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1D fluid model of LHD divertor plasma and hydrogen recycling
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One dimensional plasma and neutral models of the divertor plasma in Large Helical Device is presented. The
plasma is described by stationary fluid equations for electron and ion. The atomic processes such as dissociation
of hydrogen molecules released from the divertor plate, ionization of hydrogen atoms, charge exchange and
recombination are included in equations of neutrals. This model is intended to be employed in an integrated
simulation where an equilibrium of the upstream plasma and plasma-surface interactions at the divertor plate are
solved in different numerical codes separately. From the computational point of view, the numerical code for
the divertor plasma is developed for 1D flux tube where the boundary conditions of both ends are specified. The
calculation time is less than one second and reasonably short to use in future integrated simulations. In the results,
interactions between plasma and neutrals and dependence of the energy loss on the plasma density are studied.
In low density case, the energy is lost through ionization and charge exchange but the total amount of the loss is
small and the impurity loss is negligibly small. In high density, or high recycling case, the ionization loss and
impurity cooling increases much larger than the charge exchange loss and causes the drop of the heat flux at the
divertor plate.
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1 Introduction

The Large Helical Device (LHD) [1] is a heliotron/ ter-
satron type device with helical divertors. The LHD plasma
has an ergodic layer [2] outside the core plasma. The di-
vertor plasma is connected to the ergodic layer and paral-
lel flow along the magnetic field is dominant there. The
plasma profiles such as density and temperature determine
the motion and the charge state of impurities. There-
fore, physical understandings of the divertor plasma and its
modeling are important issues in the LHD boundary plas-
mas.

In this paper, we present plasma and neutral models in
the divertor plasma to determine the plasma profiles from
input parameters such as heat flux coming from the ergodic
layer and the plasma density at the upstream boundary. The
model presented here is intended to be employed in our fu-
ture studies as a divertor leg model to connect the follow-
ing two simulation codes; EMC3 code [2] for the ergodic
layer and ERO code [3] for the plasma-surface interactions
at the divertor. The former code solves fluid equations to
obtain equilibrium plasma profiles in the stochastic mag-
netic field and the latter solves the equations of motion for
impurity particles to obtain the sputtering yield, time evo-
lution of surface conditions and impurity transport near a
target plate. In order to avoid a numerical difficulty aris-
ing from the strong magnetic shear in the LHD boundary
plasma and to keep the amount of the computational re-
sources in reasonable level, we developed 1D model along
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the magnetic field line, i.e. a flux tube model.
The plasma fluid equations are described in Sec. 2.1.

They include interaction with neutrals and impurity cool-
ing [4–7]. The differences of our model from these models
are the neutral equations discussed in Sec. 2.2, which in-
cludes atomic processes such as dissociation and ionization
of hydrogen molecules and atoms. In Sec. 3, comparisons
with our previous model [8] and discussion of heat flux
and energy loss are given. Finally in Sec. 4, conclusions
are presented.

2 Divertor plasma and neutral models

2.1 Fluid equations of plasma

We use Braginskii-type two fluid equations [9] to describe
the divertor plasma. Since 1D fluid equations along the
magnetic field and the method of numerical solution was
reported in the previous work [8], we summarize them
briefly here. We denote the plasma density, velocity, elec-
tron and ion temperatures and electrostatic potential by
n(s), v(s), Te(s), Ti(s) andφ(s), respectively. The posi-
tion along the magnetic field is described bys and has
zero value,s = 0, at the upstream boundary and the con-
nection length,s = lc, at the entrance of the magnetic
presheath [10]. The four conservation equations of den-
sity, momentum and temperatures and Ohm’s law, or elec-
tron momentum conservation, are given by

dnv
ds
= Sn, (1)
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where the electron and ion mass, carbon impurity ratio,
the heat conduction coefficients and temperature equili-
bration coefficient were denoted byme, mi , r imp, κi0 =

1.2 × 1069 [W/mJ7/2], κe0 = 5.0 × 1067 [W/mJ7/2] and
νeq = 6.9 × 1017nT3/2

e [11]. The source terms associated
with neutrals in the right-hand side, i.e.Sn, Sp, SEe and
SEi, are discussed later in Sec. 2.2. The following condi-
tions and relations are assumed in these equations; i) the
temperature anisotropy time is negligibly short compared
with the particle dwell time, i.e.T⊥ = T‖ = T, ii) am-
bipoler flow, i.e.ve = vi = v, iii) quasineutral condition,
i.e.ne = ni = n.

In this paper, we use variables with subscripts ’0’ and
’1’ to indicate boundary values ats= 0 andlc, respectively.
The plasma equations, Eqs. (1) – (5), are integrated numer-
ically from the wall to the upstream boundary. Since our
model is intended to be employed to connect different sim-
ulation codes ats = 0 andlc, the plasma density and heat
flux at the upstream boundary are implemented as free pa-
rameters. The integral of the plasma equations, however,
requires boundary values ats= lc as initial values. There-
fore we utilize the Newton’s method to determine the ini-
tial values satisfying the density and heat flux ats= 0 and
the following four conditions; i) equality of the Bohm cri-
terion ats= lc, i.e.v1 = cs ≡

√
(Te1+ Ti1)/mi , ii) potential

φ1 = 0, iii) and iv) electron and ion heat fluxes ats = lc
determined by the sheath theory [8,11].

2.2 Modeling of neutral particle

In order to describe interactions of plasma, hydrogen
molecules and atoms, we choose five dominant reactions
in the divertor plasma.

(d1) H2 + e− → 2H+ e−,

(d2) H2 + e− → H+ + H + 2e−,

(cx) H+ H+ → H+ + H,

(iz) H + e− → H+ + 2e−,

(rc) H+ + 2e− → H + e−.

The fist and second reactions represent the dissocia-
tion of hydrogen molecule to atoms. The reaction
(d2) consists of two reaction, H2 + e− → H+2 + 2e− and

H+2 + e− → H+ + H + e−, but the dissociation rate of H+2 is
relatively high and the particle speed of H2 is slow. Thus
these two reactions are regarded as one reaction in this
work. The last three reactions, (cx), (iz) and (rc), repre-
sent charge exchange, ionization and recombination, re-
spectively. The rate coefficient of these reactions [12, 13]
are denoted by〈σd1v〉, 〈σd2v〉, 〈σcxv〉, 〈σizv〉 and 〈σrcv〉,
respectively.

There are several types of expressions to obtain the
neutral profiles; Monte Carlo simulation, kinetic equation,
fluid equation and diffusion equation. Since the mean-free-
path (MFP) of hydrogen atom, e.g. approximately 2 [m]
for a typical neutral density 1019 [m−3], is comparable to
the plasma size and much longer than the neutral decay
length [8]. Therefore the diffusion process is negligible in
the divertor plasma and also the fluid equation of the neu-
tral gas does not correctly describe the characteristics of
the wide range of particle energy such as few eV of dissoci-
ation atoms and tens eV of charge exchange atoms. There-
fore in this paper, we use simplified kinetic-type equations.

We classify the neutrals into four components;
molecules released from the divertor plate, dissociated
atoms from the molecules, charge exchange atoms and re-
combination atoms. The particle speed of each component
is treated as a constant;vm, vd, vcx and vrc, respectively.
The density of each component is denoted bynm, n±d , n±cx

andn±rc, respectively. The superscript ‘±’ corresponds to
two components with opposite direction, i.e. positive and
negative velocity ons-coordinate. They have each char-
acteristic temperature, or energy, determined from their
sources. The molecule temperatureTm is same as that of
the divertor plate. The temperature of dissociation atoms
is determined from the Frank-Condon dissociation energy,
i.e. Td ∼ 2.5[eV]. The temperatures of charge exchange
and recombination atoms,Tcx andTrc, are determined from
the averages energy of the generated atoms by each pro-
cesses overs = 0 to lc. The velocity of each compo-
nent are calculated from corresponding temperature;vm =√

Tm/πmi/ cosϕ, vd =
√

2Td/πmi , vcx =
√

2Trc/πmi and
vrc =

√
2Tcx/πmi . The angle of the magnetic field mea-

sured from the surface normal on the divertor plate was
denoted byϕ and used to obtain the equivalent velocity
of molecules. This conversion is due to the existence of
the difference between the directions of plasma and neu-
tral flows.

The particle conservation equations of neutrals are
given by

−vm
dnm

ds
= (〈σd1v〉 + 〈σd2v〉) nmn, (6)

±vd
dn±d
ds
= (2〈σd1v〉 + 〈σd2v〉) nmn

− (〈σizv〉 + 〈σcxv〉) n±dn, (7)

±vHcx

dn±cx

ds
= (1− rpl)

vcx ± v
2vcx

〈σcxv〉nan

− (〈σizv〉 + 〈σcxv〉) n±cxn, (8)
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±vrc
dn±rc
ds
= (1− rpl)

vrc ± v
2vrc

〈σrcv〉n2

− (〈σizv〉 + 〈σcxv〉) n±rcn, (9)

where the total density of hydrogen atoms were denoted
by na ≡ n+d + n−d + n+cx + n−cx + n+rc + n−rc. Since the source
of the hydrogen is the molecules released from the divertor
plate, we use the boundary condition,nm1vm = n1v1/2. The
particle loss of generated hydrogen atoms was introduced
as a constant ratiorpl in Eqs. (8) and (9). We note that each
equations, (7) – (9), consists of two equations for positive
and negative velocities. The coefficients of the first terms
in the right-hand side of Eqs. (8) and (9), (vcx ± v)/2vcx

and (vrc± v)/2vrc, represent the momentum conservation in
the charge exchange hydrogen atoms and ions. In order to
conserve the total energy whenrpl = 0, the temperatureTcx

andTrc are calculated as

Tcx =

∫ lc
0

(
Ti +miv

2/3
)
〈σcxv〉nan ds∫ lc

0
〈σcxv〉nan ds

, (10)

Trc =

∫ lc
0

(
Ti +miv

2/3
)
〈σrcv〉n2 ds∫ lc

0
〈σrcv〉n2 ds

. (11)

The source terms in Eqs. (1) – (4) are given by

Sn = 〈σd2v〉nmne + 〈σizv〉nane − 〈σrcv〉nine, (12)

Sp = mi〈σcxv〉ni

[(
n+d − n−d

)
vd +

(
n+cx − n−cx

)
vcx

+
(
n+rc − n−rc

)
vrc − nav

]
, (13)

SEe = −25e〈σizv〉nan, (14)

SEi =
3
2

(〈σizv〉ne + 〈σcxv〉ni)
[(

n+d + n−d
)
Td

+
(
n+cx + n−cx

)
Tcx +

(
n+rc + n−rc

)
Trc

]
+ 4.3e〈σd2v〉nenm

− 〈σcxv〉nsni

(
3
2

Ti +
1
2

miv
2

)
. (15)

3 Results and discussions

We modified the numerical code in Ref. [8] to solve the
plasma equations (1) – (5) and the neutral equations (6)
– (9) self-consistently. The plasma equations and neu-
tral equations with negative velocity are integrated from
the wall boundary,s = lc, and the neutral equations with
positive velocity are integrated from the upstream bound-
ary, s = 0. The integrals are carried out numerically by
the fourth order Runge-Kutta method and the step width
is changed adoptively. Since the plasma profiles and neu-
tral profiles depend on each other, we obtain solutions by
solving plasma and neutral equations iteratively. The to-
tal calculation time including the iterations is less than one
second on an ordinary PC. Although the time is longer than
that of the previous code [8], it is still reasonable for the in-
tegrated simulation in the future plan.
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Fig. 1 (a) neutral density, (b) heat flux and (c) plasma density

profiles obtained from the previous and present models.

Comparisons of the solutions between present and
previous models are shown in Fig. 1. The plasma den-
sity and electron and ion heat fluxes ats = 0 were chosen
asn0 = 5 × 1018 [m−3], Qe = Qi = 5 [MW/m2]. Tem-
perature of the hydrogen molecules, angle of the magnetic
field, particle loss ratio and impurity ratio wereTm = 600
[K], ϕ = 80◦, rpl = 0.2 andr imp = 3%, respectively. The
global recycling coefficient was calculated as 84% from
the particle fluxes ats = 0 and lc. The density profiles
of neutrals,nn = na + nm, in Fig. 1(a) were similar each
other in this case. The heat fluxQ of the previous model in
Fig. 1(b), however, had lower value than that of the present
one near the divertor plate. The reason of the difference
is due to the overestimate of the energy loss by charge ex-
change in the previous one. A small peak in front of the
wall was observed in theQ profile of the present model. It
is caused by the interaction of the ion and neutral energy.
High speed neutrals are generated through the charge ex-
change processes and their energy are transported by the
neutral flow. The neutrals remaining in the plasma region
are ionized and their energy returns to the plasma. There-
fore the small peak represents energy transport by neutrals
from the vicinity of the wall tos ∼ 2.7 [m]. The overes-
timate of the plasma density in Fig. 1(c) is also caused by
the overestimate of the energy loss, or underestimate of the
ion temperature.

The heat fluxes at the divertor plate,s= lc, are shown
as functions of the plasma density ats = 0 in Fig. 2(a).
The electron, ion and total heat fluxes were denoted by
Qe1, Qi1 andQ1, respectively. The input heat flux is fixed
to Qe0 = Qi0 = 5 [MW/m2]. When the density is rela-
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Fig. 2 (a) heat flux at the divertor plate and (b) heat flux loss
as functions of plasma density at upstream boundaryn0.
Electron, ion and total heat fluxes were denoted byQ, Qe

andQi .

tively low, e.g.n0 < 1019 [m−3], almost all heat flux com-
ing from the upstream boundary deposits on the divertor
plate, while in the high recycling regime the heat flux de-
creases and especially the ion heat flux becomes half. The
contributions of three main energy sinks to the heat flux are
compared in Fig. 2(b). The largest energy loss is caused
by radiation due to the electron impact ionization. The
loss caused by ionization and impurity radiation increases
in high recycling regime because the electron temperature
decrease to about 10 [eV], while the charge exchange loss
does not change. From above discussions we can identify
the energy transfer channels. In the low recycling regime,
n0 ∼ 5× 1018 [m−3], electron and ion energies are lost by
ionization loss and charge exchange loss, respectively. The
each amount of the loss is comparable and much smaller
than the total heat flux coming from the upstream plasma.
In the high recycling regime,n0 > 1 × 1019 [m−3], ion-
ization and impurity losses increases and the plasma en-
ergy is lost through the electon channel mainly. The im-
purity cooling increases more rapidly than ionization for
n0 > 1.5× 1019 [m−3].

4 Conclusions

A fluid model of LHD divertor plasma and a neutral model
were presented. The atomic processes such as dissociation
and ionization of hydrogen molecules and atoms were in-
cluded. We developed a numerical code which has bound-
ary conditions relevant to code connections at the both end
of the calculation region, i.e.s = 0 and lc. The self-
consistent solutions were obtained by iterative calculations
of the plasma and neutral equations. The calculation time
is less than one second and it is reasonably short for inte-
grated simulation of future studies.

Comparisons of heat flux, neutral and plasma density
profiles between the previous [8] and present models were
carried out. Although the deviation of the neutral density
was negligibly small, the heat flux and plasma density pro-
files changed significantly. By treating the interaction of
energy between plasma and neutrals directly, the amount
of energy loss due to the energetic neutral atoms are in-
cluded correctly in the model, and thus the overestimate of
the energy loss is improved.

The dependence of the heat flux on the plasma density
were studied by using the code. In the low density case, the
plasma loses its energy by ionization and charge exchange,
but effect of the loss on the heat flux decrease is small. On
the other hand in the high density, or high recycling case,
the ionization loss and impurity cooling becomes large and
the heat flux decreases by 20% when the plasma density at
the upstream boundary is 1.8× 1019 [m−3]. We confirmed
that the ion energy is transfered to electron and it is lost by
ionization and impurity radiation.

In the paper, we employed constant impurity ratio.
The dynamics of impurities is important to obtain the im-
purity profiles and to elucidate the role of the divertor
plasma on the core plasma. Implementation of a fluid im-
purity model and the application of the model to the inte-
grated simulation will be future issues.
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