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In the triple Langmuir probe (T-LP) method, the electron temperature (Te) and density (ne) can be simulta-
neously derived from potential measurements of electrode of T-LP and the ion saturation current (l;s) where no
current flows in the electrodes for potential measurements. In the case of aiming at measuring high-frequency
fluctuations, however, the smaller load resistance of electrode is required for high frequency response. Then the
finite current can flow in the measurement circuits of the floating potential (V¢) and the plus-biased potential
(Vp). When the current becomes comparable to |;s, the Te derived from measured V¢ and V,, without the cur-
rent considerably deviates from an actual value. This would be significant for fairly low density plasma of the
Nne <~ 5x 107 m=3, and the correction of the finite current is necessary. A new relationship between T, and
potential signals (Vs and V) where the finite current in the electrodes for V¢ and V,, measurements is taken
into account was derived, and experimentally confirmed the validity in the experiments of the Compact Helical

System.
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1. Introduction

Thetriple Langmuir probe (T-LP) method [1] enables
usto obtain the electron temperature (Te), €lectron density
(ne), space potential (Vs) and their fluctuations with high
time and spatia resolutions. These plasma parameters can
be derived from the simultaneous measurements of the po-
tential signals (V¢ and Vp) and ion saturation current (lis),
where Vs and V,, stand for the floating potential and the
plus-biased potential respectively. No current flows in the
electrodes are assumed asasimple case. In the edge and di-
verter regions of high temperature plasmas or the low tem-
perature and density plasmas produced at the low magnetic
field (< 0.17), l;s isafairly low value. In these situations,
the current flow in the circuit of V¢ and V,, is comparable to
lis, and cannot be neglected. For the purpose of the reduc-
tion of these circuit current, the high load resistor may be
adopted. If such high load resistanceis used, the frequency
response of T-LP is significantly degraded. As a result, it
is difficult to measure the fluctuations in the range of the
several 10kHz.

In this paper, the effect of the finite current in the po-
tential measurements of V¢ and V, on T, evaluation is dis-
cussed and a new relation to derive T with the correction
is derived. An appropriate circuit resistor for the potential
measurements is accessed so that Te can be derived with-
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out large correction and having high frequency response of
the probe circuit for fluctuation measurements.

2. Typical Triple Langmuir Probe

M ethod

We discuss atypical T-LP method with five electrode
tips, asshown in Fig. 1. Thismethod with fivetipsis aimed
at reducing the phase delay error introduced by finite probe
tip separationsin standard triple probe method [2]. Thefive
electrode tips consist of atip (T1) for measurement of V,
and two tips (T, and T3) for lig and lie, and other two
tips (T4 and Ts) for Vi1 and Vio. It is postulated that the
current flow in each tip from a plasma is expressed as -
I1(negative means a current flows into a plasma), I, ...,
Is, and the current flow in the circuit of Vp is |, and the
voltage of the tip against the space potential is V1, Vo, ...,
Vs. The potential signals V1, Vi2 and V, are measured
through relatively high load resistance such as Rt and R,
to meet the requirement of no-current flow. On the other
hand, theion saturation current I;s is measured through low
load resistance to avoid appreciable voltage drop of biasing
voltage. Note that asignal of V1, Vr2 or Vp istransferred
to an isolation amplifier through a voltage divider.

Thecurrent flow into each tip T, to Ts consists of elec-
tron and ion currents and is expressed as,
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=l = —leo&Xp(¢V1) + |

I2 = —leo €Xp(pV2) + I

I3 = —leo €XP(PV3) + i )
l4 = —leo €XP(PVa) + I

Is = —leo €XP(PVs) + i

, Where ¢ = e/KT,. The electron thermd diffusion current
is expressed as lg where lgg = (1/4)Ne€<Vine>S, <Vipe>:
averaged electron thermal velocity, S: surface area of a
tip. The |; stands for an ion current. When I;is eliminated
from the equations (1), thefollowing relation is derived as,

|1 + |4
3|1+ |2+ |3+|4

_ 1 — exp(¢Vaa)

 3—exp(#Vaz) — exp(¢Vas) — €Xp(¢Vua)
, where Vg2 = V2-V1, Vgz = V3-Vi, Vaa = V4-Vy. If the
bias voltage between the T, and T»(T3) is higher than Te
by several times (Vg2 >> Te, Vs éé Te), then exp(¢Vyz) ~
0 and exp(¢Vg3)~ 0 are satisfied. Then, the equation (2)
reduces to asimpler one as,

l1+ 14 _ 1—exp(¢Vas)
Bla+la+l3+1s  3—exp(pVya)

@)

(©)

From the current conservation, the relation of current is
|1+|p=|2+|3.

If 1, and 14 are negligibly small compared to 14, |, I3,
then |, and |4 can be set to be 0. In eq. (3), Therefore, |4 is
eliminated using this current relation as,

exp(#Vaas) = 1/3 4

From eq. (4), Te is derived using measured quantities V,
Vi1, V2 a5,

Te=(Vp—V¢)/In3 (5)

Here, the floating potential V; is averaged over two sig-
nals obtained by two independent tips, that is, Vi =
(V1 + Vs2)/2. The plasma space potential Vs is derived as
Vs = Vi+aTe(a isaconstant depending on plasmaspecies,
a ~ 3.3 for hydrogen plasma). The electron density ne
is derived as ne = BlisTe/?/SBis constant depending on
plasma species and ion temperature, |; is an averaged ion
saturation current, that is, lis = (lisg + li)/2, Sisacollec-
tion area of ion saturation current).

3. Correction of Finite Circuit Cur-
rent to Electron Temperature Eval-

uation

We consider the case that the current flow in the cir-
cuit of V¢ and V,, is comparable to lis. When I, and 14 is
not negligible small compared to 14, I,, and 13, the eg. (3)
is rewritten by elimination of |, using the current conser-
vation relation: 1y + 1, =l + Iz 85,

o+ |3—2|4

3(|2+|3)—2|p (6)

exp(¢Vaa) =

R__,g Ve R=—=V, R—V;

"o "

AW

Fig. 1 Thecircuit of the typical triple Langmuir probe with five
tips.

From eg. (6), Te isderived as,

KTe 3(I2+13) - 2l
? - _Vd4/ln{ (|2+ |3)—2|4 }

Moreover, this equation is converted to eq. (7), using mea-
sured quantities Vi1, Viz, Vp, lisg and li s,

Vp = (Vi1 + Vr2) /2

Te_COr -
In 3(list + li) = 2(Vp/Rp)
(list + lis2) — 2{(Vf1 + Vf2)/2/Rf}

()

As seen from the comparison of eg.(5) and eq.(7),
the correction of thefinite current in the Vs or V, measure-
ment circuit isincluded into the denominator of eq.(7). We
call T derived using eg. (7) the corrected el ectron temper-
ature Te cor . If the currents (1, 14 or Is) inthe measurement
circuits of V¢ and V, are negligibly small compared to s
(lis >> Ip, lis >> la, lis >> Is), then the eq. (7) becomes
equivalent to eq. (5) which isthe usual relation to derive Te
from the data of atriple Langmuir probe with 5 tips.

Thus, Te measurement is directly affected by the fi-
nite circuit current as mentioned above. On the other hand,
the electron density is indirectly affected by the correc-
tion of Te, because ne is proportional to the product of
lis and Tg 2. Typically, the effect to ne is expected to be
relatively small. The plasma space potential (Vs) is aso
affected through Tecor. It should be noted that the effect
of the Te-correction on Vs would be relatively large, com-
pared with that in ne.
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4. Experimental Test of the Finite Cir-
cuit Current Effect on Parameter
Measurements by a Triple Lang-
muir Probe

In order to evaluate the magnitude of the correction in
Te-evaluation experimentally and investigate applicability
of the newly derived relation eg. (7), we tried to measure
Te, Ne @nd Vs using T-LP shown in Fig. 1 in reproducible
low density plasmas of ng <~ 5x10 m3and T, < 30eV
produced at very low toroidal field (< 0.1T) in the Com-
pact Helical System [3]. These low temperature and den-
sity plasmaswere produced with 2.45 GHz microwavesfor
a simulation of transport phenomenain high temperature
and density plasma [4, 5]. In this plasma, the Langmuir
praobe can beinserted from edge region to core region with-
out alarge disturbance and damage from plasma.

We used the Langmuir probe with the five tips that
the radial resolution is 2 mm and the poloidal resolution is
6 mm. The tip made of tungsten is a cylinder which length
is 2mm and the diameter is 0.5mm. The electrical circuit
of the Langmuir probeis constituted as Fig. 1. The value of
theresistorsis as follows. R, and Ry are 10kQ or 100kQ,
and r; is 10Q. The DC bias voltage V,, is 150-200V, so
that V,, islarger than predicted Te by several timesand lig;
or lie corresponds to the measurement of the ion satura-
tion current. The V1, V2 and V, were monitored through
avoltage divider which has an input resistor Ry or R, and
output resistor of 100 Q. The datawere acquired by an ana-
log digital converter having 0.5 or 1 MHz sample rate.

The hydrogen plasma was produced by 2.45 GHz mi-
crowave, of which the power is ~30kW. On the repro-
ducible plasma discharges, the Langmuir probe radialy
was moved for the measurement of the radial profiles, shot
by shot. First, we acquired data using the circuits with the
resistors of Ry = R, = 10kQ. Figure 2 shows the radial
profiles of Te, Vs, Ne (red circle plot) derived without the
correction and Te_cor, Vscors Necor (blue square plot) with
the correction, where the data are averaged over the time
for 145-155ms. The electron temperature obtained by the
corrected relation eq. (7) Tecor iSlarger by about 20-30%
in core region with relatively high ng and by about 1.5 to
2.5 times in the low density plasma edge. The plasma po-
tential Vs isalso increased by the T, correction. An impor-
tant point is that the radia profile of Vs was appreciably
modified and the profile of theradial electric field wasalso
modified appreciably. On the other hand, ne dlightly de-
creased. It should be noted that ne profile was calibrated
by the line integrated electron density measured by 2mm
microwave interferometer because the estimation of col-
lection area of T-LP in this plasma condition is complex.

Next, we obtained T-L P data, changing the resistors of
Ry and Ry from 10kQ to 100 kQ at the same plasmacondi-
tionsto those in Fig. 2. The radial profiles of the Te, Vg, Ne
(green square outline plot) and Te cor, Vs.cors Necor (Orange
lozenge plot) averaged over the time for 145-155ms are
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Fig.2 The radia profiles of Te, Vs, e (red cir-cle plot) and
Tecors Vecors Necor (DlUe square plot) measured by the re-
sister of Ry = Ry = 10kQ.

compared in figure 3. In this high resistor case, T, and Vg
do not have obvious differences with and without the finite
current correction. Accordingly, ne also exhibit any obvi-
ous differences. The plasmas for this measurement with
Rt = Rp = 100kQ have somewhat different density profile
which is more peaked compared that obtained in the ex-
periment shown in Fig. 2. This difference is thought to be
due to the reproducibility of plasma discharge. From these
observations, it is concluded that the resistance of 10kQ is
not large enough to suppress the current flow in the circuits
of Vp, and Vs, and the resistance of 100kQ is sufficiently
large even for low density plasmas employed in these ex-
periments.

On the other hand, too large Rf and R, degrades fast
time response or high frequency response of electrical cir-
cuits for a triple Langmuir probe. For such situation, T-
LP would not be applicable for measurements of electro-
static plasma fluctuations of which frequency range usu-
ally extends at least 100kHz. For the experimentsin CHS,
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Fig. 3 Theradia profiles of Te, Vs, Ne (green sgquare plot) and
Tecors Vacor, Necor (Or-ange lozenge plot) measured by
the re-sistor of Ry = R, = 100KkQ.

we evaluated an appropriate value of Ry and R,. Figure 4
shows the frequency responses of the V; circuit for three
cases of Ry = 10kQ, 100kQ and 1 MQ. The data was ob-
tained from measurement applying probe tip to the volt-
age which amplitudeis £4V and frequency is 10-250 kHz.
The resistance of 1MQ is large enough to suppress the
current flow. However, only the low frequency response
(f < 20kHz) is expected. For 100kQ, the frequency re-
sponse up to 100kHz is obtained, and for 10kQ, the re-
sponse up to 150kHz is obtained. Accordingly, the resis-
tance should be selected, depending on plasma parameters
and experimental purposes. For instance, if we stress mea-
surements of equilibrium parameters of Te, ne and Vg and
their low frequency fluctuations up to 100kHz, the resis-
tance of 100kQ would be appropriate for above mentioned
CHS plasmas. If we stress fluctuation measurement in rel-
aively high density plasma, the relatively low resistance
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Fig. 4 The frequency responses of the V; circuit for the resis-
tance Ry = 10kQ, 100kQ and 1M Q.

of 10kQ will be acceptable. In the experiments of H-mode
plasmas produced at high toroidal field of ~ 1T in CHS,
the resistors of 10kQ and 100kQ were adopted and the
correction of Te is less than 10% for both resistors even
outside the last closed flux surface because the electron
density isin the range more than 10'® m=3[6]. Fluctuations
up to 100 kHz were successfully obtained.

5. Summary

We have accessed the effect of finite current which
flows an electrical circuit for V¢ or V, measurement in
a triple Langmuir probe, and derived the new equation
to evaluate T, using signals obtained by T-LP. This cor-
rection was experimentally investigated in low tempera-
ture plasmas produced at very low toroida field (< 0.1T)
where electron density isin the fairly low density range of
~ 10 m~3, For thislow density plasmain CHS, the resis-
tor of 100k in the measurement circuit of V¢ or V, was
appropriate for suppressing the circuit current and ensur-
ing sufficiently high frequency response up to 100 kHz for
fluctuation measurements. In the edge region of relatively
high density plasmas produced at higher toroida field, the
resistor of 10kQ isalso acceptable for suppressing the cur-
rent flow and having high frequency response.
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