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The transition phenomenon of detached plasma during additional heating eﬀects has been studied by applying a short pulse (25 ms) of Electron Cyclotron Heating (ECH) at the east plug-cell of the tandem mirror
device GAMMA 10/PDX. In this paper, the plasma parameters on the target plate of the D-module are studied
for understanding the impact of transient heating pulse on the sustainability of the detached plasma. The heat
flux increases on the target plate for the additional heating case in comparison to without heating pulse. The ion
flux also increases when the ECH heating is activated. The electron density enhances significantly during the
ECH heating pulse application period. Furthermore, the electron density and the ion flux increase according to
the increment of Xe plenum pressure in the case of ECH heating condition. The experimental results clarified
that ECH heating pulse can drive the detachment state to attached state in spite of strong eﬀect of Xe gas for
generating the detached plasma.
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1. Introduction
The control of heat-load on the divertor target plate is
an urgent research issue for advancing nuclear fusion research. The high heat-flux enters into the divertor region
and strikes on the target plates. Thus, it is necessary to
minimize the power load on the divertor target plates. The
detached plasma state is considered to be of the promising
ways to shield the divertor target plates from the high heat
load [1]. The behavior of plasma and neutral particles in
the divertor region have been extensively studied in order
to understand the divertor plasma physics [1–5]. Neutral
particles (recycled or/and externally seeded) play a driving
role to generate and sustain the detached plasma. The energy loss processes due to plasma-neutral interactions must
be clarified for understanding the divertor physics. Furthermore, the behavior of detached plasma during transient
heating condition is an urgent research issue. Therefore,
the sustainment of detached plasma during an additional
heating case is also an important research subject for divertor plasma physics.
The atomic processes of impurity particles play a key
role for reducing the plasma energy. More specifically, raauthor’s e-mail: islam.mdshahinul@nifs.ac.jp, shahinulislamrony@
gmail.com

diator gas puﬃng into the divertor is one of the possible
concepts for mitigating the heat and ion fluxes on the target
plates because of the radiation cooling eﬀect of the radiator gas, which significantly enhances the electron energy
loss terms by enhancing the ionization loss and the radiation loss. Hence, the radiator gases can be introduced into
the divertor region for radiative plasma cooling purposes.
The reaction rate co-eﬃcient of radiation cooling of
the gases is diﬀerent. Consequently, it is also necessary
to explore the eﬀects of the radiator gases on the plasma
detachment. In particular, ionization, excitation, and radiation cooling are the main energy loss channels. The
ionization and excitation potential of Xe are low. Hence,
Xe can be easily ionized by low energy electrons. Consequently, Xe may be useful for reducing the electron energy. If much higher-energy electrons are entering the Xe
environment, multiple ionized ions should be produced in
large numbers, which will indicate the good loss channel
for electrons. In other words, Xe has more electrons than
the other noble gases and may produce many more low
energy electrons to reduce the heat flux near the divertor plate. Furthermore, the radiation-cooling rate of Xe
is much higher compared to other noble gases at the temperature range a few eV to hundred keV. That could be a
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strong point as a radiator gas in divertor. Xe gas is shown
to be the most eﬀective radiator for generating detached
plasma in the D-module of GAMMA 10/PDX [6]. Transition phenomenon of plasma detachment during the additional heating eﬀect has been recently started in GAMMA
10/PDX [7]. During transient heating condition, the distribution of plasma parameters on the target plate has not
been studied in the previous study [7]. In this paper, the
detailed plasma parameters on the target plate are studied
to understand the impact of transient heating pulse on the
detached plasma. The 27 m long GAMMA 10/PDX consists of a central-cell, two anchor-cells, two plug/barriercells, and two end-cells. The plasma heating and confinement are performed at the central-cell. The plasma heating
tools such as Neutral Beam Injection (NBI), Ion Cyclotron
Range of Frequency (ICRF), and Electron Cyclotron Heating (ECH) have been installed on the GAMMA 10/PDX to
heat the plasma. By using the end-loss plasma, the divertor simulation research is performed at the west end-cell
of the device [6–10]. A numerical simulation study is also
performed by using the LINDA code [11–16].
In this paper, we investigate the transient response of
heat pulse (ELM like) on the detached state by applying the
ECH. More specifically, the present paper investigates the
influence of the ECH heating for interrupting the detached
plasma at the D-module of GAMMA 10/PDX.

2. Experimental Setup
The schematic drawing of the central-cell to end-cells
of the GAMMA 10/PDX machine are given in Fig. 1. The
GAMMA 10/PDX has several heating systems as shown
in Fig. 1. In a typical plasma experiment, the initial hydrogen plasmas are seeded by the magneto-plasma-dynamic
(MPD) arc jet plasma guns, which have been installed at
both ends of the device. The plasmas are heated and sustained in the central-cell by gas puﬃng and ICRF (RF1-

RF2) heating. The double half-turn (DHT) antennas and
the Nagoya Type-III antennas are installed at the east and
the west side of the central-cell, as shown in Fig. 1. In a
typical ICRF-heated plasma discharge, the first ICRF system (RF1) has been used for the plasma production in the
central-cell and the MHD stabilization in the anchor-cell.
On the other hand, the second ICRF (RF2) system has been
used for ion heating in the central-cell. More detailed descriptions of the ICRF heating systems and positions of the
antennas are given in the Refs. [17–19]. The eﬀective input heating power (Pinput − Preflected ) of the RF1 antennas
were 100 kW and 80 kW, respectively. On the contrary,
the eﬀective input power of the RF2 antennas were 70 kW,
and 60 kW, respectively. Thus, the total ICRF input effective heating power is 310 kW. The heating ratio of the
ECH power to the ICRF power is estimated to be 0.3225
(100 kW/310 kW).
The divertor simulation experimental module (Dmodule) has been designed at the west end-cell of the device, as shown in Figs. 1 and 2. An elevation system is
used in order to conduct both the conventional mirror experiments and the D-module experiments. During the Dmodule experiments, the D-module has been adjusted on
the axis and the initial seed hydrogen plasma is seeded by
using only the east side plasma gun. As shown in Fig. 2,
the cross-section area and the length of the D-module are
50 × 50 cm and 70 cm, respectively. Figure 3 (a) shows
the schematic view of the D-module. The D-module is designed with (1) a rectangular chamber, (2) a V-shaped tungsten target, and (3) a gas injection system. The schematic
drawing of the V-shaped target is given in Fig. 3 (b). Two
target plates (350 × 300 mm) made of tungsten have been
designed in V-shape inside the D-module.
The angle of the two plates can vary from 15 to 80 degrees. As shown in Fig. 3 (b), several types of gas seeding
systems are installed in the module. As shown in Fig. 3 (a),

Fig. 1 Schematic view of the GAMMA 10/PDX tandem mirror device.
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ductance of the gas seeding system. The gas was puﬀed
until the end of the plasma discharge. Therefore, the gas
was distributed uniformly in the D-module. At present,
Xe gas injection into the D-module has been controlled by
varying the plenum pressure of the gas reservoir tank. In
this experiment, the Xe gas injection was carried out in the
range of plenum pressure of 0 to 30 kPa. The plasma parameters in the central-cell are aﬀected significantly when
higher Xe gas is injected.

3. Experimental Results and Discussion
Fig. 2 Schematic view of the GAMMA 10/PDX west-end cell,
and D-module.

During detached plasma formation experiments by Xe
seeding, a pulse (275 - 300 ms) of ECH has been applied at
the east plug-cell to increase plasma flux at the end-cell.
The injection position of the ECH heating power is shown
in Fig. 1. The ECH injection on the east plug cell enhances
the warm electron flow to the central-cell [7], which may
enhance ionization of neutral particles at the D-module.

3.1 Electron temperature and current at the
west end-cell plate during the ECH heating
The electron temperature, and electron current at the
west end-cell plate are measured by the Loss Electron Diagnostics (LED) [20], when D-module moves below the
vacuum chamber of GAMMA 10/PDX. The energy spectra of the end-loss electrons have not been evaluated using
a single component Maxwellian. However, the electron
current measured by the LED has been well fitted to a twocomponent Maxwellian, as written below:




VER + φEP
VER + φEP
+ IeH exp −
. (1)
Ie = IeL exp −
T eL
T eH

Fig. 3 Schematic view of (a) D-module, and (b) gas injection
system.

thirteen calorimeters and Langmuir probes are also located
at the lower and the upper plates of the target, respectively.
Furthermore, a calorimeter and a probe have been also installed inside the gap of the target plate. These probes
and calorimeters are installed along the target plate but
not along the magnetic field line. Therefore, the variation of plasma parameters and averaged heat fluxes measured by the probes and calorimeters show the radial profiles of plasma parameters and heat fluxes. In this experiment, the distribution of plasma parameters on the target
plate was measured under the target angle of 45 degrees.
In the present experiment, Xe gas injection was carried out
into the D-module through gas line#3. Xe gas was injected
0.8 s earlier than the plasma discharge due to the low con-

Here, VER is the electron repeller voltage and φEP represents the end-plate potential (φEP < 0). IeL and IeH represent electron current of lower and higher component, respectively. T eL and T eH denote the temperature of the bulk
warm component and the high-energy tail component, respectively. Using these parameters, an eﬀective electron
temperature (T e−e f f ective ) is defined as the measure of the
mean energy as follows:
T e−eﬀective = (1 − β)T eL + βT eH .

(2)

Where, β is the flux fraction component to the total flux:
eH
. More details are given in Refs. [20, 21].
β = IeLI+I
eH
Figure 4 shows the dependence of eﬀective electron
and ion temperature at the west end-cell plate as a function
of ECH heating power. As shown in Fig. 4 (a), T e−e f f ective
increases significantly during ECH heating. The β is estimated to be 0.317 and 0.555 for the ECH heating power
of 100 and 150 kW, respectively. The ECH heating pulse
significantly increases T eH , as shown in Fig. 4 (a). On the
other hand, the T eL moderately increases under the ECH
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Fig. 4 Dependence of electron temperature and current measured by the LED at the west end-cell plate.

pulse (see Fig. 4 (a)). However, the power dependence of
ECH on the T eH and T eL has not been observed in the experiment, as shown in Fig. 4 (a).
The electron current is shown in Fig. 4 (b). The IeL
and IeH are enhanced during ECH heating pulse (see
Fig. 4 (b)). Furthermore, the IeL is shown to be similar for
the ECH heating power of 100 kW and 100 kW, as shown
in Fig. 4 (b). On the contrary, the IeH is enhanced significantly with increasing ECH power 100 kW to 150 kW, as
shown in Fig. 4 (b). These outcomes represent the impact
of ECH heating on the west end-cell plasma parameters.

3.2

Impact of ECH heating on the upstream
and downstream plasma parameters

The electron line density (NLcc) at the central-cell
has been measured by the microwave interferometer [22].
The average electron line density (ne−av. ) has been calculated by dividing the NLcc by the plasma diameter
(φ ∼ 36 cm). The calculated ne−av. at the central-cell is
shown in Fig. 5 (a). As shown in Fig. 5 (a), the ne−av. increases slightly when ECH is applied. The ECH application period is highlighted by the yellow color in Fig. 5.
Furthermore, the ne−av. slightly increases during Xe injection cases, as shown in Figs. 5 (a) and (c). As the Xe gas
pressure increases, so does the density. The ne−av. remains
almost stable during Xe injection into the D-module (see
Fig. 1), which indicates that reproducibility of the centralcell plasmas was not aﬀected significantly due to the Xe
injection.
Figure 5 (b) shows the time response of the ion saturation current (Ii−sat ). Without ECH injection time, the
Ii−sat reduces drastically with increasing Xe injection into
the D-module, as shown in Fig. 5 (b). On the other hand,
the Ii−sat at the corner of the D-module increases abruptly
with increasing Xe injection in the case of the ECH heating
period (highlighted parts in Fig. 5 (b)). The Ii−sat increases

Fig. 5 Time behavior of (a) ne−av. measured at the central-cell,
(b) Ii−sat (corner probe) at the D-module in the case of
ECH 100 kW, and (c) dependence of ne−av. and Ii−sat as a
function of Xe plenum pressure.

remarkably with changing the gas reservoir plenum pressure 20 to 30 kPa, as shown in Fig. 5 (b).
As shown in Fig. 5 (c), the ne−av. is increased with increasing Xe plenum pressure for both the ECH (at 280 ms)
and without ECH (260 ms) cases. However, the increasing rate in ne−av. is higher with increasing Xe plenum pressure during ECH injection, as shown in Fig. 5 (c). For the
case of without ECH injection (260 ms), Ii−sat is reduced
drastically with increasing Xe injection (see Fig. 5 (c)). On
the other hand, during ECH injection case (280 ms), Ii−sat
is enhanced significantly with increasing Xe plenum pressure, as shown in Fig. 5 (c).
The reason for such drastic increase in Ii−sat is not
clearly understood. However, it is speculated that the ionization of neutral particles increases with increasing gas
pressure, which induces such drastic increases in the ion
flux. It is clearly observed that the application of ECH on
the east plug-cell drastically influences the ion saturation
current in the D-module.
The dependence of ECH heating power and Xe
plenum pressure on the ion saturation current at the corner of the D-module is investigated and shown in Fig. 6.
The particle flux on the target plate can be expressed as
follows:
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Fig. 6 Time behavior of ion saturation current (corner probe) at
the D-module for (a) Xe 10 kPa, and (b) Xe 30 kPa.

Fig. 7 Increase ratio of the ion flux for 295 ms and 270 ms.

Γd = Γupstream − Γ sink + Γ source .

(3)

Where, Γd is the particle flux on the target plate, Γupstream
is the upstream plasma flux entering to the divertor region. Γsink and Γsource represent the sink and source terms
in the divertor region. Hence, the particle flux on the target plate can be reduced by either reducing upstream and
source terms or increasing sink terms. As shown in Fig. 6,
during ECH injection time, the ion saturation current enhances significantly with increasing the amount of Xe injection. Compared to Fig. 6 (a) and Fig. 6 (b), the ion flux
increases slightly with increasing ECH heating power. In
particular, the ion saturation current is enhanced remarkably when Xe injection is increased from 10 kPa to 30 kPa,
as shown in Fig. 6. However, the upstream plasmas density is aﬀected slightly with increasing Xe injection from
10 kPa to 30 kPa, as shown in Fig. 5 (a). The increase ratio
of the ion flux is shown in Fig. 7. As shown in the figure,
for without Xe injection case, the ion flux is increased by
approximately 2 times by the ECH heating pulse, which
indicates the eﬀect of the ECH heating pulse. The power
dependence of ECH power on the ion flux is small, as
shown in Fig. 7. On the contrary, the ion flux increases

Fig. 8 Dependence of heat flux on the target plate (a) without
Xe, and (b) with Xe injection.

drastically during Xe injection (see Fig. 7). In addition,
the increase ratio of ion flux increases with the increment
of Xe plenum pressure, as shown in Fig. 7. As a result,
the amount of Xe gas plays a dominant role for enhancing
ion flux during the ECH heating pulse. The reason for increasing the ion saturation current due to the ECH heating
eﬀect produces warm electrons flow toward the D-module,
which enhances ionization in the D-module. This factor
aﬀects the plasma and neutral particles in the D-module.
In the future, we will design a probe and a calorimeter in
front of the target plate to clarify the particle balance and
spatial distribution of detached plasma in the D-module of
GAMMA 10/PDX.

3.3 The heat flux, electron density and temperature on the V-shaped target
The heat flux is measured by the calorimeter. The
heat flux is evaluated by the thermocouple. More specifically, the heat flux is evaluated by comparing the temperature diﬀerence (ΔT ) between before and after plasma discharge [23]. Therefore, we cannot measure the time resolved value of the heat flux by calorimeter. In this paper,
we report the time averaging value of the heat flux for the
full plasma discharge (400 ms). Since the magnetic field
lines are expanding at the end-cell of GAMMA 10/PDX,
the magnetic field is diﬀerent on the heat flux measuring
positions. The Z-axial position of the calorimeters represents the Z-axial position from the central-cell [23].
The distribution of the heat flux along the target plate
of the module is shown in Fig. 8. The variation in Fig. 8 (a)
comes from the configuration of the magnetic field structure at the end-region of GAMMA 10/PDX. More detailed
explanation has been reported in Ref. [13]. As shown in
Fig. 8, the heat flux reduces along the target plate during
Xe injection (without ECH injection) but this tendency
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changes in the case of the ECH heating condition. During ECH injection case, the heat flux slightly increases
from the inlet measuring position (Z = 1063 cm) to Z =
1076 cm (see Figs. 8 (a) - (b)). As shown in Figs. 4 and
5, the ECH injection changes plasma flux and electron
temperature significantly, which strongly aﬀects neutralplasma collisions in D-module. The heat flux is the product
of plasma density, temperature, and velocity. The electron
density increases due to the ionization of the neutral particles. We will discuss the density and temperature profile
on the target plate in the next sub-section to clarify the heat
flux profile. The plasma velocity has not yet been measured in the D-module to date. As shown in Fig. 8 (b), Xe
injection significantly reduces the heat flux on the target
). On the other
plate for only ICRF heated plasma (PwoECH
H
hand, for additional heating cases, the heat flux reduces
slightly on the target plate, as shown in Fig. 8. In particu)/PHECH
lar, the increase ratio of the heat flux (PHECH −PwoECH
H
for ECH and without ECH (only ICRF heated plasma) increases with the increasing Xe plenum pressure. From
Fig. 8 (a) and Fig. 8 (b), once Xe is injected, the heat flux
reduces significantly but the ECH heating eﬀect increases
the heat flux even though the injected ECH power is small.
Hence, it is important to consider the eﬀect of high heat
flux on the sustainment of detached plasma.
In order to clarify the eﬀect of ECH and Xe pressure,
the dependence of electron density (ne ) and electron temperature (T e ) as a function of Xe plenum pressure is shown
in Fig. 9. As shown in Fig. 9, during the without ECH injection case, the ne shows a roll-over phenomenon with
increasing Xe gas injection. A roll-over in the ne is one of
the most important symptoms of detached plasma formation. Consequently, a detached plasma is observed by Xe
seeding for the case of without ECH injection. On the contrary, in the case of ECH injection, the ne is increased remarkably with increasing Xe injection, as shown in Fig. 9.
During the ECH injection case, a roll-over phenomenon in
the ne has not been shown in Fig. 9, which indicates that
the ionization process is still active.
In the experiment, we could not properly measure the
T e during the ECH time. As shown in Fig. 9, T e is reduced

Fig. 9 Dependence of electron density and temperature measured by probe #1 as a function of Xe plenum pressure.

drastically with increasing Xe plenum pressure for the case
of without ECH case. In particular, for the Xe 20 kPa injection case, T e is reduced lower to 1.6 eV. Since the T e
is reduced significantly, the recombination processes dominate the ionization processes. As a consequence, a rollover phenomenon is observed in ne (see Fig. 9). The electron energy loss channels (ionization, excitation, radiation)
enhance with the increment of Xe gas throughput into the
D-module, which strongly reduces the T e in the D-module.

3.4 2D visible emission from V-shaped target
The two-dimensional images of the visible emission
(without filter) are captured by the high-speed camera.
The high-speed camera has been located on the horizontal
port for capturing the visible emission from the D-module.
For Xe 10 kPa injection case, the detached plasma is not
formed, as discussed in Sec. 3.3. Consequently, bright region appears in whole region of D-module for Xe 10 kPa
injection, as shown in Fig. 10 (a). As shown in Fig. 10 (a),
during ECH injection period a bright emission appears
close to the corner of the target for Xe 30 kPa injection
case, which represents ionization eﬀect of Xe particles due
to abrupt changes in upstream plasma parameters. Since
the Xe gas is seeded from the inlet and the corner of the target (gas line #3), neutral particles may concentrate close to
the target plate when plasma becomes detached. As shown
in Figs. 4 - 5, the upstream and downstream plasma parameters are significantly aﬀected by the ECH heating pulse,
which ionize the Xe neutral particles in the D-module. Xe
neutral density is higher close to the gas seeding ports. As
a result, a bright emission appears close to the corner, as
shown in Fig. 10 (a). Moreover, dark region appears at the
later part of plasma discharge for Xe 30 kPa injection. Figure 10 shows the visible emission from plasma and neutral particles. For without ECH heating case, the visible
emission from the D-module is significantly reduced when
Xe plenum pressure increased from 10 kPa to 30 kPa, as
shown in Fig. 10 (b).

3.5 Discussion
In the present study, the eﬀects of ECH heating on
the detached plasma has been investigated based on the
Langmuir probes, high-speed camera, and calorimeters
measurements. The plasma detachment state has been
shown for Xe seeding in the cases of only ICRF heated
plasma. However, the detached state has not been sustained for the ECH heating cases.
Plasma energy can be reduced by the ionization, excitation, radiative power loss, charge-exchange (CX) loss,
momentum loss, and volume recombination. The volumetric recombination processes (EIR and MAR) lead to play
a role as the electron temperature is decreased, which also
induces a reduction in the ion and heat fluxes.
Impurity gas injection increases both the ions and the
electron density by ionization. This eﬀect also influences
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ECH transient heating pulse, the ion flux in the D-module
is significantly enhanced via the ionization and excitation
of neutral particles. Moreover, the ion flux in the D-module
is enhanced with increasing the Xe gas throughput in the
D-module, which clearly indicates the ionization processes
of Xe play a key role during the ECH application period.
From the above discussion, it has been clarified that
heavy noble gas Xe can be easily ionized during an additional heating case in spite of the strong impact on achieving plasma detachment, which drives the detached plasma
towards attached plasma. It is mandatory to sustain the detached plasma during the transient heating pulse (such as
ELMs in tokamak). However, the present study shows that
the detached plasma was not sustained during the transient
ECH heating pulse. More detailed experiments and discussion are necessary to clarify the reported phenomenology.
It is necessary to examine the impact of Ne, N2 , and simultaneous injection of N2 + H2 on the sustainability of the
detached plasma.

4. Summary
The transient behavior of detached plasma in the Dmodule has been investigated by applying an ECH heating
pulse at the upstream region. The ECH heating pulse significantly increases high-energy tail component toward the
west end-cell. It is shown that the transient heating eﬀect
of ECH significantly aﬀects the plasma parameters in the
D-module. The electron density increases abruptly for the
ECH heating case. The heat and ion fluxes increase significantly for the ECH injection case, which clearly represents the transition of detached to attached state by the
ECH heating pulse. From the above discussion, the transient heating pulse may be a promising method for investigating the detached to attached transition phenomena in
divertor studies.
Fig. 10 2D image of visible emission from the D-module
was captured by the high-speed camera (a) with ECH
(100 kW) and (b) after ECH injection period.

the plasma density and temperature. The radiative power
loss and ionization might be the main energy loss processes for electrons while CX loss and electron-ion relaxation are the main energy loss processes for ion. The radiation power loss and the ionization loss represent the energy
loss mechanism during interaction of electron and impurity
particles. As the electron energy is reduced, the ion energy
is also reduced by the electron-ion relaxation processes.
In this experiment, for only ICRF heated plasma, Xe
injection into the GAMMA 10/PDX has shown a promising eﬀect on the reduction of the electron temperature, heat
flux, and ion flux, which implies that the formation of a
detached plasma. The ECH application at the east plugcell significantly enhances the warm electron temperature
at the west end-cell. Consequently, during the additional
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