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Detached deuterium recombining plasma has been generated in the toroidal divertor simulator. The elec-
tron temperature (0.1–0.4 eV) and density (�1018 m�3) in the detached plasmas were evaluated with a
spectroscopic method using a series of deuterium Balmer line emission from highly excited levels and
the Stark broadening of D(2–12). We have investigated the role of volume plasma recombination through
Electron–Ion Recombination (EIR) and Molecular Activated Recombination (MAR) processes. Moreover,
the carbon erosion in the detached deuterium plasma has been studied with a weight loss method. It
is found that deuterium neutrals generated by EIR process could have strong influence on the carbon
chemical erosion.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Linear divertor plasma simulators (L-DPS) have contributed to
understand edge plasma physics and plasma-wall interaction in fu-
sion devices [1]. However, L-DPS cannot simulate some important
phenomena in scrape-off layer (SOL) and divertor region, for exam-
ple non-diffusive plasma transport, which is driven by gradient and
curvature of magnetic field, and plasma-wall interaction associated
with grazing incident magnetic field line. To conduct comprehen-
sive studies of SOL plasma physics, we have developed the toroidal
divertor plasma simulator NAGDIS-T (NAGoya DIvertor plasma
Simulator with Toroidal magnetic configuration) [2], which can
generate deuterium plasmas with an electron density above of
1019 m�3 in steady state. Although the plasma parameters in the
NAGDIS-T is not sufficient to simulate the divertor conditions, par-
ticularly, those in ELMy H-mode of tokamaks, NAGDIS-T can dem-
onstrate important phenomena in the divertor region, such as
plasma detachment and so on.

Plasma detachment is thought to be an effective method to re-
duce the heat load to the plasma facing components. Extensive
studies concerning the plasma detachment have been performed
in L-DPS [3,4] and fusion devices [5–7]. However, open questions
still remain concerning the roles of Molecular Activated Recombi-
nation (MAR) compared with Electron–Ion Recombination (EIR)
including radiative and three body recombination, and the roles
ll rights reserved.
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of non-diffusive plasma transport in the detached plasma [8–11].
EIR requires very low electron temperatures (less than �0.5 eV)
to be effective. On the other hand, MAR was proposed as an alter-
native recombination mechanism in a relatively high electron tem-
perature range. Although the reaction channels in MAR are known,
MAR has not yet been shown to be dominant in fusion devices. An-
other important issue is the chemical erosion of graphite in de-
tached deuterium plasma. Although physical sputtering yield
decreases in detached plasmas because the electron temperature,
namely, the incident ion energy, is sufficiently low, the chemical
erosion due to the low energy deuterium ions and atoms generated
by recombining process may be enhanced. At present, however, the
chemical erosion of graphite in detached deuterium plasmas is not
fully understood yet [12,13].

In the NAGDIS-T, we can produce detached deuterium plasmas
in steady state by controlling neutral pressure. In the present pa-
per, the characteristics of detached plasmas are investigated by
using Langmuir probe and spectroscopic methods. By controlling
plasma parameters, we will demonstrate the transition from the
EIR-dominating condition to the MAR-dominating one. We also
study the chemical erosion of graphite in the detached deuterium
plasma, which is one of the most important issues to estimate the
lifetime of carbon in fusion devices.
2. Experimental setup

The NAGDIS-T consists of 12 toroidal magnetic field coils and
four vertical field coils, as shown in Fig. 1(a). These coils can pro-
duce a helical magnetic configuration. The major radius is 0.34 m
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Fig. 1. Schematic diagram of the toroidal divertor plasma simulator NAGDIS-T. (a) The top view, (b) poloidal cross section and (c) photograph of the experimental set up for
plasma irradiation experiments.
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and the poloidal cross section of the vacuum chamber has a rectan-
gular shape with a vertical height of 0.28 m and horizontal width
of 0.18 m, as shown in Fig. 1(b). The toroidal magnetic field, Bt,
and vertical magnetic field, Bv, are, respectively, 60.1 T and
3.0 � 10�3 T at the center of the vacuum vessel. The magnetic field
line, which starts from the top surface of the vacuum chamber,
goes down rotating toroidally. The incident angle of the magnetic
field line to the target plate and the connection length L can be con-
trolled from 40 m to 300 m by changing the ratio of the vertical
and the toroidal magnetic field strengths. The cathode is made of
LaB6, which is heated up to 1700 K by DC Joule heating [14].

Langmuir probe No. 1, which is equipped at the upper port of
section #9, is used to measure the 2-D plasma parameters in at-
Fig. 2. Discharge power dependence of electron density ne (circles) and temper-
ature Te (squares) at the position where the distance from the cathode is 0.36 m.
tached plasma condition. Moving range of this probe is horizon-
tally 50 mm and vertically 180 mm. Additionally, probe No. 2,
which is movable in the radial direction, is also set at the side port
of section #8. In detached plasmas, plasma parameters are evalu-
ated with optical methods because it was reported that the anom-
aly of the probe characteristics appears in detached condition
[15,16]. Note that the ion saturation current is reliable even in
the detached plasmas. The spectra of visible light emissions are
measured at section #9 (Fig. 1(a)). A 0.75-m Czerny-Turner spec-
trograph with 1800 grooves/mm grating is used for spectroscopy.
The instrumental width is 0.011 nm and the wavelength cover
range is 300–700 nm. The emission from the plasma was collected
by an optical lens, the diameter and focal length of which are both
50 mm, and coupled into an optical fiber. The diameter of the fiber
core is 230 lm and image of the optical fiber is at the center of the
vacuum chamber 1.2 mm, which is much less than the width of
plasma column.

3. Experimental results

3.1. Generation of deuterium plasmas

Fig. 2 shows a DC discharge power dependence of plasma den-
sity ne and temperature Te measured by the Langmuir probe No. 2
at X = 0 mm and Z = 50 mm, where X is the horizontal position
from the center of the vacuum vessel, and Z is the vertical one from
the top of the vessel in Fig. 1(b). As shown in Fig. 2, the deuterium
plasma with ne � 1.5 � 1019 m�3 and Te � 2 eV is generated at a
discharge power of 7 kW. Fig. 3(a) shows a typical photograph of
a deuterium plasma in the attached condition at a neutral pressure
of 7.8 � 10�2 Pa. We can clearly observe a deuterium plasma with
spiral shape. The deuterium plasma generated at the top is trans-
ported along the open helical magnetic field because the parallel
transport along the field line is much faster than the cross-field



Fig. 3. Typical photograph of (a) the attached plasma and (b) the detached plasma.
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plasma transport. It is noted that the 2nd loop of the spiral plasma
shifts inward, and finally the 5th loop reaches the side chamber
wall of the vacuum vessel at high field side. Fig. 4(a) shows a 2-D
distribution of ne measured with Langmuir probe No. 1. Here, the
positive X corresponds to the low field side direction, and the
inner/outer walls are located at X = �90/90 mm. The vertical and
horizontal step sizes of the measurement are 4 mm and 5 mm,
respectively. The horizontal profiles of ne at the 1st
Fig. 4. (a) 2-D distribution of electron density in the case of the attached plasma
and (b) horizontal profiles of the electron density at 1st and 2nd loops.
(44 mm < Z < 52 mm) and the 2nd (116 mm < Z < 124 mm) loops
are shown in Fig. 4(b). It is found that the plasma shifts toward
the high field side. We performed the same experiments by chang-
ing Bt and Bv, however, the inward shift does not change. At pres-
ent, the mechanism of the plasma shifts has not been understood
yet.

3.2. Overview of detached deuterium plasma

Fig. 3(b) is a typical photograph showing the formation of the
plasma detachment. The neutral pressure P was 0.56 Pa. The spec-
tra observed from the 1st and the 2nd loop of spiral plasma are
shown in Fig. 5(a) and (b), respectively. At spectrum at the 1st loop,
visible line emissions from electrically excited hydrogen molecules
as well as Balmer series are observed due to electron impact exci-
tation. On the other hand, at the 2nd loop, the series of visible line
emissions from highly excited levels, which are an indicator of
three body recombination process, were clearly observed in
Fig. 5(b).

The partial local thermodynamic equilibrium is satisfied above
a certain quantum number ncr [17], which is �5 in a typical de-
tached plasmas (ne � 1018 m�3, 0.1 eV < Te < 0.5 eV); thus, we eval-
uated Te by Boltzmann plot method with using the emission from
n = 7–14 [18]. Fig. 5(c) shows the relative population densities di-
vided by the statistical weight; the slope gives Te of 0.11 eV. Addi-
tionally, ne is evaluated from the Stark broadening of D(2–12) [17].
In case of Fig. 5(b), the Stark width of Dk(2–12) = 0.038 nm, which
is obtained by considering the instrumental width of 0.011 nm,
gives the electron density of 3.3 � 1018 m�3. The effects of the
Doppler broadening (0.006 nm at a neutral temperature of
0.1 eV) and Zeeman splitting [19] are negligible. The experimental
results indicate that EIR plays the dominant role for the formation
of the detached deuterium plasma when Te is less than 0.5 eV.

3.3. Transition between EIR and MAR in detached deuterium plasma

In Fig. 6(a), the emission intensity D(2–7) and the ratio to Da at
the 2nd loop plasma are plotted against the electron density at the
1st loop, which is measured with the probe No. 1. The neutral pres-
sure is 0.59 Pa, and the magnetic field strengths are



Fig. 5. Series of deuterium Balmer spectrum (a) at the 1st loop (b) at the 2nd loop
where the neutral pressure was 0.56 Pa. Inset shows the enlargement of the
spectrum at highly excited states. (c) Population density of n states per statistical
weight as a function of excitation energy from the ground state.

Fig. 6. (a) Emission intensity of D(2–7) lines (closed circles) and the intensity ratio
of D(2–7) and Da (open squares), (b) The ion saturation current ratio of 1st loop
plasma and 2nd loop as a function of the electron density at 1st loop plasma.

Fig. 7. Surface temperature dependence of weight loss by detached deuterium
plasma irradiation.

K. Yada et al. / Journal of Nuclear Materials 390–391 (2009) 290–294 293
Bt � 3.0 � 10�2 T and Bv � 1.8 � 10�3 T. When the electron temper-
ature is less than 1 eV, the electron impact excitation from the
ground state to n = 7 rarely occurs. Thus, the population densities
at highly excited states are determined by the EIR process. Since
D(2–7) emission is proportional to the population density at
n = 7, it can be used as an indicator of EIR process. Fig. 6(b) shows
the ne dependence of the ratio of Isat2 to Isat1, where Isat2 and Isat1 are
the ion saturation current in the 2nd loop (measured with probe
No. 2) and the 1st one (measured with probe No. 1), respectively.

The ratio D(2–7)/Da significantly decreases as decreasing ne,
when ne is around 5 � 1018 m�3. This indicates that effect of EIR be-
comes weak in the low density region. In fact, the series of spectral
lines from highly excited states almost disappears. Although the
EIR almost disappears below ne � 5 � 1018 m�3, the normalized
ion saturation currents Isat2/Isat1 are approximately 0.15 which is
still small. In the attached plasma, at which P � 8.4 � 10�2 Pa,
Bt = 3.0 � 10�2 T, and Bv = 1.8 � 10�3 T, Isat2/Isat1 was �0.6, which
is significantly larger than that in the detached plasma. Therefore,
the plasma particles are lost due to not only the EIR processes but
also other processes, and MAR could be an plasma particle loss
channel. In Fig. 6(a), in addition to the decrease of the effect of
the EIR, there is a possibility that the population density at n = 3
is selectively increased owing to MAR process [8,20] in the low
density region. We believe that MAR coexists with EIR in deute-
rium plasma under the present experimental condition.

3.4. Chemical erosion experiment of carbon in detached deuterium
plasma

High grade isotropic graphite target plate (ETP10, IBIDEN Co.
Ltd.) of 20 mm in diameter and 2 mm in thickness was installed
at the position along the magnetic field from the cathode.
Fig. 1(c) shows the photograph of the experimental setup. The
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weight loss method with an accuracy of ±0.1 mg is used for the
determination of the eroded weight. The surface temperature of
the graphite target was controlled externally with an infrared light
heater equipped at the lower port of #11, and was monitored by
using an IR-pyrometer calibrated with a thermocouple. The graph-
ite target was exposed to the detached deuterium plasma for
7200 s. The electron density and temperature were
1.7 � 1018 m�3 and 0.12 eV, respectively.

Surface temperature dependence of the weight loss of graphite
target is shown in Fig. 7. Closed circles show the weight losses
when the target is at the floating potential. In this case, both ions
and neutrals are bombarded to the graphite target. The ion flux
C evaluated from the ion saturation current to the target is (0.9–
1.2) � 1020 D+/m2s. The ion incident energy is less than 1 eV be-
cause the incident ion energy is determined by the sheath voltage,
and the sheath voltage can be estimated to be about 0.4 eV at an
electron temperature of 0.12 eV for a deuterium plasma.

Under detached plasma condition, since the electron density is
high and the electron temperature is low, heat exchange time be-
tween electrons and ions is quite short [21]. Thus, the ion temper-
ature is close to the electron one. The temperature of deuterium
neutral generated by EIR process is same as ion temperature of
�0.1 eV. Therefore, the physical sputtering of graphite target due
to deuterium ions and neutrals is negligible.

In order to reveal an influence of deuterium neutrals on graph-
ite erosion, the target is positively biased (� +30 V) to avoid the ion
bombardment. These experimental data are shown by closed
squares in Fig. 7.

The graphite weight loss due to deuterium neutrals has a peak
around 700 K. Comparison between the chemical erosions with
and without positive basing shows that more than 50% of the
chemical erosion is due to deuterium neutral bombardment when
the surface temperature is in the range of 600–800 K. This experi-
mental result indicates that the effect of neutral irradiation would
be significant even if the neutral temperature is around 0.1 eV.

We need to evaluate erosion yield due to deuterium neutrals;
however, we can not evaluate the erosion yield at this moment be-
cause it is quite difficult to measure deuterium neutral flux (flu-
ence) in the present experiment. In future, we plan to measure
the deuterium neutral density by LIF method with two-photon
excitation.

4. Summary

We have investigated the characteristics of detached recombin-
ing deuterium plasma in the toroidal divertor plasma simulator,
NAGDIS-T. We have produced detached deuterium plasma by con-
trolling the neutral pressure. In the detached plasmas, deuterium
Balmer series spectra were clearly observed up to an excited level
of�25 together with the continuum emission associated with radi-
ative recombination. The electron temperature and density in the
detached plasmas have been evaluated by optical methods. It is
found that the EIR plays a dominant role to form the deuterium de-
tached plasmas at the electron density of around 1018 m�3 and
electron temperature of less than 0.5 eV, while it is also found that
MAR process could be a particle loss process when the electron
density is less than 5 � 1018 m�3.

Furthermore, we have performed the plasma irradiation exper-
iments to graphite target in the detached deuterium plasmas. It is
revealed that neutral particles generated by EIR process could have
strong influence on the carbon chemical erosion.
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