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Abstract. Langmuir probes are known for their ability to provide local measurements of very
important plasma parameters, namely the plasma potential, the density of the charged particles
and the electron energy distribution function (EEDF). The correctness of using the probes
under adverse conditions, such as presence of magnetic fields or high plasma temperature is
still being questioned. In this paper we report the application of the first-derivative Langmuir
probe method for processing the electron part of the volt-ampere (IV) characteristics measured
in the CASTOR tokamak plasma. First results of EEDFs at different radial positions in the
edge plasma are presented and the values of the plasma potential, electron temperature and
electron densities are estimated. The applicability of the first-derivative Langmuir probe
method in strongly magnetized, high temperature tokamak plasmas is discussed.

1. Introduction

Among the contact methods of plasma diagnostics, the electric probes are the least expensive and still
the fastest and most reliable diagnostic tools allowing one to obtain the values of very important
plasma parameters; Langmuir probes (LP) allow local measurements of the plasma potential, the
charged particles density and the electron energy distribution functions (EEDF).

Application of these probes under adverse conditions e.g., presence of magnetic fields or high
plasma temperatures, is still under discussion. On the other hand, measurements of the plasma edge
temperatures and the electron densities in tokamak are generally carried out by means of LPs [1]. In
single LP experiments, the electron part of the current-voltage (IV) characteristics is strongly distorted
by the tokamak magnetic field. For this reason, the ion saturation part and the part around the floating
potential are usually taken into account when retrieving the plasma parameters.

The recently developed kinetic theory [2, 3] may be used for calculation of the plasma parameters
from the first derivative of the electron probe current. In this work we report first results of the EEDFs
measurements in the CASTOR tokamak edge plasma (IPP.CR, Prague, Czech Republic) at different
radial positions and present the values acquired of the plasma potential, the electron temperature and
the electron densities.

Finally, we discuss the applicability of the first derivative Langmuir probe method to
measurements in strongly magnetized, high temperature tokamak plasmas.
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2. First derivative Langmuir probe method
A kinetic theory in a non-local approach for processing the electron probe current in the presence of a
magnetic field was published recently [2]. The theory for magnetized plasmas was developed for

Langmuir probes in the case when the linear size, Lp , of the region disturbed by the probe is less than

the electron energy relaxation length A, :

D 1/2
2, = 2[—] : (1)
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where the diffusion coefficient is D=v /1(8)/3, 1(8) is the free path of the electrons and

v v v" are the frequencies of electron-electron, electron-heavy particles elastic and inelastic

ee’ a?’
collisions. 0 = 2m/ M , where m and M are the electron and the heavy particles masses respectively.

It was shown that the electron probe current for a cylindrical probe with radius R and length L at
negative probe potentials is:

(V)=
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where W = mc? / 2 +eU , e and n are the electron charge and density, C is the velocity of electrons, S is

2)

the probe area, U is the probe potential with respect to the plasma potential Up|. The geometric factor
7 = 7(R/ A) assumes values in the range 4/3<y <0.71

Here f (W) is the isotropic electron distribution function, normalized to 1 by:

N
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The diffusion parameter i (W ) for a cylindrical probe is:

1 T DW)dr
PAW) 5 (r/R)DW —eg(r))

In a presence of a magnetic field B, the diffusion coefficient D(W) in a non-local approach

y (W)= 4)

becomes a tensor with two components [4]:
D, =vA(W)/3 and D, =D/p

where
1/2

LAWY (5)
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(R, being the Larmor radius.) Obviously, the diffusion parameter will also depend on the orientation

p=|1+

of the probe: If the cylindrical probe is oriented perpendicularly to the magnetic field in the case of a
thin sheath (R <<), then:
y(W), =—In—=. (6)

If the probe is oriented parallel to the magnetic field, then:
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In equation (4), the upper limit of the integral is replaced by 4Lp /7.

In the case of a strong magnetic field, the diffusion parameter y >>1 and y~1, so that we can
write for the electron probe current:

8zesSn T (W —eU) f (W)dw
Ie(U):_ 3m? g[ (W)

and, as was shown in [5], the electron energy distribution function, f(é‘) , is then represented not by

: ®)

the second derivative of the electron probe current (Druyvesteyn formula), but rather by its first
derivative:

eU
I'U)=—-const—— f(¢g). 9)
(&)
For a probe oriented perpendicularly to the magnetic field we can than write [3]:
3m°RIn 2
8Sne’RU  dU
If the probe is oriented parallel to the magnetic field:
3m’L
fW) = »_dll) (11)
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3. Langmuir probe measurements at CASTOR tokamak edge plasma, Institute of Plasma
Physics, Association EURATOM-IPP.CR, Prague, Czech Republic.

The IV characteristics measurements at CASTOR tokamak edge plasma were carried out by using an
array of 16 single Langmuir probes (rake probe), oriented perpendicular to the magnetic field
(figure 1).

Rake probe
Major radius 400 mm
Minor radius R 100 mm
Toroidal magnetic field 0.5-15T
— & ] & Plasma current 5-20 kA
= Bt~ > Pulse length <50 ms
CASTOR-Czech Academy of Sciences TORus Working gas 30-40 mPa hydrogen

Figure 1. Photograph of CASTOR tokamak (top view), Institute of Plasma Physics, Association
EURATOM-IPP.CR, Prague, Czech Republic and schematic representation with its main parameters.
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Each probe tip has a length of 2 mm and radius of 0.35 mm. The probes are placed at a distance 2.5
mm from each other with a total length of 35 mm (figure 2). All probe tips are biased simultaneously
by a triangular voltage U(t) with respect to tokamak chamber, which serves as a reference electrode.
The time necessary to measure a single IV characteristic is typically ~ 1 ms.

Reference electrode - wall

R=0.1Q DAS

—_

/\/\/\—» KEPCO

u(t)

Tip #1

Figure 2a. Photograph of the rake probe. ~ Figure 2b. Schematic diagram of the single probe
circuit.

The data measured for shot # 26403; pin #8 displaced by 71.5 mm from the centre of the CASTOR
poloidal cross-section are presented in figure 3:
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Figure 3. Probes bias U(t) and probe current I(t) during the shot #26403 for pin #8.

4. Procedure for evaluating the plasma potential, the electron temperature and the electron
density using the electron part of the IV characteristics.

To demonstrate the procedure of evaluating the plasma potential, Up], the electron energy distribution
function, f(s), and the electron density, n, we will consider a single IV characteristic at the middle
(~10-11 ms) of the current pulse. The experimental data was processed by using the Origin Lab 6.1
software. The single IV characteristic was smoothed by adjacent averaging of 150 points (figure 4). As

was shown (equation (10)), the EEDF is proportional to the first derivative of the electron probe
current. Figure 5 presents the first derivative of the smoothed IV curve.
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For further processing, one must know the value of the plasma potential.
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Figure 4. Single IV characteristic at the middle Figure 5. First derivative of the smoothed IV
(~10—11 ms) of the current pulse. curve.

For an ideal IV which is saturated at probe potentials U > 0 with respect to the plasma potential, the
plasma potential corresponds to the zero of the first derivative. In practice, even a small increment of
I(U) at U > 0 leads to I'(U) deviating from zero at plasma potential. Additional reasons for this may be
plasma potential fluctuations due to the turbulences and the smoothing of the experimental IV
characteristic.

At  >>1, as was shown in [6], the plasma potential is shifted before the maximum of the first

derivative by a value equal to the electron temperature (in volts). In figure 5 the plasma potential is
80 V. One can observe there a more or less pronounced bend in the first derivative curve (figure 6).
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The electron density, n, may be obtained by comparing the best fit of the experimental distribution
function to the normalized to 1 Maxwellian EEDF:

2
fM (8) Zmexp{—%j (12)

Figure 7 presents the EEDF corresponding to equation (9) (black curve). It is clearly seen that the
electron energy distribution function is Maxwellian with temperature T, = 20 eV (red line). The
discrepancy in the energy interval from zero to 20 eV may be explained by the behaviour of the first
derivative within the range of probe potentials U =0+ -20 V.
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At electron energies exceeding 130 eV, the level of the signal is too low and only noise is
registered.

5. Results and discussion.
Table 1 presents the radial distribution of the electron Table 1. Radial distribution of the electron
temperature in the CASTOR plasma. It is interesting to note  temperature in the CASTOR plasma.

that at 54, 56.5 and 59 mm from the centre, the EEDF is not

strictly Maxwellian, but may be approximated by a bi- Radial position Electron
. c [mm] temperature [eV]
Maxwellian distribution (figure 8). 30
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The results obtained are compared to those evaluated by ..
the Stangeby method [1] (figure 9). It is seen that our data N
b m  Stangeby method

in the interval 56-80 mm are somewhat lower. This may be
explained by the fact that in processing the data by the
Stangeby method the average values from the consecutive
IV characteristics during current pulse are taken.

We must also point out that in Stangeby method a
Maxwellian EEDF of the electrons is assumed, but not

40 ® First derivative method
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with an accuracy of 5%. Taking into account all factors Radial posmon [mm]
affecting the accuracy, the uncertainty in the electron
temperatures evaluated by the first derivative method are Figure 9.

in the range of £ 4 eV.

The next figure (figure 10) shows the radial distribution
of the plasma potential.

Figure 11 presents the radial distribution of the electron
densities. The uncertainty in the values evaluated does not
exceed *+50%. For comparison, in figure 12 we give
Stangeby method values acquired from different shots.

In general, the results obtained by the two methods are
in good agreement. However, the first derivative method
allows one to obtain in addition the real EEDF and the
plasma potential values. Figure 10.
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Figure 11. Radial distribution of the electron Figure 12. Electron density values acquired
density in the CASTOR plasma (this work). from different shots by Stangeby method.

When considering the results obtained using a Langmuir probe in the presence of a strong magnetic
field, the spatial resolution of the measurements must also be discussed. For a large negative probe
potential (with respect to the plasma potential) the probe-disturbed length for the ions [1] along the
magnetic field lines is:

_Ac,
P 8D,
where A is projection of the probe in the B direction and C, = [(Te +T, )/ m; ]1/2 is the (isothermal) ion

acoustic velocity. In the presence of plasma turbulences, the diffusion coefficient must be set equal to
the Bohm diffusion value [1] D, = D" =0.06T, [eV ]/ B[T].

In a similar way, for a probe potential corresponding to the electron part of the IV characteristic the
electron probe-disturbed length is:

L (13)

e — Ac,
* 16D,

U
exp(—%), (14)

where Ce = (8kTe /rm, )1/2 is the thermal electron velocity.

The probe projection is 2 x (2 mm x 0.7 mm) — A=2.8 x 10°m?* so that for a magnetic field
B = 1.3 T in the range of interest of electron temperatures (T, > T, ) we have:

Table 2. The electron and ion probe-disturbed length.

Te (eV) L', (m) L®, (m)
40 17103 0.39
10 3110° 0.76

In the discussion of the probe-disturbed length, the characteristic dimension of the turbulent
structures must be taken into account. Such measurements have been performed on CASTOR by
means of the 2D array of Langmuir probes [8], figure 13 show a snap shot of the projection of
potential structures to a fraction of the poloidal cross section.
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Figure 13.

It is seen that the characteristic dimension of the disturbed area is in the order of Lp = 2 — 10 mm,
which is comparable to the probe length. This value must be assumed as the upper limit of the integral
for the diffusion parameter in equation (4) and further in equations (6), (7) etc.

Another problem in Langmuir probe measurements is the availability of sufficient reference probe
area. The reference probe surface area must be large enough to withstand all the current collected from
the measuring probe without a noticeable potential drop [7]. In practice, in a number of tokamaks,
installing the probes involves mounting the probes within an existing edge structure, such as limiter,
with the probe face flush to the main surface [1]. Then, if the probe-disturbed length is larger than the
distance between the probe and the reference solid surface, the requirement for a sufficient
probe/reference probe surface may be not satisfied and the charged particles collection may be
impeded.

In our case, the rake probe is inserted into the edge plasma from the top of the torus, 180° toroidally
away from the poloidal limiter and the probe-disturbance length is much less than the probe-limiter
distance for the temperature ranges of interest.

6. Conclusion

The first derivative Langmuir probe method is used for processing the electron part of the current-
voltage (IV) probe characteristics measured in the CASTOR tokamak edge plasma (Institute of Plasma
Physics, Association EURATOM-IPP, Prague, Czech Republic).

First results of EEDFs for real tokamak plasma at different radial positions in the edge plasma are
acquired and the values of the plasma potential, electron temperature and electron densities are
evaluated. It is shown that close to the bulk plasma the EEDF is not strictly Maxwellian.

The comparison of the results obtained with the results given by the Stangeby method yields a
satisfactory agreement.

The applicability of the first derivative Langmuir probe method in strongly magnetized, high
temperature tokamak plasmas is discussed.

The results presented demonstrate that the procedure proposed allows one to acquire additional
plasma parameters using the electron part of the current—voltage Langmuir probe characteristics in
tokamak edge plasma measurements.

Acknowledgements

The authors wish to thank Dr. B. J. Green, Scientific Officer, European Commission, Directorate-
General for Research, Directorate J - Energy, Unit J6 - Fusion Association Agreements, for initiation
of this work.

The results presented are in implementation of task P4 of Work Plan 2007 of the Association
EURATOM-INRNE.BG in collaboration with the Association EURATOM-IPP.CR, Prague, Czech
Republic.



Second International Workshop & Summer School on Plasma Physics 2006 IOP Publishing

Journal of Physics: Conference Series 63 (2007) 012002 doi:10.1088/1742-6596/63/1/012002

References

[1]
(2]

[3]
[4]

[3]
[6]

[7]
(8]

Stangeby P C and McCracken G M 1990 Nuclear Fusion 30 (7) 1225-379

Arslanbekov R R, Khromov N A and Kudryavtsev A A 1994 Plasma Sources Sci. Technol. 3
528-38

Demidov V I, Ratynskaia S V, Armstrong R J and Rypdal K (1999) Phys Plasmas, 6 (1) 350-8

Rozhansky V A, Tsendin L D 2001 Transport Phenomena in Partially lonized Plasma (New
York: Gordon and Breach)

Golubovsky Yu B, Zakharova V M, Pasunkin V I and Tsendin L D 1981 Sov. J. Plasma Phys. 7
340

Demidov V I, Kolokolov N B and Kudryavtsev A A 1996 Probe Methods of Diagnostics of

Low Temperature Plasma (Moscow: Energoatomizdat, in Russian)

Chang J-S 1973 J. Phys. D: Appl. Phys. 6 1674

Martines E, Hron M and Stockel J 2002 Plasma Phys. Controlled Fusion 44 351



	Acknowledgements



