature electron population and one minority composed of hotter
electrons. In the limiter shadow the measured EEDFs are Maxwellian. The
values of the plasma potential and electron densities at different radial positions
are also evaluated. The results presented in this paper demonstrate that the first
derivative method allows one to acquire additional plasma parameters using
the electron part of the current—voltage characteristics in strongly magnetized
tokamak edge plasmas.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Among the contact methods of plasma diagnostics, the electric probes are the most reliable
diagnostic tools allowing one to measure edge plasma parameters with sufficiently high
temporal and spatial resolution. In non-magnetized, low density plasmas Langmuir probes
(LPs) allow local measurements of the plasma potential, the charged particles density and the
electron energy distribution functions (EEDFs), f(¢) [1-7].

In magnetized plasma, the interpretation of the electron part of the current—voltage (1 V)
characteristics above the floating potential, Uy, remains till now problematic—the electron
part of the IV characteristics is distorted due to the influence of the magnetic field. For
this reason, in the strongly magnetized tokamak plasmas the ion saturation branch of the
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IV and the part around the floating potential are usually used when retrieving the plasma
parameters [8, 9]. This method assumes a Maxwellian EDF for the electrons and could lead to
erroneous values if it is not the case. In tokamaks, this assumption is generally valid. However,
some experimental evidence of non-Maxwellian distributions in tokamak edge plasmas is
confirmed. In ASDEX, the electron temperatures measured by a LP, assuming a Maxwellian
EEDF, are about twice as high as that determined from Thomson scattering [10]. Under some
circumstances [11, 12] the EEDF may be approximated as a two-temperature (bi-Maxwellian)
distribution with a dominant electron population of low temperature and a minority of electrons
with high temperature. In the Stangeby paper [11] the reasons for the presence of a minority
fraction of electrons with high temperature are widely discussed as well as the problems in the
interpretation of the IV characteristics for evaluating the electron temperatures. The presence
of a small population of suprathermal electrons can also contribute to the discrepancy between
LP and tunnel probe electron temperatures measurements [13—15] in CASTOR tokamak edge
plasma.

The knowledge of the real EEDF is of great importance in understanding the underlying
physics of processes occurring at the plasma edge in tokamaks, such as the formation of
transport barriers, plasma—wall interactions, and edge plasma turbulence. The kinetic theory
developed in the non-local approach [6, 16, 17] may be used for the evaluation of the EEDF
from the first derivative of the electron current of the / V' characteristics. In this work we report
the EEDFs measured by LPs at different radial positions in the CASTOR tokamak using this
technique, and the values of the plasma potential, the electron temperatures and densities are
presented.

2. First derivative LP method

A kinetic theory for processing the electron probe current in the presence of a magnetic field
was published in [17]. The theory for magnetized plasmas was developed for LPs in a non-local
approach when the electrons reach the probe in the diffusion regime. The tokamak plasma is
considered usually as non collisional plasma. The edge plasma is strongly turbulent plasma.
In the turbulence the vector of the electric field changes its orientation in arbitrary directions.
This causes changes in the direction of the electrons motion but does not change their kinetic
energy. The result is similar to elastic collisions [18] and for turbulent edge plasma we can
use the method for evaluating the EEDF presented in [17]. It is shown that the electron current
flowing to a cylindrical probe, negatively biased by potential U, is given by

8meS /OO (W —eU)f(W)dW

3m* S wy [1 . LWMWW)}

1.(U) = ; ey

where W is the electron energy, e, m and n are the electron charge, mass and density, S is the
probe area, U is the probe potential with respect to the plasma potential Uy (U = Uy — Up).
The geometric factor y = y (R /1) assumes values in the range 0.71 < y < 4/3 (R being the
probe radius) [17].

Here f (W) is the isotropic EEDF, normalized by

42 [ 0
%/{f FOWINW AW =/ Fle)/ede =n @)
0 0
and the diffusion parameter v (W) is given by

1 *© D(W)dr
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Here D = vA(W)/3 is the diffusion coefficient, where A(W) is the free path of the electrons
with velocity v and energy W. ¢ (r) is the potential variation introduced by the probe.
Let us consider the boundary cases regarding the value of the diffusion parameter:
(1) When (W) is negligible (1 < 1) and y = 4/3, equation (1) is reduced to the classical
expression of the Langmuir formula for the electron probe current:

L(U) = _2:;5 /Oo (W — eU) f(W)dW. )
elU

This approximation is valid at low gas pressure or for low magnetic fields; namely when
the electron free path or the Larmor radius are larger than the characteristic dimension of
the probe sheath. Then the EEDF can be determined by using the Druyvesteyn formula [1]:

24/2m 21,
fl&) = =5 105 5)

(2) At strong magnetic fields or namely for high values of the diffusion parameter (¢ > 1),
it has been shown [6, 17] that the EEDF is not represented by the second derivative of the
electron probe current (Druyvesteyn formula) but rather by its first derivative.

Obviously to evaluate the EEDF the values of the diffusion parameter have to be known. In
the presence of a magnetic field, ¢ depends on the plasma parameters, the shape, the size and
the orientation of the probe with respect to the magnetic field.

Let us consider a cylindrical LP with the radius R and the length L, oriented
perpendicularly with respect to the magnetic field in tokamak edge turbulent plasma. We
can write the diffusion parameter 1, as follows:

1 A D(W)dr
yi(W) = . (6)
yA(W) Jr (r/R)D(W — e¢(r))
In equation (3) the upper limitis A = oo and the integral is divergent, therefore we have to find
areasonable finite value for A. In non-magnetized plasma the probe disturbed area is taken as
a prolate ellipsoid of revolution [6, 17] and the integral is limited to the value of A = w L /4.
In homogeneous magnetized plasma the upper limit of the integral has to be enlarged up to the
value of A = wpL /4 [17], with p defined by
AW T 1/2

R, (W, B)? | M
For magnetic fields B in the range 1-5 T the electron Larmor radius R (W, B) < A(W). Then
we have

p:

awy2 1'? A(W)

i | o E ®)
L(W, B)* | R.(W, B)

The value of pL may exceed one toroidal turn in the tokamak chamber. On the other hand,
in turbulent plasma the probe disturbed area may be limited to the characteristic size of the
turbulence L', which is typically in the order of 0.01 m in CASTOR [19], and therefore we
replace pL in the upper limit of the integral by L’ and we write (6) as

L
4
non = [ cLLEL S ©)
yaW) Jr  (r/R)D(W —e¢(r))
The second important point is the ratio of the coefficients of the global diffusion D(W)
over diffusion in the vicinity of the probe D(W — e¢(r)). In turbulent plasma the global
diffusion is given by the Bohm diffusion and therefore we can write [18, 20]

D(W) _ Dsotm _ 1 _2W) _p (10)
DWW —ep(r)) D  16R.(W,B) 16

I():
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Figure 1. (a) Plots of model calculations of the probe current at electron temperature 7 = 35eV
and at different ¥o: solid line—y9 = 0 (no magnetic field), dots—yy = 25, dashed line—yp = 50
and dash—dot line—yy = 75. (b) Zoom-in of figure 1(a)) curves in the area of floating potential
and cutoff potential. In the figures the plasma potential Uy is set at 0.

Then we can write for the diffusion parameter:

(W) = — / *_par
ST AWy Jro 16(7/R)

and finally we have
wl’
R1In
4R

16y R (W, B)’

For probes oriented parallel with respect to the magnetic field, the probe disturbed area is
taken as an oblate ellipsoid of revolution [17] and the diffusion parameter can be written as

7l
64y RL(W, B)
Similar expressions for the diffusion parameters (11) and (12) but for non-turbulent plasmas
are obtained in [21, 22].

In the papers [6, 17,23] 1 is only considered a constant. As it is seen from (11) and (12)
in the presence of a magnetic field the diffusion parameter depends on the electron energy:
V(W) = ¥o/~/W, where v is a part of the diffusion parameter which is constant with regard
to the electron energy. The typical values of v for a cylindrical probe with a radius R = 1 mm
and alength L = 2-3 mm, a magnetic field B = 1.5 T and a characteristic size of the turbulence
L’ ~ 1 cm are in the order of 50 for a perpendicular oriented to the magnetic field probe and
150-200 for a parallel oriented one.

From equation (1) it is seen that as the value of the diffusion parameter increases, so does
the distortion of the electron probe current. Figure 1 presents model calculations of the probe
current at different values of the diffusion parameter.

As is seen in figure 1(b), as the value of the diffusion parameter is increased, the value
of the cutoff voltage U. where the curve starts to deviate from the exponential behaviour

vi(W) = (1)

(W) = (12)

is shifted towards the floating potential Uy. In figure 1 Uy = —158 V. For ¢y = 25 the
cutoff voltage U. = —130V, for 9 = 50 itis U, = —140V and for o = 75 it is
U. = —150V. For a probe oriented perpendicularly to the magnetic field, the value of the

diffusion parameter is proportional to the probe radius (equation (11)) and, thus, increasing the
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Figure 2. Plots of the function P (W, v) at different v and different values of eU.

probe radius leads to the value of the cutoff voltage U, approaching the floating potential Uy.
This was experimentally observed by Hidalgo et al [24].

The values of the diffusion parameter having been evaluated, we can consider the first
derivative probe method for obtaining the EEDF. The first derivative of the electron probe
current (equation (1)) is

Wy =LY const / T KWL U) W) W, (13)
dU U
where K'(W,U) = L&

[W(+y)—yeU)?*
One can write K'(W, U) as a sum of two terms K| (W, U) and K;(W, U) as follows:

veUW w

K'(W,U) = + . (14
T+Y)eU+A+y)(W —elU)]? (1+y¥)[eU+ A +y)(W —el)]
Then for the integral of the first term we can write
Vo
o0 —=f(W)dw
1L,U) = —const/ ev VW 5
oy Yo (_U
v VW W
= —const/OQ L%P(W, V) f(W)dW. (15)
eU 1+ —
+ NG

The plots of the function P (W, i) at different vy and different values of eU are presented
in figure 2. The curves have a sharp maximum and the integral fe O; P(W,y)dW =~ 1 with
accuracy between 4% to 15%.
Due to its behaviour the function P (W, ¥) may be replaced by P(W, i) 1/;: 8+(W—=elU)
0

and the integration performed:
© eU eU

I,U) = —const/ 7 S(W —elU)f(W)dW = —const—wf(eU).
Uy L ]+ —
VW VeU
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At (W) > 1 we obtain

U UveU
I/,(U) = —const—— f(eU) = —const ——— f (eU). (16)
Yo Yo
VeU
The second term of the integral (13) is
, ° Wf(W)dw
I.,(U) = —const (17)

* ) 0 ) ]

and combining (16) and (17) we obtain for the first derivative of the electron probe current

IL(U) = —Consth(eU) _ Const/oo Wi (wW)dw .
Yo U <1+ﬂ>|:<1+ﬂ>w_ﬂe }
VW JW Vit
(18)

In the case of high gas-pressure plasmas [6, 17] (constant y) or in magnetized plasma [21, 22]
(¢ = ¥ (W)) the contribution of the second term was always assumed small and therefore
neglected. Then the EEDF is directly represented by the first derivative of the electron probe
current. In our opinion, the neglect of the second term in strongly magnetized tokamak edge
plasma measurements has to be reconsidered. For this purpose, model calculations of the first
derivative probe current for a Maxwellian EEDF at T = 10eV and for different values of the
diffusion parameter are carried out and shown in figure 3.

One can see from figure 3 that the slopes of the solid lines and the dash—doted lines are
identical. Moreover the slopes of the solid lines and the dashed lines differ and the difference
increases with the decrease in the diffusion parameter. This behaviour will cause errors in
evaluating the electron temperature for values of the diffusion parameter lower than 100 using
only the first term (equation (16)). The difference in the position of the minimum of the first
derivatives, which is important for evaluating the plasma potential [25], also increases with
a decrease in the diffusion parameter. The area of the curves, which is proportional to the
electron densities, differs for ¥y > 100 in the range 2-5%.

In summary, we assume that we can evaluate the EEDF with sufficient accuracy for
Yo > 100 using only the first term of equation (18) as follows:

eU

JLU) = —constw—@f(eU). (19)
0

Taking into account equation (11) for the EEDF measured by a cylindrical probe perpendicular
to the magnetic field we obtain

L/
3v2mR1In <Z—R) "y
F®) = = 38R, e, ByU AU

The EEDF measured by a cylindrical probe parallel to the magnetic field is expressed as

3n2mL’ dl
128¢3SRy.(e, B)U dU
When ¢y < 100, we have to use an iterative procedure according to equation (18) to
obtain the EEDF.
Finally, for acquiring the EEDF one has to know the plasma potential U,;. When the
diffusion parameter (W) is negligible (¢ <« 1) the electron probe current is described by

(20)

fle)= 21)
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Figure 3. Model calculations of the first derivative probe current for Maxwellian EEDF at
T = 10eV. With dashed line the first term of equation (18) is presented, with dots—the second term
and with dash—dot—the sum. For comparison with the solid line the first derivative of the probe
current (equation (1)) is presented for different values of the diffusion parameter: (a) Yo = 50;
(b) Yo = 1005 (c) Yo = 150 and (d) Yo = 200.
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Figure 4. Model calculations of the first derivative of the /V characteristics at (a) constant ¥ > 1

and (b) ¥ (W) = Yo/v/W > 1.

equation (4) and the plasma potential is estimated at the position of the bend of / V characteristic
or at the minimum of its first derivative. As shown in [6], for a large, constant value of the
diffusion parameter iy = ¥y > 1, the minimum of the first derivative of the V' characteristic
is shifted towards negative probe potentials with respect to the plasma potential (set at O in
figure 4) by a value equal to the electron temperature 7 expressed in volts (figure 4(a)).
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Figure 5. Model calculations for a Maxwellian EEDF (T = 10eV) of the IV characteristics
(equation (1)) at different values of v in the diffusion parameter ¥ (W) = o/~ W.
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Figure 6. Model calculations for a Maxwellian EEDF (T = 10eV) of the first derivative of the
1V characteristics at different values of ¥ in the diffusion parameter equation ¥ (W) = o/~ W.

In the presence of a strong magnetic field the diffusion parameter is large but not constant
v (W) =/ VW. In the case of ¥ (W) > 1, our model calculations [25] for a Maxwellian
EEDFs with different electron temperatures (figure 4(b)) show that the minimum is shifted by
avalueequalto 1.57.

In the case of intermediate (W) = v/ VW > 1 the minimum of the first derivative of
the 1V characteristic is shifted negatively by a value between T and 1.5 T with respect to the
plasma potential. The model calculations for a Maxwellian EEDF (T = 10 ¢eV) of the electron
probe current using equation (1) are presented in figure 5. Figure 6 shows its first derivatives
for different values of .

In this case, for an accurate evaluation of Uy, we propose the following procedure: the
electron temperature is evaluated from the slope in logarithmic scale of the first derivative of
the experimental / V characteristic. Using this temperature a model curve of the first derivative
(derivative of equation (1)) is calculated. Then the best fit with the experimental first derivative
provides the value of the plasma potential.
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(b)

Major radius

Minor radius 85 mm
Toroidal magnetic field 05-1.5T
Plasma current 5-20 kA
Pulse length <50 ms
Working gas 30-40 mPa hydrogen

Figure 7. (a) Photograph of the rake probe; (b) the main parameters of the CASTOR tokamak are
listed and the schematic position of the rake probe is presented.

3. LP measurements in CASTOR tokamak edge plasma

For evaluating the EEDF the IV characteristics were measured by using two arrays of
cylindrical LP tips (rake probe) with a length L of 2mm and a radius of 0.35 mm The first
rake probe (figure 7) consists of 16 tips oriented perpendicular to the magnetic field lines and
the second one of 12 probes oriented parallel to the magnetic field lines. One rake probe was
inserted at a time in the edge plasma from the top of the tokamak. The tips are displaced radially
by 2.5 mm from each other covering a range of about 40 mm in the plasma. All probe tips are
biased simultaneously by a triangular voltage U, (¢) with respect to the tokamak chamber wall,
which serves as a reference electrode with a temporal resolution of 1 us. The time necessary
to measure a single IV characteristic is typically ~1 ms.

The measurements were carried out at the CASTOR tokamak edge plasma in two
reproducible discharges corresponding to probes oriented perpendicular and parallel to the
magnetic field, respectively. The main plasma parameters of these two discharges are presented
in figure 8. The magnetic field was 1.3 T. Measurements were performed on the steady-state
part of the discharge at low loop voltage, high density, constant plasma current and with low
recycling at the chamber.

The data corresponding to the deepest probe of shot # 26402 with perpendicular orientation
and located at 56 mm from the centre of the CASTOR poloidal cross-section are presented in
figure 9.

To demonstrate the procedure [25] of evaluating Uy, f(¢) and n, we will analyse a single
1V characteristic on the steady-state phase of the plasma current (10 < ¢ < 11 ms) as seen
from figure 8. The single 1V characteristic (1024 points) was smoothed by adjacent averaging
of 100 points (figure 10).

Figure 11 presents the first derivative of the smoothed 7V curve. In the same figure
the fit with the model curve (first derivative of equation (1)) is presented. From comparison
the plasma potential Up = 61V may be evaluated. One can observe there a more or less
pronounced bend in the experimental curve. In practice, even a small increment of /(U) at a
probe potential U positive with respect to plasma potential leads to I'(U) deviating from zero
at Up;. Additional reasons for this feature come from the plasma potential fluctuations due to
the plasma turbulence and the smoothing of the experimental /V characteristic.

In figure 12(a) the EEDF obtained for perpendicular probe #1, shot #26402, by using
equation (18) (black curve) is presented. It is clearly seen that the EEDF is non-Maxwellian.
The EEDF may be approximated by a bi-Maxwellian with low temperature (dash line;

9
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Figure 8. Main plasma parameters of two reproducible discharges: Shot 26402 (solid line) and
shot 27034 (dashed line).
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Figure 9. (a) Probe bias U}, and (b) probe current I (Up) as a function of time ¢ during shot #26402
for perpendicular probe #1 (the deepest), displaced by 56 mm from the centre of the tokamak
poloidal cross-section.

T = 17eV) electron fraction and one with high temperature (dot line; 7 = 35eV). The
dash—dot line is a sum of the dotted line and the dashed line. The electron densities are
obtained by using equation (2). The density of the high electron temperature fraction is 16%
of the cold ones. Similar results from shot #27034 are obtained by using equation (21) for
probes oriented parallel to the magnetic field (figure 12(b)).

4. Results and discussion

Radial profiles of the plasma potentials and electron temperatures and densities were taken in
the CASTOR tokamak edge plasma by cylindrical LPs perpendicular (shot #26402) and parallel
(shot #27034) to the magnetic field lines and are presented in figures 13—16. The EEDFs were
approximated by bi-Maxwellians with a high temperature part (indicated in figures by dots)

10
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Figure 10. Single /V characteristic, shot #26402 for perpendicular probe #1 (solid line), on the
steady-state phase of the plasma current (10 < ¢ < 11 ms) and smoothed (dash—dot) by adjacent
averaging of 100 points.
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Figure 11. First derivative of the smoothed experimental 7V curve, shot #26402 for perpendicular
probe #1 (solid line). Model curve—dashed line.

and a low temperature part (triangles). The best fit with the experimental EEDF was sought
with an accuracy of 15%. In the figures the positions of the last closed flux surface (LCFS)
and the poloidal limiter are indicated. It should be noted that for perpendicular probes in the
limiter shadow the EEDFs developed are mono-Maxwellian with a temperature of about 8 eV.

In the same figures the results obtained by the classic method [9] (squares) are also
presented. We must point out that the classic method only assumes Maxwellian EEDF, which
is in fact not representative of reality. The approximation for the probe current around the
floating potential, Uy, and ion saturation current, Isi , s

1(U)=1;‘{1—exp[—e(Uﬁ—T_U)“. (22)

11
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line represents the distribution of the low-energy electron population; the dotted line is the high
energy one. The dash—dot line is a sum of the dotted line and the dashed line.
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Figure 13. Electron temperatures at different radial positions as measured by (a) perpendicular
oriented probes (shot #26402); (b) parallel oriented probes (shot #27034). The high temperatures
are indicated by dots and the low temperatures by triangles. The results obtained with the classical
method (squares) are also presented.

The 1V probe characteristic around the floating potential (figure 14) is mostly affected by the
high temperature electron fraction [11]. The low temperature electron fraction forms a part of
the IV characteristic close to the plasma potential where the distortions due to the influence
of the magnetic field are strongly pronounced. Thus the classic method is strongly affected by
the fast electron temperature when the EEDF is bi-Maxwellian and as it is clearly seen from
figure 12. We have good agreement between the measured data by the first derivative method
and the classical one for the temperatures 7' of the minority high-energy electron fraction.
The temperatures of the high-energy electron fraction measured by the first derivative probe
method (figure 12(a)) and by the classical method (figure 14) are equal 7 = 35 eV. However,
the classical method does not allow one to evaluate the temperature and the density of the
predominant low-energy electron fraction of the bi-Maxwellian EEDF.

The classic approximation does not also allow the direct evaluation of the plasma potential.
Using the first derivative probe method the radial distribution of the plasma potential was
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Figure 15. The radial distribution of the plasma potential for shot #26402 (dots) and shot #27034
(squares).

evaluated as it is presented in figure 15 for perpendicular probes (dots) and for parallel probes
(squares). The accuracy of the evaluation is 20%.

The radial distribution of the total electron density, n, (dots) is presented for shot #26402
in figure 16(a) and for shot #27034 in figure 16(b). Triangles in the same figures represent the
densities for high temperature electron fractions. They are in the range 0.2-0.4 x 108 m~3
and are about 10% of the total electron densities. The uncertainty of the evaluations does not
exceed 30%.

Comparison with the classical method (squares) is presented in figure 16. The total
electron density was evaluated from the ion saturation current formula:

Isi = 0.5encsAp, (23)

where A, is the projection of the probe [26,27] in the magnetic field B direction and
cs = [(Ts + T;)/m;i]'/? is the (isothermal) ion acoustic velocity [9]. We have to note that
¢, is calculated with the electron temperature from the dense, ‘cold’ electron population and
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Figure 16. Radial distribution of the electron densities. The total electron densities are indicated
by dots. The high temperature electron densities—by triangles. The results obtained by classical
method (squares) are also presented, using the ‘cold’ electron population temperature. (a) Shot
#26402 measurements by perpendicular probes; (b) shot #27034 measurements by parallel probes.

not using the one obtained by the approximation (22) giving the temperature of the less dense,
‘hot’ electron population. For the ion temperature, we assumed 7; &~ T.. We observe good
agreement with the total electron density obtained from the first derivative probe method.

Taking into account that the results presented in figures 13—16 are from different shots
(see figure 8), the agreement between data processed by the first derivative method for parallel
and perpendicular to the magnetic field probes is satisfactory.

5. Conclusion

The first derivative LP method for strongly magnetized plasmas is presented in this paper and
was used for processing the electron part of the current—voltage characteristics measured in
the CASTOR tokamak edge plasma. Measurements were carried out by cylindrical probes
perpendicular and parallel to the magnetic field lines.

(1) Using the first derivative probe method the radial distribution of the plasma potential was
evaluated.

(2) First results of the EEDFs at different radial positions for tokamak edge plasma are
acquired. It is shown that in the edge plasma the EEDF is not Maxwellian but may be
approximated by a bi-Maxwellian with a dominant cold electron population and a minority
of hot electrons. In the limiter shadow the EEDFs developed is mono-Maxwellian.

(3) The values of the electron temperatures and density of the dominant cold electron
population and the minority of hot electrons at different radial positions for tokamak
edge plasma are evaluated.

The comparison of the results obtained with perpendicular and parallel to the magnetic field
probes as well as the results given by the classic method leads to a satisfactory agreement.

The results presented demonstrate that the procedure proposed allows one to acquire
additional plasma parameters using the electron part of the current—voltage LP characteristics
in tokamak edge plasma measurements than in the classical method, which uses the ion part
of the IV characteristic.
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