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The method of measuring heat flow Q as a function of the sheath potential V is investigated in order to
improve the time response of the thermal probe method. We found that the time constant = for reaching a steady
state in thermal phenomenawas 123+ 18s. The result of 7 indicated that the applicable method for measuring
the Q-V characteristic was biasing the thermal probe in a stepwise manner, and this was verified experimentally.
Although there existed a V-dependent offset of the Q-V curve deduced from the temperature gradients against
that calculated from theion current, a procedure to deduce the ion temperature T; is developed. The experimental
error in T; was too large, and was caused by the error in Q. Thus we have to improve the accuracy of the Q

measurement.
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1. Introduction

The thermal probe method is a recently proposed
plasma diagnostic. In this method the heat flow into a
praobe tip (Q) is measured as a function of the sheath po-
tential (V). Based on this Q-V characteristic, one can prin-
cipally deduce various plasma parameters such as the neg-
ative ion density [1] and the ion temperature T; [2, 3]. We
adopt the method of Q measurement using the tempera-
ture gradient as described in [4] in order to apply the ther-
mal probe to the fusion edge/divertor plasmas, where Q
is considerably larger than that of laboratory plasmas. The
time resolution of the therma probe is poor in nature be-
cause of the long transient time of thermal phenomena[5].
Therefore, in this paper we apply a method that involves
improved time response.

2. Principles

2.1 Heat transfer

It can safely be assumed in the present condition that
the thermal conduction governs the heat flow in a thermal
praobe. Thetemperature profile can then be described by the
1-dimensional heat conduction equation. This equation can
be solved under the two boundary conditions: (i) Station-
ary heat flow, (ii) the temperature at the heat sink doesn’t
change. Then the leading term of the solution at one point
(X = xp) isgiven by Eq. (1),
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Tp(X1,t) = Tp(Xq, o)
+{Tp(X1, 0) — Tp(x1, )} exp(-t/7), (1)

where T, is the temperature in the thermal probe, v =
4L?/an? the time constant for reaching the steady state,
L the length of the thermal probe, « the thermal diffusiv-
ity of the probe tip material. T depends only on the length
for a given material. We use o = 5.37 x 107°m?/s for a
molybdenum probe.

2.2 Q-V characteristic

Based on the plasma sheath theory, Q(V) [W] from the
positive and negative charges in the plasma is described
by [6] asEq. (2),

QV) = lis (V) x{(2Ti = V) (1 - Re) + Erec}
+{lp (V) = lis(V)} x 2Te, 2

where T; and T, are the ion and electron temperature in
eV, respectively, Re istheion energy reflection coefficient,
Ip(V) the probe current, and E;e the surface recombination
energy in €V. Although we use the values of Rg interpolat-
ing from those in the ALLADIN database [7] in Eq.(2),
Re can also be deduced from the Q-V characteristic [8].
The ion saturation current lis(V) is deduced by fitting the
Ip(V) data points in the ion dominant region to the linear
function while the electron current is evaluated as {1,(V)—
lis(V)}. Q(V) can also be deduced from the temperature
gradient along the probe tip under the steady state, ATp(V,
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Fig. 1 Schematic view of the thermal probe. The thermal probe
consists of aprobetip, a cover, and a connector.

o0)/AX, using Eq. (3) as,

ATp(V,
p( OO)S

QV) = =8,

(©)
where « is the thermal conductivity of the probe tip mate-
rial and S its cross section. In the case of molybdenum, «
is138Wmy/K, and S of our thermal probeis 1.9 x 107> m?.
There aretwo methods for the Q-V characteristic measure-
ment. One is to change V in a stepwise manner (stepwise
method) and the other is to sweep V continuously (sweep-
ing method). While the stepwise method obtains only a
finite number of data points of the Q-V curve, AT,(V, )
can be deduced from the temperature evolution at the tran-
sient state by fitting it to Eq. (1). On the other hand, al-
though the sweeping method can obtain a continuous Q-V
curve, it is required to measure AT,(V, oo) directly.

3. Apparatus

The experiments were conducted using low-pressure
helium dc-arc discharges in the linear steady-state diver-
tor simulator MAP-I1 at the University of Tokyo. The typ-
ical parameters of MAP-II helium plasmaare T; = 0.4-
0.7eV measured by He Il spectrometry, and n, = 10'/-
2 x 10¥m=3 and T, = 3-15eV measured using a Lang-
muir probe [9]. At the downstream chamber in MAP-II,
the thermal probe is mounted on the target plate, which is
cooled by a chiller unit, and two external coolant tubes are
inserted in the drain path, which enables us to maintain the
temperature of the inlet of the heat sink at 20°C.

The thermal probe consists of three parts. a probe
tip part, a cover part, and a connector part as shown in
Fig. 1. The probe tip is made of cylindrical molybdenum,
whose length is40.6 mm and diameters are 3 mm (left part)
and 5mm (right part). The probe tip is equipped with four
thermo-couples for the AT, measurement, and with afine
leads wire for biasing as well as the |, measurement. The
thermal probe can obtain not only the Q-V but aso the |-
V characteristics simultaneously. The thermal probe and its
cables are shielded from the plasma by aboron nitride. The
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Fig. 2 Time constant 7 isindependent of |AQ| and the scatter of
Tissmal for |JAQ| > 0.1W.

boron nitride insulator is further covered with a molybde-
num cap. The double capton sheets provide electrical insu-
lation between the probe tip part and the connector part in
order to biasthe thermal probe tip only.

4. Results and Discussion
4.1 Timeconstant T

One can see from Eq. (1) that 7 isindependent of |AQ).
This fact is supported experimentally as can be seen in
Fig. 2 where the scatter of v became small for [AQ| >
0.1W. This result suggests that the change in V should be
higher than a certain threshold. The value of = obtained
from Fig. 2was 123 + 18 s, which was longer than 12 s cal-
culated from = 7.55x1073L?[g], with L = 40.6 mm. This
significant difference comes from the fact that the practical
probe length should be interpreted as that of an equivalent
probe made of uniform material including the thermal con-
tact resistance of thewhole system, asshownin Fig. 3. The
practical length of thisvirtual probe L,;; was 128 + 14 mm
calculated from L = 1.15 x107%% [mm].

Lvir can aso be deduced from the T, distribution in
the thermal probe. We think of the heat sink as the cross
points of several T, distributions as shown in Fig. 3. This
figure also showsthat the T, distribution was not linear due
to the deviation of TC3 or TC4. But since this deviation
was observed to be systematic, the modd in which the heat
conduction was dominant in the probe could be applied by
determining which set of thermo-couples was appropriate
to the true T, distribution. Ly;; from the set of TC1-TC2-
TC3, 136 mm, was more consistent with that from r than
that of TC1-TC2-TC4, 221 mm. We suspected that the Ly
of the former set is more consistent with that determined
from 7. Therefore, we tentatively adopted this set through-
out this paper. However, further investigation would be
needed about the adequacy of the idea of the virtual probe.
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Fig. 3 Ly isdetermined as the cross points of several tempera
ture distributions corresponding to various heat flow ob-
tained by TC1-TC2-TC3.
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Fig. 4 Comparison of Q-V characteristic obtained by the sweep-
ing method and stepwise method.

42 Q-V characteristic

The result of the Q-V characteristic obtained by the
two methods is shown in Fig. 4. In the sweeping method,
V was swept at two speeds. 0.067 V/sand 0.100V/s. Since
the values between at dV/dt > 0 and at dV/dt < O had
hysteresis, the measurement was not performed under the
steady state. We can conclude that the stepwise method
is applicable under our present status against the long
of our thermal probe. But there is the possibility that the
sweeping method can work for a narrow V region in the
case of small Q plasmaas shown in [3]. Since |AQ]| per V
issmall in thesmall Q plasma, AT,(V, o) islittle different
from the transient state. In addition to that, hysteresis oc-
cursin the narrow V measurement less than in the wide V
measurement.

The Q-V characteristic shown in Fig.5 was mea
sured under thefollowing discharge conditions: helium 9.5
mTorr, discharge current lgis = 30.0 A, Vgis = —80.9V,
while ne and T, measured by the thermal probe itself are
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Fig.5 Q-V characteristic measured by the stepwise method at
He 9.5mTorr, the discharge current lgs = 30.0A, Vyis =
-80.9V, n.and Te are 6.1 x 10" m=2 and 3.9eV.
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Fig. 6 Qqt/lis in the ion dominant region shows linearity to V.
This dependence determines Qg, Which is used in the
analysisfor T; and effective Re.

6.1 x 10" m~3 and 3.9 eV, respectively. Qep Was deduced
from ATp/Ax of TC1-TC2-TC3. Qca Was calculated from
Eq. (2), assuming T; = 0 and using the experimental data
for 1p(V). The assumption of T; is based on the typical
value of MAP-1I. The value of E;s is 20.4€V consider-
ing the 24.6 eV ionization energy of helium and the 4.2 eV
work function of molybdenum. Comparing Qexp With Qca,
there existed an obvious difference, Qqis, having a depen-
dence on V. Although the physical process of Qi iS how
under investigation, T; and Re can be deduced assuming
the linear Vdependence of Qjt/lis in the ion dominant re-
gion as shown in Fig. 6. Adding the contribution of Qg to
the Eq. (2) in the ion dominant region we have

Q(V) = lis(V) x{(2T; = V)(1 - cRe) + Erec + @V + b},
4)

where a and b are the fitting coefficients determined from
the V dependence of Qgit/lis, C isthe calibration factor for

S1082-3



Plasma and Fusion Research: Regular Articles

Volume 2, S1082 (2007)

Re in a practical sense, introduced to make use of the V
dependence of Re in the database. The analysis consists
of the following 4 procedures: (i) a and b are obtained as-
suming the linear V dependence of Qgit/lis, (ii) assuming
T; = 0, the Qep-V curveisfitted to Eq. (4) to obtain c, (iii)
using c obtained in (ii), the Qep-V curveisfitted to Eq. (4)
to obtain T;, and (iv) the iteration for fitting Qeq-V curve
is conducted until ¢ and T; converge. The results of T; and
¢ where the fitting region are V = -129 to —-35V were
0.17+41.6eV and 1.0+ 0.8. The error in T; consists of
the fitting error in Qe and T; and the experimental errors
in a, b, and ¢, whose contributions to the error in T; are
13, 0.2, 13, 19, and 31eV, respectively. The reason why
the experimental error in c is the biggest of all factorsis
that it is propagated from those not only in Qe (ii), but
asoinaandb (i). Theerror in T is determined mainly by
the propagation from the error in Qep, because the error
in Qe influencesthosein a, b, and c. In order to improve
the accuracy of T;, we have to decrease the error in Qexp.
To reduce the error in T; as much as to the typical value
of MAP-I1, in other word, the error in T; is 100 %, we de-
crease the error in Qe about one-fiftieth from the present
value. Therefore, reliable in-situ calibration of Qe [10]
is required, which is a subject for future study. It is then
necessary to increase the measurement points in order to
reduce the effect of thefitting error of aand b.

5. Conclusion

The method of measuring the Q-V characteristic has
been improved. We found that T was 123 + 18 s of our ther-
mal probe, this result indicating that the stepwise method
is more applicable than the sweeping method. Compar-
ing Lyir from the T, distribution with that from 7, the T,
distribution deduced from the set of TC1-TC2-TC3 was

adopted. Qeyp deduced from the result of TC1-TC2-TC3
had V-dependent offset Qg compared to Qcy. Although
the physical process of Qg is under investigation, we
could deduce T; and effective Re assuming Qit/lis is lin-
early dependent on V. Their errorsin the current system are
still large due to the measurement error in Qexp, Which sug-
gests the requirement of in-situ calibration. In the present
development stage, the method is being verified in low
T; steady-state laboratory plasma. If the T; is comparably
higher than the recombination energy, E;e, the method's
greater reliability will have been demonstrated.
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