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Chapter 1

Introduction
1.1 Nuclear Fusion
The development of new energy sources will be required because energy consumption in the world
keeps increasing as the years rolled on. In addition, the problems such as global warming and
depletion of energy sources are expected due to deriving most of present energy from fossil fuel at
present. Additionally, the population of the world is expected to increase to about ninety three
hundred million due to rising the population in the developing country such as Asia region in 2050.
With rising global population, it is considered that the increasing trend in the amount of energy
consumption becomes increasingly large. The energy consumption in 2030 is expected to be 1.4 as
large as in 2014.
For addressing the rising needed energy in the future, nuclear fusion power generation most
appears promising with the object of the economy and low environment load. Typical nuclear fusion
reactions exist (1.1) D-D reaction, (1.2) D-T reaction and (1.3) D-He3 reaction. Figure1 shows the
energy dependence of the rate coefficient of reactions (1.1), (1.2) and (1.3).
D + D → p + T + 4.032 MeV

(1.1)

D + T → n + 3He + 17.586 MeV

(1.2)

D + 3He → p + 4He + 18.341 MeV

(1.3)

Fig. 1 The rate coefficient of nuclear fusion reactions D-T, D-D and D-3He.
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Here, D and T indicate hydrogen isotopes deuterium and tritium. The neutron and proton are
represented as n and p in above equations. D-3He reaction has an advantages in producing the
largest energy and no neutron. However the reaction rate is low. Therefore, D-T reaction is chosen
as a candidate for the first generation nuclear fusion reactors because of high reaction rate and the
large energy production following D-3He reaction. It is needed that T (tritium) is generated by
reaction of Li and neutron produced D-T reaction in the reactor because almost no T exists in the
natural world. A few amount of Li causes barrier of energy source for nuclear fusion reactor.
However, the method extracting Li from the sea has been developed [1, 2, 3]. The anticipated
amount of Li is expected to be able to run one thousand nuclear fusion reactors for twenty-three
million years [4].
The view showing the frame format of nuclear fusion reactor (ITER) is shown in Fig. 2. In the
nuclear fusion reactor used D-T reaction, it is necessary to generate T and take out thermal energy
produced by D-T reaction by installing blanket outside the first wall. To keep thermal nuclear
fusion reaction, the energy input for heating plasma must be less than the output energy from the
reactor.

Fig. 2 The schematic of the nuclear fusion reactor, ITER.

The energy balance equation for fusion core plasma is shown as follows,
𝑑
𝑛𝑖2
3𝑛𝑖 𝑇
3𝑛𝑖 𝑇 = 𝑃𝛼 + 𝑃𝐻 − 𝑃𝐿 =
< 𝜍𝑣 > 𝐸𝛼 + 𝑃𝐻 −
,
𝑑𝑡
4
𝜏𝐸
where,
3niT : The sum of electron and ion thermal energy per unit volume.

Pα : Alpha particle heating power.
4

(1.4)

PH : Input power of additional plasma heating power
PL : Energy loss power from plasma.
In a steady state operation, Eq. (1.4) is represented as follows,
3𝑛𝑖2 𝑇
12𝑇
𝑛𝑖 𝜏𝐸 =
=
𝑃𝛼 + 𝑃𝐻 < 𝜍𝑣 > 𝐸𝛼 (1+𝐴)
𝑄

(1.5)

Q : The ratio output of nuclear fusion to input of heating power. That is Q = PF / PH. PF is defined
as all power generated by the nuclear fusion reaction.

A : The ratio of alpha particle heating power to all power output by nuclear fusion reaction. "A" is
defined as A = PF / Pα.
The condition " Q = 1 " is called critical plasma condition. On the other hand, the condition of Q =
∞ is called self-ignition condition. In the self-ignition condition, once nuclear fusion reaction is
occurred, only alpha particle heating keeps inducing nuclear reaction without external input
heating energy. If Q-value is constant, niτE becomes function dependent on only plasma
temperature by (1.5). The dependence property of Q = 1 or Q = ∞ is called at Lawson diagram. The
diagram shown in Fig. 3 is important for indicating plasma confinement capability.

Fig. 3 T - nτ diagram
In general, upper limit of the plasma density is decided by heat load toward the vacuum vessel. If
it is assumed that heat load toward the first wall is allowed to 5 MW / m2, it is considered that
maximum plasma density becomes about 1020 ~ 1021 m-3. Generating and confining high
temperature plasma will lead to achieve the nuclear fusion.

1.2 Tokamak
5

For achieving nuclear fusion reaction, it is needed that high temperature plasma is confined.
Currently, the most promising concept of nuclear fusion reactor is tokamak which is magnetic
confinement fusion reactor [5, 6]. The tokamak is designed by Igor Tamm and Andrei Sakharov who
are Russian scientists. The shape of the tokamak fusion reactor is circularity like a doughnut
shown in Fig. 4.
Blanket

The vacuum vessel
The maintenance port

Divertor
Fig. 4 The shape of the tokamak fusion reactor.

The periphery direction of torus is called toroidal direction. In addition, the direction perpendicular
to the toroidal direction is called poloidal direction. The magnetic configuration of tokamak becomes
helical trajectory around the torus because the magnetic field is configured by summation of the
toroidal magnetic field along with torus and the poloidal magnetic field generated by plasma
current in the tokamak plasma. The experiments and studies for nuclear fusion are performed by
using the tokamak fusion reactor which is built and improved in the world. Also, the tokamak
fusion reactor is adopted as the design of International Thermonuclear Experimental Reactor
( ITER ).

1.3 Scrape-off-Layer and Divertor
In the magnetic confinement fusion reactors such as tokamak, high temperature and density
plasmas confined in the core region flow out toward the vacuum vessel. When plasma diffused from
core hits to the wall, the impurity gas and particulates arise from the wall. If impurity particles
penetrate into the core region, the core plasma is cooled by interaction between the core plasma and
impurities. This processes interferes with nuclear fusion reaction. Therefore, magnetic
configuration of scrape-off-layer region is improved to the divertor magnetic configuration shown in
Fig.5. The divertor magnetic configuration has a sepatartix. The sepatartix is a surface which
separates magnetic field into two regions. One is closed magnetic surface in the core region. The
6

other is opened magnetic surface at the edge region. At the end of open magnetic field, divertor
plate made by carbon or tungsten and so on is installed. The impurity ion and low temperature ion
transported along the magnetic field line is neutralized at the divertor plate surface recombination.
The part of neutrals produced by the surface recombination is re-ionized by plasma from SOL
region and the ions flow toward the divertor plate, again. Therefore, plasma parameters such as Te,

ne and pressure are varied widely by increasing the interaction between charge particles and
neutral in the divertor region in Fig.6. The particles passing between plasma and neutral is
pumped by the pump installed near the divertor plate.

divertor
High heat flux plasma

plate

exhaust

plasma pressure

plasma temperature
plasma density
space recycling

Fig. 5 The divertor magnetic configuration

Fig. 6 The interactions between charge and

in tokamak.

neutral particles in the divertor region.

By adapting the divertor magnetic configuration, plasma confinement is improved dramatically.
However, divertor configuration particle and heat fluxes from diffused core region plasma are
localized onto the divertor plate. It is expected that the heat flux at the divertor plate reaches about
10 ~ 20 MW/m2 without the countermeasure. If this high heat load is put on the divertor plate,
divertor plate made does not endure the heat load. Therefore, it is needed that heat and particle
flux at the divertor plate is reduced. For decreasing heat and particle fluxes, the following schemes
are proposed :
1. Increasing radiation cooling,
2. The formation of the detached plasma which does not contact with the divertor plate near the
divertor plate,
3. Expansion of magnetic field line in the divertor region are considered.

1.3.1 Detached plasma
7

As noted above, detached plasma is the state in which plasma cannot reach the divertor plate. For
forming detached plasma, to reduce electron temperature Te below 5 eV is needed under the
condition of high plasma density because it is needed that the effect of volume recombination
becomes the dominant process by enhanced the ion momentum loss. Detachment state includes
three processes. The first is the reduction of heat load. By increase of plasma density, interaction
between plasma and impurity or neutral is enhanced largely. As a results, the heat load on the
divertor plate reduces because of decrease in plasma temperature in the divertor region. The second
is the reduction of plasma pressure near the divertor plate. Charge exchange reaction becomes
dominant because the electron-impact ionization tends to become less by low Te. At charge exchange
reaction, the high energy plasma is transformed to neutral particles, and neutral particles are lost
in the divertor region. The momentum of plasma is scattered and lost to the wide region because
neutral does not subject to magnetic field line. For such occasions, plasma pressure is reduced. The
third is reduction of particle flux on the divertor plate. In the case of Te < 1 eV, ( plasma ) volume
recombination reaction is dominant in all other reactions. As a results, plasma near the target plate
disappears. For this reason, particle flux reached the divertor plate decreases greatly.
Detached plasma is observed in tokamak experiments as well as these in linear devices [7, 8, 9, 10,
11]. The example of detachment in the linear device is shown Fig. 7 [12]. In Fig. 7, the plasma
pressure decreases along with magnetic field line. Especially, the reduction of plasma pressure
under the condition of high electron density is larger than low electron density. Under the high
electron density, it is observed that plasma pressure disappears. This results shows the phenomena
of detached plasma.

Fig. 7 Dependence of plasma pressure on neutral gas pressure. The plasma pressure at two
different positions are estimated by the ne and Te measured with the scanned probe in
(a) high plasma density (Ip ~ 67A) and (b) low plasma density (Ip ~ 10A) Ref. [11].
8

1.4 Linear devices
Linear devices have several advantages such as plasma controllability, convenience of
experimental measurements due to the simple geometry and steady state operation for studying
divertor plasma. Therefore, linear machine has contributed for tokamak divertor physics such as
plasma material interaction and plasma transport in the SOL or divertor region. Moreover,
numerical modeling of plasma behavior is required in order to translate the results of linear device
plasma experiments to the SOL region and divertor region.
In the world, studies of divertor physics have been performed energetically. These linear devises
focuses different physics. PISCES which is at University of California in the USA is operated for
analyzing impurity transport mainly. NAGDIS-II which is at Nagoya University in Japan is
performed in order to study non-linear phenomena such as Blob transport. JULE-PSI which is at
Forschumgszentum Julich in Germany will start studying neutron injection effects into the
materials. Magnum-PSI which is at FOM Institute DIFFER in Netherland achieved high particle
flux and plasma parameter equaled to ITER divertor parameters.

1.4.1 GAMMA 10/PDX
The GAMMA 10/PDX ( "GAMMA 10" and "GAMMA Potential-control and Divertor-simulation
eXperiments" ) tandem mirror in the Plasma Research Center at University or Tsukuba is the
world's largest linear device which has high ion temperature than others. The schematic view of
GAMMA 10/PDX tandem mirror is shown in Fig. 8. GAMMA 10/PDX consists of 7 cells such as
central cell, two anchor-cells, two plug/barrier-cells and two end-cells. High power plasma heating
systems which are composed of ion cyclotron range of frequencies ( ICRF ) waves, neutral beam
injection ( NBI ) and electron cyclotron heating ( ECH ) are installed for plasma production, heating
and confinement. The hydrogen plasma generated mainly in the central-cell flows toward the end
cells through other cells as a end-loss plasma. Ion temperature in the end-cell is obtained about 100
~ 400 eV by using ICRF heating and electron temperature in the end-cell is about 30 eV. Other
parameters is to be shown in Table 1. The divertor simulation experiments in GAMMA 10/PDX had
been started by using end cell in GAMMA 10/PDX.

9

Fig. 8 The schematic view of GAMMA 10/PDX tandem mirror. It shows that the vacuum vessel,
the installation positions of coils and line of magnetic force and electric potential configurations.

Table 1. End-loss plasma parameters in GAMMA 10/PDX
Plasma bore

0.1 ~ 1.0 mφ

Plasma density

~ 1018 m-3

Particle flux density

with 1022~23 m2 s-1

Heat flux density

<= 1 MW m-2 (by ICRF), ~10 MW m-2 (with ECH).

The discharge time

0.2 ~ 0.4 s

Fluence

~1021 m-2 / shot, ~ 1023 m-2 / week

10

And so, it was needed that the values of heat and particle fluxes were estimated in case of
regarding GAMMA 10/PDX as divertor simulation device. The results of heat and particle fluxes
distribution in the end-cell are measured by using probe and calorimeter in Fig. 9 (a) and (b) [13].
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In Fig. 9 (a), each position is normalized at mid-plane position of the central-cell according to the
shape of the magnetic flux tube. In both heat and particle profiles, it is found that a good agreement
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is obtained. It is confirmed that the transport of the heat and particle flux from the end-mirror exit
is basically governed by the magnetic field configuration in the end-mirror region under the
collision less condition. Figure 9 (b) shows the z-axial distribution of heat and particle fluxes in the
end-mirror region. Heat flux density in Fig. 9 (b) is corrected by the following particle reflection
coefficients [14]. Measured results of heat and particle flux densities are agree with the calculation
results which are considered magnetic configuration simply. The maximum consistent Ti//
( temperature of parallel to the line of magnetic force ) is estimated to be ~ 400 eV. This ion
temperature agrees in the result measured by ELIEA ( End Loss Ion Energy Analyzer ) [15, 16].
Moreover, heat and particle fluxes can be increased by handling plasma parameters in the central
cell or heating conditions. Therefore, it is considered that performing the divertor simulation
experiments in GAMMA 10/PDX have good prospects from these results.

1.5 Numerical simulation for divertor plasma
1.5.1 The importance of numerical simulation for studying SOL plasma
The simulation of the plasma in the divertor and SOL regions is very important due to not only
the evaluations heat load and particle flux reached the target plate and the understanding the
divertor physics but also the core plasma confinement indicated in section 1.3. For example, the
effects of plasma drifts to the SOL plasma and impurity transport, the physical mechanism of high
speed plasma flow at generated detached plasma [17] and the dependence on the divertor geometric
configuration and so on are elucidated by using simulation code. By clarifying the correct physical
mechanism of plasma behaviors, not only the useful guideline of future reactor design and the
safety of the plasma control in the reactors but also the evaluation of advanced methods for
controlling the plasma behavior in the divertor region can be produced. The numerical simulation
codes are used for studying plasma physics and modeling new reactor configuration in the world
with comparison examinations between the codes included another physical assumptions.
In the divertor region, the interactions between charge particles and neutral is very important
because the physics simulated in the divertor plasma conditions is characterized by the strong
interaction between plasma and neutral. The numerical code to simulate the plasma behavior
exists two main type of the fluid code and the Monte Carlo code. Naturally, the plasma transports
along with magnetic field line therefore the connection length is more longer than the mean free
path of the several collisions in the tokamaks. In this reason, the plasma behavior is calculated by
using the fluid code. In addition, it is useful for the fluid assumptions to become the low calculation
cost. The fluid code simulated SOL plasma is widely used in the world such as B2 [18], B2.5 [19, 20]
and UEDGE [21]. On the other hand, the mean free path of neutral is almost always longer beyond
adapting the fluid assumption. The neutral behavior depends on the geometrical configuration
12

because the neutral particles can freely transport without binding the magnetic field line. Therefore,
the neutral is calculated by the kinetic code solving the Boltzmann equation such as EIRENE [22,
23, 24], DEGAS [25, 26] and NEUT2D [27]. These codes include the detail collision processes and
use the Monte Carlo method. Especially, the collision processes is important due to dominant
processes for the neutral behaviors.
1.5.2 The numerical simulation in the linear device for divertor study
Linear devices has simple magnetic field compared with tokamak magnetic configuration. It
seems that physical mechanisms are analyzed obviously. Injecting neutral or impurity gases in the
edge plasma is useful to reduce particle and heat load toward the divertor plate. However, it is
concerned that neutral and/or impurity injection lead to the degradation of core plasma
performance if they penetrate into core region. It is important to investigate plasma and impurity
transport, and also the effects of the particle and heat reduction by injecting neutral and impurity.
Numerical simulation is useful for analyzing these phenomena. In addition, the existence of
effective processes can be estimated or evaluated between other conditions. The combination use of
the experimental results in the linear devices and the results of numerical simulation are
performed in the world by using linear devices [28, 29, 30]. The numerical codes performed by
simulating the plasma or neutral in the linear devices are used by the code which is used in the
tokamak such as B2.5 and UEDGE. By adapting the codes used in the tokamak, the validity of
algorism under the mixed different time scale conditions and the condition of the plasma
parameters like near the detachment state is verified at the same time.

1.6 Objectives of the research and outline of this thesis
The purpose of this thesis is to clarify the effects of reduction heat load and particle flux toward
the divertor plate and impurity transport in the divertor region at the GAMMA 10/PDX based on a
numerical simulation using fluid code. Especially, we will make a comparative study with and
without the effect of impurity ions such as argon and atomic molecule interactions. Finding
knowledge and information is important under the high ion temperature condition which is
different to other linear devices in the world for divertor studies.
After introducing the first chapter, Chapter 2 describes the physical model of edge plasma. Fluid
equations, the boundary conditions and the transport coefficients are explained. In Chapter 3, the
simulation results in case of the single fluid code are shown. Neutral particles considered only
recycling neutrals or injected neutral gas are mentioned. In this section, It is assumed that
impurity must not ionized in the plasma. In Chapter 4, simulation results calculated multi-fluid
and extended the mesh structure to west plug/barrier cell are discussed. The difference of mesh
13

configuration is compared. In addition, more detail interactions between ions and neutral or
impurity are introduced in the simulation code. In Chapter 5, neutral hydrogen particles is
calculated not by a simple analytical solution but by using DEGAS code [25, 26]. Neutral is not
constrained by magnetic field line. Therefore, more correct solutions are obtained by using Monte
Carlo code than using fluid code or others because the distribution of neutral particles is largely
depended on the structure geometry of the calculation space. Finally, this thesis is concluded in
Chapter 6.
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Chapter 2

Physical model of plasma transport in the
linear fusion devices for divertor study
In the following Chapters, simulation results will be presented for plasma transport phenomena
in GAMMA 10/PDX with a numerical simulation code developed in this study. The numerical code is
based on the same fluid model as the B2-code, which has been originally developed by Braams [18]
for the numerical simulation of tokamak SOL and divertor plasmas.
In this chapter, main assumptions and basic equations of the fluid code used in the present study
will be summarized in Sec. 2.1. Then, transport coefficients used in the fluid model will be described
in Sec.2.3. Finally, boundary conditions used in the analysis will be summarized in Sec.2.4.

2.1 Main assumptions and basic equations
As mentioned above, the basic equations in the present code is the same as the B2-code. They are
originally based on the system of fluid equations derived by Braginskii [31]. Therefore, the system
of fluid equations is sometimes called " Braginskii equations". The Braginskii equations are derived
by taking the velocity moment of the Boltzmann equation. They consist in the B2 and the present
code, the Braginskii equations are simplified by the following assumptions;
1. Quasi-neutrality of plasma .
Continuity equations only for the ion species are solved, and the electron density ne is assumed to
be satisfied the relation ne = Σ ( i = 1, ... , Nα) Zα × nα, where nα is the ion density with the charge
state Zα and Nα is the number of charge state. The total ion density is given by ni =Σ ( i = 1, ... , Nα)

nα.
2. Assumed electron mass as zero and only the momentum balance equation for the ion species.
Inertia term in electron momentum balance equation is taken to be zero. The resultant electron
momentum balance equation together with the assumption 1 ( plasma quasi-neutrality ) is used to
eliminate the Lorentz force term and Coulomb collision term in the ion momentum equation. As a
results, only the ion momentum equations are solved.
3. Two dimensional model
15

In the B2 code, the two dimensional model of tokamak plasmas has been developed on the basis of
the toroidal axi-symmetry. The parallel component of the ion momentum equation is projected to
the poloidal plane. The 2D simulations has been done in the poloidal plane of the tokamak magnetic
configuration. The system of fluid equations are solved for the plasma density nα, plasma flow
velocity u//α parallel to the magnetic field, electron temperature Te and ion temperature Ti are solved
in the poloidal plane.
In the present model, we have developed 2D model of the mirror magnetic configuration in
GAMMA 10/PDX linear device ad in the same manner as the B2 code. We assume the axi-symmetric
of the GAMMA 10/PDX plasma, the dependence of physical quantities on the azumuthal angle
( theta ) in a cylindrical coordinate system ( r, theta, z ) has been neglected.
4. Anomalous radial transport
Diffusion approximation is introduced instead of solving the radial component of the momentum
equation in the radial direction.
5. Simplified viscosity tensor
Cross-field derivative terms are neglect.
The equations take the following form.


Continuity equation of species α
𝜕𝑛𝛼
𝜕
𝜕
+
𝑛𝛼 𝑢𝛼 +
𝑛 𝑣 = 𝑆𝑛𝛼 .
𝜕𝑡
𝜕𝑥
𝜕𝑦 𝛼 𝛼



(2.1)

Momentum balance equation of species α

𝜕𝑢||𝛼
𝜕𝑢||𝛼
𝜕
𝜕
𝜕
𝑚𝛼 𝑛𝛼 𝑢||𝛼 +
𝑚𝛼 𝑛𝛼 𝑢𝛼 𝑢||𝛼 − 𝜂𝑥𝛼
+
𝑚𝛼 𝑛𝛼 𝑣𝛼 𝑢||𝛼 − 𝜂𝑦𝛼
𝜕𝑡
𝜕𝑥
𝜕𝑥
𝜕𝑦
𝜕𝑦
=

𝐵𝜃
𝜕𝑝𝛼 𝑍𝛼 𝑛𝛼 𝜕𝑝𝑒
𝑍𝛼
𝜕𝑇𝑒
𝑍𝛼
𝜕𝑇𝑖
−
−
+ 𝑐𝑒
− 1 𝑍𝛼 𝑛𝑒
+ 𝑐𝑖
− 1 𝑍𝛼 𝑛𝛼
𝐵
𝜕𝑥
𝑛𝑒 𝜕𝑥
𝑍𝑒𝑓𝑓
𝜕𝑥
𝑍𝑒𝑓𝑓
𝜕𝑥

(2.2)

𝑁
𝛼
𝐹𝛼𝛽 + 𝑆𝑚𝑢
|| .

+
𝛽 =1

On the right side of Eq. (2.2), the first and the second terms are ion and electron pressure
gradient forces along with magnetic field line, respectively. The third and fourth terms indicate
thermal force from electron and ion. The symbols ce and ci are the coefficients of thermal force.
Thermal force is very important, because it influences impurity transport.
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Diffusion approximation of species α in the radial direction is used,
𝑣𝛼 = −𝐷𝑛𝛼

𝜕
𝑙𝑛𝑛𝛼
𝜕𝑦

(2.3)

The coefficient Dnα is the diffusion coefficient. Generally, this coefficient is defined as including
anomalous effects.


Electron energy balance equation
𝜕 3
𝜕 5
𝜕𝑇𝑒
𝜕 5
𝜕𝑇𝑒
𝑛 𝑇 +
𝑛 𝑢 𝑇 − 𝜅𝑥𝑒
+
𝑛 𝑣 𝑇 − 𝜅𝑦𝑒
𝜕𝑡 2 𝑒 𝑒
𝜕𝑥 2 𝑒 𝑒 𝑒
𝜕𝑥
𝜕𝑦 2 𝑒 𝑒 𝑒
𝜕𝑦

(2.4)

𝜕𝑝𝑒
𝜕𝑝𝑒
= 𝑢𝑒
+ 𝑣𝑒
− 𝑘 𝑇𝑒 − 𝑇𝑖 + 𝑆𝐸𝑒
𝜕𝑥
𝜕𝑦

In the right side of equation, the first and second terms represent work done by the electric field.
The third term is energy transfer between electron and ion by the Coulomb collision. The fourth
term is volume sources of electron energy.


Ion energy balance equation

𝜕 3
𝑛𝑇 +
𝜕𝑡 2 𝑖 𝑖

𝛼

1
𝜕
𝜌 𝑢2 +
2 𝛼 ||𝛼
𝜕𝑥
+

𝜕
𝜕𝑦

𝛼

= −𝑢𝑒

𝛼

5
𝑛 𝑢 𝑇 +
2 𝛼 𝛼 𝑖

5
𝑛 𝑣 𝑇 +
2 𝛼 𝛼 𝑖

𝛼

𝛼

1
𝜕𝑇𝑖
𝑚 𝑛 𝑢 𝑢2 − 𝜅𝑥𝑖
+
2 𝛼 𝛼 𝛼 ||𝛼
𝜕𝑥

1
𝜕𝑇𝑖
𝑚 𝑛 𝑣 𝑢2 − 𝜅𝑦𝑖
+
2 𝛼 𝛼 𝛼 ||𝛼
𝜕𝑦

𝛼

𝛼

2
1 𝛼 𝜕𝑢||𝛼
𝜂
2 𝑥 𝜕𝑥

2
1 𝛼 𝜕𝑢||𝛼
𝜂
2 𝑦 𝜕𝑦

(2.5)

𝜕𝑝𝑒
𝜕𝑝𝑒
− 𝑣𝑒
+ 𝑘 𝑇𝑒 − 𝑇𝑖 + 𝑆𝐸𝑖
𝜕𝑥
𝜕𝑦

In the right side of Eq. (2.5), the first, second and third terms have the same effects as the term of
electron energy balance. The fourth term is volume the source of ion energy. The total energy
balance equation for ion with common ion temperature Ti is solved in this code.
Electron velocities, density and pressure are defined as
𝑛𝑒 =

𝑍𝛼 𝑛𝛼 , 𝑢𝑒 =
𝛼

1
𝑛𝑒

𝑍𝛼 𝑛𝛼 𝑢𝛼 , 𝑣𝑒 =
𝛼

1
𝑛𝑒

𝑍𝛼 𝑛𝛼 𝑣𝛼 , 𝑝𝑒 = 𝑛𝑒 𝑇𝑒 .

(2.6)

𝛼

The definition of effective charge state is:
𝑍𝑒𝑓𝑓 =

𝑍𝛼2 𝑛𝛼
𝛼 𝑍𝛼 𝑛𝛼
𝛼
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(2.7)

2.2 The transport coefficients
As for the parallel transport, classical transport coefficients are used. The transport coefficients
are different between single fluid and multi fluid. In case of single fluid, the transport coefficients
are indicatee [kotov 53]. On the other hand, the coefficients used in multi-fluid are defined as
simplification of the complete multi-species transport theory [31].


Classical thermal conductivity coefficient of electron:
5

Simple plasma

𝜅||𝑒 =

2.4
𝑒4

𝑇𝑒2
2𝜋𝑚𝑒 𝑍 𝑙𝑛𝛬

(2.8)

3

Multiple ion species

𝑛𝑒 𝑇𝑒
𝜅||𝑒 = 3.488 × 10−4
𝑚𝑒 𝑍

𝑒𝑓𝑓

𝑇𝑒2
𝑛𝑒
10 20

(2.9)

𝑙𝑛𝛬

In case of multiple ion species, Braginskii's form collision between ion and electron is considered.


Classical thermal conductivity coefficient of ion
5

Simple plasma

𝜅||𝑖 =

12𝜋 𝜋𝜖02 𝑇𝑖2
3.9
𝑒4
𝑙𝑛𝛬

(2.10)
5

Multiple ion species

12𝜋 𝜋𝜖02
𝜅||𝑖 = 3.9
𝑒4

𝑍𝛼−2 𝑛𝛼
𝛼

𝛽

2𝑚 𝛼 𝑚 𝛽

𝑍𝛽2 𝑛𝛽

𝑇𝑖2
𝑙𝑛 𝛬

(2.11)

𝑚 𝛼 +𝑚 𝛽

Above both classical thermal conductivity coefficients give the result in W / (m J).


The parallel viscosity coefficient
5

12𝜋 𝜋𝜖02 𝑚𝑖 𝑇𝑖2
𝜂|| = 0.96
𝑒4
𝑍𝑖4 𝑙𝑛 𝛬

Simple plasma

(2.12)
5

Multiple ion species

𝜂|| =

12𝜋 𝜋𝜖02
0.96
𝑒4

𝑍𝛼−2 𝑛𝛼
𝛽

The formula for parallel viscosity is given by Braginskii [32].


Energy equipartition coefficient between ion and electron
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𝑛𝛽 𝑍𝛽2

2
𝑚 𝛼 +𝑚 𝛽

𝑇𝑖2
𝑙𝑛 𝛬

(2.13)

3 𝑒 4 𝑚𝑒 𝑛𝑒 𝑍 𝑙𝑛𝛬
3
2
3 2𝜋𝜋𝜖02 𝑚𝑖 𝑇𝑖2

(2.14)

3 𝑒 4 𝑚𝑒 𝑍𝛼2 𝑛𝛼 𝑛𝑒 𝑙𝑛𝛬
3
2 3 2𝜋𝜋𝜀02 𝑚𝛼
𝑇𝑒2

(2.15)

𝑘=

Simple plasma

𝑘=

Multiple ion species

The coulomb logarithm lnΛ is a factor that is used to take account long range character of the
coulomb collisions. The coulomb logarithm is presented below formula.
𝑙𝑛 𝛬 = 15.2 − 0.5 𝑙𝑛

𝑛𝑒
𝑇𝑒
+ 𝑙𝑛
20
10
1000

(2.16)

For using the fluid approximation in this paper, the flux along with magnetic field line is not
allowed to transgress the free streaming flux. Therefore, flux limits are used for electron thermal
conductivity coefficient and the parallel viscosity coefficient. These flux limits are expressed below.


Flux limit of the electron thermal conductivity and parallel viscosity coefficients.
𝑒
𝑒
𝜅||𝑙𝑖𝑚
= 𝜅||𝑆𝐻

𝑞𝑆𝐻
1+
𝑞𝐹𝐿

𝛾

−1
𝛾

𝛼
, 𝜂||𝑙𝑖𝑚
= 𝜂||𝛼 1 +

𝜂||𝛼

𝜕𝑢 ||𝛼 −1
𝜕𝑥

𝜇𝑝𝛼

(2.17)

κe||SH is the classical Spitzer-Harm coefficient. μ is a constant factor coefficient.


As in tokamak experiments, the radial transport is considered to be anomalous in many
cases also in the linear devices. Large uncertainty still exists for the anomalous transport
coefficients. Therefore, we use Bohm scaling is used for particle transport. The diffusion
coefficient in the radial direction, i.e., perpendicular to magnetic field line,
𝐷⊥ =

1 𝑇𝑒
.
16 𝑒𝐵

(2.18)

Bohm diffusion coefficient is assumed as the diffusion coefficient.


The perpendicular ion and electron thermal conductivity and viscosity coefficients are
assumed by using Ref. 17. These radial transport coefficients should be assumed by the
condition of GAMMA 10/PDX.
𝜅⊥𝑖 = 0.2 × 𝑛𝑖 ,

𝜅⊥𝑒 = 4.0 × 𝑛𝑒 ,
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𝜂⊥ = 0.2 × 𝑚𝑖 × 𝑛𝑖 .

(2.19)

2.3 The mesh structure
In the following simulations with the present code, the numerical meshes are created on the basis
of GAMMA 10/PDX magnetic configuration. As mentioned above, in our present model, 2D model
parallel and perpendicular to the magnetic field is employed under the assumption of axial
symmetry. Therefore, the local curvilinear orthogonal coordinate system ( x , y ) has been employed
instead of the usual cylindrical coordinate system ( r , z ). The x-direction and y-direction in the local
orthogonal coordinate system are corresponding, respectively, to the direction parallel and
perpendicular to the magnetic field at each spatial point. The present model assumes the axial
symmetry and 2D model in the x and y direction, while physical quantities are uniform in the theta
direction.
In Fig. 10 (a), the numerical mesh used in Chap. 4 with the coils and vacuum vessels in GAMMA
10/PDX geometry is shown. The detailed mesh structure is shown in Fig. 10 (b). These mesh
structre is constructed from the GAMMA 10/PDX magnetic configuration in such a way that each
cell becomes a rectangle shape with its sides being locally orthogonal each other. In addition, the
tungsten target is designed at the end of the mesh structure.

Fig. 10 (a) : The vacuum vessels of
plug/barrier cell and end
cell

in

the

GAMMA

10/PDX and (b) : the detail
mesh

geometry.

The

tungsten target plate is
installed at end of mesh.

The mesh structure is composed of quadrangular cells with 0 ~ 15 cm in the radial ( x axis )
direction and 1004 ~ 1070 cm or 750 ~ 1070 cm in the z axial direction. In GAMMA 10/PDX,
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hydrogen plasma is mainly generated in the central-cell and flows out through the plug/barrier cell
to the end-cell.

2.4 The boundary conditions
The plasma parameters at the main plasma upstream region on the most left-side of Fig. 8 are
defined as fixed boundary ( Dirichlet condition ). Fixed boundary conditions at upstream region is
shown below.


Upstream boundary
Ion density

𝑛𝑖 = 𝑛0

2

𝑟0 0
𝑟0 𝑧

𝑒

Ion temperature

𝑇𝑖 = 100 × 𝑒

Electron temperate

𝑇𝑒 = 30 × 𝑒

1 𝑟 𝑧
2 𝑟0 𝑧

−

1 𝑟 𝑧
2 𝑟0 𝑧

−

1 𝑟 𝑧
2 𝑟0 𝑧

−

2

2

2

(2.19)
(2.20)
(2.21)

where r0 indicats half maximum full-width of physical quantities, r (z) is spatial position of physical
quantities and z is z axial position.
The divertor boundary condition in the ion and electron energy balance equations is defined by
heat flux flowed into the target plate. For ion velocity along with magnetic field line, Bohn condition
near the sheath entrance is adapted. σ represents ion and electron heat transfer coefficient.


Divertor boundary
𝑄𝑖 = 𝜍𝑗 𝑛𝛼 𝑇𝑗 , 𝑗 = 𝑖, 𝑒
𝑢||𝛼 ≥

𝑇𝑖𝛼 + 𝑇𝑒
𝑚𝛼

(2.22)
(2.23)

At the z axial, the boundary condition is defined as symmetry boundary because plasma is assumed
as cylindrical configuration.


Z axial boundary
𝜕𝑛𝛼 𝜕𝑇𝑒 𝜕𝑇𝑖 𝜕𝑢||𝛼
=
=
=
=0
𝜕𝑥
𝜕𝑥
𝜕𝑥
𝜕𝑥
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(2.24)

The periphery boundary is indicated as Neuman condition


The periphery boundary condition
𝜕𝑇𝑖𝛼 𝜕𝑇𝑒 𝜕𝑛𝑖𝛼
=
=
= 𝑐𝑜𝑛𝑠𝑡
𝜕𝑥
𝜕𝑥
𝜕𝑥

(2.25)

In this paper, Dirichlet boundary condition is imposed on the boundary in the radial direction
with the fixed value, e.g., zero.
The distribution of neutral particle is given by analytical solutions of one dimensional continuity
equation for neutrals under the condition of constant neutral velocity. The particle flux of neutral on
the target is presented below.
𝑛𝑛,𝑡𝑎𝑟𝑔𝑒𝑡 ∙ 𝑢𝑛 = 𝑅𝑁 ∙ 𝛤𝑖,𝑡𝑎𝑟𝑔𝑒𝑡 .

(2.26)

RN : particle reflection coefficient,
Γi, target : ion particle flux density on the target,
un: neutral particle velocity, nn, target : neutral density on the target.
Continuity equation of neutral particle is presented as follows,
𝜕 𝑛𝑛 𝑢𝑛
= −𝑛𝑛 𝑛𝑒 𝜍𝑣 ↔ 𝑛𝑛 = 𝑛𝑛,𝑡𝑎𝑟𝑔𝑒𝑡 𝑒 −
𝜕𝑥
𝜆=

𝑢𝑛
𝑛𝑒 𝜍𝑣

𝑒𝑖

𝑑𝑥
𝜆

.

(2.27)
(2.28)

where

nn : The neutral density,
un : The neutral velocity,
<σv>ei : The rate coefficient of the electron-impact ionization.

2.6 Numerical scheme to solve the fluid equations
Basic equations Eqs. (2.1) - (2.5) are discretized and numerically solved almost in the same way
as in Ref. [18]. In this section, the discretization method and numerical scheme to solved the
resultant discretized algebraic equtation are briefly summarized. We employed the finite-volume
discretization method developed largely by S.V. Patanckar [33, 34]. In this method, discretization
equation for each numerical cell ( control volume ) can be obtained by integrating the basic equation
over the control volume. Therefore, in this method, it is easy to check the conservation property of
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physical quatntity in each cells, e.g., momentum conservation.
The resultant desretized equations for all cells can be expressed in the matrix form;
𝐴𝑥 = 𝑏

(2.29)

where A is the (Ng × Ng ) matrix, and x and b are, respectively, the vector of Ng unknown values and
the given Ng sources. ( In the 2D modeling, the number becomes Ng = M × N, where M and N are the
number of cells in each direction ). More specifically, x is the unknown vector, whose element is
corresponding to the solution of the basic equation at each grid point in the control volume. For
example, if we discretize electron energy balance equation, each element of the vector x is
corresponding to Te at each spatial grid point.
In order to numerically solve the matrix equation above, " Stone's Strongly Implicit Procedure
(SIP)" [35], has been used. The SIP scheme is classified into so-called the incomplete LU
decomposition method. The iterative process is needed to obtain the solution, because basic
equations are nonlinear equation for unknown variables.
The residual vector r in the i-th iteration process is defined as
r i = A x(i) − b

(2.30)

where x(i) is the numerical obtained in the i-th iteration processes.
dr = r(i + 1) − r(i) = A x i + 1 − x i

(2.31)

Therefore, the difference in the residual dr becomes getting smaller, then the solution is getting
closer to the convergent solution, i.e.,
x i+1 ≥x i .

(2.32)

2.5.1 Characteristics of convergence in the numerical solutions
As mentioned above Section, the basic equations are calculated by using numerical scheme shown
in Sec. 2.5. The boundary conditions are used as shown Sec. 2.4. Especially, ion and electron heat
transfer coefficients are defined as 2.5 for ion and 4.0 for electron. The only west end-cell of GAMMA
10/PDX defined the range of region from 10.04 m to 10.70 m on z-axis is considered as the
calculation area and the hydrogen ion plasma is considered.
A number of test calculations are executed. The calculation results is checked for validity and
convergence. The validity of the calculation results has been established in Ref. [36]. This check of
the validity of the calculation results is performed by comparing solutions between analytical result
and calculation result and checking the preservative quality of all terms included equations.
Therefore, the residual error of plasma parameters is used as an index of convergence. The
definition of the residual error is indicated at the equation (3.1). The residual error of plasma
parameter is shown in Fig. 11. Figure 11 shows the dependence which is the variations of plasma
parameters during one calculation cycle on the iteration number as follows,
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∆𝜑 =

𝑖

𝜑1 − 𝜑 0
𝑖𝜑

2

(2.32)

,

where,
φ

Physical amount

φ1

New defined physical amount

φ0

Physical amount of previous
calculation step
The summation in all meshes

i

In Figs. 11 (a) ~ (d), all residual errors of plasma parameters are convergence about 10-14 after
iteration number over 3500 despite the non-linear equations used in the fluid code. It is considered
that the parameters calculated in the GAMMA 10/PDX mesh structure by using the fluid code
becomes convergence.

24

10-4

(a) ion density

10-6
10-8
10-10
10-12
10-14
10-16
10-0

0

500

1000

1500

2000

2500

3000

3500

4000

4500

5000

(b) ion velocity

10-5

10-10

0

500

1000

1500

2000

2500

3000

10-4

3500

4000

4500

5000

(c) electron temperature

10-6
10-8
10-10
10-12
10-14
10-16
0

500

1000

1500

2000

2500

3000

3500

10-4

4000

4500

5000

(d) ion temperature

10-6
10-8
10-10
10-12
10-14
0

500

1000

1500

2000

2500

3000

3500

4000

4500

5000

Fig. 11 (d) the residual error variation about iteration number (a): ion density,(b): ion velocity,
(c): electron temperature and (d): ion temperature.
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Chapter 3

Simulation result using single-fluid code
In this Chapter, we discuss the effect of (1) Magnetic flux expansion, (2) Neutral gas injection and
(3) Impurity gas injection on the reduction of the heat load onto the divertor plate. The purpose of
this chapter is to discuss and to obtain the basic understanding of these effects. For this purpose,
further simplifications have been done with respect to the basic equations described in Chap. 2.
In Sec. 3.2.1, based on the simulation results for a relatively simple case, we first discuss the
basic features of the end-loss plasma with the magnetic flux expansion in GAMMA 10/PDX. The
effect of flux expansion will be discussed. Secondary, in Sec. 3.2.2, systematic comparisons have
been made between cylindrical and expanded magnetic configuration in order to understand the
effect of the magnetic flux expansion on the reduction of the heat and particle load onto the target
plate. In Sec. 3.3, thirdly, the effect of neutral or impurity gas injection into end-loss plasma will be
evaluated for obtaining the suggestions of decreasing plasma energy. In Sec. 3.3.2, axial
distribution under condition of standard condition which means the typical plasma quantities in
GAMMA 10/PDX end-loss plasma will be shown with hydrogen gas injection. In Sec. 3.3.3, the
profile of electron temperature on the z-axis will be discussed. Finally, in Sec. 3.3.4, heat load and
electron temperature on the z-axis with impurity injection will be decribed. In each sections,
additional simplifications and or assumptions used in the analyses will be mentioned.

3.1 Characteristics of plasma in the GAMMA 10/PDX end-cell.
3.1.1 The basic features of the end-loss plasma with the magnetic tube expansion in the GAMMA
10/PDX west end-cell.
The characteristics of end-loss plasma at west end-cell in GAMMA 10/PDX had been partially
investigated. However, the global images is not understood completely. For analyzing the effect of
the flux expansion and characteristics in the west end cell, the fluid code is run without volume
source terms. Therefore, the interactions between plasma and neutrals such as ionization, charge
exchange and recombination are ignored in this section. The calculation results are shown in Fig.
12.
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(a) Ion density

(b) Mach Number of ion flow

(c) Electron temperature

(d) Ion temperature

Fig. 12 Two dimensional distribution of plasma parameters, (a) ion density, (b) Mach number
of ion flow, (c) electron temperature and (d) Ion temperature.

In Fig. 12 (a), ion density ni decreases toward z axis and radial directions. The difference of ion
density between at upstream and target plate becomes about 10 times. In the upstream region, ni is
~ 1019 m-3. On the other hand, ni becomes ~ 1018 m-3 near the target plate. This result suggests that
the distribution of ni is influenced by the magnetic flux expansion as Fig. 9 in Chapter 1.
Calculated ion Mach number of ion flux shown in Fig. 12 (b) rises monotonically toward the target
plate from 0.5 to 1. Ion flow satisfies Bohm conditions and accelerates toward the target plate. Mach
number tends to become large toward the radial direction. This flow profile shows countertrend to
the distribution of plasma density.
The distribution of electron temperature Te is shown in Fig. 12 (c). Te decreases with expanding
magnetic field line. The electron temperature Te varies from 30 eV at upstream to about 17 eV near
the target plate on the z axis. The electron temperature Te decreases without interaction between
electron and neutral particles, because it is easy for the energy of electron to transfer along with
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magnetic field line due to the large parallel thermal conductivity of electron and the electron
pressure-driven flow effect. The pressure driven force and the electrostatic force on the electrons
must be closely balanced in the small mass limit ( me => 0 ) without collisional drag force. This
situation leads to the Boltzmann relation [37]. On the other hand, ion temperature Ti near the
target plate has little difference from the value of upstream in Fig. 12 (d). Moreover, the profile in
the radial direction also has little change in the calculation area as same as Te. These features of Te
and Ti are obtained from the numerical simulations of the end loss plasma in the GAMMA 10/PDX.
Especially, such non-equilibrating feature of Te and Ti is similar to that in the low density upstream
SOL and/or low recycling divertor plasma in the attached state ( in tokamak ).
From above simulation results of the end loss plasma in the west end-cell region of the GAMMA
10/PDX with the magnetic flux expansion, the end loss plasma has the following features;


Plasma pressure and density is lower toward the target plate.
→ Under the condition without volume source terms, heat and particle fluxes on the target
plate decrease.



The distribution of ion and electron temperatures in the end-cell of the GAMMA 10/PDX has
a property similar to the upstream SOL plasma and/or low recycling divertor plasma in
tokamaks.



Ion and electron temperatures, Ti and Te are not equilibrating with each other.



The plasma flow is accelerated at the point of end-cell away from the target plate in the
GAMMA 10/PDX

3.1.2 The systematic comparison between cylindrical and expanded magnetic configuration.
Plasma behavior near the target plate is influenced by the magnetic configuration. From this fact,
the effect of divertor magnetic configuration is investigated mainly for reduction of heat load toward
the target plate.
For understanding such effects by the magnetic structure, comparison between cylindrical
geometry without the magnetic flux expansion and expanding geometry with the magnetic flux
expansion is performed. In the cylindrical geometry, the magnetic field is uniform in space and its
strength is taken as the same value at the end-mirror throat coil ( B = 3.0 T ). The expanding
geometry, on the other hand, has the same magnetic field configuration as in the west end-cell of
GAMMA 10/PDX which has been used in the horn-like geometry. The mesh structure produce for
the later magnetic configuration ( horn-like configuration ) is shown in Fig. 13 (a), while it is shown
in Fig. 13 (b) for the cylindrical configuration without the flux expansion.
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Fig. 13 (a) : The expansion mesh,

(b) : The cylindrical mesh

In both configurations, the numerical domain is extended with a same system length Lz = 0.7 m in
the z direction on the z-axis ( r = 0 ). The radial extent of the mesh for each configuration is different.
In the cylindrical configuration, the radial extent Lr is fixed as Lr = 0.05 m, while it depends on the
axial z position in the horn-like configuration with the flux expansion as shown in Fig. 13 (a). The
difference of the volume between horn-like configuration with the flux expansion and the cylindrical
configuration is calculated to be
Vcylind
VExpansion

≈ 0.25 .

(3.1)

The ratio of the total area perpendicular to the magnetic field at the end of numerical domain ( the
right-hand-side boundary in Fig. 13 ) at the end of mesh between the two configurations is
evaluated as
cylind

Adiv

Expansion

Adiv

≈ 0.104 .

(3.2)

The boundary condition of ni at the upstream boundary is defined as n0 = 1.0×1019 m-3. The value
of gradient in the radial boundary is defined as 0. The axial distribution of neutral density is given
by recycling neutrals at the target plate. The calculation results of different two magnetic
configurations are shown in Fig. 14.
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(d)
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Fig. 14 The two-dimensional distribution of plasma parameters in expanded and cylindrical
configurations. (a) : Plasma density, (b) : electron temperature, (c) : ion temperature and (d) :
Mach number.
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In Fig. 14 (a), the distribution of plasma density in case of ( horn-like ) expanding configuration
and cylindrical configuration are shown. The range of plasma density is 1017 ~ 1019 m-3 in the
expansion configuration. While in the cylindrical configuration, the range of plasma density
becomes from 1018 ~ 1019 m-3. The difference in plasma density between expanding and cylindrical
configurations reaches about 10 times. It should be noted that a density peak appears in front of the
target plate in the cylindrical configuration without the magnetic flux expansion. As will be
discussed more in detail below, the ionization source increases by recycling neutral particles. In this
cylindrical configuration, the ion flux density to the target plate becomes larger without flux
expansion. Therefore, recycling neutrals and the resultant ionization source becomes also larger
than the expanding configuration, which produce the peak of the electron density in front of the
target plate in the cylindrical configuration.
The distribution of Te is shown in Fig. 14 (b). The electron temperature Te varies slightly near the
target plate in the case of cylindrical configuration. As shown in Fig. 14 (a), Te in the cylindrical
configuration becomes higher than in expansion configuration. The distribution of Te in the
cylindrical configuration does not monotonically decrease like Te in the expanding configuration.
These results suggests the effect of expanding configuration because the heat flux density per unit
area is larger in the cylindrical configuration compared with heat flux density per unit area in the
expanding configuration.
Fig. 14 (c) shows the distribution of Ti. Near the target plate, Ti in the cylindrical configuration
tends to be low slightly than Ti in the expansion configuration. In addition, the region decreasing Ti
near the target plate in the cylindrical configuration is broader than in the expanded configuration.
However, the distribution of Ti does not have so much difference between the two configurations.
Finally, ion Mach number is shown in Fig. 14 (d) under the different two configurations. Both
behaviors of Mach number is similar in the sense that they are increasing toward the target plate
from 0.5 to approximately 1. However Mach number in the expanding configuration begins to
increase around z = 10.3 m, Mach number in the cylindrical configuration starts rising in more
upstream region at nearly z = 10.5 m. The dependence on the radial direction under the cylindrical
configuration is weaker than under the expanding configuration.
Not only the distribution of plasma parameters but also the volume source terms are influenced
by the magnetic structures. Figure 15 shows the neutral particle density distribution as (a), the
particle volume source as (b) and the momentum volume source as (c).
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Fig. 15 2-D. distribution of the volume sources and the neutral particle density in the expanding
configuration and cylindrical configuration. (a) : The distribution of neutral particle density, (b) :
The volume source for particle and (c) : the volume loss for the momentum.
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The distribution of the neutral density is shown in Fig.15 (a). The distribution of neutral density
in the cylindrical configuration is localized compared with in the expanding configuration. The
neutral density in the cylindrical configuration is distributed within the range of 1015 ~ 1019 m-3. In
the expanding configuration, the distribution of neutral density falls in the range of 1016 ~ 1018 m-3.
The neutral distribution is calculated by Eq. (2.27) in Cap. 2. The recycling neutral density at the
target plate becomes large with increasing the ion flux reached the target plate. Therefore, the
neutral density in the cylindrical magnetic configuration is larger than in the expanded magnetic
configuration. In Fig. 15 (b), the position of the maximum particle volume source is located about z
= 10.3 ~ 10.4 m in case of expanding configuration. On the other hand, the position where the
particle volume source take its maximum value exists near the target plate. In addition, the
position where the particle volume source take its maximum value in the expanding configuration
and in the cylindrical configuration shown in Fig. 15 (c). The peak point of ion density appears
where the particle volume source has the maximum value in both configurations. The volume
sources relate to neutral and electron density or electron temperature. In this condition, the rate
coefficient of hydrogen ionization keeps almost the same value because Te does not change largely.
Therefore, the difference of the points where the volume source takes its maximum and/or
minimum value is almost determined by the distribution of plasma and neutral particles. In
cylindrical configuration, the peak point of plasma density and neutral density is produced near the
target plate. On the other hand, in case of expanding configuration, the distribution of neutral
density has a peak near the target plate, however the peak of the ion density occurs in the upstream
region.
In addition, the effects of the magnetic flux expansion on heat load and particle flux on the target
plate are studied. In Fig. 16 (a), (b) and (c), the radial distribution of heat and particle fluxes and
heat and particle flux on the target plate are shown.
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Fig. 16 The radial distribution of heat flux on the target plate ( z = 10.70 m ) at the red line and
particle flux at the blue line. (a) : the expanding configuration, (b) : the cylindrical configuration
and (c) : total heat and particle fluxes on the target plate.
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Figures 16 (a) and (b) show the distribution of heat and particle fluxes at z = 10.70 m in cases of
expanding configuration and cylindrical configuration, respectively. The radial distribution profiles
in the both magnetic field line is similar to each other. Only the value of heat and particle fluxes is
different. In Fig. 15 (c), all heat and particle fluxes reached target plate are indicated. The rate of
heat and particle fluxes between expansion and cylindrical mesh is shown below,
𝑐𝑦𝑙𝑖𝑛𝑑

𝑃𝐻𝑒𝑎𝑡

𝐸𝑥𝑝𝑎𝑛𝑠𝑖𝑜𝑛

𝑃𝐻𝑒𝑎𝑡

𝛤𝑖

≈ 12,

𝛤𝑖

𝑐𝑦𝑙𝑖𝑛𝑑

Expansion

≈ 10 .

(3.3)

The rate of the heat and particle fluxes between two meshes roughly depends on the inverse of the
area at the target plate. Heat and particle fluxes in the cylindrical mesh is ten times larger than in
the expansion mesh.
This calculation results are checked by analytical solution in case of expanding configuration.
Therefore, the momentum equation is intergraded from the inlet to the target plate without volume
source term.

𝑑𝑥𝑑𝑦

𝜕
𝑛 𝑚𝑖 𝑢2 + 2𝑇
𝜕𝑥

+

𝜕
𝑛 𝑚𝑖 𝑢||2 + 2𝑇
𝜕𝑦

=0

↔ 𝑛 𝑚𝑖 𝑢2 + 2𝑇 𝐴𝑒 − 𝑛 𝑚𝑖 𝑢||2 + 2𝑇 𝐴𝑤 + 𝑛 𝑚𝑖 𝑢2 + 2𝑇 𝐴𝑛 − 𝑛 𝑚𝑖 𝑢2 + 2𝑇 𝐴𝑠

(3.4)

=0
↔ 𝑛 𝑚𝑖 𝑢||2 + 2𝑇 𝐴𝑒 − 𝑛 𝑚𝑖 𝑢||2 + 2𝑇 𝐴𝑤 = 0

∵ 𝐴𝑛 ≈ 𝐴𝑠

By adding assumption Ae / Aw ≈ 10.43 then,
10.43 × 2𝑛𝑑 𝑇𝑑 1 + 𝑀𝑑2

− 2n0 𝑇0 1 + 𝑀02 = 0

↔ 10.43 × 2𝑛𝑑 𝑇𝑑 1 + 𝑀𝑑2

↔ 𝑛0 𝑇0 = 16.68𝑛𝑑 𝑇𝑑

5
− 2𝑛0 𝑇0 1 + 𝑀02 = 0 ↔ 41.72𝑛𝑑 𝑇𝑑 − 𝑛0 𝑇0 = 0
2
∵ 𝑀𝑑 =

(3.5)

2𝑇
𝑚𝑖

Here, the index "0" means the parameters at the west mirror throat and the index "d" indicates the
parameters on the target plate. In the calculation results, n0T0 ≈ 3.0 × 1020 m-3 eV, ndTd ≈ 1.08× 1019
m-3 eV. Therefore, analytical result is roughly consistent with the calculation result.
From above results, the present modeling or code is useful to understand the basic effects of the
magnetic flux expansion. Also, it is shown that the flux expansion in the west end-cell region of the
GAMMA 10/PDX is effective to reduce the heat and particle load towards the target plate.
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3.3 Injection of neutral or impurity gas into the end-cell using the
single code
3.3.1 Reducing plasma energy by injecting neutral or impurity gas into plasma
Injecting neutral or impurity gases into the edge plasma is useful to reduce particle and heat load
toward the target plate. However, it is concerned that neutral and/or impurity injection lead to the
degradation of the plasma energy confinement due to the impurity radiation if they are penetrating
into the core plasma region. Therefore, it is important to evaluate the effects of neutral or impurity
injection.
In this section, argon ( Ar ) is considered as impurity and hydrogen atom is defined as injected
neutral particle. In this section, the effects of Ar impurities are taken into account in the following
manner;
(1) Eqs. (2.1), (2.2) and (2.3) has been solved in the trace impurity limit, i.e., these equation has been
solved only for the fuel hydrogen ion species.
(2) The Ar impurity density nz is taken as parameter.
(3) Only the effect of the radiation cooling effect by the Ar impurity is taken into account in Eq. (2.4)
as an energy loss term,
(4) The radiation function for Ar is used by shown Fig. 16 [38].
As for the hydrogen neutrals, molecular processes are not taken into account, only the reaction
processes related to the atomic hydrogen are included in the analysis such as ionization,
charge-exchange reaction and plasma recombination. In addition, sheath heat transmission factors
in Eq. (2.4) and (2.5) are assumed at 2.5 and 4.0 for ions and electrons under the same value with
the previous section.
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Fig. 16 The radiation rate for argon

3.3.2 Axial distribution in standard condition
The condition of simulation are shown are in Table 1. The symbols Ti0 and Te0 are the ion and
electron temperature, respectively, at the entrance ( z = 10.4 m ) of the numerical domain on the
z-axis. The symbol Δn0in is the additional neutral particle density to simulate the neutral and
impurity injection, which is given uniformly in the calculation area. Figure 17 shows the z-axial
distribution of (a) electron temperature, (b) ion temperature and (c) plasma density obtained from
the simulation. In all cases, the electron temperatures decreases toward the target plate. In the
cases of (C) and (D) of higher additional neutral particle density, the electron temperatures decrease
more strongly compared with the cases with lower Δn0in ( case (A) and (B) ). The electron
temperature reduces to about 9 eV in the case of (D). The ion temperatures decreases toward target
plate similarly as electron temperature in all cases. However, decreasing the amount of ion
temperature is small (~ 10 eV). As shown in Fig. 17 (c), plasma density decreases along with the
expansion of the magnetic flux tube in all cases. As increasing additional neutral hydrogen particle
density, the plasma density builds up and the peak of plasma density moves from the entrance
toward the target plate. The plasma density peaks at 10.1 m and reaches about 1.12 × 1019 m-3 in
the case of (D).
In Fig. 18, calculation results in front of the target ( z = 10.7 m ) are plotted as a function of the
peak plasma density on the z-axis. As shown in Fig. 18 (a), the decrease in electron temperature by
about 10 eV is observed, with increasing in the peak plasma density. However, it should be noted
that the reduction of Te is not so drastic and almost saturated for higher peak density case ( ni >
1.06 × 1019 m-3 ). In Figs. 18 (b) and (c), on the other hand, particle and heat fluxes increase with
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building up plasma density. The particle flux in front of target plate is increasing from 6.0 × 1022 to
1.8 × 1023 particle/m2 s. Heat flux on the target also increases with the peak plasma density from 3
to 7 MW/m2.
From above results, under the relatively simple model in this section, the effect of neutral
injection on the reduction of the electron temperature Te is not large and Te is almost saturated at

Te ~ 10 eV. For this relatively large Te regime, ionization rate coefficient is still high and the end-cell
plasma cannot reach the detachment state and it is still in the high recycling state. Therefore, the
ion flux towards the target plate enhances due to high neutral recycling. It might be also worth
noting that the large temperature difference between Te and Ti ( Ti >> Te ), and the resultant energy
transfer from the ion channel to the electron channel prevents the electron temperatures from
decreasing to such low temperature. Although, the simple model consideration given in this section
is useful for obtaining the basic understanding of the effects of neutral injection, more
self-consistent modeling of neutrals including neutral transport effect will be needed. The effect will
be discussed in Chap. 5.

Table 1 Condition of numerical simulation
Case

(A)

(B)

(C)

(D)

Ti0 (eV)

100

100

100

100

Te0 (eV)

30

30

30

30

1.0 ×1017

1.0 ×1018

4.0 ×1018

6.0 ×1018

Δn0in (m-3)
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Fig. 17 Axial profile of the plasma parameters on the z-axis ( r = 0 ) in the case of hydrogen
neutral injection. (a) Te, (b) Ti and (c) ni.
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3.3.3 Effects of additional neutral hydrogen in low temperature condition.
Figure 19 shows the dependence of electron temperature and the upstream plasma density on
additional neutral density in different ion temperature. The conditions of ion and electron
temperatures and additional hydrogen neutrals are defined shown in Table 2. Ion temperature is
changed at 10 eV, 30 eV and 100 eV. Circle symbols represent the case of 10 eV. Square symbols
show 30 eV and diamond shape symbols are corresponding to the case with 100 eV. As decreasing
ion temperature, electron temperature reaches lower temperature region and peak plasma density
begins to increase at low additional neutral density. Especially, in the case of ion temperature with
10 eV, electron temperature is reduced to nearly 3 eV and the upstream plasma density increases to
1.1 × 1020 m-3. It is possible for the ions to lose their momentum by the collisions with neutrals, e.g.,
charge exchange and/or to dissipate their momentum by viscosity. Therefore, if ion flow velocity
becomes small due to above mechanisms, then it seems that plasma density can become large in the
calculation for satisfying continuity equation. Heat flux decreases with the increasing upstream
plasma density. This tendency is different from the case where the ion temperature is relatively
high ( Ti > 30 eV ). Under the high ion temperature condition, the collitional energy transfers from
the ion to the electron becomes dominant. However, the direction of energy transfer between ion
and electron becomes opposite. In addition, the effect of charge-exchange reaction seems to be small
because the rate of charge exchange reaction does not large change in the range from ion
temperature Ti 100 eV to 10 eV. It seemed that the reduction of heat load on the target plate is
enhanced by increasing the energy loss of electron and ion under the low Ti condition.
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Table 2. The conditions of initial Ti, Te and additional hydrogen neutral density in
the simultaneous domain.
Case

(A)

(B)

(C)

Ti (eV)

100

30

10

Te (eV)

30

30

30

~ 5.0 ×1018

~3.0 ×1018

~4.0 ×1018

Δn0in (m-3)

(b)
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Fig. 19 Te (a) and upstream plasma density (b) dependence on additional neutral density.
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3.3.4 Effects of impurity gas
Heat flux and electron temperature dependences on the upstream density are shown in Fig. 20.
Heat flux on the target plate has the large value at the upstream density of ~ 1.3 × 1019 m-3 and
gradually decreases with the density. Square and triangle symbols represent the results of Ar gas
injection. Encircled symbols with solid circle correspond to the result that Ar atoms are uniformly
filled in the numerical domain with the same density of additional neutral hydrogen density ( 3.0 ×
1018 m-3 ). On the other hand, the symbols surrounded by dashed circle represent the results under
the condition of Ar atoms supplied with the density of 5.0 × 1018 m-3 together with the background
neutral hydrogen density of 2.0 × 1018 m-3. In the case of Ar gas injection, heat flux and electron
temperature are obviously reduced. However, it is shown that the upstream plasma density is also
reduced. The degree of heat flux reduction almost corresponds to the reduction rate of the upstream
plasma density. The above results imply that the electron temperature reduction due to the
enhancement of radiation cooling induces suppression of ionization in upstream region. More
detailed plasma parameter survey is needed for obtaining the optimum condition of radiation
cooling toward the realization of steady detachment plasma condition.
Behavior of background plasma of divertor simulation experiments in the GAMMA 10/PDX west
end-cell is calculated by using a fluid code. In the condition of high ion temperature and without Ar
gas, plasma parameters do not decrease sufficiently. However, in low ion temperature circumstance,
remarkable increase of upstream plasma density and reduction of the electron temperature on the
target is clearly observed. In the case of Ar gas injection, significant reduction of both electron
temperature and heat flux onto the target is achieved, which indicates the enhancement of
radiation cooling.
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Fig. 20 Electron temperature and heat flux dependences on the upstream plasma density.
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Chapter 4

Simulation results with the extended
numerical domain and multi-fluids
modeling
In the previous chapter 3, the effects of impurity or neutral injection are estimated by using
single fluid code. However, The following four important points are not included in the model:
(1) In the previous section, the numerical domain was limited in the end cell. This makes it difficult
to set the upstream boundary condition at the entrance of the cell, because i) in GAMMA 10/PDX,
the plasma flows from central cell through plug/barrier cell to the end cell and ii) some amount of
neutral and/or impurity gas injected into the end-cell region possibly flow out of the end-cell region.
(2) The variation of electron density due to ionization of impurity gas is not considered in this
model.
(3) Impurity density profile was fixed and effects of the impurity transport towards the upstream
region was not included in the model.
(4) Finally, the effects of impurity ion such as friction and energy transport between another species
ions are ignored.
It is important for end-loss plasma in GAMMA 10/PDX to include these effects into the fluid
model because these effects are important for more self-consistent simulation and also archiving
reduction of heat load or particle flux by reducing ion temperature from the results of previous
section. Therefore, above effects are included for elucidating the more detail plasma behaviors. In
section 4.1.1, the mesh extended from plug/barrier cell to end cell is explained. In next section 4.1.2,
the detail of additional terms and assumptions in multi-fluid code are indicated.

4.1 The extension of the mesh structure and multi-fluid code
4.1.1 The expansion of mesh from plug/barrier cell to end cell
As mentioned above, in GAMMA 10/PDX, the plasma flows from central cell through plug/barrier
cell to the end cell. On the other hand, recycling hydrogen neutrals and also injected neutral
hydrogen and impurity gas are transported toward the central region through the plug/barrier cell
region. Therefore, it is better to extend the computational domain towards the upstream and this
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would make it possible to impose more reasonable boundary condition on the upstream boundary.
In Fig. 4.1, the numerical meshes for the extended domain is shown. As seen from Fig. 4.1, the
extended numerical domain includes the plug/barrier cell. It is extended toward the central cell up
to the z-coordinate z = 2.4 m. By this extension, the back-flow of impurity ion can be traced and the
variations of the influx plasma parameter around the entrance of end-cell can be reasonably
modeled.
In Figs. 21 (a), (b), (c) and (d), the typical distributions of end-loss plasma are shown. Figure. 21
(a) shows the distribution of hydrogen ion density as (a), the distribution ion and electron temperate
are shown, respectively, in (b) and (c). Finally the Mach number. in the calculation domain is shown
in (d). Also, the z-axial profiles of hydrogen ion density (a), Ti and Te (b) and ion Mach number (c)
are shown in Figs. 22 (a), (b) and (c).
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(a)

(b)

(c)

(d)

Fig. 21. The distribution of the end-loss plasma parameters, (a): hydrogen ion density, (b): ion
temperature, (c): electron temperature, and (d): Ion Mach No. .
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In Figs. 21 (a), hydrogen ion density has two peaks. Each peak is located in the upstream region
in the end-cell and west mirror-throat region, respectively. It is natural to form the distribution like
Fig. 21 (a) because the magnetic configuration of the plug/barrier cell is mirror magnetic field. In
Fig. 22 (a), the amount of hydrogen ion density at mid-plane in the plug/barrier cell becomes as
same as that near the target plate. The distributions of ion and electron temperature shown in Figs.
21 (b) and (c) seem to indicate same behavior in the plug/barrier cell. On the other hand, They are
different in the end-cell. The electron temperature decreases in the end-cell region toward the
target plate, while decrease in the ion temperature Ti in the end-cell region obtained from the
present extended model is not so significant as that in the electron temperature Te. In Figs. 21 (d),
the behavior of ion Mach number shows axial profile of the ion Mach number is almost the same as
that obtained from the previous numerical domain with only the end-cell. However, it is shown that
Mach number at the entrance of the end-cell is higher than that in the previous results without
using the extended numerical domain. For this reason, the ion velocity could be accelerated by ion
and electron pressures near the end-mirror throat coil.
By extending the numerical domain to the upstream region from the end-cell, the basic
characteristics at the west mirror throat have been reasonably reproduced. In plug/barrier region,
the plasma parameters does not change largely. On the other hand, Mach number is influenced due
to expanding the numerical domain.

4.1.2 Extending multi-fluid code
The impurity ions play important roles for the plasma characteristics in the divertor region such
as degradation of plasma energy cooling or plasma confinement. Being based on the simplified
models for the system of the basic equations given in Chap. 2, the basic analyses have been done so
far. Full version of the basic equations in Chap. 2, i.e., multi-fluids model for multi speacies
including the impurity ions with each charge state is used in the following analyses. Impurity ion
with a different charge state is treated as a different ion species.
The residence time of the impurity ion in case of the deivertor simulation experiments in
GAMMA 10/PDX is shorter than the energy relaxation time between hydrogen ion and impurity ion.
Therefore, impurity ions are assumed to have a constant temperature which is the room
temperature in this thesis. In other word, the ion energy balance equation is not solved for impurity
ion and is added the term which is the work done by friction force between different ion spices. In
addition, the term which represents the energy-exchange reaction between impurity ion and
electron by collision is introduced in the electron energy balance equation. By including these
effects, ion and electron energy equations, i.e., Eqs. (2.4) and (2.5) have been modified as follows
[18];
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The new ion energy balance equation;
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+ 𝑘 𝑇𝑒 − 𝑇𝑖 + 𝑆𝐸𝑖 +
𝜕𝑥
𝜕𝑦

𝛼

𝛼

2
1 𝛼 𝜕𝑢||𝛼
𝜂
2 𝑥 𝜕𝑥
2
1 𝛼 𝜕𝑢||𝛼
𝜂
2 𝑦 𝜕𝑦

(4.1)

𝐹𝛼𝛽 𝑢||𝑏 − 𝑢||𝑎
𝛼𝛽

The new electron energy balance equation;
𝜕 3
𝜕 5
𝜕𝑇𝑒
𝜕 5
𝜕𝑇𝑒
𝑛𝑒 𝑇𝑒 +
𝑛𝑒 𝑢𝑒 𝑇𝑒 − 𝜅𝑥𝑒
+
𝑛𝑒 𝑣𝑒 𝑇𝑒 − 𝜅𝑦𝑒
𝜕𝑡 2
𝜕𝑥 2
𝜕𝑥
𝜕𝑦 2
𝜕𝑦
𝜕𝑝𝑒
𝜕𝑝𝑒
= 𝑢𝑒
+ 𝑣𝑒
− 𝑘 𝑇𝑒 − 𝑇𝑖 + 𝑆𝐸𝑒 + 𝑘𝑧 𝑇𝑒 − 𝑇𝑧
𝜕𝑥
𝜕𝑦

(4.2)

The term newly added are introduced as the last term on the right hand side of each energy
equations.
One of the characteristics of end-loss plasma in GAMMA 10/PDX is Ti >> Te. The energy transfer
coefficients through sheath is expected to be influenced largely. Therefore, the heat transmission
coefficients are redefined [39,40].
The ion heat transfer coefficient;

𝛼𝑖 ≡

𝑇𝑒

𝑄𝑖
𝑗+

=
𝑒

2𝑇𝑖
𝑇𝑒

(4.3)

The electron heat transfer coefficient;

𝛼𝑒 ≡

𝑇𝑒

𝑄𝑒
𝑗+

=
𝑒

2
1
− 𝑙𝑛
1 − 𝛾𝑒 2

2𝜋

𝑚𝑒
𝑚𝑖

1+

𝑇𝑖
𝑇𝑒

1 − 𝛾𝑒

where the symbol γe is the coefficient of secondary electron emission.
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−2

,

(4.4)

4.2 Injection of neutral and/or impurity gases into edge plasma
by using multi-fluid code
4.2.1 Only neutral hydrogen gases injection
By analyzing the effects of neutral hydrogen, the end-loss plasma is calculated under the same
conditions of section 3.2.1 in Chapter 3. It is assumed that the injected gas distributes uniformly in
the end region and decreases exponentially in the plug/barrier region. Injected neutral gas
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Fig. 23 Distribution of injected neutral density on the z axis.

The amount of injected neutral hydrogen density is 1.0 × 1017, 5.0 × 1017, 7.0 × 1017 and 1.0 × 1018
m-3. The axial profiles of ion density, ion and electron temperature on the z-axis under the conditions of neutral
hydrogen injection are shown in Figs. 24 (a) and (b).
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Figs. 24 The z-axial profile of (a) ion density and (b) ion and electron temperatures.

In Fig. 24 (a), the green line indicates the ion density on the z axis under the condition of the
injected hydrogen at 1.0 × 1017 m-3, the blue line corresponds to the condition of 5.0 × 1017 m-3 and the
red line represents in case of injected amount of the 1.0 × 1018 m-3. The hydrogen ion density
building up at z = 10.04 m which is situated beside the west end-mirror throat with increasing
injected neutral hydrogen. In case of injecting neutral at 1.0 × 1018 m-3 , it is observed that the
hydrogen ion density at mirror throat is 6 times as large as under the condition of injecting neutral
at 1.0 × 1017 m-3. The peak point of hydrogen density keeps at the mirror throat differently from the
result of single fluid code. In Fig. 24 (b), the line color same corresponding to Fig. 24 (a). The solid
symbols indicates ion temperature and the open symbols represents electron temperature. As seen
from Fig. 24, the dependence of Ti on injected neutral density nn is almost similar to that of Te in the
region 10.4 m < z < 10.7 m near the target plate. The dependence, however, becomes different in the
region 10 m < z < 10.4 m. It is shown that at the west mirror throat, ion and electron temperature
are influenced by the amount of the injected neutral hydrogen.
In Fig. 25, ion and electron temperature and hydrogen ion density at the target plate are shown.
The increasing rate of hydrogen ion density with neutral hydrogen injected is similar to the
increase rate of hydrogen ion density at west mirror-throat. Ion temperature decreases obviously
with increasing neutral injection. Ion temperature is reduced to nearly 50 % for the case with 1.0 ×
1018 m-3 compared with the case of 1.0 × 1017 m-3. On the other hand, electron temperature changes
slightly.
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Fig. 25 ion and electron temperature and hydrogen ion density at the target plate.

In Fig. 26 (b), heat and particle fluxes on the target plate is shown as a function of the hydrogen
ion density at the west mirror throat shown in Fig. 26 (a). Heat load tends to decrease with
increasing incident hydrogen neutral density into the plasma due to the reduction of ion
temperature and sheath transfer coefficient for ion. On the other hand, particle flux tends to keep
increasing. That is because the increase of ion density keeps with injected neutral hydrogen shown
in Fig. 25. Plasma behavior in the plug/barrier cell should not be ignored for the understanding the
phenomena near the target plate because the influx plasma parameters are changed with neutral
hydrogen injection.

Hydrogen ion density at z
= 10.04 m indicated in Fig.
26 (b).

Mirror throat coil.

Figs. 26 (a) The positions of the west mirror throat coil.
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4.2.2 Evaluation of Ar injection effects by using multi-fluid code
The neutral Ar density produces the reduction of heat load and particle flux on the target plate as
shown in the previous chapter. Therefore, the calculation under the condition of only neutral Ar
injection is performed for evaluating the effects of impurity neutrals and ions. The neutral Ar is
injected into the plasma at the amount from 5.0 × 1017 m-3 to 1.6 × 1019 m-3. Figure 27 shows ion and
electron temperatures and hydrogen ion and argon ion density at the target plate on the z-axis.
In Fig. 27 (a), the circle symbols show hydrogen ion density, the square symbols indicate Ar ion
density. H+ density decrease nearly 0.5 times with increasing injected Ar density. However, the
injected neutral Ar more than 4.0 × 1018 m-3, the decrease of H+ density is saturated. The amount of
Ar+ density rises abruptly at injected Ar density of 1.0 × 1018 m-3. After that, Ar+ density decreases
from about 3.5 × 1018 m-3 to about 1.5 × 1018 m-3. This reduction rate is larger than the in the case of
H+ density and the decreasing trend of reducing Ar+ density tends to keep under the condition of
high injected neutral Ar density. Therefore, it is expected that electron density has a peak in the
case of focus on the electron density.
In Figs. 27 (b), H+ and electron temperature with increasing injected neutral Ar density are
shown. The circle symbols show H+ temperature and the square symbols indicate electron
temperature. Both the temperature dependences are similar to each other. H+ ion temperature
decrease from about 90 eV to 30 eV. The reduction of electron temperature reaches from about 24 eV
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to about 3 eV. However, the reduction of both temperatures does not occur more than injected Ar
density : 4.0 × 1018 m-3. In addition, the energy relaxation between H+ and electron temperatures are
not observed though neutral Ar is injected up to 1.6 × 1019 m-3.
The work done by the friction force between hydrogen and argon ion does not become the effective
factor of decreasing ion energy in all cases as shown in Fig. 28 (a). In case of only neutral Ar
injection, the ion energy loss processes consist of the electron drag and atomic molecular
interactions, however the percentage of the all energy loss or gain processes of these effective loss
processes reaches only to nearly the 40 %. Therefore, it is seemed that there is weak influences of
neutral Ar injection for reducing hydrogen ion temperature. This event is indicated in the atomic
molecular interaction as shown in Fig. 28 (b). The process of charge exchange reaction between
hydrogen ion and neutral Ar becomes the very low reaction rate. Charge exchange loss with Ar is
not observed under the condition of only Ar 1.6 × 1019 m-3.
On the other hand, the effective electron energy loss factor is the atomic molecular interactions as
shown in Fig. 29 (a). In Fig. 29 (b), the radiation cooling by inelastic collision with neutral Ar
particles strongly influences the reduction of electron energy in the all cases. However, in the case of
neutral Ar injection 1.6 × 1019 m-3, the percentage of radiation cooling effect decreases and electron
drag effect increases. The radiation cooling effects of neutral Ar is low in the case of the electron
temperature less than about 3 eV from the radiation function of Ar defined as Fig. 16 in the section
3.2. From that reason, it is considered that the Te tends to keep constant under the condition of
injected neutral Ar more than 4.0 × 1018 m-3. Therefore, the decrease of decrease Ar+ density is
occurred because of not the recombination of Ar+ but inhibiting the electron-impact ionization as
shown by Fig. 29.
In Fig. 30, heat flux and particle flux of H+ and Ar+ on the target plate at z axis are shown. Heat
load on the target plate keeps the same value with increasing injected neutral Ar density. In the
injected high neutral Ar density region, the hydrogen ion temperature Ti and density ni tend to
hardly decrease. However, it seems that the heat load is difficult to reduce because the ion and
electron heat transfer coefficient defined by the Eqs. (4.3) and (4.4) increase slightly. The small
reduction of the H+ particle flux density is observed. On the other hand, the particle flux of Ar+ has a
peak at the injected neutral Ar density of 3.2 × 1018 m-3 and then decreases obviously. It seems that
this behavior of Ar+ particle flux is occurred by the reduction of Ar+ density due to controlling the
electron-impact ionization by low Te as shown in Fig. 28.
From these results, it is found that the only Ar gas injection into the plasma is useful to decrease

Te and charged particles density however, the effect of the reduction of H+ energy is expected not to
become main presence. Therefore, it is considered that it is needed to decrease H+ energy obviously
for the reduction of heat load.
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injection.
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In Fig. 32, the dependence of Ar+ particle flux density toward the central cell on the injected
neutral Ar density is shown on the z-axis at the plasma inlet region indicated as shown in Fig. 31.
The particle flux of Ar+ toward the central cell keeps to increase from 4.0 × 1017 m-3 to 3.2 × 1018 m-3
and has a peak at Ar = 3.2 × 1018 m-3. In the region of more than Ar 3.2 × 1018 m-3, the amount of Ar+
particle flux flowing out toward the central cell increases gently.
Fig. 33, the dependence of Ar ion density and velocity on the z-axis at the upstream region ( z =
7.5 m ) is indicated. From Fig. 32, the dependence of Ar+ particle flux is similar to the dependence of
Ar+ ion density compared with Ar+ ion velocity. Therefore, it is thought that the amount of the Ar+
density is the most important factor for deciding the amount of backflow of Ar+ particle flux.

Mirror throat coil.

Argon ion particle flux toward the central cell and Argon ion
density and velocity are shown in Fig. 32 and 33 at the position.
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4.2.3 Simultaneous injection of Hydrogen and Argon gases
In the case of only neutral hydrogen injection, H+ temperature tends to decrease obviously by the
charge-exchange loss and increase in the H+ density as seen in Fig. 25. In the case of only neutral
argon injection, on the other hand, electron temperature decreases actively and the increase in the
H+ density is lower than under the condition of only neutral hydrogen injection. It is expected that
the simultaneous injecting neutral hydrogen and argon leads to the detached plasma state more
easily than the case with only the neutral or Ar injection. In this section, the Ar gas density is fixed
at 5.0 × 1017 m-3 , while the neutral hydrogen density is changed from 5.0 × 1017 m-3 to 2.3 × 1018 m-3 .
In addition, higher Ar density case with 8.0 × 1017 m-3 is examined with varying injected neutral
hydrogen density at 5.0 × 1017, 1.3 × 1018, 2.1 × 1018 m-3.
The results are summarized in Fig. 30. The ion temperature and hydrogen ion density are shown
as a function of the injected hydrogen density in Fig. 34 (a). The dependence of the electron
temperature on the injected hydrogen density is shown in Fig. 34 (b). H+ temperature with Ar : 5.0 ×
1017 m-3 decreases to nearly 0.05 times of ion temperature with increase of injected neutral
hydrogen density like the condition of only neutral hydrogen injection. In the low hydrogen density,
it is shown that H+ temperature deceases almost linearly with the injected neutral hydrogen density.
On the other hand, in high hydrogen density region after 1.9 × 1018 m-3, it is difficult for H+
temperature to decrease. In the case of Ar : 8.0 × 1017 m-3, H+ temperatures are almost the same as
those for the case of Ar : 5.0 × 1017 m-3. H+ density with Ar : 5.0 × 1017 m-3 increases from nearly 1.0 ×
1018 m-3 to 3.3 × 1019 m-3 with increasing injected neutral hydrogen density. In case of Ar : 8.0 × 1017
m-3, H+ density does not make a difference compared with the condition of Ar : 4.0 × 1017 m-3.
However, the hydrogen ion H+ density observed at high injected neutral hydrogen density range is
lower than in the case of the amount of injected Ar gas : 4.0 × 1017 m-3. The electron temperature
shown in Fig. 30 (b) decrease from 16 eV to 4 eV as well as H+ temperature with increasing injected
hydrogen neutral. However, electron temperature is kept decreasing regardless of low or high
injected neutral hydrogen range. In addition, Ion and electron temperature relaxation has been
observed under the relatively high density range of the injected hydrogen ( > 1.9 × 1018 m-3 ). In the
case of injecting Ar : 8.0 × 1017 m-3, the decrease ratio of electron temperature with increase in the
injected neutral hydrogen tends to be smaller than in the condition of Ar injection : 4.0 × 1017 m-3.
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In Fig. 35, the dependence of the heat and particle fluxes on injected hydrogen density are shown.
The closed symbols of red cycle and blue square show the results under the condition of 4.0 × 1017 m-3.
On the other hand, the open symbols of red cycle and blue square indicate those with Ar : 8.0 × 1017
m-3. The heat load on the target plate decreases with injected hydrogen gas density. The decrease in
the heat flux becomes 0.2 times compared with the conditions of injected neutral hydrogen gas 5.0 ×
1017 m-3 and 2.3 × 1018 m-3.
In addition, the degree of decreasing heat load varies. It is considered that the energy loss, which
is caused by the charge exchange between H+ and hydrogen neutral under the large amount of
injected hydrogen neutral gas, tends to become small due to low H+ temperature. Particle flux at
the target plate become almost 10 times larger with increasing injected neutral hydrogen density
from 9.1 × 1022 m-3 to 9.9 × 1023 m-3. However, it is observed that particle flux with injected neutral
hydrogen more than 2.1 × 1018 m-3 tends to become saturating. Therefore, it is seemed that
upstream plasma is approaching to the plasma detachment state because the increase of particle
flux toward the target plate begins to be settled. In the condition of Ar : 8.0 × 1017 m-3, Heat load and
particle flux decrease, however, the reduction of heat load and particle flux is small compared with
neutral Ar injection : 4.0 × 1017 m-3. It is needed that the amount of the injected Ar neutral gas is
larger for making the impurity injection more effective for reducing the heat and particle loads.
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The reduction of Ti and Te causing decrease of heat load on the target plate is produced through
the several phenomena. Figure 36 shows that the rate of the physical processes acting as variation
of H+ ion and electron energy under the conditions of the amount of injected hydrogen as 5.0 × 1017
m-3 , 1.7 × 1018 m-3 and 2.3 × 1018 m-3. Figure 36 (a) indicates the pressure work, electron drag, the
work of friction force between H+ and Ar+ and the interaction between H+ ion and neutrals defined
at energy balance equation in case of ion and Fig. (b) represents the phenomena which are electron
pressure work, electron drag, the energy relaxation between electron and Ar+ and interaction
between electron and neutrals in case of electron.
In all conditions, the influence of interaction with Ar ion is very low such as the work done by the
friction force between H+ and Ar+ for ion energy and the relaxation between electron and Ar+ energy.
In Fig. 36 (a), the interactions between H+ and neural particles increase constantly with increasing
injected neutral hydrogen density. Energy transfer from ion to electron by the collision increases
under the condition of injected hydrogen density 1.7 × 1018 m-3 due to building up the electron
density in this condition by ionization of neutral hydrogen particles. However, in the case of injected
hydrogen density of 2.3 × 1018 m-3, the influence of electron drag decreases because the energy
relaxation between Ti and Te almost has occured. The pressure-driven effects which gives energy to
the ions does not depend on the amount of injected neutral particle density. The pressure work
tends to become the most effective factor in all processes. However, the pressure generated by
injected neutral particle largely depends on the density of injected neutral density. Therefore, it is
seemed that the physical processes which should be focused are electron drag and the interaction
between charged and neutral particles. In case of Ti, it is considered that the increasing of electron
drag and the interaction of charge and neutral particle is important for decreasing Ti. On the other
hand, the variation of the electron drag and electron pressure work is similar to the case of H+
energy in Fig. 36 (b). The rate of the interaction between electron and neutral particles increases
than the case of hydrogen ion energy and accounts for the greatest proportion of the electron energy
loss processes.
The interaction of charge and neutral particles for ions or electron includes several processes. For
H+,

ionization, charge exchange loss between hydrogen ion and neutrals, recombination and charge

exchange loss between hydrogen ion and Ar neutrals are considered. For electron, collisional
ionization, recombination for H+ and Ar+ and the radiation cooling by Ar are considered. In Fig. 37
(a) and (b) show the rate of atomic molecular interaction for ion or electron. In Fig. 37 (a), it is found
that the most effective process is charge exchange loss between hydrogen ion and neutral particles.
The charge exchange loss between hydrogen ions and neutrals reaches to about 96 %. Therefore,
other processes such as recombination for H+ and charge exchange loss with Ar are very little
existent. In Fig. 37 (b), the recombination of H+ or Ar+ is not hardly any influence for electron
energy loss. The effective processes are the effect of the coalitional ionization for H+ and inelastic
collision with neutral Ar particles. Especially, the radiation loss by inelastic collision with neutral
Ar keeps to be large influence despite the amount of neutral Ar injected into plasma which is lower
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than the injected neutral hydrogen. Therefore, the effects of radiation loss by injecting impurity gas
is important to achieve the reduction of electron energy.
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Fig. 36 The rate of the physical processes acting as variation of H+ ion and electron energy under
the conditions of the amount of injected hydrogen as 5.0 × 1017 m-3 , 1.7 × 1018 m-3 and 2.3 ×
1018 m-3. (a) : H+ ion energy and (b) : electron energy.
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Fig. 37 The rate of atomic molecular interaction in the energy source terms. (a) : ion and (b) :
electron.
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In Fig. 38 shows Ar+ particle flux flowing out toward the central-cell as a function of the density
for the injected neutral hydrogen. The red circles symbols indicate the results in the case of Ar 4.0 ×
1017 m-3. The square symbols show those with 8.0 × 1017 m-3. Under the condition of Ar : 4.0 × 1017
m-3, Ar+ particle flux ( z = 7.5 m ) toward the central-cell first almost is unchanged for the density
range of the hydrogen neutral density 0.5 × 1018 m-3 < nH < 1.0 × 1018 m-3. Secondly, it starts
increasing up to the case with nH = 1.0 × 1018 m-3. Finally, the Ar+ flux starts decreasing for higher
neutral density. In all the range of the nH, the flow velocity of Ar+ ions is decelerated by the friction
force by H+. However, Ar+ density increases till neutral hydrogen density reaches 1.7 × 1018 m-3 due
to relatively high electron temperature ( see Fig. 34 ) and the resulting high ionization rate of Ar.
Thus, the particle flux of Ar+ possibly increases. On the other hand, Ar+ particle flux declines after
increasing injected neutral hydrogen gas at 1.7 × 1018 m-3 as mentioned above. This is because Ar+
density decreases due to low electron temperature state in the range of the injected neutral
hydrogen larger than 1.7 × 1018 m-3.
The Ar+ particle flux under the condition of injected Ar gas 8.0 × 1017 m-3 shows the similar
dependence to the case of neutral Ar gas density 4.0 × 1017 m-3. The amount of backflow Ar+ particle
flux is larger than the result under the condition of injected Ar gas 4.0 × 1017 m-3.
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Fig. 38 Ar+ particle flux toward central-cell on the z-axis. The red circles indicate the results
for the case of Ar : 4.0 × 1017 m-3. The square symbols show those in case of Ar : 8.0 × 1017
m-3.
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Figure 39 shows 2-D distributions of Argon ion velocity under the condition of injected neutral Ar
= 5.0 × 1017 m-3, 1.7 × 1018 m-3 and 2.3 × 1018 m-3. Ar ion velocity flowing toward the central cell near
the inlet of plasma region ( z = 7.5 m ) is reduced with increasing neutral hydrogen injection. In
addition, Ar+ density at the plasma inlet region decreases shown in Fig. 40. Therefore, the decrease
of Ar+ density and velocity is caused by the reduction of argon ion backflow toward the central cell.
The increasing friction force working between hydrogen and argon ions is considered as the factor of
reducing Ar+ velocity shown in Fig. 36.
As mentioned above, Ar+ density decrease with increase of hydrogen density, however it is seemed
that the friction force increases because H+ density builds up largely shown in Fig. 34. Low Te
condition introduces the suppression of the electron-impact ionization of Ar.
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H0 : 5.0 × 1017 m-3

H0 : 1.7 × 1018 m-3

H0 : 2.3 × 1018 m-3
Fig. 39 2D distribution of Ar+ velocity
under the condition of injected
neutral Ar gas with injected
neutral hydrogen, 5.0 × 1017 m-3,
1.7 × 1018 m-3 and 2.3 × 1018 m-3.
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Fig. 40 Dependence of Argon ion density and average fiction force worked on the Ar ion.
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From above results, the summarization is following below;
(1) Only neutral hydrogen injection;
By the charge exchange loss, ion temperature is reduced. On the other hand, the reduction of
electron temperature is produced by electron-impact ionization. However, the reduction of
heat load is low and particle flux on the target plate is not decreased.
(2) Only Ar gas injection;
With injecting Ar gas, the decrease of not only hydrogen ion and electron temperatures but
also hydrogen ion and argon ion density is observed. However, the electron temperature and
hydrogen ion temperature and hydrogen ion density are saturated ( Ar gas => 4.0 × 1018 m-3 )
and sheath transfer coefficient tends to be larger. Therefore, heat and particle loads has kept
to the constant value.
(3) Simultaneous injection of Hydrogen and Argon gases;
Charge exchange is dominant process for the reduction hydrogen ion temperature. On the
other hand, the effective process of the reducing electron temperature is the radiation cooling
by Ar gas and loss energy for electron-impact ionization of hydrogen. In this case, heat load on
the target plate decreases and saturating particle flux on the target plate is observed. It is
shown that the backflow of Ar+ velocity is decreased in the high range of the nAr.
(4) Possibility of impurity backflow
The backflow of Ar+ tends to increase with building up injected Ar gas density due to the effect
of pressure. However, Ar+ particle flux toward the central-cell is reduced more than a certain
amount of injected neutral hydrogen because of decrease of ionization rate by reduction of
electron temperature and increase of friction force by hydrogen ion. However, the effects of the
mirror magnetic confinement is not considered by the behavior of impurity. Therefore, it is
seemed that the impurity transport analyses using kinetic code such as IMPMC [41] and
IMPGYRO [42] is useful for the more accurate understanding of the behavior of impurity.
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Chapter 5

The combining test the DEGAS code with
fluid code
5.1 The DEGAS code
Transport of charged particles is constrained by the magnetic field line and for this reason ions
and electrons approximately moves along the magnetic field line. In addition, it is easy to satisfy
the Knudsen number which does not exceed unity because the SOL plasma tends to become high
density and low charge particle temperature. Therefore, plasma transport is often tracked by using
fluid code which is low computational load and useful to calculate in the large area. On the other
hand, neutral particles are free from magnetic field line. The transportation of neutral particles
largely depend on atomic-molecular interaction between charged and neutral particles. It is also
important to affect the neutral transport from the effects of geometry because the neutrals transit
to various states with transporting between plasma and divertor plate. The mean free path of
neutrals is long compared with charge particles. From the above reason, it is considered that the
behavior of neutral calculated by kinematic simulation code is accuracy than using the fluid code in
the SOL region.
The Monte-Carlo method is employed on the kinematic simulation codes for calculating the
neutral transport. In these simulation codes, the Boltzmann equation is directly solved with using
pseudo-collision method for particle tracking. These numerical codes which are EIRENE [22, 23, 24],
DEGAS [25, 26] and NEUT2D [27] have been developed in everywhere. In this paper, the DEGAS
code developed by Heifetz is used for calculating neutral transportation because the DEGAS code
has been already applied to the some parts of GAMMA 10/PDX [43, 44, 45, 45]. The DEGAS code
calculates the transport of multiple species neutral particles in three-dimensional plasma by using
Monte Carlo method and its version is ver. 63. This version 63 of DEGAS has been adapted due to
the non-axisymmetric structure of the wall geometry, plasma parameters and non-uniform
distribution of the sources of neutral particles [46]. The outline of schematic view is shown in Fig.
41.
In the DEGAS code, the collision between neutral particles and neutral particles except for
hydrogen atoms and molecules are ignored. The steady-state solutions are derived from DEGAS
code by using below equation.
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𝑣 ∙ 𝛻𝑓 𝑥 , 𝑣 = 𝐶 𝑓 𝑥 , 𝑣
∵C(f ) is neutral-plasma collision term.

Fig. 41 The outline of schematic view of DEGAS 63.

5.2 The method of coupling DEGAS code with fluid code
For the coupling of fluid code and DEGAS code,
I.

First time, the background plasma is calculated by using fluid code.

II. The plasma parameters such as ni : plasma density, ne : electron density, Ti : ion temperature,

Te : electron temperature, ui, vi : ion velocity that is parallel and perpendicular magnetic field
line are handed off to DEGAS code from fluid code.
III. By using DEGAS code, the distribution of neutral particle is calculated.
IV. The distribution of neutral hydrogen atom and molecular are introduced to fluid code. At the
same time, the volume source terms that are Sn, SEi, SEe and Smu are delivered to the fluid
code.
V. The plasma parameters are calculated by using fluid code again.
VI. I ~ V steps is kept to run before giving the corresponding results of the both code.
However, the volume source terms represented in step IV are not delivered to fluid code from
DEGAS code in this paper unfortunately. Only the distribution of neutral particle is given in the
fluid code.
Figure 42 shows the geometry of the DEGAS mesh for coupling of the fluid code. In GAMMA
10/PDX, the target plate is installed in the divertor simulation module at end-cell. Therefore, the
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target plate in the divertor simulation module and the circle shape of target plate are assumed for
numerical calculation.

Fig. 42 The schematic view of divertor simulation module with circle target.
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In the DEGAS code, atomic molecular processes shown in Table 2 are introduced for hydrogen.
The neutral calculated by DEGAS code is considered only recycling neutral particles from the
target plate. The recycling neutral flowing from the target plate has the distribution is given
relatively by commensurate ion particle flux reached to the target plate. In addition, recycling
coefficient is defined as unity and the velocity of neutral particle generated on the target plate is
given as the cosign distribution. The condition of plasma is same with chap. 3. In Fig. 23, the
comparison the distribution of neutral particle and Te between using analytical model and DEGAS
code. Figure 33 (a) indicates the comparison of the distribution of neutral and Fig. 33 (b) represents
the comparison of Te under the these difference two conditions.

Table 2 Atomic molecular processes in DEGAS code
H+ + H → H + H+

Charge exchange

H2+ + H2 → H2 + H2+
H+ + H2 → H2+ + H
e + H → e + H+ + e

Electron impact ionization

e + H2 → e + H2+ + e
H+ + H → H+ + H+ + e

Ion impact ionization

H+ + H2 → H+ + H2+ + e
e + H2 → e + H + H

Electron dissociation

e + H2 → e + H + H+ + e
e + H2+ → H + H
e + H2+ → e + H+ + H
e + H2+ → e + H+ + H+ + e
e + H+ → H

Recombination
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In Fig. 43 (a.1) and (a.2), the difference of the distribution of neutral density between two
conditions is observed obviously. In Fig. 43 (a.1), the distribution of neutral density calculated by
DEGAS code is localized near the target plate more than the distribution of neutral density defined
by one-dimension ( 1-D ) analytical model. Near the target plate in the case of Monte-Carlo
simulation, the neutral density noticeably changes along the radial axis. The neutral density
decrease toward radial direction from nearly 1 × 1018 m-3 to nearly 3 × 1017 m-3. These the behavior
of neutral density does not observed in Fig. 43 (a.1) clearly. The attenuation rate of neutral density
calculated by the DEGAS code toward z axis is higher than the damping rate in case of 1-D
analytical model. Under the condition of using the DEGAS code, the half width becomes about 0.01
m on the z axis. The distribution of neutral density does not necessarily exist the peak value on the
z axis. In the area from 10.3 m to 10.5 m, neutral density has the peak around r = 0.02 m. On the
other hand, the half maximum full-width indicates nearly 0.5 m under the condition of analytical
model.
Figure 43 (b) shows the Te distribution in the case of used analytical model; (b.1) and used
DEGAS code; (b.2). As shown in Fig. 43 ( b.1 ) and ( b.2 ), slightly decrease in Te is observed in the
case of 1-D analytical model. However, in the case of DEGAS simulation, Te does not decreases due
to the low neutral density compared with produced by 1-D analytical model. This temperature
difference is observed strongly with toward the target plate. Therefore, it is seemed that the effects
of neutrals caused by the particle reflection source is not as significant in the case without
additional neutral gas injection.
The distributions of neutral density calculated by the DEGAS code or 1-D analytical model differ
greatly. It is considered that the difference is caused by the velocity of neutrals. In the analytical
model, the neutral velocity is defined as constant along with magnetic field line and the neutral
energy escaping from the target plate is assumed by considering the energy reflection coefficient. In
the case of the DEGAS code, the neutral velocity is decided as cosign distribution without no
constriction of magnetic field. In addition, the energy is assumed by room temperature. Therefore, it
is seemed that the mean free path in case of used DEGAS is shorter than in case of used analytical
model because the neutral velocity toward the upstream region slows under the DEGAS calculation.
Also, including the disappearance of neutral particle for ionization during transport in the
calculation area in the DEGAS code influences the distribution of neural density naturally. It is
considered that the distribution of the low neutral particle density in the region from z = 10.3 m to z
= 10.5 m is related to the penetration length of hydrogen.
By using DEGAS which is kinetic simulation used Monte-Carlo method, the neutral particle
transport is calculated and compared with the results from simplified 1-D analytical model. From
more accurately calculation of neutral transport, noticeable difference in the distribution of neutral
density is observed. From these results, it is likely to estimate the effects of neutral largely than in
reality. The same things are applied to the overestimate of the amount of neutral as well. Therefore,
it is needed to evaluate the destitution of neutral density by using kinetic code.
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analytical neutral

DEGAS neutral

density model

density model
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(b.2)

Te ( eV )

Te ( eV )

Fig. 43 (a.1) The distribution of neutral density by one dimensional neutral distribution model
and (a.2) The distribution of neutral density calculated by DEGAS code. Fig. 23 (b.1)
The distribution of Te shows under the condition of analytical neutral model and (b.2)
the distribution of Te is presented in case of using DEGAS code.
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Chapter 6

Conclusions
In this thesis, we studied the behavior of plasma flow at the end-cell in GAMMA 10/PDX under
the various conditions by developing a fluid code for the first time. Adapting the fluid code to the
end-cell in the GAMMA 10/PDX is performed by introducing magnetic configuration in the end-cell.
For investigating the characteristics of plasma in GAMMA 10/PDX, we made a comparison between
the expanded and cylindrical magnetic configuration. In the simulation by using single fluid code
under the condition of neutral gas injection into the plasma, the plasma parameters such as
electron temperature and plasma density are calculated especially focused on the effects of only
neutral particle. The fluid code is improved by introducing the radiation function in the electron
energy volume source term. In order to analyze of gas injection effects, we extended single fluid code
to multi-fluid code. In addition, the simulation space was extended from end-cell region to the
upstream region ( plug/barrier cell ) to evaluate the impurity transport to the upstream. Additional
atomic molecular interactions were added in multi-fluid code. Finally, we employed the fully-three
dimensional Monte-Carlo simulation code ( DEGAS ver. 63) in order to show more detail neutral
particle transportation near the target plate. The behavior of hydrogen neutral particle is compared
with one dimensional analytical model and DEGAS result. The finding from the above studies of
thesis were summarized as follows.

6.1

Adapting fluid code in GAMMA 10/PDX

The fluid code using the fluid model which is based on the same model as B2 code without the
effects of drifts and plasma current is developed for analyzing plasma at the end-cell in GAMMA
10/PDX. It is considered that the parameters calculated in the GAMMA 10/PDX mesh structure by
using the fluid code becomes convergence successfully. The characteristics of inlet plasma flowing to
the end-cell in GAMMA 10/PDX are follows:


Plasma pressure and density is lower toward the target plate.



The distribution of ion and electron temperature in the end-cell of the GAMMA 10/PDX has a
property similar to the upstream SOL plasma and/or low recycling divertor plasma in
tokamaks.



Ion and electron temperature, Ti and Te are not equilibrating with each other.



The plasma flow is accelerated at the point of end-cell away from the target plate in the
GAMMA 10/PDX.
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6.2 Comparison between cylindrical and expanded magnetic
configuration
The difference between the two meshes is observed obviously. Especially, plasma density has a
strong influence from the change of the magnetic field distribution. It is found that the plasma
density in the expanded mesh becomes lower than that in the cylindrical mesh and that the effects
of particle volume source are easy to be canceled due to the difference of the volume size in the
magnetic configuration. Heat load and particle flux reaching the target plate depend on the
cross-section area of magnetic flux tube largely. These phenomena are expected to be probable by an
analytical solution based on the simple model. The present modeling or code is useful to understand
the basic effects of the magnetic flux expansion.

6.3

Injection of neutral or impurity gas into the end-cell by
using the single fluid code

The influences of neutral or impurity are investigated by using single fluid code. In this
simulation, only the effect of Ar atoms are considered as impurity particles.

Injection of only hydrogen atoms
It is shown that Ti and Te decrease due to hydrogen injection. However ni increases with injecting
neutral hydrogen particles, and hence heat and particle fluxes on the target plate does not decrease
by injecting hydrogen gas. It is considered that the energy transport from ion to electron by electron
drag interferes with the loss of electron energy. Therefore, the progression of ionization is kept. In
the case of low Ti condition, the decrease of heat and particle fluxes on the target plate are observed.
It is clarified that the characteristics of plasma in the end-cell of GAMMA 10/PDX is strongly
affected by the condition of plasma parameter with Ti >> Te, that is the electron energy is supported
from the energy of ion with the high temperature through e-i collisions. Therefore, it is important to
decrease Ti effectively for the reduction of heat load and particle flux on the target plate.

Injection of impurity gas
Under the condition of low Ti, the reduction of heat load reached to the target plate are observed,
together with the reduction of Te with Ar gas injection. By injecting Ar gas, building up of ni does
not occurr because of lower Ti compared with the condition without Ar gas. It is also found that the
degree of heat flux reduction corresponds to the reduction rate of the peak value of the hydrogen
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plasma density. In this section, increase of ne by the ionization of Ar gas is ignored in single fluid
code. Although, the simple model consideration given in this section is useful for obtaining the basic
understanding of the effects of neutral injection.

6.4 Injection of neutral or impurity gas into the end-cell by using
multi-fluid code
In single fluid code, several important effects are neglected and the influence of upstream region
is not taken account. Therefore, these effects are included in the fluid code by extending to
multi-fluid code and plug/barrier cell.

The condition of injection only hydrogen atoms
With increasing incident hydrogen neutral density into the plasma, heat flux tends to decrease.
On the other hand, particle flux tends to keep in increasing. It is observed that the plasma
parameters around the west mirror throat change significantly with the amount of injected neutral
density. Therefore, it is found that plasma behavior in the plug/barrier cell should not be ignored for
understanding the phenomena near the target plate.

The only Ar injection effects
The reduction of ion and electron temperature is observed, however both temperatures are
saturated and also the difference of electron and ion temperature remains to be kept with
increasing injected Ar gas density. Particle flux of hydrogen and argon ion on the target plate
decrease with increasing injected neutral Ar density. On the other hand, heat load on the target
plate tends to keep constant value. From these result, it is seemed that Ar particle has the weak
effects of reducing hydrogen ion energy although the effect of electron energy reduction is very
strong. Therefore, it is needed to decrease hydrogen ion energy for the reduction of heat load.

Hydrogen and Argon gases injection at the same time
In this condition, Ar gas density is fixed as 4.0 × 1017 m-3 and neutral hydrogen gas density is
changed from 1.0 × 1017 m-3 to 2.3 × 1018 m-3. Particle flux on the target plate and hydrogen ion
density increase with increasing injected gas density, however the increasing rate of particle flux is
lower at the condition of high neutral density injection. On the other hand, Heat flux, Ti and Te
decrease at the same conditions. Charge exchange is dominant process for the reduction hydrogen
ion temperature. The effective process of the reducing electron temperature is the radiation cooling
by Ar gas and loss energy for electron-impact ionization of hydrogen. In this case, the evidence of
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passage of detached plasma state is observed.

6.5 The test combining with DEGAS code
By using the DEGAS which is kinetic simulation code using Monte Carlo method, the neutral
particle transport is calculated and compared with results between using the DEGAS code and an
analytical model. The distribution of neutral hydrogen calculated by the DEGAS code localizes near
the target plate and does not have the peak value on the z axis. In the case of analytical solution
included in the fluid code, neutral distributes in the broaden area and the peak value of the neutral
exists on the z axis. The neutral particle transports freely without binding the magnetic field line.
However, analytical mode included the fluid code defines neutral velocity as uniform along with
magnetic field line. Therefore, it is considered that this differences arises. From results, it is likely
to estimate the effects of neutral largely than in reality. In addition, if the adequate amount of
neural particles can exist in plug/barrier cell, plasma in the end-cell influences largely. Therefore, it
is considered that it is needed to calculate transportation neutral particles to plug/barrier cell from
end-cell under the various conditions.

6.6 Concluding Remark
In this thesis, by using newly developed fluid code, the behavior of the plasma flow at the end-cell
of GAMMA 10/PDX are calculated for divertor simulation experiments under the condition of
neutral and/or impurity injection into plasma. In addition, the behavior of recycling neutral particle
are evaluated by comparing between using DEGAS code and simple analytical model. These
investigations clarified that the characteristic of GAMMA 10/PDX such as circumstances of plasmas
Ti << Te influenced the behavior of end-loss plasma very strongly. The beneficial knowledge
obtained from this thesis contributes to the analysis of divertor simulation experiment in the
GAMMA 10/PDX under the condition of neutral and/or impurity injections.
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