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A hydrogen secondary gas feeding experiment was conducted with hydrogen plasma. A rollover of the electron
density and a monotonic decrease in the electron temperature were observed as the amount of the secondary gas
increased. The vibrational distribution and temperature of ground electronic hydrogen molecules were evaluated
based on the Fulcher-a band spectroscopy. To analyze the contribution of molecular activated recombination (MAR)
to plasma particle loss, the reaction rates of the dissociative attachment (DA) and ion conversion (IC) of vibrationally
excited hydrogen molecules were calculated. The reaction rate of IC was approximately two orders of magnitude
greater than that of DA and significantly increased with the onset of the density rollover. The IC reaction rate
remained high even as the electron density decreased. This analysis is limited to the first reactions of MAR; however,

the significance of IC-MAR is strongly indicated.
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1. Introduction

One of the most crucial problems in diverted tokamaks
and stellarators is the safe handling of the power exhaust to
the divertor plates. Fusion reactors will be operated in detached
divertor mode, which is characterized by a reduction in
plasma particle flux, to mitigate the heat load onto the diver-
tor plates below an acceptable limit [1, 2]. Plasma volumetric
recombination strongly contributes to detachment onset, and
the recombination is classified into two types: electron-ion
recombination (EIR) and molecular activated recombination
(MAR). MAR was theoretically predicted and modeled [3,
4], and experimentally demonstrated [5] in the 1990s. Subse-
quently, studies on MAR have been enthusiastically con-
ducted, particularly in linear divertor plasma simulators, e.g.
NAGDIS-II [6, 7], MAP-II [8, 9], TPD-Sheet IV [10], ULS
[11, 12], PISCES-A [13], GAMMA 10/PDX [14, 15], and
Magnum-PSI [16].

As shown in Table 1, the main reaction chains of MAR
in hydrogen plasma are DA-MAR and IC-MAR. DA and IC-
MARs are attributed to the dissociative attachment and ion
conversion, respectively. Both reactions are initiated by vibra-
tionally excited hydrogen molecules, which are produced by
electron impacts on ground electronic hydrogen molecules.

In tokamaks, energetic ions are periodically transported
into the divertor region by edge-localized modes, causing
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Table 1. Two main reaction chains of hydrogen molecular activated
recombination. v and p represent the vibrational and principal
quantum numbers, respectively.

Label Reaction
DA-MAR H,(v) + e~ — H™ + H : Dissociative attachment
H™ + H' — H + H* (p =2, 3) : Mutual neutralization
IC-MAR H,(v) + H" — H3(v) + H : Ton conversion
H3(v) + e~ — H + H* (p > 2) : Dissociative recombination

various collisions with hydrogen molecules and atoms. An
experiment conducted with helium EIR plasma indicated that
energetic ions decrease the reaction rate of EIR through the
charge exchange reaction [17]. The influence of energetic
ions on MAR is expected to be more complex. MAR can be
facilitated by the production of H,(v) via energetic ion colli-
sions. In contrast, if energetic ions dissociate or ionize H,(v),
the reaction rate of MAR decreases; thus, plasma detachment
is impeded.

To investigate the complicated phenomena induced by
energetic ions, we plan to conduct an ion beam injection exper-
iment into hydrogen MAR plasma. Recently, we successfully
produced hydrogen plasma with a rollover of the electron
density and a monotonic decrease in the electron temperature
[18]. This behavior occurs when volumetric recombination is
strongly facilitated. However, the contributions of molecular
reactions have not yet been analyzed in detail. In this study,
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we analyzed the first reactions of two MARs using Fulcher-a
band spectroscopy to determine the significance of the MARs
on the plasma particle loss observed in DT-ALPHA.

2. Experimental Setup

The steady-state radio-frequency (RF) plasma source
DT-ALPHA [19] was used in the experiments. Figure 1(a)
shows a schematic diagram of the DT-ALPHA device. The
DT-ALPHA device consists of a quartz pipe and a stainless
steel chamber. The total length of the device is approximately
2 m. The inner diameters of the quartz pipe and stainless
steel chamber are 36 and 63 mm, respectively. The z-axis is
defined as illustrated. An RF antenna is wound around the
quartz pipe, and the antenna is connected to an RF power
supply through a matching circuit. Plasma is produced with
an RF discharge of 13.56 MHz. During the experiment, the RF
power was maintained at approximately 620 W. A hydrogen
working gas was supplied to the device near the upstream
end. In addition, a hydrogen secondary gas was fed in the
downstream region (z = 1.58 m) to enhance the hydrogen
MAR reactions. In this experiment, the hydrogen molecule
pressure at z = 1.58 m was increased up to 5 Pa by varying
the amount of the secondary gas. Three orifice units are
installed inside the device to suppress the diffusion of the
secondary gas toward the plasma production region. The
amounts of the working and secondary gases were controlled
using mass-flow controllers. The hydrogen molecule pres-
sures measured at z = 0.98 and 1.58 m are denoted as p,, and
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Measurements were performed near the plasma produc-
tion region (z = 0.98 m) and the secondary gas feeding posi-
tion (z = 1.58 m). At z = 0.98 m, the electron temperature (T)
and electron density (n.) were measured using a Langmuir
probe to confirm that these parameters were kept almost con-
stant during the experiment. At the secondary gas feeding
position, a Langmuir probe was also used to obtain T, and
ne. In addition, the optical emissions of atomic hydrogen (H,
and Hg) and molecular hydrogen (Fulcher-a band) were col-
lected using two spectroscopes. Figure 1(b) represents a
cross-sectional view at z = 1.58 m. The viewing chord can be
moved vertically. In the following sections, the radial posi-
tion of the plasma is denoted by r.

3. Results and Discussion

3.1 Electron density rollover at the secondary gas
feeding position

The electron density and temperature were measured
with various amounts of the hydrogen working and sec-
ondary gases. The Langmuir probes were radially movable
but kept close to near r = 0 mm during the measurements.
Figure 2 summarizes the results as a function of pyown-
Figures 2(a) and (b) show the flow rate of the working/
secondary gases and pyp, respectively. Although there are
two orifice units between z = 0.98 and 1.58 m as shown in
Fig. 1, it is difficult to completely control the diffusion of the
secondary gas toward the upstream region. Therefore, the
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Fig. 1.
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Schematic of (a) DT-ALPHA device and (b) cross-sectional view at z=1.58 m.
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Fig. 2. (a) Amounts of working and secondary gases, (b) neutral pressure
in upstream region, (c) electron density, and (d) electron
temperature as functions of downstream pressure. Two Langmuir
probes were kept close to ¥ = 0 mm. The results at pyown > 3.6 Pa
are ignored because the discharge mode was likely changed.

working gas flow rate was to be decreased as the secondary
gas flow rate increased to maintain py, approximately 1 Pa.
The circles in Figs. 2(c) and (d) show n, and T, observed at
z = 0.98 m. Although py, slightly increased with increasing
Ddown»> Me and T, were almost constant at 1 x 107 m™ and
12 eV until pyown = 3.6 Pa. For pgown > 3.6 Pa, the flow rate
of the working gas reached 0 scem, leading to an undesirable
increase in the upstream pressure. According to a previous

o
E _I LU I LI I LI II ' H(x
(&)
s () = HB
=3 - =
'; o & - E x
210°F o @ * e
E - % - - .
— B E .
© - m B L i
;.—), o -
€ B _
%)101-—| 11 I 11 1 1 I 1 1 1 I L1 1 1
FT T T T [T T T T [T T T T[T T T T3
2 °F(b) HovHB E
z ‘k oo -
‘B " o @ e © O Z
g 3f ¢ =
£ - =
s 2F -
2 F -
g 1 —
wooE ]
o‘l [N N S TN N M M N A S T N O A A
0 1 2 3 4
Paown P2

Fig. 3. (a) Emission intensities of H, and Hg and (b) He/Hp ratio
obtained at z = 1.58 m as a function of downstream pressure.

study [20], when the neutral pressure increases excessively,
ne and T, at z = 0.98 m change dramatically, probably due to
the change in the discharge modes. Therefore, the significant
changes observed in n, and T, at pyown > 3.6 Pa were likely
associated with these changes. As shown in Fig. 2(c), ioniza-
tion was facilitated at z = 1.58 m by the increase in pyyyn,
and n, reached a maximum at 1.1 Pa. Subsequently, it
decreased monotonically until 3.6 Pa. T, decreased monoton-
ically from approximately 17 to 6 eV. Because the electron
temperature was too high for EIR, the rollover can be
attributed to MAR.

3.2 Pressure dependence of emission intensity of
Balmer series

The intensity ratio of H, and Hg is a good indicator of
DA-MAR because it selectively produces hydrogen atoms
excited into p = 2 and 3 (Table 1). H,/Hg increases several-
fold with the onset of the DA-MAR [14]. Therefore, the
emission intensities of H and Hg were collected at z = 1.58 m.
Figure 3(a) shows the results. Here, H, and Hg are line-
integrated values along a viewing-chord crossing near the
plasma axis. The intensities of H, and Hg increased similarly
with increasing pgown. Figure 3(b) shows the H/Hg ratio. No
clear change was observed in the ratio even though paown
was increased up to 3.6 Pa, indicating that the contribution of
DA-MAR to the density rollover was negligibly small.

However, the line-integration effect should be discussed
because a cold recombining region occasionally surrounds a
hot ionizing region, and the bright hot core dominates the
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line-integrated emission. The radial profiles of the local line
emission intensities for pyown = 0.8, 1.6, and 3.4 Pa were
then evaluated by the Abel inversion. These pressures corre-
spond to before the rollover, at the density peak, and after the
rollover, respectively. Figures 4(a) and (b) show the radial
profiles of the local emission intensities of the H, and Hpg
lines, respectively. H, and Hg exhibited similar radial profiles
regardless of the neutral pressure. As shown in Fig. 4(c),
H,/Hg ratio was spatially uniform and its shape was inde-
pendent of the pressure even though the ratio was evaluated
with local emissions. We conclude that the contribution of
DA-MAR to plasma particle loss was negligible.

3.3 Reaction rates of ion conversion and dissocia-
tive attachment

To confirm the contribution of IC-MAR to the density
rollover, the reaction rates of the ion conversion (IC) and dis-
sociative attachment (DA) were evaluated. The cross-sections
of IC and DA strongly depend on the vibrational excitation
level of hydrogen molecules [21]. Therefore, the vibrational
distribution was initially evaluated based on the Fulcher-a
band spectroscopy, as described in Refs. [22] and [23].

Assuming coronal equilibrium for the excited hydrogen
molecules, the emission intensity for the Fulcher-a band
(d-state to a-state) is expressed as follows:
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where (v, J') and (v”, J”) denote the vibrational and rota-
tional quantum numbers at the upper and lower levels, respec-
tively; A represents the spontaneous emission coefficient of
the corresponding transition; R represents the electron impact
excitation rate of hydrogen molecules from the ground elec-
tronic state (X, v, J) to the upper level of the Fulcher-o band
(d, V', J'). The electron impact excitation rate was calculated
based on the Gryzinski semi-classical theory [22]. Here,
Ny, represents the ro-vibrational population of the ground
electronic state. If Nx,; follows the Boltzmann distribution,
it can be expressed as follows:

Nxupr = CU(ZJ + l)gas
F A 2
exp x(J,v)  AGx(v) @
kBTrot kBTvib

where v and J represent the vibrational and rotational quan-
tum numbers in the ground electronic state, respectively; C,,
8.s» Tror, and Ty, denote the normalization constant, degen-
eracy for the considered nuclear spin, and rotational and
vibrational temperatures, respectively; Fx(J,v) denotes the
rotational energy, and AGx(v) denotes the energy difference
between v = 0 and the vibrational state of interest. Using
Ny, the vibrational distribution (N,) can be calculated as
follows:
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Fig. 4. Radial profile of (a) local emission intensity of Hy, (b) local emission intensity of Hg, and (c) the Ho/Hp.
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Rotational and vibrational quantum numbers up to J = 10 and
v = 14 were considered in the analysis. T, and Ty, were
determined such that the relative intensity of the calculated
Fulcher-a band emissions best reproduced the experimentally
obtained intensity. Using Ty and Ty, the vibrational distri-
bution of the excited hydrogen molecules was calculated
using Egs. (2) and (3). Finally, the reaction rates of IC (Ry¢)
and DA (Rp,) can be obtained as follows:

Ric = ) Ny {orcV), “)
v

Rpa = Z Nxuhe{opaV), )

where ny+ denotes the proton density, and we assumed that
ny+ 1s equal to the electron density. Since molecular ions also
exist in hydrogen plasma, the assumption likely overesti-
mated ny+ by several times. However, this has no significant
influence on the analysis because, as shown later, Ry¢ is sig-
nificantly greater than Rp,. ojc and opa represent cross-
sections of IC and DA, respectively [21]. Vibrational levels
up to 14 were considered for the cross-sections. Here, V' rep-
resents the relative velocities of protons/electrons to the
excited molecules. The thermal velocity was denoted as V' in
this analysis. The electron thermal velocity was calculated
using T,; however, T; was assumed because it was not mea-
sured. Since DT-ALPHA has no active ion heating and ions
rapidly lose their energy through the charge exchange reac-
tion, we assumed T./10 < T; < T./2. The ionization reaction
rate (R;on) Was also analyzed because the density rollover can
be explained if R;,, decreases as pyoyn increases. Using the
collisional-radiative model for atomic hydrogen [24], Rjo,
was evaluated as Rj,, = Scrhehy. Here, Scr and ng denote
the CR ionization rate coefficient and the ground state atomic
hydrogen density, respectively. The diagnostic of ny was not
available; thus, we evaluated ny through the density ratio of
atomic and molecular hydrogen, as reported in Ref. [8].
Although the experiment in Ref. [8] was conducted with a
helium-hydrogen mixture plasma, we referred to this report
because the neutral pressure, 1., and T, were similar to those

in the present experiment. ny/ny, was approximately 107
when 7, T,, and the total neutral pressure were 0.7 x 10" m,
3 eV, and 1.2 Pa, respectively [8]. ny/ny, changes only 50 %
even though n, changed by one order of magnitude. There-
fore, we assumed that ny/ny, was constant at 107 in the
present analysis.

Figure 5 shows a typical Fulcher-a band spectrum col-
lected at z = 1.58 m. Twelve line spectra corresponding to
(0-0)Q1 to (3-3)Q3 were clearly observed. The numbers in
parentheses are the vibrational quantum numbers of the
upper and lower states. Q indicates that the rotational quan-
tum number (J) does not change before and after the transi-
tion: AJ = 0. The number next to Q represents the rotational
quantum number of the upper and lower states. In Fig. 6, the
vibrational temperature and distribution are plotted. Ty,
slightly increased as pyown increased and reached its maxi-
mum at approximately pgown = 0.5 Pa. As shown in Fig. 2(d),
the electron temperature in the downstream region decreased
at approximately this pressure. Therefore, the slight increase
in Ty can be attributed to energy transfer from the bulk
electrons to the hydrogen molecules. Subsequently, Ty,
exhibited a monotonic decrease from approximately 3500 K
to 2400 K with increasing pgyown. The vibrational distribu-
tions for pyown = 0.5, 1.1, and 3.4 Pa are shown in Fig. 6(b).
Tyip at 0.5 and 1.1 Pa are almost the same; thus, the vibra-
tional distributions corresponding to these pressures are also
almost the same. In contrast, Ty;, at 3.4 Pa is approximately
700 K lower than that at the other two pressures; thus, the
distribution is significantly different, particularly at high vibra-
tional levels. Figure 7 shows the reaction rates of IC, DA,
and ionization as functions of pyuy,. To discuss the contribu-
tions of the two MAR reactions and ionization to the density
rollover, the electron density obtained at z = 1.58 m is also
plotted in Fig. 7 with open squares. Initially, the ionization
reaction rate increased with pyow, and reached a maximum at
1.1 Pa. The increase in n, at approximately 1 Pa can be
explained by the enhanced ionization. The reaction rate of IC
was two orders of magnitude greater than that of DA. Further-
more, although it was within the error bar range, the reaction
rate of IC was several times larger than that of ionization and
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Fig. 5. Typical Fulcher-a band spectrum observed at z = 1.58 m.
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Fig. 6. (a) Vibrational temperature and (b) vibrational distribution of
hydrogen molecules in ground electronic state.

remained high even when the electron density decreased. In
particular, at 2.0 Pa < pyoun < 3.4 Pa, the reaction rate of ion-
ization was almost constant. Therefore, a decrease in the ion-
ization rate is unlikely to explain the rollover. These results
indicate that IC-MAR strongly contributes to volumetric plasma
particle loss rather than DA-MAR and decrease in the ioniza-
tion rate, which is consistent with other reports [16, 25].

Plasma particle loss could have occurred not only by
volumetric recombination but also by radial transport [26].
However, the particle flux due to radial transport evaluated
with the same manner described in Ref. [25] decreased at
Ddown > 1.6 Pa, indicating that it was less important than the
MAR in the present study. But this calculation is a simplified
one; thus, we plan to measure the radial particle flux for fur-
ther understanding.

4. Conclusions

The contributions of MAR to the plasma particle loss in
the hydrogen plasma produced in the DT-ALPHA device
were analyzed in terms of the dissociative detachment (DA)
and the ion conversion (IC) reaction rates. The rollover of the
electron density and the monotonic decrease in the electron
temperature were observed as the amount of the secondary
gas increased. Regardless of the line-integration effect, H,/
Hg ratio exhibited no pressure dependence and was distrib-
uted uniformly, indicating that the contribution of DA-MAR
to the density rollover was negligible. Next, the reaction rates
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Fig. 7. The reaction rates of the ion conversion, the dissociative attach-
ment, and ionization as functions of downstream pressure. The
electron density at the same axial position is also plotted. The
error bars of the reaction rate of the ion conversion are due to
the ion temperature (T;), which was assumed to be in the range
T/10 < T; £ Te/2. The circles of ion conversion represent
average values.

of IC and DA were evaluated based on the Fulcher-a band
spectroscopy. The IC reaction rate was two orders of magni-
tude greater than the DA reaction rate. Although it was within
the error bar range, the IC reaction rate was larger than the
ionization reaction rate and remained high even when the
electron density decreased. A decrease in the ionization rate
is unlikely to explain the rollover because the reaction rate of
ionization was almost constant. This analysis was limited to
the first reactions of MARs. Further analysis of the second
reactions is required to understand the contributions to the
observed rollover. However, the significance of IC-MAR is
strongly indicated.

To evaluate the reaction rates of the entire MAR process,
analysis of a collisional radiative code for hydrogen molecules
[27] is required. In addition, to investigate the contribution of
radial transport, we plan to measure the radial particle flux.
These analyses are currently ongoing, and the results will be
reported elsewhere.
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