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Molecular activated recombination (MAR) has been received attention as one of the most important pro-
cesses to realize the detached state, specifically in the linear plasma device, GAMMA10/PDX. The impact of
ELMs on the MAR reaction and the resultant detached state, however, have not fully been understood. We have
developed a zero-dimensional model of atomic-molecular processes which takes into account MAR by separate
treatment of vibrational excited states of H, molecules, and the high energy tail of the electron energy distribution
function (EEDF) during the ELM heat pulse. The results show that the rate of MAR increases during ELMs due

to an increase in excited molecules.
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1. Introduction

It is important to understand the dynamic behavior of
detachment, especially the response to the heat pulse dur-
ing Edge Localized Modes (ELMs). To analyze it, we have
focused on the following two points.

The first point is non-equilibrium electron energy dis-
tribution function (EEDF) during ELMs. In the high con-
finement H-mode plasma, high temperature and density
heat pulse flows into the divertor plate due to ELMs. High
energy particles due to ELMs may collapse the detached
plasma that is realized under the low temperature condi-
tion. It has been clarified numerically that the energy dis-
tribution of plasma during the ELM deviates from ther-
modynamic equilibrium with Maxwellian distribution [1].
Therefore, to analyze the detachment during ELMs, a dy-
namic model including a non-equilibrium feature of the
EEDF is necessary.

The second point is the effect of molecular activated
recombination (MAR) on the detached state [2, 3]. The
volume recombination, which is important process for the
detached state, is classified into two types, 1) ion electron
recombination (IER) and 2) MAR which occurs via vibra-
tional excited molecules. There are two types of IER: ra-
diative recombination (Eq. (1)) and three body recombina-
tion (Eq. (2)).

e+H" - H+ h, (1

e+e+H" - e+H. )

As for MAR, two paths are taken into account in this study.
One is IC-MAR starting with ion conversion (IC) and caus-
ing dissociative recombination (DR).
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IC: Hy(v) + H* — H} + H(1s), 3)
DR: HJ + e — H(ls) + H(p), )

where v is the vibrational excitation level, and p is the prin-
cipal quantum number of H. The other path is DA-MAR
starting with dissociative attachment (DA) and leading to
mutual neutralization (MN).

DA: Hy(v) + e — H™ + H(1s), 5)
MN: H™ + H* — H(ls) + H(p = 2,3). (©6)

From Ref. [2], the MAR rate is higher than IER, which sug-
gests MAR can significantly contribute to detachment. Re-
cently, it has been reported that MAR greatly contributes to
detachment in the linear plasma device, GAMMA10/PDX
[4]. In tokamak devices, however, MAR has not been
clearly observed. It still remains an issue to analyze what
conditions make MAR dominant.

In order to analyze (1) the role of MAR for detach-
ment and (2) dynamic response to detachment by ELMs,
we are developing a simple zero-dimensional (0D) model
of atomic-molecular processes which takes into account
non-equilibrium features of the EEDF and the effect of
MAR.

2. Model

To analyze dynamic behavior of detachment, a 0D
model of atomic molecular processes has been developed.
Some geometry parameters are chosen in reference to
GAMMA10/PDX, in which MAR has been observed.

2.1 0D model
The OD model is a so-called rate equation which is de-
rived from the transport equation by the volume integral.

© 2019 The Japan Society of Plasma
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Therefore, the model does not consider the spatial distri-
bution. The basic equation of this 0D model is as follows:

dng
dt = Z Rgainnjnk - Z Riossnin,
Jik Lm
n

s

)

Tians +S§ gain»

where n is the density of particle species, s = electron,
H*, H-, Hj, H (principal quantum number p = 1~35)
and H, (vibrational excited level v = 0~14). The symbols
J-k,1 and m indicate combinations of the particle species
which produce/extinguish the particle species s by the re-
actions taken into account in the OD model (See Table 1).
The symbols Rgyin, Rioss» Tuans and S g,in are the rate coef-
ficient of production reaction, the rate coefficient of loss
reaction, confinement time, and the particle source term,
respectively. As for the particle source term § g,in, it repre-
sents H, gas puffing constant (Sy, = 2 X 102! m=3s7!) in
the equation for Hy, while it describes the volume source
due to plasma inflow from the upstream to the divertor re-
gion in the equations for the electron and H*. The time
evolution of each particle density is calculated by the rate
equation, Eq. (7), by calculating the rate coefficients R as

R:fo-(E)v(E)f(E)dE, ®)

where o (E), v(E) and f(E) are the reaction cross section,
relative velocity and EEDF, respectively. The EEDF used
in this study will be explained later. The confinement time
Tyans for the plasmas (H*, H™ and H}) are calculated by
using ion sound velocity Cj as follows:

L
Ttrans = 1006, )

CS = ’ICB_n’ (10)
mg

Table 1 Reactions included in the OD model.

Rate

The name of the reaction Equation i
coefficient
ev e+ H(X'Tv) = Hy — e + Ho(XUZ550) Revip—vn
Vibrational Excitation
e+ H(X'Ef;v) — e + Hy(B'E, C'TI,)
De-excitation EV Reyipun
— e+ H (X2 :v")

Ic H,(v) + H* = H# + H(1s) Ric(v)
DA Ho(v) + e = H™ + H(1s) Rpa(v)

DR Hi +e— H(ls) + H(n) Rpr

MN H-+H* = H(n = 2.3) + H(1s) Run
H, Dissociation H.(v) + e = Hy(b*Z}) + e — e+ H(ls) + H(1s) Rec(v)

H~ loss H-+e—H(ls)+e+e Rgp

Hi Dissociation Hf+e—H*+H(ls)+e R
H. Ilonization H,(v) + e = Hi + 2e Ry(v)

H.(v) + e = HI(B®E]) + 2e = HY + H(1s) + 2e
Dissociative Ionization . B Rpi(v)
H.(v) +e = HF (X°IF) + 2e = H* + H(1s) + 2e

H Excitation H(p) +e—=H(g)+e (p<gq) C(p.q)
H De-excitation H(p)+e—Hig)+e (p=q) F(p.q)

H Ionization H(p) +e—=H* +2e S(p)
Three-Body Recombination H*+e+e—Hlp) +e Rrer(p)
Radiative Recombination H*+e—=H(p) + hv Rer(p)
Spontaneous Emission H(g) — H(p) + hv Alp.q)

where m; is the mass of each plasma constituent and T is
the electron temperature. For Cg and the resultant Ty
of the electron, the H* ion mass is used instead of the
electron mass, because electrons escape from the system
as a resultant of the balance with ions due to the sheath.
Here, the factor 100 in Eq.(9) has been added to focus
on the time scale due to atomic molecular processes rather
than the transport time scale in this initial calculation. In
the future, we will look into the effects of the transport
loss by taking confinement time as a parameter. The sys-
tem length L in Eq.(9) was chosen as L = 0.7m in the
present model, in reference to the length of the D-module
of GAMMA10/PDX. The confinement time Ty for the
neutral particles (H (p: 1~35) and H, (v: 0~14)) are esti-
mated as a simple diffusive characteristic time.

2.2 Method of the ELM simulation

To simulate ELMs, electrons are divided into low en-
ergy components (electron temperature is T, density is
ne1) and high energy components by ELMs (electron tem-
perature is Ty, density is nep). As shown in Fig. 1, an
ELM is simulated by inputting a high-energy electron par-
ticle source of 100eV after calculating each rate equa-
tion up to the steady state in a detached state with an
electron temperature of 1eV. The inflow of 1eV elec-
trons from the upstream (the volume source) is S.(1eV) =
4.6 x 10 m=3s7!, and the inflow of 100eV electrons by
the ELM is S.(100eV) = 4.6 x 10" m—3s~!. The ELM
duration is set to be Atgry = 200 pus. The ELM pulse starts
at 1.0 x 10™*s and ends at 3.0 X 10,

The EEDF during the ELM is assumed as a double
Maxwellian distribution as follows

FE) = afu(Ter) + (1 - a) fmu(Te2), (11)
a= 1t (12)
Nep + Ne2

In Eq. (11), fm(Te) is Maxwellian distribution as follows:

2 VE -E
T.) = — e N
M) = e T Xp(kBTe) (13)
Te =Te1,Te,
__ 6
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Fig. 1 Electron particle source in the simulation.
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where kg, T. and E are the Boltzmann constant, electron
temperature and energy, respectively. The EEDF calcu-
lated by Eq. (11) is substituted into the calculation of the
rate coefficient every time step, in order to take into ac-
count its time development.

The low energy electron temperature is fixed at 7; =
1 eV. On the other hand, the high energy electron tempera-
ture T has been calculated by a 0D simple energy balance
equation as follows:

d (3
& (El’leZTd): —Eion X neanuRioy
N
3 zneZTe2
+= X Egpm X Ser — >
2 Ttrans

where Ej,, and Egpy are the energy lost by H ionization
Eion = 13.6eV and gained from the ELM Egpy = 100eV,
respectively. The third term on the RHS of Eq. (14) repre-
sents the energy loss due to transport, and iy is calcu-
lated by Eq. (9).

3. Results and Discussion

The time evolution of each particle density is shown
in Fig. 2. The low energy electron density and neutral par-
ticle density in the ground state are not affected greatly by
the ELM pulse. The high energy electron density and H*
density increase during the ELM. After the ELM, high en-
ergy electron density decreases and returns to the detached
state before the ELM.

Figure 3 shows the calculated result of high energy
electron temperature T.,. Immediately after the start of the
ELM, electrons of 100eV by the ELM pulse are rapidly
cooled and the temperature drops due to the ionization. As
a result, the high energy electron temperature T, during
the ELM is about 2eV to 3eV. After the ELM, the tem-
perature further drops to 1 eV.
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Fig. 2 The time evolution of density of low energy electron,
high energy electron, H*, ground state of H, molecule
and ground state of H atom.

The rates of recombination (MAR and IER) and H
ionization (I0Z) are calculated to evaluate the contribution
of MAR, IER and I0Z to detachment as follows,

MAR = Rprru; fe + Run (p)nu i (5)

IER = Z(RTBR(p)n}png + RRR(p)nH*ne)v (16)
p

10Z = )" S(p)nu(p)ne, (17)

P

where MAR, IER and I0Z show MAR rate, IER rate and
H ionization rate. Figure 4 shows the calculation results of
MAR, IER and H ionization rate. It can be seen that the
ionization rate rapidly increases just after the start of the
ELM pulse due to the heat pulse of high energy electrons.
Also, the recombination rate of IER increases during the
ELM. This is due to the increase in plasma density by
H ionization just after the start of the ELM pulse. Since
the rate of three body recombination is proportional to the
square of the plasma density, the plasma density greatly
contributes to the IER rate.

It can be seen from Fig. 4 that the MAR rate also in-
creases during the ELM. This tendency can be explained
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Fig. 3 The calculation result of high energy electron tempera-
ture T,.
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Fig.4 Rate of MAR, IER and H ionization.

2403108-3



Plasma and Fusion Research: Regular Articles

Volume 14, 2403108 (2019)

from the rate coefficient and the density of vibrational ex-
cited molecules. Figure 5 shows the effective rate coeffi-
cients of IC-MAR, DA-MAR and H ionization as a func-
tion of electron temperature 7. Here, the electron density
of 1 x 10 m~3 is assumed to estimate the effective rate co-
efficients. It is shown that the rate coefficient of IC-MAR
is larger than that of the DA-MAR in the electron tempera-
ture range of 1eV < T, < 100eV. At low energy electron
temperature T.; = 1eV before the ELM and high energy
electron temperature 7., = 2~3 eV during the ELM, the
ionization rate coefficient changes greatly, but the IC-MAR
rate coefficient does not change so much.

Figure 6 shows the time evolution of the density of
each level of vibrational excited molecules. The density
of high excited level molecules increases during the ELM
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Fig. 5 Rate coefficients of IC-MAR, DA-MAR and H ioniza-
tion as a function of electron temperature 7. Vibrational
excited states of 0~14 are considered for the MAR rate,
while only ground state is considered for the ionization
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Fig. 6 The time evolution of each level of vibrational excited
molecules.

due to the increase of high energy electrons. Such high
excited level molecules contribute to enhancement of the
MAR reaction.

As seen above, with increasing T, from 1 eV to 4eV,
the MAR rate coefficient does not change and the density
of high excited level molecules increase. Therefore, the
total MAR reaction rate increases.

Now we compare the rate of recombination (the sum
of MAR and IER) and that of H ionization (I0Z) to un-
derstand which process is dominant in the detached state.
From Fig. 4, because of the MAR rate, the recombination
rate is larger than the ionization rate. Therefore, the plasma
loss rate is still more dominant than the plasma produc-
tion rate even during the ELM under the current calcula-
tion condition, which suggests MAR is effective to main-
tain the detachment. As the MAR rate increases during the
ELM, MAR can suppress the collapse of detachment due
to ionization even during the ELM.

4. Summary and Future Plan

In order to investigate the impact of the ELM on the
MAR reaction and the resultant detached state, we have
developed a OD model of atomic-molecular processes. By
using the model, the following result has been obtained.
MAR rate increases due to the increase in high excited
level molecules during the ELM pulse and its rate coeffi-
cient does not change so much even during the ELM. This
result suggests that MAR can suppress the collapse of the
detached state due to ionization even during the ELM.

In the OD model, however, effects of the spatial pro-
files and transport are neglected. Especially in this calcu-
lation condition, the confinement time is set to be long to
reduce the effect of transport. In addition, the high energy
electron temperature T, is calculated by a simple OD en-
ergy equation as well as a simple model that has been used
to evaluate the EEDF during the ELM heat pulse. In or-
der to obtain a deeper and more precise understanding of
the dynamic behavior of detachment, it is necessary to im-
prove these points in the model.

For the improvement of the model, we are develop-
ing a 1D/2D particle in cell (PIC) model and a 3D neu-
tral particle transport model in order to evaluate more pre-
cisely the plasma confinement time and also to calculate
the EEDF during the ELM. In the future, the 3D neutral
particle transport model and the 1D/2D PIC model will be
integrated and the integrated code will be applied to the
dynamic analysis of detachment during ELM pulses.
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