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In the tandem mirror GAMMA 10/PDX, molecular activated recombination (MAR) leading to plasma de-
tachment has been observed by additional hydrogen gas injection to the divertor simulation plasma (i.e.
end loss plasma) which is exposed to the V-shaped target in the divertor simulation experimental mod-
ule (D-module). The temperature near the corner of the V-shaped target decreased from ~23 eV to ~2 eV
as the neutral pressure in the D-module increased. A clear density rollover was observed at ~2 Pa. A po-
sition of the density maximum moves to upstream of the plasma with increase in the neutral pressure
and the density near the corner of the target decreases to detach the plasma from the target. After the
occurrence of the density rollover, the Balmer § intensity decreases as with the density but the Balmer o
intensity continues to increase, indicating the dissociative attachment process in MAR is more dominant
than the ion conversion process although the rate coefficient of the former process is lower than that of
the latter one, which is calculated by using a collisional radiative model. This would be caused by the
MAR process related to triatomic hydrogen molecules which significantly contributed to the detachment
process.
© 2017 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license.
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

One of the important problems for magnetic fusion devices is
to significantly reduce heat load on a divertor plate to prevent
plasma-facing components from damage. Plasma detachment at
the divertor plate is considered to be the most promising solution
to this problem. A significant power out of the core plasma comes
to the divertor region through a scrape-off layer and it is reduced
by dissipative radiation and inelastic collisions due to plasma-gas
interaction including atomic and molecular processes to decrease
in plasma temperature. When the electron temperature decreases
below a certain value, volumetric recombination can play an im-
portant role in the reduction of particle flux towards the divertor
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plate and the plasma is detached form the divertor plate. The vol-
umetric recombination can occur through molecular activated re-
combination (MAR) as well as electron ion recombination (EIR).
The MAR processes for the plasma detachment have been stud-
ied theoretically [1-7], and experimentally in linear machines [8-
13] and tokamaks [14-15].

In the tandem mirror GAMMA 10/PDX, recently, a new project
has been promoted to study the boundary plasma and plasma
surface interaction (PSI) [16-18]. The divertor simulation experi-
mental module (D-module) has been installed in the end region
of the mirror device to make best use of a linear plasma device
with plasma confinement. Molecular activated recombination lead-
ing to plasma detachment has been observed by additional hydro-
gen gas injection to the divertor simulation plasma. In the present
paper, the MAR processes in the divertor simulation plasma
are investigated comparing experimental results and a collisional
radiative (CR) model. It is suggested that triatomic hydrogen

2352-1791/© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license. (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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Fig. 1. Schematic views of (a) GAMMA 10/PDX and (b) the D-module.

molecules play an important role in the MAR processes for plasma
detachment.

2. Experimental setup

The D-module has been installed in the end region of the
GAMMA 10/PDX tandem mirror device [19], which consists of an
axisymmetric central-mirror cell (i.e. central cell), anchor cells with
minimum-B configuration using baseball coils, plug/barrier cells
and end regions as shown in Fig. 1. The end loss plasma is exposed
to the D-module. The main plasma is produced in the central cell
by using ion cyclotron range of frequency (ICRF) heating, meaning
that the ion temperature is rather high (i.e. typically several keV).
In the anchor cells next to the central cell, MHD stabilization of
the plasma is maintained. In the plug/barrier cells, end loss is pre-
vented by the electrostatic potential which is produced by electron
cyclotron heating (ECH) using high power gyrotrons. In this study,
however, ECH was not used, since the end loss plasma was used
for the divertor simulation. The neutralized gas in the end region
is pumped with helium cryopumps.

The D-module consists of a rectangular box (0.5m square and
0.7 m in length) with an inlet aperture at the front panel and a V-
shaped target inside the box as shown in Fig. 1(b). Tungsten target
plates with the thickness of 0.2 mm are attached on the V-shaped
base. The target size is 0.3 m in width and 0.35m in length. The
open-angle of the V-shaped base can remotely be changed from
15° to 80°. In this study, the open angle was 45°. Additional hydro-
gen gas can be supplied from the vicinity of the inlet to the target

with a different feed rate for each plasma to control the neutral
pressure P, inside the D-module. The neutral pressure is measured
with an ASDEX gauge which is installed at an upper part of the D-
module. Thirteen Langmuir probes are installed on the upper tar-
get plate and two probes are installed between the V-shaped target
and the inlet as shown in Fig. 2. The hydrogen Balmer line emis-
sions (Hy and Hg) from the plasma inside the D-module is mea-
sured with a spectrometer and a fast camera with an interference
filter. The D-module can be moved up and down. In the case of a
divertor simulation experiment, it is set on the axis of the plasma.

3. Results and discussion
3.1. Overview of detached hydrogen plasmas

Hydrogen gas is injected into the D-module with a different
feed rate shot by shot to obtain dependence of plasma param-
eters such as electron density (ne), temperature (Te) and Balmer
line emissions on Py. The gas feed rate is changed by changing the
plenum pressure (i.e. gas pressure in a reservoir tank at the upper
stream of a piezoelectric valve). Hydrogen gas was supplied inside
the D-module from 300 ms before the plasma production until the
end of the plasma. As shown in Fig. 3, P, becomes constant be-
fore the plasma production and then increases due to plasma in-
flow. The pressure increase must be attributed to suppression of
gas flow out of the D-module due to plasma-gas interaction, since
contribution of inflow of hydrogen ions on the pressure increase is
much smaller.
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Fig. 2. Arrangement of measurements of Langmuir probes (closed circle) and spec-
troscopy (open circle). The position of the spectroscopy is 150 mm away from the
corner of the V-shaped target. The number above the probe position is a probe
number.
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Fig. 3. Time evolution of the neutral pressure inside the D-module, which is mea-
sured with an ASDEX gauge, for different plenum pressures of hydrogen gas supply.

Fig. 4(a) shows the line-averaged electron density at the plug
cell which is next to the end region. The density increased with
increasing P, until ~4 Pa and then became almost constant. A part
of hydrogen gas that flows out of the D-module diffuses to the plug
cell, and it is ionized there. As shown in Fig. 4(b), ne near the in-
let of the D-module increased with increasing P, until ~2 Pa and
then became constant, which is a similar tendency to the upstream
density at the plug cell. It is noticed that ne near the inlet of the D-
module is about one order of magnitude smaller than that at the
plug cell, which is attributed to plasma confinement at the plug
cell by a magnetic mirror. The electron density near the corner of
the V-shaped target also increased with increasing P, until ~2 Pa
and then decreased, showing a clear density rollover. A rollover of
the particle flux to the target (i.e. ion saturation current measured
by a Langmuir probe) occurred before the density rollover, which
indicates the plasma was detached from the target plate. As shown
in Fig. 5, a two-dimensional image of Hg line intensity (IHﬂ) also
indicates the plasma detachment occurred in front of the target.
As shown in Fig. 4(c), Te near the inlet of the D-module decreased
from ~30eV to ~8 eV with increase in P, and that near the cor-
ner of the V-shaped target decreased from ~23eV to ~2eV. The
ion temperature (T;) that was measured by a retarding field energy
analyzer before setting the D-module on the axis of the plasma
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Fig. 4. Neutral pressure dependence of (a) line-averaged electron density at the
plug cell, (b) electron density and (c) temperature near the inlet of the D-module
(probe No. 7) and the corner of the V-shaped target (Probe No. 1), and (d) Balmer
line emissions.

was about 170 eV, which is considered to be almost the same as
T; of the plasma exposed to the D-module without additional gas
injection, suggesting that T; was several times higher than T. in
the case of no gas injection. Fig. 4(d) shows Balmer line intensities
as a function of Py. The trend of Iy, is similar to that of n. near
the corner, but Hy line intensity (I, ) increased with increasing Py
until ~5 Pa even though the density decreased. The increase in Iy,
is considered to be attributed to MAR, which is discussed in the
next section.

Fig. 6 shows spatial profiles of Te and ne which were measured
with Langmuir probes of which arrangement is shown in Fig. 2.
The electron temperature decreases as a whole as P, increases. On
the other hand, the behavior of the density profile is rather compli-
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Fig. 5. Images of Balmer 8 emission in front of the V-shaped target, showing (a) an
attached plasma and (b) a detached one. The center wavelength and half maximum
full-width of the interference filter attached on the fast camera are 688 nm and
10 nm, respectively. The color scaling of the both images is the same.

Table 1

Processes of molecular activated recombination in hydro-
gen plasma. The particle H* refers to electrically excited
atomic hydrogen and the notation (v) means a vibrational
quantum number.

Label Reaction

DA-MAR DA Hy(v)+e—- H +H
MN H- +H* - H+H*
IC-MAR IC,CX  Hy(v)+H' - Hj(v)+H
DR H} (v) +e— H+H*
MIC-MAR  IC, CX  H(v) +H* — Hj (v) +H
MIC H,(v) + Hj (v) - Hj (v) + H
DR H}(v) +e— 3H, Hy(v)+H*

cated due to atomic and molecular processes including ionization
and recombination, which depend on not only electron tempera-
ture but also electron, neutral atom and molecule densities. The P,
dependence of n. in front of the target (i.e. =300 < Z < 0) is similar
to the result of Fig. 4(b) as a whole, suggesting that recombination
is dominant in the region in front of the V-shaped target. It is con-
sistent with the result of Fig. 5. The decrease in n. near the corner
of the target (i.e. —150 <Z <0) is remarkable at P, ~ 10 Pa, indi-
cating recombination is enhanced there. This would be a recycling
effect at the corner of the target. In the upstream region, it is ob-
served that the position of the density maximum moves upstream
as P, increases, suggesting the ionization front moves upstream as
P, increases.

3.2. Molecular activated recombination in the hydrogen plasma

The atomic and molecular processes that result in MAR have
been discussed in many laboratories [1-7, 20-24]. The MAR pro-
cesses are summarized in Table 1. There are mainly three chains
of reactions which lead to MAR. The first chain (refer to as DA-
MAR) is the dissociative attachment (DA) of vibrationally excited
molecular hydrogen followed by mutual neutralization (MN). The
second chain (IC-MAR) is atomic to molecular ion conversion (IC)
or charge exchange (CX) followed by the dissociative recombina-
tion (DR). In the third chain, the molecular to triatomic molec-
ular ion conversion (MIC-MAR) is followed by two kinds of DR
reactions. Fig. 7 shows rate coefficients of DA-MAR (Spa-mar), IC-
MAR(Sic.mar), EIR (Sgr) and ionization (Sj,,) as a function of Te,
which is calculated by using a CR model [25, 26]. It is noted that
reactions of Hj +e— H+H*'+e and H™ +e — H* + 2e, which
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Fig. 6. Profiles of (a) electron temperature and (b) density, which are measured
with Langmuir probes for different plenum pressure. The position Z=0 represents
the position of the corner of the V-shaped target.

Ti=Te, ne=1x10"m?

107

Rate Coefficient (m®/s)

Te (V)

Fig. 7. Rate coefficients of collisional processes as a function of electron temper-
ature: electron-ion recombination (Sgg), ionization (S;,,) and molecular activated
recombination (Spa-mar. Sic-mar)» Where a vibrational quantum number of hydrogen
molecule and the electron density are assumed to be six and 1 x 10" m~3, and ion
temperature is assumed to be the same as electron temperature.

compete with the DA-MAR and IC-MAR processes, are included in
the CR model but the MIC-MAR process is not included. It is found
that Sgr is low due to low plasma density and it becomes higher
than S;,, when Te is less than ~1.3eV. On the other hand, the
MAR rate coefficient becomes much higher than §;,, when Te is
less than ~7 eV and hydrogen molecule is vibrationally excited (v
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Fig. 8. Comparison of hydrogen population coefficients among processes of RO, R1,
R2, IC-MAR and DA-MAR.

> 4). It is considered that the density rollover in the experiment
was caused by MAR, since the rollover occurred at ~4eV.

In the MAR processes, excited hydrogen atom is finally pro-
duced, which results in enhancement of Balmer line emissions. The
population density of them is calculated by using the CR model as
follows:

n(p) = Ro(p)neny+ + Ry (p)neny + Ry (p)neny, + Ryar (P)Neny,,
(1)

where p is a principal quantum number and ny,, ny and ny, are
densities of hydrogen ion, neutral hydrogen atom and molecule, re-
spectively. Fig. 8 shows hydrogen population coefficients as a func-
tion of p. In this calculation, ne is 1x 107 m=3 and Te is 2.5eV,
which are similar to the experimental parameters with high neu-
tral pressure. Here, T; is assumed to be the same as Te. The ef-
fect of T; on the population coefficient is discussed later. Let us
consider contribution of each term of the Eq. (1) to n(3) (i.e. Iy,)
and n(4) (ie. Iy ﬂ) taking into account ny, was considerably high
in this experiment. When the neutral pressure is 2 Pa, for example,
the electron density is around 1 x 107 m—3 as shown in Fig. 4(b),
meaning ny,/nyy ~ 6x 103. As shown in Fig. 8, population co-
efficients Ry and R, are so small that the first and third terms
can be ignored. The second term (i.e. excitation process) may con-
tribute to the population density, but one can consider the MAR
process played a dominant role for the population density, since
ny, was high and Ryag is higher than R;. The population coeffi-
cient Ryar of Eq. (1) consists of population coefficients of DA-MAR
(Rpa-mar) and IC-MAR (Rjc.mar)- In the DA-MAR process, popula-
tion coefficients with p=2 and 3 are dominant as shown in Fig. 8.
In the IC-MAR process, on the other hand, every population co-
efficient with p > 2 is high. It is found that sources of I, are
both processes of DA-MAR and IC-MAR and a source of al2 is only
IC-MAR process. The population coefficient in the DA-MAR process
strongly depends on the vibrationally excited state of the hydrogen
molecule in the range of the vibrational quantum number v=1 to

Te=25¢eV,ne=1x10"m?>

1 0-26

Population Coefficient (m?)

-28 | | ! ! ! !
10 2 3 4 5 6 7

Principal Quantum Number

Fig. 9. Comparison of population coefficients for IC-MAR and DA-MAR depending
on ion temperature. The vibrational quantum number of hydrogen molecule in this
calculation is six.

6 and it is almost the same over v=6 as shown in Fig. 8. The ob-
servation of enhancement of Iy, (Fig. 4(d)) suggests that v is more
than 4-6, since the population coefficient with lower v is too low
to contribute observation of the H, line emission. The enhance-
ment of Iy, is discussed later.

The ion temperature of the plasma exposed to the D-module
is expected to be higher than T. even in the detachment phase.
Fig. 9 shows comparison of Rpa_yvar and Ric.mar With v=6 focus-
ing on the ion temperature. The difference between Rpa_\var and
Ric.mar Widens as T; becomes higher than Te, indicating that IC-
MAR becomes the more dominant process than DA-MAR in higher
ion temperature range.

Now, we consider atomic and molecular processes in the di-
vertor simulation plasma in front of the V-shaped target divid-
ing into the following three phases: (I) P, <2, (II) 2 <P, <5, (III)
5 < Pn < 10. In the phase I, Te decreases from ~23 eV to ~4 eV and
ne increases from 1.4 x 101 m—3 to 7.3 x 10'® m—3 with increase in
Pp. Rollover of a particle flux which is evaluated by a Langmuir
probe was observed, indicating the plasma detachment started to
occur. In the latter of this phase, Te is so low that IC-MAR becomes
more dominant process than ionization as shown in Fig. 7 although
ne still increases. This increase in ne is considered to be caused by
increase in the upstream density shown in Fig. 4(a) and plasma
transport from the upstream (i.e. plug cell) to downstream (i.e. in-
side of the D-module).

In the phase II, n. and IHﬁ decreases but Iy, continues to in-
crease with increase in Pp. The increase in Iy, may be caused
mainly by the DA-MAR process, since the H, line emission that
is caused by the IC-MAR process is expected to decrease as with
decrease in Iy, . This means that the chain reaction in the DA-MAR

process was promoted although Spa_mar is lower than Sic_var as
shown in Fig. 7. The increase in Iy, during decrease in ne in the
phase II suggests that the number of vibrationally excited hydrogen
molecules significantly increased, since the reaction products (i.e.
excited hydrogen atoms with p=3) increased although the num-
ber of reaction partners (i.e. electron and atomic ion) decreased.
A key to understand the increase in Iy, during decrease in ne is
MIC-MAR, which produces vibrationally excited molecules to pro-
mote the DA reaction in the DA-MAR process. Besides, the MIC-
MAR process impedes IC-MAR by consuming molecule ions that
are used for IC-MAR. Although a rate coefficient of MIC-MAR is
not available and quantitative discussion cannot be done, one can
consider that if the MIC-MAR process does not work IC-MAR is
the dominant process as shown in Fig. 8 and Iy, and lHﬁ would
show similar trend in the neutral pressure dependence. The op-
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posite trend in Iy, and IHﬂ behaviors in the phase II suggests
that the chain reaction in the DA-MAR process is promoted by in-
crease in the vibrationally excited molecules that are produced by
MIC-MAR. The H, intensity decreases in the phase III, which may
be caused by decrease in ne due to enhancement of the plasma
detachment.

4. Conclusion

The hydrogen gas injection to the divertor simulation plasma in
the D-module has been done to investigate the plasma detachment
process. The electron temperature in front of the V-shaped tar-
get in the D-module decreased with increase in the neutral pres-
sure and the density rollover occurred in front of the target as
a whole around 2 Pa, indicating the plasma was detached from
the target plate, which was caused by MAR. In the region near
the corner of the target, in particular, the electron temperature
decreased to ~2eV and decrease in the density was remarkable
due to enhancement of the recycling at the corner of the tar-
get. After the density rollover, Iy P decreased as with the density
but Iy, continued to increase with the neutral pressure, indicating
that DA-MAR is the more dominant process than IC-MAR although
the rate coefficient of DA-MAR is lower than that of IC-MAR. It
is considered that increase in Iy, and decrease in Iy, are caused
by promotion of the MIC-MAR process, meaning the IC-MAR pro-
cess is impeded by promotion of the MIC-MAR process and the
DA reaction in the DA-MAR process is promoted by increase
in the number of vibrationally excited molecules produced by
MIC-MAR.
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