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ABSTRACT

To increase the accuracy of a particle, momentum, and energy source terms in the detached helium plasma simulation, rate coefficients with
the collisional-radiative model were introduced into the fluid code LINear Divertor Analysis (LINDA). Obtained effective rate coefficients
and related source terms were compared with those from the conventional empirical databases. It is shown that a high-density condition in
future fusion devices causes larger deviation between the effective and the empirical source terms. One-dimensional detached plasma simula-
tion indicated that the peak amplitude of the plasma density during the rollover is sensitive to the source term difference related to the
recombination. This study additionally revealed that the heating effect in the three-body recombination process strongly affects the detached
plasma formation and downstream plasma parameters.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0015912

I. INTRODUCTION

In future fusion reactors such as ITER and demonstration
(DEMO) reactor, divertor plates are expected to receive a huge heat flux.
To reduce it to an allowable material limit of 10MW/m2 on the tungsten
divertor,1 the formation of the detached plasma, which utilizes the plas-
ma–neutral gas interactions, is inevitable in front of the divertor target.2

To predict the divertor heat load in future fusion devices, a num-
ber of numerical simulation codes consisting of the plasma fluid code
and the neutral transport code, e.g., SOLPS,3,4 SONIC,5–7 EMC3-
EIRENE,8 etc., are being developed. Through the comparison with
experimental results in existing devices, these codes show good agree-
ments in ionizing plasmas. However, the reliability for detached plas-
mas is still insufficient because atomic and molecular processes that
are essential for the plasma detachment are basically implemented as
simplified models. Normally, electronic states are roughly treated in
relation to the radiation loss, and vibrational and rotational states of
molecules are not taken into consideration, to reduce required

computational resources. Furthermore, uncertainty of rate coefficients
obtained from experiment and theory is generally high in quite low-
temperature detached plasmas below 1 eV.9

On the other hand, the collisional-radiative (CR) model10 is
known to be a powerful tool to obtain effective rate coefficients that
contain detailed atomic and molecular processes.11–13 To promote an
accuracy of the rate coefficients in the detached plasma simulation, it
is desirable to compare simulation results, which are obtained by rate
coefficients from the CR model and the empirical databases, and vali-
date with the experiment to examine which model is better if the dif-
ference in simulation results is remarkable.

In plasma fluid simulations, the rate coefficients are used to
obtain the plasma particle, momentum, and energy source terms.
Thus, as a first step of the validation of the CR model for the detached
plasma simulation, this study compared the rate coefficients and
related source terms calculated from the CR model and the empirical
databases. For promoting the interpretation, pure helium (He) plasma

Phys. Plasmas 27, 102505 (2020); doi: 10.1063/5.0015912 27, 102505-1

Published under license by AIP Publishing

Physics of Plasmas ARTICLE scitation.org/journal/php

https://doi.org/10.1063/5.0015912
https://doi.org/10.1063/5.0015912
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0015912
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0015912&domain=pdf&date_stamp=2020-10-07
https://orcid.org/0000-0002-8025-008X
https://orcid.org/0000-0001-7826-0046
https://orcid.org/0000-0003-0543-5241
https://orcid.org/0000-0001-6895-4204
https://orcid.org/0000-0001-5672-9640
mailto:h-tanaka@ees.nagoya-u.ac.jp
https://doi.org/10.1063/5.0015912
https://scitation.org/journal/php


was used to simplify the physics because He has no molecular state,
unlike hydrogen isotopes. After that, one-dimensional (1D) plasma
simulations with the calculated source terms were carried out by using
the fluid transport code LINDA (LINear Divertor Analysis)14–18 to
demonstrate the source-term effects on the detached plasma formation
although LINDA can treat 2D plasmas. The simulated experimental
device was the linear divertor plasma simulator NAGDIS-II19 for
future experimental validation. In NAGDIS-II, because the electron
temperature of generated plasma is less than 10 eV, the He2þ ion is
not considered in this study.

In addition, this study focused on a unique effect in the recombi-
nation processes: the three-body recombination heating. When the
three-body recombination occurs, the energy released by an electro-
n–ion recombination is received by another electron. The three-body
recombination becomes dominant in low-temperature detached
plasmas.20 Thus, the heating effect plays an important role in determin-
ing the detached plasma parameters. This study switched on/off the
heating effect in the plasma simulations with the empirical databases.

In Sec. II, the fluid equation with the source terms, rate coeffi-
cients in the CR model, and source terms from the CR model and the
empirical databases will be explained. In Sec. III, calculated rate coeffi-
cients and source terms will be compared. In Sec. IV, simulation
results with the LINDA code will be shown. Finally, this study will be
summarized in Sec. V.

II. FLUID SIMULATION AND SOURCE TERMS
A. Fluid equations

Plasma fluid equations in this work consist of four fluid equa-
tions: continuous equation, momentum equation, and ion and elec-
tron energy balance equations. Considering only Heþ plasma for
Te < 10 eV, these equations for a single ion and electron particles are
described as follows:
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Here, ni and ne represent the ion and electron densities, respectively, u
and uk are the ion flow velocity vector and speed parallel to the mag-
netic field, respectively, ue is the electron flow speed, mi is the mass of
ion, Ti and Te are the ion and electron temperatures, respectively, and
Pis and Pes are the ion and electron static pressures, respectively. The
equipartition energy transfer is k ¼ ð3=2Þðni=seiÞ ¼ ð3=2Þðne=seiÞ
with ni¼ ne, where sei is the energy relaxation time between ions
and electrons.18,21 The ion and electron thermal conductivities are

ji ¼ ð3:9niTisiÞ=mi and je ¼ ð3:16neTeseÞ=me, respectively,
22 where

si and se are ion and electron collision times, respectively.21 The vis-
cosity coefficient g is assumed to be zero by neglecting the viscosity
effect. The source terms Sn, Smu, SiE , and SeE for a particle, momentum,
and ion and electron energies, respectively, are key parameters in this
study. In the LINDA code, these equations are calculated iteratively to
solve a convergent solution.

In this study, the neutral particles are assumed to have constant
density and temperature with zero-mean flow as the background. In
tokamaks, the neutral density in front of the divertor target is self-
consistently determined through the recycling processes. On the other
hand, high neutral gas pressure that causes the plasma detachment is
controlled by gas puffing in linear devices. If the ionization mean free
path of neutrals is sufficiently longer than the plasma diameter, the
assumption of spatially uniform neutrals is not so strange. The rela-
tionship between the mean free path and the linear-device geometry
will be described later.

B. Source terms obtained from the CR model

The particle, momentum, and ion and electron energy source
terms are strongly affected by the plasma–neutral gas interaction. The
CR code was applied to calculate these source terms (we call these
source terms “CR-based source terms” in this study). We employed
the quasi-steady-state approximation for the calculation when deriving
population densities in excited states because the characteristic time-
scale of atomic processes is much faster than that of transport
processes.

The time derivative of the population density n(i) of excitation-
level-i neutrals is expressed as12,13

dnðiÞ
dt
¼ �

X
j6¼i

Cði; jÞne þ
X
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� 	

nðiÞ
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Aðj; iÞ
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þ aðiÞne þ bðiÞ þ bdðiÞ

 �

neni: (5)

Here, the magnitude relationship of j< i means that the level j lies
energetically lower than the level i. The variable A(i, j) is the spon-
taneous transition probability from i to j, C(i, j) and S(i) are the
rate coefficients for electron impact transition (excitation or
de-excitation) and ionization, and aðiÞ; bðiÞ, and bdðiÞ are the rate
coefficients for three-body, radiative, and dielectronic recombina-
tion processes, respectively.

The solution of n(i) in the quasi-steady-state approximation is
expressed as

nðiÞ ¼ R0ðiÞneni þ R1ðiÞnenn; (6)

where R0ðiÞ and R1ðiÞ are the population coefficients. A decrease in
nn matches an increase in ni. Thus, the time derivative of ni is
expressed as

d
dt

ni ¼ �
d
dt

nn ¼ nnneSCR � nineaCR (7)

in the CR model. The coefficients SCR and aCR are effective ionization
and recombination rate coefficients, respectively. This equation exactly
corresponds to the particle source term Sn.
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By using SCR and aCR, Sn; Smu, and SiE can be calculated as
follows:

Sn ¼ nnneSCR � nineaCR; (8)

Smu ¼ �miuknnnihrviCX �miuknineaCR; (9)

SiE ¼
3
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� 3
2
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1
2
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2
k

� �
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where hrviCX is the charge–exchange rate coefficient and Tn is the
neutral temperature. This study uses hrviCX obtained from the con-
ventional database,23 and Tn is assumed to be the room temperature
(0.03 eV). There is no momentum source term through the ionization
process in Eq. (9) because the electron momentum loss is sufficiently
small and neutral particles are assumed to have isotropic velocities.

On the other hand, the electron energy source term SeE can be
obtained from the electron cooling rate coefficient.12 The electron
cooling rateWe is calculated with

We ¼
X
i

h
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X
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� 	

ne
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þ nine
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mev2

2
rb;iðvÞvf ðvÞdv

i
: (11)

Here, vi is the ionization potential from the level i, vji is the transition
energy between levels i and j, vð1sÞið2pÞi is the transition energy between
the doubly excited level ð2p; iÞ and the singly excited level
ð1s; iÞ; rb;iðvÞ is the cross section of the radiative recombination at
the level i, and f(v) is the speed distribution function of electrons.
Electrons are cooled by the electron collision excitation (i< j) or
heated by the electron collision de-excitation ði > jÞ in the first term
regarding Cði; jÞvji on the right side of Eq. (11). The ionization, the
dielectronic recombination, the three-body recombination, and the
radiative recombination are also considered in the remaining terms.
The sign of the three-body recombination term is negative, which rep-
resents the fact that a free electron is heated by obtaining the energy
due to the electron–ion recombination. The molecular activated
recombination (MAR)25,26 is not considered because the pure He
plasma has no molecular state.

In this study, the energy loss related to the radiative recombina-
tion [last term in Eq. (11)] was not taken into account because elec-
trons with significantly small kinetic energy are preferentially
recombined during this recombination process.27 By using Eq. (6), Eq.
(11) is divided into two terms, which are proportional to the ion den-
sity and the ground state density as

We ¼ ninePe;0 þ nnnePe;1; (12)

where the electron cooling rate coefficients for recombining and ioniz-
ing plasma components are

Pe;0 ¼
X
i
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respectively. From the electron cooling rate coefficients, the source
term for the electron energy balance equation is obtained as

SeE ¼ �We ¼ �nnnePe;1 � ninePe;0: (15)

This study used the CR-based source terms obtained by the
above-mentioned equations in Eqs. (8), (9), (10), and (15).

C. Source terms obtained from empirical databases

For comparison with the CR-based source terms, source
terms from empirical databases were also used (we call them
“empirical source terms” in this study). To obtain Sn, Smu, and SiE ,
empirical ionization and recombination rate coefficients, hrviion
and hrvirec, which are obtained from several databases,20,23,24 are
substituted instead of SCR and aCR, into Eqs. (8)–(10), respectively.
In hrviion, only the ionization from the ground state, which is the
most basic ionization process, is treated although this causes an
underestimation of the ionization amount particularly in low-
temperature plasmas.28 The recombination rate coefficient hrvirec
is the sum of radiative and three-body recombination components
as hrvirad þ hrvithr . The dielectronic recombination that is impor-
tant in Te > 10 eV plasmas was not taken into account because the
Te range in the NAGDIS-II-producing plasmas is less than 10 eV.
Note that the dielectronic recombination is considered in the CR-
based source terms, as described in Eqs. (5) and (11), unlike the
empirical source terms.

Regarding SeE in the empirical source terms, the following simpli-
fied model was applied:

SeE ¼ �Eionnnnehrviion þ Ethrninehrvithr ; (16)

where Eion is the electron energy loss in the ionization process and Ethr
is the heating energy in the three-body recombination process. To
consider the radiation loss before the ionization, an effective Eion was
assumed to be 37.5 eV, which exceeds the ionization energy of
the ground state neutral (24.6 eV). In addition, Ethr was set to
4:0ð¼ 24:6� 20:6Þ eV in this study, assuming that all recombining
electrons are trapped in n¼ 2 state during the three-body recombina-
tion, where n means the principal quantum number. An energy loss
due to the radiative recombination was not considered as with the
above-mentioned CR-based source term.

Comparing the CR-based and empirical source terms for the
electron energy in Eqs. (15) and (16), respectively, it is found that
the electron cooling rate for the ionizing plasma component Pe;1 in the
CR-based case corresponds to Eionhrviion in the empirical case.
Similarly, the electron cooling rate for the recombining plasma com-
ponent Pe;0 in the CR-based case corresponds to �Ethrhrvithr in the
empirical case.

III. COMPARISON BETWEEN CR-BASED AND
EMPIRICAL RATE COEFFICIENTS

This section compares the CR-based and empirical rate coeffi-
cients described in Sec. II.
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A. Ionization and recombination rate coefficients

Figure 1(a) shows CR-based and empirical ionization rate coeffi-
cients, SCR and hrviion, respectively, as a function of Te. In contrast to
hrviion, SCR becomes high when ne is high because an excited neutral
is easily re-excited and ionized by the electron collision before the
spontaneous emission. Furthermore, it is shown that the CR-based
effective ionization rate coefficient is several times higher than the

empirical ionization rate coefficient at Te � 10 eV. This is mainly
because that ionization from excited states is not considered in hrviion.

Figure 1(b) shows the CR-based and the empirical recombination
rate coefficients, aCR and hrvirec, respectively, under several ne condi-
tions. There is a peak at Te > 10 eV in aCR, which is attributed to the
dielectronic recombination. On the other hand, hrvirec does not have
a peak at the same Te range because the dielectronic recombination is
not considered in the empirical model, as described in Sec. IIC. This
figure also shows the radiative recombination component (hrvirad) in
the empirical model, which has no ne dependence, depicted by the
black dashed line. This line corresponds to hrvithr with ne¼ 0 because
hrvithr is proportional to ne. The difference between hrvirec and
hrvirad just matches hrvithr and becomes larger with increasing ne at
Te < 10 eV. It is noted that the difference between aCR and hrvirec
increases with a decrease in Te and an increase in ne. The electron den-
sity in divertor plasmas of ITER and future DEMO should be higher
compared with existing devices.2 Therefore, the difference in the rate
coefficients gives more significant effect for detached plasma simula-
tions in future fusion devices.

B. Electron cooling rate coefficients for ionizing
and recombining plasma components

Figure 2 shows the CR-based electron cooling rate coefficient for
the ionizing plasma component, Pe;1. It was confirmed that the calcu-
lated Pe;1 profiles are almost the same with the previous study12 that
used relatively old cross section databases. Unlike SCR in Fig. 1(a), Pe;1
hardly changes with respect to ne. This is caused by the fact that the
most of Pe;1 is determined by the energy loss through the ionization
and excitation processes from the ground state (i¼ 1) in Eq. (14).
Figure 2 also shows the corresponding rate coefficient in the empirical

FIG. 1. CR-based (solid line) and empirical rate coefficients (dashed line) with dif-
ferent ne for (a) ionization and (b) recombination processes. In (b), hrvirad in the
empirical model, which matches hrvirec with ne¼ 0, is superimposed with a black
dashed line.

FIG. 2. CR-based (solid line) and empirical electron energy cooling rate coefficients
(dashed line) for the ionizing plasma component, Pe;1 and Eionhrviion,
respectively.
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source term, Eionhrviion. At Te � 100 eV, magnitudes of Pe;1 and
Eionhrviion are similar. In the NAGDIS-II plasma case (Te < 10 eV),
Pe;1 is shown to be several times higher than Eionhrviion.

Figure 3(a) shows the CR-based electron cooling rate coefficient
for the recombining plasma component, Pe;0. It should be noted that
positive (cooling) and negative (heating) coefficients are simulta-
neously plotted above and below the horizontal line on the middle of
the figure. Compared with the previous research,12 obtained profiles
are qualitatively similar but quantitatively different on the order of
�10–18eV m3/s or less, which would be due to the updated cross

section databases and also the lack of the radiative recombination loss
term in Eq. (13) in this study. We can see that the Pe;0 profile is a little
complicated. A positive peak at dozens of electron volts in each ne is
mainly due to the electron energy loss through the dielectronic recom-
bination [bdðiÞ vð1sÞið2pÞi � vif g term in Eq. (13)]. On the other hand,
negative Pe;0 at lower Te and higher ne cases is attributed to the heating
effect by the three-body recombination. Except for the ne ¼ 1022 m�3

case, a small positive peak in each profile is seen at Te � 1 eV, which is
due to an increase in the electron-collision-excitation loss may be related
to the radiative recombination accompanying the highly excited-neutral
production.

The empirical electron cooling rate coefficient for the recombin-
ing plasma component, �Ethrhrvithr , is plotted in Fig. 3(b). The
empirical model does not consider the electron cooling effects from
dielectronic and radiative recombination processes. Thus,
�Ethrhrvithr is less than zero in all Te range. The heating effect
becomes stronger as ne increases. Comparing the values of
�Ethrhrvithr and Pe;0, they are quantitatively different but qualitatively
similar in their negative (heating) domains. Because of the heating
effect, electrons would be difficult to be cooled down under the high ne
condition such as in future fusion devices.

IV. DETACHED HELIUM PLASMA SIMULATION WITH
LINDA

To investigate the effects of source-term differences on the
detached plasma formation, the plasma simulation was performed in a
simple 1D geometry with the LINDA code in this section.

A. Calculation conditions

Figure 4 is a schematic of the 1D mesh consisting of unequal-
spacing 100 grid points for the NAGDIS-II plasma. Although the
LINDA code can calculate 2D plasma parameters along and across the
magnetic field, this study neglected the radial transport to make it eas-
ier to understand the effects from the source term differences. Length
of the calculation mesh is 2.05 m along the magnetic field from the

FIG. 3. (a) CR-based and (b) empirical electron energy cooling rate coefficients
with different ne for the recombining plasma component, Pe;0 and �Ethrhrvithr ,
respectively.

FIG. 4. (a) Schematic view of the linear plasma device NAGDIS-II and (b) 1D mesh
schematic of the calculation area.
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anode position at z¼ 0. The mesh is dense (�1mm) near the source
and the target sides and is sparse (�60mm) in the central region.

As the boundary condition on the source side in Fig. 4(b), Ti, Te,
neð¼ niÞ, and ukð¼ ueÞ were set by referring typical experimental val-
ues in the NAGDIS-II experiment. The boundary condition on the tar-
get side was given at the sheath edge. The Bohm condition in which
the flow velocity becomes the ion sound velocity Cs at the sheath edge
was employed as

uk z ¼ 2:05mð Þ ¼ Cs ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ti þ Te

mi

r
: (17)

Further, ion and electron heat fluxes, qi and qe, flowing into the sheath
edge were set as

qi ¼ ciTi þ
1
2
miC

2
s

� �
niCs; (18)

qe ¼ ceTeneCs; (19)

respectively. Here, ci and ce correspond to the ion and electron heat
transmission coefficients and were set to 2.5 and 4.0, respec-
tively.14,15,29 In addition, the viscosity effect was not considered in this
study.

The diameter of the vacuum vessel (180mm) is much longer than
that of the plasma column (�20mm), and the mean free path of He
neutrals for the ionization is enough longer than the plasma-column
diameter. Therefore, this study used an assumption that the neutral
density is uniform inside the vacuum vessel. In typical plasma parame-
ters of the NAGDIS-II (ne ¼ 1019 m�3 and hrviion ¼ 10�16 m3/s at
Te � 5 eV), the mean free path kion is estimated as�1.3 m. In addition,
because Te < 10 eV, He2þ is not considered.

B. Detached plasma simulation with CR-based source
terms

Figure 5 shows parameter profiles obtained in the detached
plasma simulation with the CR-based source terms: (a) ne, Te, Ti,
(b) uk, Mach number M, (c) electron static pressure Pes ¼ neTe, ion
static pressure Pis ¼ niTi, ion dynamic pressure Pid ¼ 0:5nimiu2k,
total plasma pressure Ptot ¼ Pis þ Pid þ Pes, (e) Sn, Smu, SiE , and SeE .
The neutral density was fixed as nn ¼ 1020 m�3. Despite the simple
geometry, axial profiles are not simple. Parameter tendencies will
be discussed below in the following characteristic regions: (i) ioniz-
ing region at z � (0, 0.5) m, (ii) density-increasing region at (0.5,
0.72) m, (iii) density-peaking region at (0.72, 0.85) m, (iv) recom-
bining region at (0.85, 1.45) m, and (v) target-affecting region at
(1.45, 2.05) m.

In region (i), where Sn > 0, ne is almost uniform along z. This is
because an increase in ne due to ionization is canceled by a decrease in
ne attributed to the uk increase. The increase in uk is driven by the
static-pressure gradient. The decrease in the static pressure along z is
mainly due to the decrease in Te, which is attributed to the ionization
loss and also the temperature relaxation with ions. Compared to Te,
gradient of Ti is not so steep, which is due to the effect of an increase
and a decrease by the temperature relaxation and the charge exchange,
respectively.

In region (ii), ionization and recombination rate coefficients
are too small. Therefore, Sn � 0 and thus the particle flux niuk is

almost constant from Eq. (1). In contrast, Smu is negative due to
the charge exchange, and thus the momentum flux miniu2k gets
smaller with z increasing from Eq. (2). Therefore, uk decreases and
nið¼ neÞ increases along z. This increase in ne promotes Te and Ti

reductions. Between regions (ii) and (iii), Te becomes almost equal
to Ti at �0.55 eV. From this axial position, Te � Ti and conse-
quently Pes � Pis in the downstream.

In region (iii), because of the ne increase and the Te decrease, the
three-body recombination process which contributes to negative Sn

FIG. 5. Axial profiles of (a) ne (solid), Te (dashed), Ti (dotted), (b) uk (solid), M
(dashed), (c) Pes (solid), Pis (dashed), Pid (dotted), Ptot (dashed dotted), (d) Sn
(solid), Smu (dashed), SiE (dotted), and SeE (dashed dotted).
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and positive SeE becomes dominant. The Te and Ti gradients become
small, which would be due to the heating effect and the decrease in the
electron-density gradient by the enhanced three-body recombination.
Then, ne has a local maximum near the border between regions (iii)
and (iv).

In regions (iv) and (v), recombination terms in Eqs. (8) and (9)
become dominant. The recombination process reduces ne along z but
does not contribute to the momentum loss for remained ion particles.
As a result, ne decreases but the uk profile is flat. In addition,
jSeEj � jSiEj in these regions, and the ion energy loss due to the three-
body recombination process in Eq. (10) is less than 10% of the
charge–exchange loss everywhere in this calculation. Therefore,
the heating effect for electrons is almost balanced with the
charge–exchange loss for ions via the temperature relaxation.
Thus, Te and Ti are sustained in a certain value of �0.2–0.3 eV,
which is much higher than Tn, in a wide z range. On the other
hand, due to a decrease in ne, Ptot decreases. In region (v), M
increases and reaches unity at the target position because of the
boundary condition.

In this 1D plasma simulation, significantly decreased tempera-
ture (Te ¼ Ti � 1 eV) and a clear rollover of ne along the magnetic
field were confirmed. The highly recombining region with negative
Sn is called the recombination front in linear devices,2,30 which
equips an axially localized line emissions from highly excited-state
neutrals generated by the recombination processes. It is observed
that the recombination front moves upstream/downstream by
increasing/decreasing nn in the NAGDIS-II experiment.31 A den-
sity rollover along the magnetic field was experimentally observed
in a past study using a linear device,32 while such a peak is not clear
in a recent work in NAGDIS-II.33 The appearance of the density
peak might depend on discharge conditions, and further study is
needed.

C. Effects from the source term differences

Effects from the source term differences for the detached
plasma simulation were investigated. Figure 6 shows several
parameters calculated with the CR-based (solid lines) and empiri-
cal (dashed lines) source terms. The former profiles are the same
with those in Fig. 5.

It can be seen that profiles are qualitatively similar but quantita-
tively different. At first, a decay length of Te in the upstream region
with the empirical source terms is 15%–20% longer than that with the
CR-based source terms. This is mainly due to the SeE difference which
is attributed to the difference of the electron cooling rate coefficients
for the ionization plasma component Pe;1 and Eionhrviion in Fig. 2.
The longer decay length with the empirical source terms shifts the
recombination front downstream. In addition, the differences of the
recombination rate coefficients aCR and hrvirec in Fig. 1(b) and others
reduce the maximum value of ne by a factor of �1.5. On the other
hand, in the downstream of the recombination front, Te and Ti in both
cases are almost the same.

From this comparison, it is shown that the usage of the CR-based
source terms could be beneficial for the detached plasma simulation
particularly near the recombination front where dramatical parameter
changes exist.

FIG. 6. Axial profiles of (a) ne, (b) Te, (c) Ti, (d) Sn, and (e) SeE with the CR-based
(solid) and empirical source terms with (dashed) and without (dotted) the heating effect.
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D. Heating effects due to the three-body
recombination

To clarify how much the heating effect affects the parameter pro-
files, we demonstrated a 1D simulation with modified empirical source
terms by removing the heating term (Ethrninehrvithr) from Eq. (16).
The plasma parameters without the heating effect were superimposed
in Fig. 6 by dotted lines.

Because of the non-heating condition for electrons, SeE is negative
or zero elsewhere, as shown in Fig. 6(e). As a result, Te and Ti decrease
to the neutral temperature (0.03 eV) in the downstream of the recom-
bination front in this case. Consequently, an enhanced recombination
accompanying negative Sn rapidly reduces ne compared with that with
the heating effect.

Therefore, the heating effect is shown to prevent the plasma dissi-
pation and be essentially important for determining plasma parame-
ters in the downstream of the recombination front.

V. SUMMARY

This study investigated the source-term effects for the detached
divertor plasma formation by using the collisional-radiative (CR) code
and the plasma fluid simulation code LINDA. From the CR code cal-
culation, differences of effective ionization and recombination rate
coefficients from the empirical ones are shown to be more significant
in the higher density case. In contrast to the electron energy cooling
rate coefficient for the ionizing plasma component, that for the recom-
bining plasma component has a strong density dependence mainly
due to the three-body recombination.

The one-dimensional (1D) LINDA simulation produces
detached plasmas with the low temperature less than 1 eV in the
downstream of the recombination front, where the density rollover is
found due to the enhanced recombination. Simulations with source
terms calculated from the CR code and the empirical databases show
qualitatively similar but quantitatively different profiles; particularly,
the density-peak amplitudes are different at the recombination front.
The heating effect attributed to the three-body recombination strongly
affects the progress of the plasma detachment. When the heating effect
is neglected, temperature and density reductions are significantly
accelerated.

To promote the model validation, parametric study under vari-
ous calculation conditions should be done. Furthermore, as the next
step of the validation study with NAGDIS-II experiments, a compari-
son focusing on the movement of the recombination front under vari-
ous experimental conditions is considered. In comparison with
spectroscopic measurement, the contribution of light emissions from
the low-temperature recombining plasma in the peripheral region can-
not be ignored. In addition, it is noted that the amplitude of the ne
peak near the recombination front would be smaller in a 2D plasma
simulation than that in a 1D simulation due to the radial transport.
We are planning to perform the 2D simulation and compare with the
upstream and downstream laser Thomson scattering measurements in
NAGDIS-II34 as the successive step. Moreover, recent experiments
suggest that the non-diffusive radial transport is enhanced around the
recombination front.33,35 It would be needed to consider including
non-uniform transport coefficients for comparisons with experiments.

Although this study assumed that the neutral density profile is
uniform inside the vacuum vessel, it is also required to calculate the
neutral transport to increase the simulation accuracy. Particularly, to

deal with metastable particles, the neutral transport code with the CR
model is needed.36 We are planning to couple with the neutral trans-
port code with the CR model based on the Monte Carlo method,
which was recently applied for the hydrogen plasma in LHD.37 By
changing elementally processes (e.g., photon trapping38 and particle
reflection39) in the simulation and comparing with the experiment, we
would like to investigate their effects on the detached plasma forma-
tion. Furthermore, we plan to calculate hydrogen plasmas and investi-
gate the rovibrational population effect in future, because the
vibrationally excited molecules are essentially important for the molec-
ular activated recombination processes.25,26

Obtained results regarding the density dependences suggest that
the impact of different source-term calculations becomes stronger in
higher density condition. Therefore, choice of the source terms would
be more important in simulations of future fusion devices such as
ITER and DEMO where the higher density plasmas will flow into the
divertor region.
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