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A B S T R A C T   

A newly developed radial directional electron probe (DEP) has been applied to the unidirectional electron 
current measurement on EAST tokamak. The DEP consists of two radial arrays of channels which have opposite 
directions and align along the local magnetic field line. Each radial array has 6 holes with a radial interval of 5 
mm. Every channel has a hole with 0.5 mm radial width, 3 mm depth and 15◦ poloidal opening angle. The 
graphite collector embedded inside the hole is biased to positive potential to repel low energy ions, and high 
energy ions are blocked by the hole surface because their Larmor radii are larger than the radial width of hole. In 
consequence, the ion current collected by the DEP collector can be ignored in contrast with the electron current, 
as demonstrated by the I-V characteristics in a DEP commissioning experiment. The difference of collected 
current between two opposite channels signifies the unidirectional electron current in the flux tube. In a lower 
hybrid wave (LHW) modulation experiment, the amplitude and radial structure of unidirectional electron current 
induced by LHW is measured directly by this radial DEP array, and the LHW filament current covers over 20 mm 
radial region with a maximum of 20 A/cm2.   

Introduction 

Filament current is a general phenomenon in the edge plasma of 
tokamaks [1] and stellarators [2]. Usually the so-called blob (filament) 
plays an important role in the edge cross-field transport, since a large 
amount of plasma is ejected into the far scrape-off layer (SOL) by this 
intermittency event [3]. Edge filament currents are also observed during 
the eruption of some plasma instabilities, such as the edge localized 
mode (ELM) [4]. Because the electron parallel velocity is much higher 
than the ion parallel velocity due to their large mass difference, the 
filament current is considered to be driven mainly by electrons [3,5]. 
The type-I ELM filament current density could be up to 4.5 MA/m2 in 
ASDEX Upgrade, and a corresponding current 1.4 kA for 1 cm radius 
filament [6,7]. The electrons could contribute significantly to this large 
and unidirectional parallel SOL current [7]. Radio frequency (RF) waves 
can drive considerable parallel current which is mainly carried by the 

fast electrons in tokamak plasma [8]. For example, lower hybrid current 
drive (LHCD) is an efficient method to drive plasma current and control 
current profile, as reported in many tokamaks [9–13]. In Alcator C-Mod, 
the SOL current induced by LHCD could be enhanced to 20 kA in high 
line-averaged density discharges, indicating a large amount of lower 
hybrid waves (LHWs) are absorbed in the SOL rather than inside the 
separatrix [14]. In EAST, strong mitigation of edge localized mode 
(ELM) has been achieved by the LHW modulation [15], and the edge 
magnetic topology change induced by the SOL LHW current is proposed 
as a possible mechanism [16,17]. Therefore, it is very meaningful to 
directly measure the edge electron current, which could benefit the 
physical understanding of edge plasma transport, instability dynamics 
and current drive. 

Usually, the SOL current can be estimated by the magnetic pick-up 
coils [6] and the retarding field analyzer (RFA) [18]. The magnetic 
coils located at the vacuum wall are far from the SOL current, which is 
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difficult to measure the structure of filaments. If the magnetic coils are 
mounted on the fast manipulator, it is possible to obtain the radial 
structure of SOL current when the coils approaching the current. The 
RFA can measure the distribution of ion or electron velocity inside the 
SOL current, but the estimated amplitude of SOL current is sensitive to 
the transmission of grid sheets [18,19]. Evolved from the RFA, some 
electron energy analyzers have been developed to measure the super
thermal electron flow and temperature [20–22]. Herein we will intro
duce a newly developed directional electron probe (DEP), which is able 
to measure the amplitude and structure of the SOL electron current with 
high temporal resolution. This paper will be organized as follows. Sec
tion 2 describes the setup of DEP. Commissioning and preliminary 
experimental results of DEP are given in section 3. Section 4 is a 
summary. 

Setup of directional electron probe 

Directional probe, consisting of two collectors located on the two 
sides of a central insulator, has been applied to the measurements of 
parallel ion flow and floating potential in the magnetically controlled 
plasmas [23–28]. Herein we propose a new type of directional probe 
which has the capability to measure parallel electron current, and 
consequently this new probe is named as directional electron probe 
(DEP). The primary difference between the traditional directional probe 
and DEP is that the collector of DEP is embedded inside a small and deep 
hole. The exploded drawing of DEP is shown in Fig. 1 (a). The DEP 
consists of an outside boron nitride cover, an internal ceramic holder, 
Langmuir probe (LP) components and directional electron probe com
ponents. The Langmuir probe components are similar with the usual 
probes, including front graphite tips, lead-in copper pipes and wires. The 
directional electron probe components include graphite collectors, 
copper connectors and wires. Note that the graphite collector (or LP tip) 
and copper connector (or LP pipe) are connected by screw thread, while 
the copper connector (or LP pipe) and wire are crimped together by a 
wire crimper which could sustain much higher temperature than sol
dering. As illustrated in Fig. 1 (a) and Fig. 2, the DEP graphite collector 
has a fan-shaped front surface which fits the inner wall of boron nitride 
cover, and has an L-shape back surface which plugs into the ceramic 
holder, in consequence the DEP graphite collector is fixed after assem
bly. In the boron nitride cover, there are two radial arrays of holes which 
have opposite directions, and the connection line of two opposite holes 
aligns with the local magnetic field. Each radial array has 6 holes with a 
radial interval of 5 mm. Every hole has a 0.5 mm radial width, 3 mm 
depth and 15◦ poloidal opening angle, as illustrated in Fig. 2. At the end 
of the hole, the graphite collector surrounds the back surface of hole, 
aiming to collect all the particles there. When the DEP is working, a 

positive biasing voltage + 180 V is applied to the graphite collector, with 
the vacuum vessel wall as the circuit ground. In the edge plasma of 
tokamak and stellarator, the ion and electron temperatures are typically 
from several electron volts to 100 eV, as measured by Langmuir probe, 
RFA and ion sensitive probe [18,29–32]. Under this setup of DEP, the 
low energy ions are repelled by the positive biasing voltage, and most of 
the high energy ions are blocked by the hole surface due to their large 
ion Larmor radius and small hole width. In consequence, the collected 
current is mainly contributed by electrons, and the current difference 
between the two opposite collectors signifies the current driven by 
unidirectional electrons. The validity and rationality of DEP has been 
demonstrated by a particle orbit simulation [33], revealing that the 
contribution of ions to the collected current could be ignored if 
compared with that from electrons. This radially DEP array could 
measure the spatial structure and amplitude of the unidirectional elec
tron current. 

The boron nitride has a small outer diameter of 26 mm and an inner 
diameter of 20 mm, for the purpose of aligning the two opposite DEP 
channels along the same magnetic flux tube. The signal names of the 
DEP are shown in Fig. 3 and Fig. 4, with channels 1–6 located on the 
right side and channels 7–12 located on the left side when viewed from 
the center of tokamak. In our experiment, the toroidal magnetic field is 
along the clockwise direction viewed from top, while the plasma current 
is in the anti-clockwise direction. The Langmuir probe tip has a diameter 
of 2 mm and protrudes 4 mm from the boron nitride cover. The 
arrangement and signal names of the Langmuir probe is illustrated in 
Fig. 2 (b) and Fig. 4. It should be pointed out that the LP pins have a 
certain poloidal gap among them to avoid the blocking effect of 

Fig. 1. Sketch of DEP. (a) Exploded drawing; (b) side view.  

Fig. 2. (a) Front view of DEP with the boron nitride cover shown in trans
lucence; (b) right side view of DEP, the signal names of the four Langmuir probe 
pins are labelled. 
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magnetic field line. The sampling rate of the reciprocating probe system 
is 1 MHz in our experiment. 

Experimental results 

In this section, the commissioning of DEP is given in section 3.1 by 
sweeping the biasing voltage of collector, and then the measurement of 
unidirectional electron current in LHW modulation experiment is pre
sented in section 3.2. As calculated by the magnetic equilibrium code 
EFIT, the local magnetic field line has a tilted angle around 6.5◦, 
therefore the probe head of DEP is rotated clockwise by 6.5◦ to match 
the local field line, as illustrated in Fig. 4, i.e., the connection line of two 
opposite channels aligns with the local magnetic field. 

Commissioning of DEP 

The characteristics of collector current I and biasing voltage Vb is 
obtained by sweeping Vb from − 150 V to + 130 V. In this commissioning 
experiment, because only one AC power supply is available, channels 1 
and 7 are operated in the swept voltage mode, while the other channels 
are biased with a DC voltage of + 180 V. The plasma parameters are 
stable when the reciprocating probe reaches its innermost position, with 
plasma current Ip = 450 kA, line-integrated density nel = 5 × 1019 m− 2, 
q95 = 4 and 4.6 GHz LHW heating power 1 MW. The temporal evolutions 
of biasing voltage and the corresponding collected current are shown in 
Fig. 5, with a swept frequency of 500 Hz. At the innermost position, the 
major radius of channels 1 and 7 is R = 2337 mm, which is about 25 mm 
outside the last closed flux surface (LCFS). When the biasing voltage is 
negative enough, the collected currents are close to zero for both 
channels. With the increase of biasing voltage, the absolute value of 
collected current increases significantly. It should be pointed out that in 
both the Vb ramp-up and ramp-down phases, the collected currents of 
both channels have symmetrical shape about the minimum of Vb, though 
there are some fluctuations in the signals. Note that the negative 
collected current Ie means that the collected electron current is larger 
than the ion current, while the positive current Ie signifies that the ion 
current is larger than the electron current. In the positive range of Vb, the 
current Ie7 (left channel) is clearly larger than the current Ie1 (right 
channel), revealing significant difference between the two opposite 
directions. 

The I − V characteristics of both channels are presented in Fig. 6, with 
the raw signal data from 5.76 s to 5.77 s (5 cycles). Typically, an 
exponential decay function is used to fit the classic I − V curve. Here we 
use the following formula to fit the data in Fig. 6: 

I(V) = I01 + I02

⎡

⎢
⎣1 − e−

(V− V0)
Va

⎤

⎥
⎦H(V − V0) (1)  

H(x) =
{

0, x < 0
1, x ≥ 0 (2) 

H(x) is the Heaviside step function. In Eq. (1), the collected current 
I01 (when Vb is negative enough) and I02 (when Vb is positive enough) are 

Fig. 3. Bottom view of DEP. The signal names of the DEP channels are labelled.  

Fig. 4. The front view of DEP which is rotated by 6.5◦ clockwise in experiment.  

Fig. 5. Temporal traces of swept biasing voltage (a) and the corresponding 
collected current (b) of DEP. The radial position of reciprocating probe is shown 
in (c). 
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used to illustrate the current asymmetry between the upstream and 
downstream sides. The fitted curve from Eq. (1) is shown in Fig. 6, and 
the corresponding fitted functions is also annotated. For both channels 1 
and 7, the collected current is close to zero when V < V0, then current Ie 

obeys the exponential decay function but with an offset. When fitted by 
Eq. (1), in contrast with the right channel 1, the left channel 7 has more 
negative threshold voltage V0 and larger amplitude of I02. It is an 
important feature that I01 ≈ 0 when V < V0, indicating that the ion 
current received by the graphite collector is almost equal to the electron 
current from high energy electrons which can overcome the negative 
biasing voltage. The left channel 7 has a bit larger I01 than the right 
channel, signifying that the unidirectional electrons are mainly from the 
left side. In the current exponential decay region (V > V0), the electron 
current increases with Vb, while the ion current decreases with Vb. When 
Vb > Va, the collected current gets saturated gradually, indicating that it 
is necessary to bias the graphite collector to enough high positive value, 
i.e., +180 V in the following experiment. It should be pointed out that 
the collected current still increases slightly when V > + 100 V, which is 
similar with the increases of collected electron current of a typical 
Langmuir probe when the biasing voltage is positive [34]. A possible 
reason for this current slight increase is the expansion of magnetic flux 
tube when the biasing voltage is positive enough, consequently the 
electrons in the adjacent flux tube are collected and the slight increases 
of current with the positive biasing voltage is observed [35]. Besides, the 
current difference between the two opposite channels 1 and 7 is obvious 
when Vb is positive, indicating the asymmetry of unidirectional electron 
current caused by LHW. According to the particle orbit simulation of 
DEP [33], the currents contributed by thermal electrons which obey the 
Maxwell-Boltzmann velocity distribution from two opposite DEP chan
nels almost equal to each other, therefore the obvious net current be
tween these two channels is mainly caused by unidirectional electrons. 

Note that in our data analysis the effects of secondary electron 
emission (SEE) and electron back-scattering (EBS) are not taken into 
account. According to some previous works in modelling and experi
ment, the coefficients of SEE and EBS are low when the incident energy 

is a few tens of electron volts, but increases significantly when the 
incident energy reaches several hundreds of electron volts [36,37]. Note 
that the incident electrons are accelerated when the biasing voltage of 
the graphite collector is Vb = + 180 V, leading to a raise of the incident 
energy of electrons. In this condition, the electron temperature gener
ated by SEE in general is very small, and these electrons have no impact 
on the collected current since they will flow back to the collector. While 
the EBS could produce electrons with a fraction of incident energy, and 
some superthermal electrons could be generated since the energy of 
incident electrons increases significantly in this acceleration process, 
which would affect the collected current. If there is a considerable 
component of superthermal electrons, the effects of SEE, EBS or 
photoemission could play an important role and should be taken into 
consideration in the interpretation of DEP data. As seen in Fig. 6, the 
DEP collected current is close to zero when Vb is negative enough (below 
− 80 V), indicating that the component of superthermal electrons which 
have very high temperature can be negligible in this experiment. 

SOL unidirectional electron current induced by LHW 

Since LHW has the ability to drive unidirectional electrons in the 
edge plasma of tokamak [14], a series of experiment has been carried 
out in EAST to measure these unidirectional electron currents in the 
plasma edge. The typical radial profile of the LHW induced SOL current 
is given in a LHW modulation experiment. In this discharge, the plasma 
current is Ip = 400 kA, line-integrated density nel = 3.5 × 1019 m− 2 and 
q95 = 6.2. The 4.6 GHz LHW heating power is set at 0.7 MW and 
modulated at 10 Hz with a 50% duty cycle, as shown in Fig. 7 (a). The 
reciprocating probe reaches its innermost position R = 2315 mm (with 
RLCFS = 2305 mm) and stays there for 500 ms. All the DEP collectors are 
biased to + 180 V. When the LHW is switched off, the asymmetry of 
collected current from two opposite DEP channels is very weak, and the 
current amplitude |Ie| is very small, as shown in Fig. 7 (b-g). When the 
LHW is turned on, the collected currents increase significantly in all DEP 
channels, but Ie in the left channels 8–12 is much larger than that of the 
corresponding right channels 2–6. However, in the first radial location 

Fig. 6. I-V characteristics for DEP channel 1 (a) and channel 7 (b) at the 
innermost position of reciprocating probe. In each panel, the experimental data 
is fitted by Eq. (1). 

Fig. 7. Temporal evolution of plasma parameters. (a) LHW heating power and 
radial position of DEP; (b) DEP collected current of channels 1 and 7; (c) 2 and 
8; (d) 3 and 9; (e) 4 and 10; (f) 5 and 11; (g) 6 and 12. The biasing voltage of 
DEP channels is + 180 V. 
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of the DEP array, Ie1 and Ie7 are basically symmetric in both LHW-on and 
LHW-off phases. Note that the signals are calibrated by assuming that 
the collected currents Ie are the same in the far-SOL region (R =

2345 − 2350 mm, with Rlimiter = 2350 mm) in an Ohmic discharge on the 
same experimental day. The temporal evolution of DEP collected current 
confirms the existence of unidirectional electron current during the 
LHW-on phase. The electron temperature Te and density ne measured by 
the front four-tip probe also increase significantly during the LHW-on 
phase, while the floating potential becomes much more negative. 

The net current is obtained by taking the difference of two opposite 
DEP channels, Inet = Iright − Ileft, with channels 1–6 on right and 7–12 on 
left, as illustrated in Fig. 3 and Fig. 4. As predicted in the particle orbit 
simulation [33], the effective collected area of each channel is Seff =

S0/1.276, where S0 = 1.9 mm2 is the area of the DEP front surface. 
Consequently, the net current density can be derived from jnet =

Inet/Seff , as presented in Fig. 8. The net current density is very small in 
the LHW-off phase, while a strong enhancement of jnet can be found in 
the LHW-on phase. The direction of the SOL unidirectional electron 
current driven by LHW is in the anti-clockwise direction viewed from 
top, which has the same direction as the plasma current Ip. As mentioned 
in section 3.1, the component of superthermal electrons is very small in 
our LHW heating experiment, and this net current is mainly contributed 
by the unidirectional electrons. As indicated by the I − V curve in Fig. 6, 
the temperature of these unidirectional electrons is not too high because 
they can be repelled by enough negative biasing voltage (-80 V). With 
these electrons, a plasma flow and current could be formed during the 
LHW-on phase. Note that the non-zero net current during LHW-off phase 
indicates the existence of parallel flow, though it is much weaker than 
that in the LHW-on phase. The radial profiles of net current during both 
LHW-on and LHW-off phases are shown in Fig. 8 (b). The LHW induced 
SOL current peaks at R ≈ 2335 mm, covers a wide radial region of over 
20 mm (R > 2330), with its maximum about 20 A/cm2, and decreases 
gradually when approaching the LCFS. Note that this SOL current is 
mainly driven by unidirectional electrons induced by LHW, which 
should be distinguished from the natural SOL current, such as 

the Pfirsch-Schlüter (PS) current driven by the radial electric field 
and radial gradient of pressure [38]. In addition, the PS current is 
contributed by both electrons and ions [39,40], and the SOL ion flow 
velocity measured by Mach probe in many tokamaks is roughly 

consistent with the magnitude and direction of PS flow [41–43]. 
Considering the poloidal elongation of filament (or eddy), and according 
to the previous LHW current model [16], a poloidal length of 10 cm is 
assumed for this LHW induced current filament. Therefore, the esti
mated current of each LHW filament could be about Itotal = π × 1cm ×

5cm × 18A/cm2 = 282 A, which is consistent with the previous model
ling where the total SOL current caused by 5 LHW antennas is around 
1–1.5 kA [16,17,44]. In Alcator C-Mod, the peak SOL parallel current 
density induced by LHW could be up to 60 A/cm2 at line averaged 
density ne = 1.2 × 1020 m− 3 [14]. Since the line averaged density in 
EAST is much lower than that in Alcator C-Mod, a smaller current 
density of LHW filament in EAST is in line with expectations. Besides, 
the LHW SOL current is along the plasma current direction in both EAST 
and Alcator C-Mod. 

Summary 

A newly directional electron probe has been developed on EAST to 
directly measure the edge current driven by unidirectional electrons. 
The DEP consists of two radial arrays of channels which have opposite 
directions and align along the local magnetic field. Each radial array has 
6 channels with a radial interval of 5 mm. Every channel has a hole with 
0.5 mm radial width, 3 mm depth and 15◦ poloidal opening angle. At the 
end of the DEP hole, a graphite collector is biased to positive potential to 
repel low energy ions and collect electrons. Since the high energy ions 
have Larmor radii which are larger than the radial width of DEP hole, 
most of them will be blocked by the hole surface. Therefore, the DEP 
collected current is mainly contributed by electrons. Because the two 
opposite DEP channels are tilted to align with the local magnetic field, 
the current difference between these two channels is the unidirectional 
electron current in the flux tube. The radial DEP array could be used to 
measure the amplitude and structure of unidirectional electron current. 
In the commissioning experiment of DEP, the graphite collector is swept 
from − 150 V to + 130 V, and the collected current is close to zero when 
the biasing voltage is smaller than a negative threshold, indicating that 
very few ions can penetrate the DEP hole and be collected by the 
graphite collector. In the LHW modulation experiment, the collected 
currents of DEP channels are very small during the LHW-off phase, while 
during the LHW-on phase the collected currents increase significantly 

Fig. 8. (a) Temporal evolution of net current density of DEP and the LHW heating power; (b) radial profiles of net current density measured at the innermost position 
of DEP in both LHW-on and LHW-off phases. Positive jnet signifies the net current along the anti-clockwise direction viewed from top. The radial position of 4.6 GHz 
LHW antenna is marked in magenta vertical line. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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and exhibit a strong asymmetry between two opposite channels in a 
wide radial region, demonstrating the existence of unidirectional elec
tron current induced by LHW. This LHW induced current covers a radial 
region of over 20 mm, and decreases to very low value near the LCFS. 
This unidirectional electron current is along the direction of plasma 
current, which is the same as that in Alcator C-Mod. The peak current 
density is about 20 A/cm2, which is also in the same magnitude as that in 
Alcator C-Mod. The estimated LHW filament current agrees with the 
previous modelling in both the amplitude and radial structure. More 
dedicated study of the LHW induced filament current will be performed 
based on this newly developed DEP on EAST, including its dependence 
on the plasma density, edge magnetic topology and heating power. In 
this paper, it is important to commission this DEP array in experiment, 
which could directly measure the unidirectional electron current in the 
edge of magnetically confined plasmas with high temporal resolution. 
The DEP array has huge potential on the edge physics study, such as the 
SOL current driven by RF waves and ELM filament dynamics. 
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