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A new Langmuir probe has been designed and installed in TST-2 for measurements of Scrape-Off Layer
plasmas (SOL). Non-inductive current drive is considered essential for spherical tokamak reactors. It has previ-
ously been shown that a large amount of injected Lower Hybrid Wave (LHW) power is lost in the SOL [1]. A full
density profile of SOL conditions is necessary to accurately simulate the propagation of LHW in TST-2. A new
probe was designed for durability, larger signal and Mach probe measurements. The new probe has been installed
in TST-2 and results have been obtained. Temperature measurements show Te = 30 - 50 eV during RF injection
and < 10 eV otherwise. Density measurements show ne = 2.0× 1015 m−3 and 1.5× 1016 m−3 during flat-top RF
power injection from Outboard- and Top-launch antennas, respectively. This is above the cut-off density for the
200 MHz LHW (5× 1014 m−3) in TST-2, thus LHW can propagate through SOL plasma.
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1. Introduction
Lower-Hybrid Current Drive (LHCD) is potentially a

highly efficient method for current drive in spherical toka-
mak fusion reactors. However, LHCD suffers from limita-
tions at high density where current drive efficiency is seen
to decrease. Experiments on many devices [2–4] have in-
dicated lower efficiency than predictions of numerical sim-
ulations [5].

One possible cause is thought to be LH power losses
in SOL plasma. Previous research has identified a num-
ber of processes that cause LH power loss, such as Landau
damping [1], collisional processes [6], parametric decay
instabilities [2], or SOL density fluctuations [7]. To inves-
tigate the effect these processes have on TST-2’s LHCD
scenario, a full profile of SOL plasma in the TST-2 spheri-
cal tokamak is desired.

Due to the lower temperature and density of SOL
plasma, electrostatic Langmuir probes [8] make an appro-
priate solution. Langmuir probes simultaneously provide
measurements of plasma density, temperature and floating
potential (ne, Te, and Vfl) by sweeping the bias voltage.
These parameters can be obtained by fitting the measured
characteristic I-V curve following the relationship:

Iprobe = Isat

(
1 − exp

e (V − Vfl)
Te

)
, (1)

where Te is the electron temperature, Vfl is the plasma
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floating potential, and Isat is the ion saturation current:

Isat = −nieZSp exp

(
−1

2

) √
Te

mi
, (2)

dependant on the probe area Sp, charge Ze, ion mass mi,
and the ion density ni.

Previous Langmuir probes used in TST-2 were in-
stalled on the antenna limiters. The probes saw large fluc-
tuations in the probe current during RF pulse, and it was
difficult to obtain the I-V curves reliably. The new probes
were installed away from the LH antennae to avoid strong
local perturbations by the LH antennae.

In this work, a newly designed probe was tested. We
aimed to improve the accuracy of density measurements in
TST-2’s SOL plasma, and to identify issues preventing reli-
able temperature measurements. These are important steps
towards implementing a full and accurate plasma profile of
TST-2.

2. Experimental Set-Up
Experiments were performed on the TST-2 spherical

tokamak [9] at The University of Tokyo. It features de-
sign parameters of (major radius R0 = 0.36 m, minor ra-
dius a = 0.23 m, aspect ratio A > 1.6, toroidal magnetic
field Bt0 < 0.3), and can produce Ip < 27 kA during non-
inductive current drive. This is achieved using its 200 MHz
LHCD system. This consists of Top- and Outboard-launch
antennae, currently driven by three 100 kW amplifiers al-
lowing for a maximum of 200 kW of Outboard-launch
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Fig. 1 (a) Exploded view of the probe, showing assembly of the
probe clamping method, and (b) the probe installed on
the lower limiter.

power and 100 kW of Top-launch power.
Langmuir probe measurements were taken using a

newly designed configuration tested in D2 plasma. Fig-
ure 1 shows an exploded view of one side of the probe con-
figuration and the probe after initial installation. The new
design features four channels, two on either side of the lim-
iter, using 20× 6 mm probe tips located 5 mm and 13 mm
from the plasma limiter edge. Results presented in this
study were obtained using the upper (5 mm) probes. The
probes are made from SUS304 and are attached to the lim-
iter with clamps and are electrically isolated using ceramic
spacers. This clamping method avoids pinpoint stresses
on ceramic parts and improves the durability of the probe.
The new probe design has yet to fail after 9 months of con-
tinuous operation.

Additionally, previous probes [10] had probe areas of
20 - 40 mm2 and drew Isat <1 mA, which was insufficient to
overcome noise, especially during the RF pulse. In the new
design, probe area was increased by 3 - 6 times, to mea-
sure lower-density SOL plasma, giving 5 - 10 mA. This has
greatly improved the quality of the probe signal.

This probe is located at the lower extremity of
the plasma, at (R,Z) coordinates (+275, −450) mm and
toroidal location φ = −60◦ as seen in Fig. 2. The probe bias
voltage was swept with a sinusoidal wave with frequency
range of 1 - 40 kHz , and the voltage range was adjusted
to (−165 V -+15 V) to give a current range of about ±Isat.
This helped to ensure the detection circuit (i.e., the pick-up
resistor) did not become overloaded by the now increased
probe current. The current signal was usually detected us-
ing a 470Ω resistor, but 0.1, 1.0 and 4.7 kΩ resistors are
also available. The I-V curves were then fitted to obtain the
density, temperature and potential. Plasma current conven-
tion defines the downstream side as open-facing to electron
flow, while upstream is facing away.

3. Results
3.1 Typical Scrape-Off Layer conditions

Results were obtained using the new Langmuir probe
during non-inductive operation using LHW power from the
Top- or Outboard-launch antennae. A representative time

Fig. 2 (a) Poloidal and (b) toroidal cross sections (top view) of
TST-2 showing location of limiters, LHW antennae and
the new Langmuir probes located at (R,Z)= (+275, −450)
and φ = −60◦.

Fig. 3 Representative time traces of (a) density ne, (b) electron
temperature Te, c) floating potential Vfl, d) plasma cur-
rent, Ip, and e) net LH power taken during an Outboard-
launch LHW discharge.

trace of plasma parameters during each launch configura-
tion are shown in Figs. 3 and 4.

Typical results show density during flat-top LHW
power to be ne = 2.0× 1015 m−3 and 1.5× 1016 m−3

for Outboard- and Top-launch experiments, respectively.
These results are consistent with previous results [10]

2402009-2



Plasma and Fusion Research: Regular Articles Volume 15, 2402009 (2020)

Fig. 4 Representative time traces of a) density, ne, b) electron
temperature, Te, c) floating potential Vfl, d) plasma cur-
rent, Ip, and e) net LH power taken during a Top-launch
LHW discharge.

which showed TST-2’s SOL density to be roughly
2.0× 1015 m−3 during Outboard-launch.

Typical temperatures of Te ∼ 30 - 100 eV were found
during Top- and Outboard-launch LHW power injection
and < 10 eV while there is no injected power. It is sus-
pected this is an overestimate due to the influence of RF
power and is discussed in Sec 3.3. These results show
that the SOL density is above the cut-off density of the
200 MHz LHW (5× 1014 m−3) up to the limiter.

3.2 Flow measurements
Additional information can be obtained using a Mach

Probe-like analysis [8] of Langmuir probes installed on the
upstream and downstream side of the limiter. The flow
of plasma can be observed as a difference in density on
either side of the limiter. Assuming approximately equal
temperature on either side of the limiter, Mach number of
plasma flow can be obtained by:

M∞ = 0.45 ln

(
Isat,down

Isat,up

)
, (3)

where M∞ =
v‖
Cs

is the Mach number of the parallel flow
across of the limiter and Cs is the ion sound speed. Figure 5
shows the measured toroidal flow using a 40 kHz sweep
frequency.

Preliminary results show that, in general, flow is pos-
itive (∼ 0.3) during plasma breakdown, near zero during
current ramp-up, before returning to positive flow during
flat-top power. Curiously, a brief period of reverse flow is

Fig. 5 Flow measurements obtained through flow analysis of
Langmuir probe measurements taken at 40 kHz bias volt-
age sweep frequency, depicting a) Mach number, b) Ip,
and c) net LH power.

Fig. 6 Time traces of a) density ne, b) electron temperature Te, c)
floating potential Vfl, and d) net LH power during power
modulation, showing the influence of RF power on Lang-
muir probe measurements.

regularly observed sometime after LHW power ends. It is
not known why this brief reverse flow is seen, and further
investigation is needed to clarify this phenomenon.

3.3 Influence of RF power
A power modulation experiment was performed

(Fig. 6) using the Top-launch antenna at 1 kHz modulation.
The SOL Te and Vfl signals both respond to RF power.

Measurements during on-phase show Te being similar to
LHW-heated plasma, while off-phase Te is similar to bulk
edge Te measured by Thomson Scattering. Additionally,
Vfl is seen to increase during RF power, as seen in Fig. 7.
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Fig. 7 Ensemble averaged I-V curves taken at a) 30.4 ms with
RF power and b) 31.0 ms without RF power. Comparison
shows the clear increase to Vfl during RF power.

RF sheath rectification [11] produces a negative ΔVfl, yet
the results presented here show a strongly positive ΔVfl,
indicating that RF sheath rectification is not the dominant
alteration to Vfl measurements. The increased loss of fast
electrons generated by RF power is thought to increase
plasma potential leading to the increase in Vfl seen here.

The increase in Te could also be due to the genera-
tion of fast electrons by RF power. It has long been known
that the presence of non-thermal electrons can dominate
the Langmuir probe temperature diagnostic [12]. If a ther-
mal Maxwellian electron distribution model is assumed,
even a small amount (2%) of fast electrons can mask bulk
Te signals, leading to erroneously high measurements.

Fast electrons in SOL plasma could be caused by ei-
ther transport from far off-axis LHCD or by direct heating
of SOL plasma by LH power injection. Magnetic equi-
librium fitting showed that the downstream probe is mag-
netically connected to the outboard antennae, but shielded
from the top antenna by the inboard limiters. Since al-
teration is seen in both launch configurations, it is likely
caused by fast electron transport.

However, the analysis method used assumed the stan-
dard Maxwellian model of electron temperature, so it is
not clear whether the observed change in Te during the RF
pulse is due to the presence of fast electrons or a transient
increase in the bulk temperature. Calculation of the Elec-
tron Energy Distribution Function (EEDF) directly from
the I-V probe characteristic [13] may prove critical in fu-
ture analysis, as it would separate the bulk Te from fast
electron influence, allowing for comprehensive measure-
ments of SOL temperature.

Despite strong alteration to both Te and Vfl, the ne sig-
nal does not respond to the injected RF power.

4. Summary
Measurements of plasma parameters in TST-2’s SOL

region was performed using the newly installed Lang-
muir probe demonstrated improved signal quality of

SOL density measurements over previous designs. This
was achieved by using a probe area roughly 4 - 6 times
larger than previous designs. The downstream and up-
stream probes show typical densities of 0.3 - 1.6× 1016 and
0.1 - 1.2× 1016 m−3, respectively, during LH experiments.
These results are consistent with previous Langmuir probe
measurements of TST-2’s SOL density (Top: ∼ 1016 m−3,
Outboard: ∼ 1015 m−3). These measurements show the
SOL density is above the cut-off density for the 200 MHz
LHW.

Results from power modulation experiments show
significant alterations to Vfl and Te during RF operation. A
positive change to Vfl is seen, which indicates an enhanced
fast electron component being the dominant change to Vfl

rather than RF sheath rectification. It is also believed that
an enhanced fast electron presence in SOL plasma may
have given an erroneously high measurements of Te. An
evaluation of the EEDF is necessary to confirm the pres-
ence of fast electrons in SOL plasma and determine their
effect on measured plasma parameters.

Additionally, the probes were installed on the up-
stream and downstream sides of the limiter, which allowed
for Mach probe analysis.

Future work hopes to confirm the presence of fast
electrons and determine their source through EEDF analy-
sis, allowing for more accurate measurements of Te in the
future.
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