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This thesis describes an investigation on transport of plasma, neutral particle and impurity in the
boundary and divertor of the JT-60U tokamak to provide a better understanding of plasma-surface
interactions and divertor physics. This work has been performed under the collaborative graduate
school between University of Tsukuba and Naka Fusion Research Establishment of Japan Atomic
Energy Research Institute.

The asymmetry between the inboard and outboard divertor on plasma parameters (in-out
asymmetry) are usually observed in tokamaks with the divertor. In this study, the in-out asymmetry
was investigated under various plasma conditions and discharge parameters. The observed results
were discussed with several mechanisms that can produce the in-out asymmetry. It was confirmed
experimentally that the importance of each mechanism depends on the plasma parameters and
discharge conditions. The current flowing in the scrape-off layer (SOL) due to the in-out asymmetry
was observed. The SOL currents in the high density plasma with the occurrence of the plasma
detachment were investigated for the first time in this study. Under the detached divertor condition,
the magnitudes of the observed SOL currents at the outboard target were 2-6 times larger than the
values predicted with thermoelectric current theory.

The ion temperature in the divertor region is one of the most important factors for both generation
and transport of impurity. However, the background ion temperature in the divertor region has not
been measured in any tokamak so far. The ion temperature in the divertor region has been measured
for the first time with the Doppler broading of the C + ion emission line. The measured temperature
was analyzed by an impurity particle transport code. The code calculation showed that the measured
temperature reflects the low temperature at the outside of the separatrix in the inboard region.

* Collaborative Graduate School (University of Tsukuba)
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The spectral profile of Balmer- a (D „) line emitted from the deuterium atoms reflects the velocity

distribution of neutral particles by the Doppler effect and is effective for investigating the detailed

neutral behavior and recycling process. The spatial variation of the D» line spectral profile in the

divertor region has been measured for the first time in this study. The observed results were com-

pared with the calculated one by a neutral particle transport code. The compared results under the

attached plasma conditions showed good agreement. The difference in the profiles with the viewing

position and plasma condition was discussed in consideration of change of the Da emission processes.

Keywords: JT-60U Tokamak, Divertor, Divertor Asymmetry, Detachment, High Density Discharge,

MARFE, SOL Current, Doppler Broading, Impurity Behavior,

Ion Temperature Measurement, Recycling, Neutral Particle Behavior,

D» Line Spectral Profile, Do Emission Processes
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1. Introduction

Nuclear fusion is considered as one of alternative future energy resources and its

research has been vigorously performed in the world. The advantage of nuclear fusion

over conventional energy resources (coal, oil and natural gas, or nuclear fission) is that

the principal fuels, deuterium (which is extracted from water) and tritium (which does

not occur naturally, but can be obtained from nuclear breeding in lithium), are plentiful

resource. Furthermore, unlike fission, fusion reactions produce no long-lived

radioactive nuclides and a reactor will be inherently safe in operation; the loss of reactor

control will naturally extinguish the reactions.

Until now, several schemes of magnetic plasma confinement and inertial

confinement devices have been investigated. In the magnetic plasma confinement

devices, the most employed and concentrated device is "Tokamak" [1]. The tokamak is a

device of axisymmetric toroidal geometry. In particular, performance improvement in

every aspect is made in three large tokamaks: TFTR at the Princeton Plasma Physics

Laboratory (shut down in 1997), JET at the Culham Laboratories in the UK and JT-60U

at Naka Fusion Research Establishment of JAERI in Japan. The break-even plasma

condition has been achieved in JET [2] and JT-60U [3]. The deuterium-tritium mixture

discharges have been performed in TFTR [4] and JET [5]. JET has successfully

produced fusion powers up to 16 MW. As the next major step in tokamak fusion

research, International Thermonuclear Experimental Reactor (ITER) project is being

designed under international collaboration [6].

ITER is a full ignition tokamak with fusion power of 1.5 GW, pulse lengths of

>1000 s. However, the required condition for success is demanding; the core impurity

contamination is very small, effective plasma ion charge Zeff <1.6, and the heat load to a

material surface is less than 5 MWm"2 (engineering limit) and so on. A tokamak plasma

can be divided into three regions : core plasma ; scrape-off layer (SOL) receiving the

power exhausted from the core ; divertor region receiving the power flowing through the

SOL along the magnetic field line. The divertor region is marked with strong plasma-wall

interaction, because the plasma directly contacts with the divertor plate. The divertor

- 1 -
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serves to isolate the core plasma from plasma-wall interaction. Out of the fusion power

of 1.5 GW in ITER, the thermal heat flux of about 300 MW will flow from the core

plasma into SOL. The divertor plate is expected to intercept an enormous heat flux: the

peak heat load on the divertor target >20 MWm"2 (in the absence of divertor radiation).

This heat load is completely unacceptable to a material. Thus, for a future ignition device

such as ITER, the control of the heat flux exhausted from the core plasma is an important

issue. The critical issues to be addressed in the divertor study [7] are

(1) wide dispersal of plasma power exhausted from the core plasma for reduction of heat

load to the divertor plate,

(2) production of significantly high gas pressures in the vicinity of pump duct to enable

removal of fuel and helium "ash" gas from the system,

(3) elimination or reduction of impurity production,

(4) screening of impurities produced at the plasma boundary or added deliberately.

In JT-60U, to investigate the divertor characteristics related with the above issues

and to realize the cold and dense divertor compatible with good confinement, the

previous open divertor was modified to a W-shaped divertor with pumps from February

to May in 1997 [8]. The divertor geometry is expected to strongly influence the plasma

characteristics in the divertor region. Efforts were made to minimize the leakage of

neutral particles from the divertor chamber to the main plasma and the cold and high

density plasma was obtained in the divertor region. The divertor pump is an essential tool

for plasma density control, helium ash exhaust, SOL plasma flow formation, and

radiative divertor control.

The core impurity contamination is the most crucial issue for fusion performance; in

neutral-beam heated discharges in JT-60U and in other devices, the impurity

contamination is high (Zeff>3) compared with the value required for ITER (Zeff<1.6).

Impurity control and helium 'ash' exhaust with plasma flow induced by gas puffing and

divertor pumping was demonstrated in JT-60U with the modified divertor [9,10]. On the

other hand, the impurities in the edge plasma region and in the divertor region are

considered to be effective for reducing the heat load to the target by radiative cooling [11].
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The divertor radiative cooling with the impurities is required for next step fusion devices

such as ITER. The high recycling divertor and divertor detachment are also considered to

be effective for reducing the heat load to the divertor target and are important concepts for

the operation scenario of future tokamaks. The high recycling causes the enhanced

plasma density in front of the divertor target through the ionization of the recycling

particles and/or gases externally injected to the divertor region. Then, the plasma

temperature is reduced with the increase on the plasma density. As the plasma

temperature falls to a few eV near the target, the recombination process works well. The

plasma particles flowing to the target are neutralized in front of the target. The

detachment is characterized by the reduction of the plasma pressure at the target and/or

particle flux reaching to the target. A review on the divertor physics in experiments of

several tokamak devices was recently presented in [7].

In order to provide a better understanding of plasma-surface interactions and divertor

physics, measurements with spectroscopic methods and Langmuir probes are vigorously

used in this study. Langmuir probes are useful for the measurement of the edge plasma

parameters, which determine the basic processes in the edge plasma. Spectroscopy is

useful for investigating detailed fuel recycling processes, impurity production, impurity

behavior, and radiative cooling.

Asymmetry between the inboard and outboard divertor and Scrape-Off

Layer (SOL) current

In tokamak devices with the divertor, the asymmetry between the inboard and

outboard divertor (in-out asymmetry) is usually observed on the plasma parameters such

as the temperature, density and heat load to the target. The various mechanisms that can

cause the in-out asymmetry were proposed so far. However, the understanding of the

in-out asymmetry is still inadequate to provide an accurate prediction. Because the in-out

asymmetry strongly depends on the various plasma conditions and discharge parameters

o
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such as the plasma density, safety factor, power level, toroidal field direction (direction

of ion VB drift), confined plasma condition, plasma-wall interaction and so on.

The in-out asymmetry is very important on the engineering design of future

tokamaks with excessive heat load to the target near or above engineering limits. As the

divertor performance strongly influences the fusion performance, the investigation of the

in-out asymmetry is one of the most important issues. It is important to accumulate the

experimental facts. In this thesis, the in-out asymmetry is observed under various

plasma conditions. The observed results are discussed with several interpretations that

can produce the in-out asymmetry.

The in-out asymmetry influences the plasma transport between the in-out divertor

through the scrape-off layer (SOL). The current flowing through the SOL from one

divertor side to the other, which is called as a SOL current, was observed in many

tokamaks. The SOL currents in the low density plasma under the attached plasma

condition were investigated in many tokamaks so far. This current was considered as the

thermo-electric current driven by the temperature difference between the inboard and

outboard divertor.

As there is a temperature difference between the inboard and outboard divertor, a

parallel electric field caused by the difference in Debye sheath drops (~ 3Te /e) at the two

sides can drive a current from the higher to lower temperature side, returning through the

mechanical structure. The SOL currents may influence the magnetic equilibrium, particle

transport, heating and impurity generation at the edge.

The high density divertor operation is considered to be desirable for future

tokamaks. The study in the high density discharges is important to determine the future

divertor design and operation. However, the SOL currents have never been investigated

in the high density discharges with the plasma detachment. The SOL current in the high

density discharges has been investigated in this study for the first time. In the high

density discharges, large changes in the in-out asymmetries are observed with the

increase on the plasma density. Apparently different SOL current compared with that

observed in the low density discharges is observed in the high density discharges. It is

- 4 -
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pointed out that large changes in the physical phenomena in the divertor region that can

strongly influence the determination of the future divertor design occur in the high density

discharges.

Both the impurity and fuel (deuterium) neutral particles occur as a result of the

plasma-wall interaction. These dissipate the plasma energy through the ionization and

radiation in the plasma. Both the impurity and neutral particles in the divertor region are

effective for reducing the heat load to the targets. However, the ingress of these particles

to the confined region should be minimized to ensure good confinement and stability.

The behavior of the impurity particles and fuel neutral particles decides the divertor

performance and influences the fusion performance.

Impurity behavior and divertor ion temperature measurement with Doppler

broadening

The impurity particles occur mainly by the sputtering processes. The ion

temperature is one of the most important factors for both the generation and transport of

the impurity. The ion sputtering yield of the impurity strongly depends on the incident

ion energy. Moreover, the temperature profile of the background ions strongly

influences the impurity ion motion through the thermal force, pushing the impurity ion to

the higher temperature side.

However, the detailed information of background ion temperature in the divertor

region has not been measured in any tokamak so far, although information relating to the

electron can be easily obtained by the Langmuir probe. In this study, the ion temperature

in the divertor region is measured with the Doppler broadening of C3+ ion emission line

by a normal incidence VUV spectrometer for the first time and is analyzed with the

detailed behavior of impurity in the divertor region.

The dependence of the measured ion temperature on plasma parameters is

investigated. The measured temperature is insensitive to the change of the plasma

conditions. This is inferred from the broad profile of the C3+ ions and the line integral

- 5 -
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effect. It is necessary to locate the exact position of emission. The detailed behavior of

carbon impurity in the divertor region is investigated by the impurity particle transport

code. The code calculation is essential because the impurity ion distribution in each

charge state is connected with a long chain of processes from the impurity production

point.

The analysis with the simulation code was performed in the high recycling L-mode

discharge. The calculation well reproduces the observed behavior of the impurity. The

measured temperature is interpreted with the calculated spatial variation of the C3+ ion in

the divertor region. The relation between the measured ion temperature and impurity

transport has been investigated for the first time in this thesis. The possibility of the

measurement of the ion temperature by the Doppler broadening of the impurity line is

examined in the divertor region of JT-60U.

Doppler-broadening of Da line and recycling of deuterium particles in JT-

60U divertor region

Deuterium neutral particles occur in the recycling process and the plasma density is

sustained by the influx of these neutral particles. Recycling particles are released as

atoms or molecules from the wall. The desorbed deuterium molecules experience the

electron collision in the plasma and dissociate to deuterium atoms. The Balmer-a (D a)

line emitted from the deuterium atoms results from the radiative decay of the electron from

the principal quantum state n=3 to n=2. The Da line spectral profile provides the

information of the velocity distribution of the deuterium atoms by the Doppler effect and

is effective for investigating the detailed neutral particle behavior and recycling process.

In future tokamaks, the high recycling and detached divertor conditions are considered to

be desirable for the operation scenario, in which the neutral pressure in the divertor

region is very high and the divertor performance is decided by the neutral behavior. The

detailed understanding of the recycling process and neutral behavior are indispensable for

determining the future divertor design and operation scenario.

- 6 -
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The Da line spectral profile was measured in many tokamaks and was compared

with the calculation so far. However, the measurement and analysis were limited at only

one viewing position. The spatial variation of the Da line spectral profile has not been

investigated in any tokamak so far. The study of the neutral recycling depended on the

measurement of the spatial profile of the Da line emission intensity, in which the

recycling process, neutral behavior and emission process were not investigated in

detailed.

In this study, with a high resolution visible spectrometer with viewing chords (60

channel) covering the divertor region, the spatial variation of the Da line spectral profile

emitted from the divertor region has been measured for the first time. A detailed

investigation of the divertor recycling depending on the Da line spectral profile has been

carried out in this thesis for the first time. The observed Da line spectral profile changes

with the viewing position and plasma condition. The Da line spectral profile is

determined by a number of effects such as the geometry of observation, geometry of the

source, atomic and molecular processes related to the plasma parameters and so on. A

Monte Carlo neutral particle transport code is used to investigate the detailed behavior of

the neutral particles and detailed emission processes. This code includes detailed

molecular and molecular ion dissociation processes. The calculated and observed Da line

spectral profile under the attached plasma conditions showed a good agreement. The

difference on the profiles with the viewing position and plasma condition is discussed

with the change of the emission processes. It is pointed out that the Da line spectral

profile in each viewing position reflects the detailed recycling process and neutral

behavior in each position and the detailed physical phenomena in the divertor region is

understood by investigating the spatial variation of the Da line spectral profile.

Following is the plan of this thesis paper. A review of physical phenomena in the

divertor region, which are indispensable for understanding the study in this thesis, is

provided in section 3. The results of the thesis work are described in section 4, 5 and 6.

The asymmetry between the inboard and outboard divertors (in-out asymmetry) is

- 7 -
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investigated in section 4 and the scrape-off layer current (SOL current) related to the in-

out asymmetry is also described in section 4. In section 5, the measurement of the C3+

ion with the Doppler broadening is examined and the detailed carbon behavior is

investigated with a simulation code. The investigation of the neutral particle recycling

and emission process by the measurement of the Da line spectral profile in the divertor

region is described in section 6. Finally, the summary of the study performed in this

thesis is presented in section 7.

- 8 -
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2 Tokamak and JT-60U

2.1 Tokamak

In the early 1950s, the development of tokamaks at the Kurchatov Institute in the

Soviet Union were followed by Tamm and Sakharov. Subsequent claim of stability and

T-3 tokamak achieved to produce the plasma with high electron temperature approaching

1 keV [12]. The T-3 result is a turning point in both fusion and tokamak research. The

conviction that the tokamak offered the best way forward rapidly spread and many

tokamak devices over 300 have been constructed in the world [13]. Tokamak research

concentration has led to a large scale world wide program. In tokamak research,

although the basic configuration of the tokamak has not relatively changed, the

development of larger experiments with high power additional heating, improved plasma

control, vessel conditioning techniques, mechanical support systems, magnetic

divertors and diagnostic systems have progressed.

In the 1980s, three large tokamaks [1]: TFTR at the Princeton Plasma Laboratory,

USA (but, programs finished in 1997); JET at the Culham Laboratories in the UK ; JT-

60U at the Naka Fusion Research establishment in Japan, were constructed to satisfy the

Lawson criterion. Up to the present, the JET and JT-60U achieved the break-even

plasma condition and TFTR and JET have successfully gained the fusion power up to 16

MW in actual deuterium-tritium mixture discharges [2-5]. In light of importance of

divertor physics in the design of next step devices, divertor geometry was modified in

JET and JT-60U.

In 1982, the higher confinement regime which showed confinement times a factor

of two more than normal operation is discovered in auxiliary heated discharges on

ASDEX. This is called the H-mode [14] in contrast with a normal regime called as the L-

mode. The transition to this state was found in a plasma with a divertor and at a

sufficiently high level of plasma heating. The transition occurs abruptly and appears to be

associated with improved confinement at the plasma edge. The H-mode produces

steepened gradients of density and temperature in the edge region and, by its steepened

gradients, instabilities so-called Edge Localized Modes (ELMs) are driven. These are

- 9 -
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rapid bursts of MHD activity accompanied by poor plasma confinement and producing

large heat and particle fluxes to plasma-facing surfaces. However, small frequent ELMs

are considered to be desirable for steady-state tokamak operation as they expel impurities

including helium ash and stabilize the core plasma density.

2.1.1 Fundamental Principle

The Tokamak is a toroidal plasma confinement system, the plasma being confined

by a magnetic field [1]. The word 'tokamak' is derived from the Russian words acronym

for "toroidalnaya kamera ee magnitnaya katushka", toroidal chamber and magnetic coil.

The principal magnetic field is the toroidal field. However, for plasma confinement, this

toroidal field alone is not sufficient and the poloidal magnetic field induced by currents

flowing in the plasma itself is also required. The combination of the toroidal field and

poloidal field gives rise to magnetic field lines which have a helical trajectory around the

torus. The inward Lorentz force induced by the plasma current and magnetic field is

balanced by the outward pressure gradient force such that

J x B = Vp. (2.1)

The geometry and coordinate system are shown in figure 2.1 and an example tokamak

machine in figure 2.2. The toroidal magnetic field B,,, is produced by the toroidal coils.

The magnetic poloidal field Be is produced by a plasma current Ip which is driven by a

toroidal electric field E^ induced by transformer action with the plasma acting as a single

turn secondary. The major radius Ro is defined as the perpendicular distance from the

major to the minor axis. The two minor radii a and b are defined as the horizontal and

vertical distances measured from the minor axis to the edge of the plasma. The aspect

ratio A is defined as R0/a and the elongation K as b/a. There are advantages for

confinement and achievable pressure with plasma which are vertically elongated. The

plasma shape, elongation, and the position of the plasma is controlled by the additional

poloidal coils. The spatial variation of the toroidal magnetic field strength is

approximately given by:

^ (2-2)
K

- 1 0 -
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where Bo is the magnetic field strength at the center of the plasma. In a magnetic field

with transverse gradient, the particle has a smaller radius (p = rm^/lqlB, where m is the

mass, q the electric charge and vx the perpendicular velocity of the gyro-motion) of

curvature on the part of its orbit in the stronger magnetic field. This leads to a drift

perpendicular to both the magnetic field and its gradient. This drift is called a VB drift.

Moreover, when a particle's guiding center follows a curved magnetic field line, it

undergoes a drift perpendicular to the plane in which the curvature lies, curvature drift.

In the case there is the toroidal field alone, curvature drift is in the same direction as the

VB drift. A velocity caused by both the VB drift and the curvature drift is given by:

where vn is the parallel velocity along the magnetic field line and ez the unit vector in the

direction of the major axis. The electrons and ions have opposite direction, ions move

toward the upper side of the torus and electrons the lower side. This leads to a charge

separation and to a breakdown by E x B / B 2 drift caused by the electric field produced by

the charge separation, which throws out the plasma outward of the major radius. The

helical magnetic field line around the torus can short-circuit the separated charges by the

mobility of the plasma along the magnetic field line. Therefore, the tokamak requires the

toroidal currents in plasma itself.

The pitch of the helical field line in the tokamak may be characterized by the safety

factor qs. The large aspect ratio plasma with a circular cross-section, the safety factor is

written as

() fe
where r is the minor radius of the flux surface. The safety factor presents the number of

complete toroidal circuits a field line must make before completing a single poloidal circuit

and is an important factor in determining overall stability of the plasma. The low-q

discharges cause instabilities with the low mode numbers. Instabilities take the form of

o= expi(m9 - n(|)) where m and n being the poloidal and toroidal mode numbers, and

these instabilities frequently lead to the disruption. Consequently, the qs profile emerges

- 11 -
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as a critical factor in determining the overall stability of the tokamak plasma. Other

important factors in magneto-hydrodynamic (MHD) stability include the ratio of plasma

pressure to magnetic field energy density, P, and the shape of the flux surfaces.

The toroidal geometry of the plasma leads to a hoop force which is in the direction to

expand the plasma ring. This force is balanced by applying a vertical magnetic field

which interacts with the toroidal current to give an inward force.

Major axis Z

Plasma current

B

Minor axis

Hoop force

Poloidal direction

B. : Toroidal magnetic field

lp : Plasma current

BB : Poloidal magnetic field

Toroidal direction

B : Magnetic field line

Ro : Major radius

b : Minor radius (horizontal)
a : Minor radius (vertical)Bv : Vertical magnetic field

Figure 2.1: Toroidal geometry of the tokamak and coordinate system.

Position control coils
A

Toroidal field coils Current

Vacuum vessel Iron transformer core Transformer winding
(Primary circuit)

Figure 2.2: Schematic of the tokamak configuration.
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2.1.2 Present Tokamak Configuration

The most present tokamaks have the divertor configuration, which is beneficial to

isolate the core plasma from plasma-wall interaction as illustrated in figure 2.3. In the

divertor configuration, plasma is simply divided into four regions; confined region,

scrape-off layer (SOL) region, private region, and divertor region. The boundary

between the confined and the SOL region is referred to as the last closed flux surface

(LCFS) or the separatrix (which also includes the boundary between the private and the

divertor). _ _
Confined region

Scrape-off layer
(SOL) region

R

Vacuum vessel

LCFS
or Separatrix

Divertor region

x-point
(Null point)

Private region

r
Divertor coil

Figure 2.3 Tokamak configuration with the divertor. The divertor
configuration is produced by the divertor coil with the current flowing
to the same direction in the plasma current.

The divertor configuration is produced by the additional divertor coil in the toroidal

direction. Divertor coil current flows to the same direction in the plasma current. The

poloidal magnetic field Be has a null at the x-point. The shape of LCFS is also controlled

by the external coil. The plasma particle and heat exhausted from the confined region are

conducted to the divertor target through the SOL magnetic field line. The advantage of

the divertor configuration is to reduce the neutral particles and impurities generated by
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plasma-wall interaction entering the main plasma. However, the small area in the

divertor target is compelled to receive large plasma heat. In a fusion reactor, the design

of the divertor will be very important to control the power reaching the target surface.

2.2 JT-60U and Diagnostics

2.2.1 Progress in JT-60U

JT-60 [15,16] is a large tokamak type experimental device which began its operation

from April 1985. The original JT-60 had an enclosed divertor chamber situated on the

large major radius side of the plasma. But this configuration and lack of deuterium

operation capability did not allow the H-mode operation. To permit the H-mode

operation, JT-60 was modified to JT-60U with an x-point at the bottom of the vacuum

vessel between November 1988 and May 1991. Also, the divertor of JT-60U was

modified from an open divertor to a W-shaped divertor with pumps from February to

May 1997 [17], to investigate the effects of the divertor geometry to contribute to the

design of a future tokamak devices like ITER [6].

An overall schematic of the JT-60U is shown in figure 2.4. The operational

parameters of JT-60U before and after the W-shaped divertor modification is summarized

in Table 2.1. The poloidal cross-sections before and after the W-shaped divertor

modification are shown in figure 2.5. The electric power required for the operation of

JT-60U experiment is about 1.3 GW, which corresponds to the power generated from

one nuclear power plant. Most of required power is accumulated before the discharge

pulse in the electrically-powered generator with the form of rotation energy and at the

plasma discharge all the power are released together with directly received commercial

electric power. JT-60U is capable of hydrogen, deuterium, and helium gas operation.

The first wall is completely lined with graphite, especially in the divertor target lined with

carbon fiber composite (CFC) tiles. Therefore, the dominant impurity in the plasma is

carbon. JT-60U has 18 toroidal field coils, and full bore plasmas experience a large

toroidal field ripple, 8B/B-3 %, at the plasma edge (z=0).
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Mechanical support structure

Poloidal field
coils

Toroidal field
coils

Neutral beam
injector

Lower hybrid
launcher

Figure 2.4: An overall schematic of the JT-60U.

Table 2.1. Main parameters of JT-60U.

Toroidal magnetic Field B^ : 4.2 T

Plasma major radius
Plasma minor radius
Elongation b/a:
ICRF PR F :
LHCD PLH :

Plasma current lp :

P-NBI PNB :
Plasma Volume Vp :
Gas puff port
Divertor pump
Helium pump

Ro: 3.0-3.4 m
a: horizontal: 0.6~1.1 m,

1.4-1.7
~7MW
- 1 0 MW

W-shaped divertor
(from May 1997)
2.5 MA
3.0 MA (design)
11 units (-28 MW)
-85 m3

6 ( 4 : main, 2: divertor)
Yes (three ports )
Argon frosting possible

b: vertical: 1.0—1.7 m

Open divertor

5 MA
6 MA (design)
14 units (-40 MW)

-100 m3

2
No
Solid target boronization
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(i) Open divertor

N

-0.8

-1.0

-1.2

-1.4

-1.6

Divertor plates (CFC tiles

B4C films covered

2.6 2.8 3.0 3.2 3.4 3.6

R(M)

(ii) W-shaped divertor
-0.8

N

-1.0

-1.2

-1.4

-1.6

Divertor plates
(CFC tiles)

Pumping port

Pumping slot

2.6 2.8 3.0 3.2

R(M)

3.4 3.6

Figure 2.5: The poloidal cross-section of (i) the open divertor and
(ii) the W-shaped divertor.

JT-60U has achieved high-performance plasmas in various operational modes such

as hot ion high confinement mode (H-mode), high-pp H-mode, reversed shear (RS)

mode and so forth, and contributed to many aspects of ITER physics R&D. In 1996,

the fusion triple product, nD(0)TET;(0) = 1.5xl021nr3 skeV, and the deuterium-

deuterium (D-D) neutron emission rate of 5.2 xlO16 s-1 were obtained in high-(3p H-

mode and equivalent deuterium-tritium (D-T) fusion amplification factor, QDT=1.05 was

demonstrated in the reversed shear operation in 1997 [3].
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The divertor modification has enabled sustainment of good confinement for 9 s of

high neutral beam power heating (20-25 MW) without increase in impurity and particle

recycling. The total energy input reached 230 MJ. The D-T equivalent fusion gain

Qoq
T~0.1 was sustained for 9 s and Q^T~0.3 for 4.5 s in high -J3p ELMy H-mode

discharges, in which H-factor (=xE/x^ER89PL)~2.3, (3N ~2 and -1.6 were sustained

with 60-70 % of non-inductive drive. The remarkable progress in the reversed shear

operation was demonstrated by its long time sustainment with ELMy H-mode edge. By

using power step-down technique, the p-collapses were avoided and a favorable

performance with H-factor= 1.8-2.5 and pN=1.5-1.8 was sustained for 1.5 s [18].

2.2.2 Divertor Modification

In the future tokamak fusion device like ITER, the divertor has to intercept

enormous heat flux, around 20-30 MWm"2 at the peak, which is very high compared

with an acceptable value for materials. Thus, the operation scenario with the heat

reduction by the impurity radiation in the divertor and with the particle reduction by the

detachment on the target are required for ITER. For this reason, In JT-60U, the

previous open divertor was modified to a W-shaped divertor with pumps [9]. This W-

shaped divertor follows the design supported by next tokamaks like ITER.

The W-shaped divertor is characterized by the inclined divertor plates, the dome,

and the baffle plates as shown in figure 2.5. The inner and outer divertor plates are

inclined at angles of 70 and 60 degrees in order to increase the neutral density at the strike

point. The dome covers the private region, which separates the inner and outer divertors

in order to improve the pumping efficiency from the inner private region and impedes free

upstream motion of gas. The inclined divertor and the private dome are effective to

condense neutral particles near the separatrix hit points and minimize leakage of neutral

particles from the divertor plates to the main plasma.

As a pumping scheme of W-shaped divertor, inner leg pumping (pumping from the

inner divertor) was adopted for the first stage experiment. This scheme has never been

implemented in other tokamaks. The pumping aperture of 3 cm in width is arranged
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between the inner divertor plates and the inner wing of the dome continuously in the

toroidal direction. Three pumping ports are connected to the duct under the baffle. Three

cryo-pumps with a pumping speed of 1000 m3/s each are used for divertor pumping.

The measured net pumping speed at the pumping slot is 13 m3/s in the molecular flow

regime. The pumping probability is about 0.6-2 % for the particle flux to the divertor in

discharges with ion VB drift toward the x-point.

Gas fueling valves are installed at the top of vacuum vessel for main gas puff (three

ports) and in the divertor region for divertor gas puff (two ports). This W-shaped

divertor provides an important database for designing next tokamaks like ITER.

2.2.3 Additional Heating System

The ohmic heating, acceleration by the toroidal electric field induced by transformer

action heats the plasma up to temperature of a few keV. The ohmic heating power

degrades as the temperature increase with a T~3/2 dependence of the plasma resistivity.

To achieve >10 keV, additional heating such as neutral beam injection (NBI) and radio-

frequency heating are used. In the former, to penetrate through the tokamak's magnetic

field, high energy neutral atoms are injected into the plasma. In radio-frequency heating,

high power microwaves are injected into the plasma and heat plasma by resonant

interactions.

Neutral Beam System

The neutral beam injection (NBI) into JT-60U is composed of two systems, one is a

positive-ion based NBI and the other is a negative-ion based NBI. The NBI for the JT-

60U started beam injection operation in 1986 with hydrogen beam. All the original

neutral beam lines were perpendicular injection. In 1990-1991, four beamlines out of 14

units were modified from perpendicular to tangential injection. At the same time,

modification was made to enable deuterium operation.

The positive-ion based NBI system injected up to 40 MW at 90 keV with deuterium.

The duration of beam injection is 10 s.
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The negative-ion based NBI system, which is aiming at 10 MW at 500 keV, is

composed of one beam line with two ion sources and a set of high voltage power supply.

Radio-Frequency Heating System

In radio-frequency heating, high power microwaves are injected into the plasma and

impart energy by resonant interactions. Two main schemes are currently exploited in JT-

60U: one is ion cyclotron resonance heating (ICRH in which the frequency is chosen to

resonate at the cyclotron frequency or its harmonics, 110-130 MZz, 2QcH=l 16MHz at

Bt=3.8 T) and the other is lower-hybrid heating (LHRF at 1.74-2.23 GHz), in which

the waves undergo Landau damping by either electrons or ions depending on density.

The design pulse length of these systems is 10 s, the heating capability is 6 MW of ICRF

and7MWofLHCD.

Radio-frequency heating has the advantage of flexible control of the heating profile

since the cyclotron absorption occurs around one value of the magnetic field. Radio-

frequency waves can be also used for driving current.

2.2.4 Diagnostics

In order to understand the physical processes occurring inside the plasma, the JT-

60U tokamak is equipped with a cpmprehensive range of diagnostic systems. These

measurements can be used to determine the general plasma parameters, assess the fusion

performance and for the study of specific plasma phenomena, in order to understand

what is happening in the plasma. The parameters most commonly monitored are the

plasma energy, power input and output, temperature and density profiles of electrons

and ions, magnetic field configuration and current profile, impurity emission intensity,

divertor and edge plasma parameters. Diagnostic tools equipped in JT-60U are

summarized in table 2.2.
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Table 2.2 Summary of JT-60U main diagnostic systems

Main Plasma

Plasma parameter

Ion Temperature, Ion

Density

Electron Density

Electron Temperature

Plasma Current Profile

Radiation

Impurity

Zeff(Effective charge)

Magnetic Fluctuations

Diagnostics

Charge Exchange Recombination Spectroscopy

Thomson Scattering for Ruby Laser, Thomson Scattering for YAG

Laser, CO2 Laser Interferometer, FIR Laser Interferometer Ul, U2

Thomson Scattering for Ruby Laser, Thomson Scattering for YAG

Laser, Electron Cyclotorn Emission Diagnostic System

Motional Stark Effect (MSE)

Bolometer

VUV Spectrometer for main plasma, Grazing Incidence

Monochromator, X-ray Crystal Spectrometer,

Zeff (vertical Bremsstrahlung), Tangential Fiber Array for Zeff

Saddle Coil, Tangential Probes for MHD analysis

Scrap-off layer (SOL) and Divertor Plasma

Plasma parameter

Ion Temperature

Electron Density

Electron Temperature

Impurity

Radiation

Neutral Gas Pressure

Heat Load On Divetor Plate

Diagnostics

VUV Doppler Broadening

Reciprocating Probe at Midplane and Divertor Region, Target

Langmuir Probe Array

Reciprocating Probe in Divertor Region, Target Langmuir Probe Array

High Resolution Visible Spectrometer for Divertor, Visible

Spectrometer for Divertor, VUV Spectrometer for Divertor Plasma,

60ch Fiber Optics for Divertor

Bolometer

Neutral Gas Pressure Gauge, Fast Ionization Gauge

Infrared TV for Divertor Plate
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(i) Open divertor
-0.8

-1.0

N

-1.2

-1.4

-1.6 "

2.6 2.8 3.0 3.2 3.4

(ii) W-shaped divertor
-0.8

-1.0

-1.2 -

N

-1.4 -

(a) Target Langmuir Probes
15 channel for Open divertor, 18 channel for W-shaped divertor.

(b) Normal Incidence VUV spectrometer
CIV (155.08 nm)

(c) 60 channel visible spectrometer

Da (656.1 nm), Cll (657.8 nm), CIV (580.1 nm), CD-band (~430.5 nm)

High resolution visible spectrometer

10 fibers out of the 60 fibers are simultaneously available

Figure 2.6: Diagnostics in the divertor region. The position of the
Langmuir probes and the viewing chord of the spectrometers are shown.
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Principal diagnostic tools in this study

In this study, due to the investigations of the edge plasma and divertor physics,

several diagnostic tools have been actively used. The Langmuir probe was used for the

edge plasma diagnostics, the information relating to the electron are obtained. The

normal Incidence VUV spectrometer for the measurement of the ion temperature, which

is from the Doppler broadening of impurity. The 60 channel visible spectrometer for the

spatial profiles of neutral atom and impurity ion in the overall divertor region. The high

resolution visible spectrometer for the measurement of the Da line spectral profile,

which has the information of the velocity distribution of the neutral particle. The position

of the Langmuir probes and the viewing chord of above spectrometers in the divertor

region are shown in figure 2.6 and the detailed information of diagnostic tools is

described below.

Target Langmuir Probes

The single Langmuir (electrostatic) probe [19] arrays are mounted on the divertor

target. The number of the probes is 15 for open divertor and 18 for the W-type divertor.

The spatial separation is 2.5-3.5 cm. The profiles on the divertor target of ion saturation

currents Isat, electron temperature Te and floating potential Vf is measured directly. The

probes consist of a rod exposed to the plasma and biased with respect to a conducting

portion of the vacuum vessel. The probe tip is dome-type form with 6 mm diameter and

1.3 mm protrusion. The tip material is carbon fiber composite (CFC).

Typically, the probe bias voltage Vpr is swept typically from -150 to +50 V with

respect to the earth reference determined by the vacuum vessel over a period of 100 msec.

While the probe is biased negatively with respect to the plasma potential, the ion flux is

collected at a 'saturated' rate. This ion saturation current may be expressed in the simple

form

2
Is

+a,=j;a,Apr=-noecsApr, (2.5)

where Apr is the collection area of the probe, cs the ion sound speed and n0 the density

far away from the probe. By biasing the probe more positively, the sheath drop is
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reduced and progressively larger fractions of the electron distribution are admitted to the

probe, the current due to the electron depends on the probe potential Vpr relative to the

plasma potential V , according to the Boltzman factor such that

r = - n o e c e A p r e x p
kT.

(2.6)

where the ce is the random thermal electron flux. In this way the probe acts essentially as

an energy selector. As the probe positive bias exceeds the plasma potential, the sheath

disappears and equation 2.6 is no longer valid as the electrons cannot be collected at a

faster rate than the unimpeded random electron flux. This electron saturation current is

sat A u £ pr ^ '

Combining the results of equation 2.5-2.7 produces the well known current-voltage (I-V)

characteristic of the single probe according to

(2.8)
eAprn0

= —c, — c . e x p
2 s 4 e F kT vpr < v p

pr \ pr /

Under most condition, equation 2.8 describes experimental data well for probe

potential of Vpr < Vp and the electron temperature may be derived from the slope of

ln(lpr - Is
+
at) vs Vpr. More commonly, numerical minimization techniques are used to fit

the characteristics using the equation

T = - i + A
pr Jsat pr

1-exp
kT.

(2.9)

and hence to obtain j s
+

a t , Vf and Te simultaneously. Once Te has been determined, the

electron density may be calculated using the measured ion saturation current and equation

2.5.

In adopting a different approach to the problem of modeling probes in magnetized

plasma, Giinter addresses the question of how the current can be drawn across the

magnetic field line and distributed over the vacuum vessel surface [20]. Then, it would

be expected to observe that every single probe would behave like an " asymmetric virtual

double probe ". Thus, the asymmetric double fit formula is given by
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l-exp[-e(Vpr-Vf)/kTe]
r"Jsa t p ra + exp[-e(Vpr-Vf)/kTe]p r " J s a t

(2.10)

where a is the ion to electron saturation current ratio (0<a<l). The example of the

probe fitting with equation 2.10 is shown in figure 2.7.
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Figure 2.7: Single probe current-voltage (I-V) characteristic
and example of the fitting with equation 2.10.

Normal Incidence VUV spectrometer

Normal Incidence VUV spectrometer [21] measures the ion temperature in the

divertor region from the Doppler broadening of carbon and oxygen line emission in the

vacuum ultraviolet (VUV) wavelength range.

The VUV line emission from the carbon and oxygen ions in the divertor region is

reflected at an angle of 68 degrees using a tungsten mirror and is led to a normal incidence

VUV spectrometer, which is installed at the ground floor. The optical system is the

Rowland type vacuum spectrometer with the diameter of 1.2 m. In the photoelectric

photometry, to obtain the high wavelength resolution, Doppler widths of the spectral

line in a high order (example, the 4th order for CIV 155.08nm at 620 nm: 2s2S - 2p2P°)

are measured by a one-dimensional array photoelectric detector (photodiode array

(1024ch)+tandem MCP). In the photographic photometry, spectra in one-dimensional
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order are taken with the photographic dry plate and are analyzed by the

microdensitometer. A high resolution is obtained by working in a high spectral order.

The wavelength range measured in the photoelectric photometry is 600-800 nm

which is a high order of the spectral in the range of 100-235 nm. The reciprocal linear

dispersion is 4.54 nm/mm at 610 nm and the time resolution is 20 ms/spectrum

(1024ch).

60 channel visible spectrometer

60 channel visible spectrometer [22] covers the divertor region. The spatial

resolution is about 1.1 cm. To investigate the behavior of deuterium atoms and

impurities, the intensity distribution of the spectral lines and bands emitted from the

divertor region is observed. The light is collected by lenses and transmitted by optical

fibers from the torus hall to a diagnostic room. This light from the optical fibers is split

into four components that pass four interference filters. Four 512-channel image-

intensified photodiode arrays observe the image of the optical fibers. The spatial profiles

of four wavelengths are measured simultaneously. In the present experiment, CD-band

(-430.5 nm), CII (657.8 nm), CIV (580.lnm), Ha (656.28 nm) and Da (656.1 nm)

intensities are measured. The time resolution is 100 ms and the wavelength band is ~1

nm.

High resolution visible spectrometer

High resolution visible spectrometer measures the emission line spectral profile of

the deuterium atoms and carbon impurities [23]. The spectroscopic system consists of an

object optics, optical fibers, a preoptics, a spectrometer and a charge-coupled device

(CCD) camera.

The object optics covers the divertor region 57 cm in poloidal length with a spatial

resolution of about 1.1 cm. Two quartz lenses with a diameter of 55 cm focus the visible

light onto a 60 channel optical fiber array. The light is transmitted by the optical fibers

from the torus hall to a diagnostics room. The length is about 300 m and the transmission
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factor is about 13 % at a wavelength of 633 nm. At a terminal box, 10 fibers out of the

60 fibers are connected with the fibers which guide the light to the preoptics.

In the preoptics, the light from the optical fibers is focused onto the entrance slit of

the spectrometer with a magnification of 4.71 through an interference filter. The optical

fibers are vertically placed in linear configuration along the entrance slit of the

spectrometer. The core diameter is 125 mm and the cladding diameter is 140 mm. The

free spectral range of the echelle grating is small and the interference filter is used to

remove the overlapping orders. The wavelength bandwidth of the interference filter is

about 10 nm.

The spectrometer is built in the Littrow mounting, because the image of the optical

fiber array should be a little astigmatic to obtain the spatially resolved signal with the CCD

camera. The focal length of the Littrow lens is 1.2 m and the diameter is 100 nm. An

echelle grating is used to obtain high wavelength resolution. The high resolution is

obtained by working in high spectral order. For the wavelength range 400-700 nm, the

order is 35-61 and the free spectral range is 6.7-20 nm. The dispersal light is detected by

the image-intensified CCD camera. The dimensions are 9.6 mm high and 12.8 mm wide

and the time resolution is 33 ms.
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3 Boundary plasma and divertor physics

The investigation of the plasma boundary and plasma-wall interaction is very

important as its condition influences the core plasma performance. The structure of the

boundary plasma is complex owing to the contact with the wall. By the self adjustment

nature of the plasma itself and the interaction with the particles released from the wall, the

profiles of the plasma density, temperature and potential near the wall vary during the

discharges. The plasma-wall interactions may produce additional particles, the same

species particles of the fuel by the recycling process or the impurities by the sputtering

process. These additional particles are distributed following the plasma distribution and

impact on both the particle and energy balance through ionization, recombination and

radiation.

3.1 Plasma sheath

When a plasma is in contact with a solid surface, an electrostatic field, which is

called a " sheath ", is formed near the wall surface [24]. The sheath is such as to

equalize the electron and ion currents to the wall surface by retarding the electrons, as the

electron thermal velocity is larger than that of the ion by the square root of the mass ratio,

(m j/me) . The electric potential (p can be described by Poisson's equation

(3.1.1)

where e is the electric charge and e0 the permebility. The electron density ne(z) along

the z coordinate is according to the Boltzman distribution function and the ion density

n; (z) is given by the ion particle and energy conservation equation. For a monotonic

potential, equation (3.1.1) is constrained by the following criterion,

M = v s e / c s >l , (3.1.2)

which is called as the Bohm criterion, where M is the Mach number, vse is the ion

velocity at the entrance of the sheath and cs(= -^(Ti + T e ) / m e ) is the ion acoustic speed.

The Bohm criterion means that the ions have to be accelerated such as to have the velocity

of cs at the sheath entrance. This acceleration region is called as a " pre-sheath " region

which has a small electrostatic potential drop of (pps ~ 0.85Te/e.
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i

j

| The ion and electron current density into the sheath are given by

| j>=ensecs, j e=--(l-5)en s ec eexp(e<p s /T e) , (3.1.3)

where ce is the electron thermal velocity, ce = ^/8Te/7tme, 5 is the secondary electron

emission coefficient.

By the condition that the net current to the wall surface is to be zero, j e + j t = 0.

The sheath potential cps is given by

T

2e •Ti/Te)

For a deuterium plasma with T{ = Te and assuming 8=0,

9 s ~"3T e / e .

Throughout the sheath, the deuterium ions incident onto the wall surface are

accelerated with an energy gain of 3 times Ts.

The principal electric field is located in a narrow region near the wall surface, its

thickness is approximately 10?iD [25], where A,D is the Debye length,

XD = l^f = 7.43 x 106 E E l [ m m ] . (3.1.5)
^ n e 2 ^jn[nr3]

For example with Te=20 eV and ne = 3 x 1019 m \ ?iD = 6|im. The sheath thickness is

very small compared with the typical dimensions of the tokamak boundary region. The

typical spatial variation of electric potential, ion velocity, and ion and electron densities

are shown in figure 3.1. The thickness of the sheath is exaggerated for clarity.

The parallel pressure balance along the magnetic field line is considered by the

momentum conservation equation including both electron and ion,
, , 3v(z) 23(nT)

nmiv(z)—K-1 = ^—'-. (3.1.6)
dz dz

This equation can be integrated to obtain

n0TB=in(z)m iv(z) + n(z)T(z), (3.1.7)

where nu, Tu are the density and temperature at the upstream. Te = T; is assumed with

the Mach number M, p(z) = pu/(l + M2). The Bohm criterion of M—> 1 at the target

plate leads to the resultant relation of the pressure balance

n J u = 2 n t T t . (3.1.8)
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Without friction processes, the static pressure at the target would be half of the upstream

pressure.
Sheath Plasma

Wall Surface

Figure 3.1: The typical spatial variation of electric potential, ion
velocity, and ion and electron densities.

3.2 Heat flux across sheath

The sheath potential drop influences the energy of the plasma ions and electrons to

the wall surface. The ions are accelerated by the sheath so that when they reach the

surface their energy distribution is approximately an accelerated Maxwellian. The

electrons are decelerated by the sheath. The distribution remains a Maxwellian but flux is

reduced. For a Maxwellian distribution at temperature T, the average energy per

particle convected through the sheath is 2T. Neglecting the pre-sheath contribution, the

ion power flux density removed from the plasma is given by

q ' ^ T J V (3.2.1)

where T{ is the flux density at the entrance of the sheath. For electron power flux

density, electrons absorbed by the surface must have possessed a kinetic energy at the
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sheath edge higher by an amount e<ps in order to overcome the retarding electric field of

the sheath, the electron power flux density is

e. (3.2.2)

The sheath energy transmission factor may be defined by y = q t/(TF), for ions and

electrons,

^T t 2
Y i = 2 - S ye = -, y +

T / e 1-8 2e
Ti/Te)

(1-5)2 (3.2.3)

the total sheath energy transmission factor y - ye + Yi is

„ T; 2 1
Te 1-5 2

K^e) h_*V {32A)
_2ic(l + T,/Te)v '

The factor y is -6.5 for a deuterium plasma with Tj = Te and 5=0.

The power flux density transmitted across the sheath at the target plate can be

expressed in the following form

q t=r t[vr t+ep], (3.2.5)

where the first term is the kinetic power convected through the sheath assuming M=l,

the second is the potential energy deposited on the target plate in the form of heat when

the incident ion is neutralized and recombines on the surface to form molecules. The

potential energy includes the ionization potential of a hydrogen ion (13.6 eV) and half of

the binding energy of a hydrogenic molecule (approximately 2.2 eV), thus £p~16 eV.

Simply, at temperatures above 2.3 eV, the kinetic energy is larger than the potential

energy by the factor y~6.5. When the volumetric power loss are small and the friction

processes are negligible, the heat flux is simply given by qt ~ yT tr t.

In the case of large tokamaks with high recycling such as ITER, the radiated power

is also important with a strong ionization zone near the target plate, whose thickness is of

the order of the ionization mean free path <1 cm. The energy loss per ionization event is

approximately given by [26]

, (3.2.6)
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where Te is expressed in eV. At Te=50 eV and n; = 1019 m~3 gives ^=29 eV. Thus,

the radiated power per ionization assuming that half goes directly to the target, the power

flux density on the target can be expressed as

(3.2.7)

3.3 Plasma transport (two-point model)

conduction recycle

Figure 3.2: A diagram of the geometry for the one dimensional two point model.

In most tokamaks, the heat is exhausted from the confined plasma by the cross-field

conduction into the SOL, the connection length is much larger compared with the

electron-electron collision mean free path in the SOL, and the thermal conductivity

parallel to the magnetic field is larger than perpendicular one by a factor ~(£>2
CT2, where

coc and t are the cyclotron frequency and the electron collision time. Then, the parallel

temperature gradients will develop along the magnetic field line and the parallel heat

transport via conduction will play an important role. A diagram of the geometry used for

the one dimensional two point model [7] is shown in figure 3.2. The SOL/divertor can

be divided into two regions: conduction region and recycle region. The conduction

region is the region from the upstream (symmetric point) to the entrance of recycle region

which is predominantly free of sinks and sources. The recycle region is close to the
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divertor plate with strong ionization particle source and a sink for energy and momentum.

The parallel heat conduction equation along the flux tube (z axis) can be written as

q l l = - K 0 T 5 ^ , (3.3.1)
dz

where K0 is the thermal conductivity for electron. Parallel thermal conductivity of the

ions is smaller than that of the electrons by a factor ~ (mi /me) and therefore neglected.

For constant qN, equation (3.3.1) can be integrated to give

T + > ( 3 3 2 )

2K0

where Tu and Tr is the temperature at the upstream and at the entrance to the recycling

region. The temperature on the target plate Tt is assumed to be the same as T r . L is the

connection length, L = Lr (Lr » LH). Two possible extremes are considered, that is,

(a) "sheath-limited" region where Tu = Tt and (b) "conduction limited" region where

Tu » Tt. The former corresponds to the case of low density or high input power and

the latter the case of high density and high recycling. In both cases, the friction

processes such as charge-exchange and elastic scattering are negligible. Thus, the

plasma pressure along the magnetic field line can be assumed to be constant, and also the

volumetric losses such as impurity line radiation are assumed to be small. The state that

the plasma pressure remain constant to the target along the magnetic field line is generally

called as a 'attached' plasma. At much low temperature, 'detached' plasma region is

discussed in section 3.5.

" Sheath-limited " region

At low plasma density, the temperature in the SOL Tu is generally high. The

parallel heat conductivity is large, thus the plasma temperature is constant along the

magnetic field line, Tu = T, and, by the constant plasma pressure,

n t = n u / 2 .

The density on the target plate increases linearly with the discharge density. Due to the

high plasma temperature, the heat flux convected through the sheath is qu ~ qt ~ 7ntcsTt

and thus, the plasma temperature is described as

- 32 -



JAERI-Research 99-017

T,sTu=(2m)1/3 M M . (3.3.3)

"Conduction limited" region

At moderate or high density, the thermal conductivity is lower. There exists parallel

temperature gradient, Tu » T, and equation (3.3.2) leads to Tu = (7qnL/2K0) . With

qu ~ qt ~ 7ntcsTt and the pressure constant, the plasma temperature and density on the

target plate are derived as

T = 2 1 - 1 q" ° (334) n = — I - y n»L (335)

With increasing upstream density nu, the target plate temperature Tt decreases with

T, cc n~2 and the density nt strongly increases with nt « n] . This reflects the very

strong particle amplification associated with high recycling and is simply derived from

constant plasma pressure along the magnetic field line in the presence of strong

temperature gradients. The low edge temperature is effective for reducing impurity

production associated with the physical sputtering, which has the threshold energy

(around 40 eV). The temperature ratio of the target to the upstream is
T f2\6p ma*nK6p

— = 2 " 2 2 6/7 • (3-3-6)

Tu W Y2n2L6/7

It is noted that a low power, a long connection length or high density produce a large

temperature gradient along the magnetic field line.

3.4 Plasma surface interaction

3.4.1 Recycling

In most tokamaks, the discharge duration length is at least an order of magnitude

longer than the global confinement time. Thus, on average each fuel ion will leave and

return to the plasma many times during a discharge. This process is known as " recycling

". The atom or neutral incident on the wall surface undergoes a series of elastic and in

elastic collisions with atoms of the solid, its incident particles may be either backscattered

primarily as neutrals or trapped in the solid. The trapped particles, after diffusion in the

solid, subsequently may return again to the plasma, backscattered by the incident
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particles or desorbed as atoms or molecules. The thermally desorbed particles have

thermal energies characteristics of the wall surface temperature. In steady state

discharges, the wall surface contacting with the plasma becomes saturated immediately

and the equilibrium between the incident flux and the recycled flux is established. The

rate of the total recycled flux from the wall to the total incident flux is defined as the

recycling coefficient R.

Backscatter (Reflection) of particle on a wall surface

The incident ions may be backscattered or reflected on the wall surface and return

into the plasma as neutrals. The backscattering at the wall surface depends primarily on

the incident ion energy and on the ratio of the masses of the surface atom and the incident

ion. The range and energy loss, reflection coefficients for particles Rp and energy RE,

of incident ions at the wall surface can be described in general terms for all ion-target

combinations using a reduced energy 8 given by
c _ 32.5m2E

( ) Z Z ( z r Zf)1/2'

where Z,, Z2 and m,, m2 are the atomic numbers and masses of the incident and

target ion and E is the energy of the incident ions in keV. Figure 3.3 shows the reflection

coefficients for particles RP and energy RE as functions of reduced energy [1]. The

reflection coefficients for particles Rp increase with decreasing ion energy and increasing

target mass, this is due to the lower surface penetration that results in the incident particle

being reflected more easily.

However, the hydrogen particle and energy reflection coefficients do not reach unity

at very low energies. This is due to a chemical binding effect. Instead, the reflection

coefficients decrease again when the kinetic energy approaches the strength of chemical

binding forces to the surface (see figure 3.4 [27]).

Trapping in the solid and desorption from the wall

The particle of incident flux which is not backscattered resides within the solid either

in interstitial sites or in metal defects such as vacancies. The implanted atom may either

be trapped or diffuses in the solid to be eventually released or desorbed from the solid
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Figure 3.3: Particle and energy reflection coefficients of ions backscattered
from solid surfaces as a function of reduced energy, e, for three different
ratios of the target to incident mass, (presented in reference [1])
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surface. This processes depend on the type of material, the wall temperature, the

implantation rate and the incident energy of the bombarding species. When diffusion

takes place, the release characteristics depends on the heat of solution of hydrogen in the

material, the diffusion atom can be trapped at lattice vacancies, interstitials, or other

imperfections with binding energies much larger than the activation energy for diffusion.

Diffusion readily occurs at temperatures above 300 K in many materials, but carbon,

carbides and oxides are notable exception.

In the endothermic case of unreactive metals such as Inconel and stainless steel,

implanted hydrogen diffuses readily both into the material and out towards the surface to

be lost due to molecule recombination and subsequent thermal desorption. However, in

the exothermic case, for example graphite, there is an effective potential barrier at the

surface preventing hydrogen atoms being released and, at room temperature, hydrogen

is completely trapped in carbon.

Nevertheless, during discharges, the particle flux to the target plate may be so

large that the concentration of trapped particle approaches the atomic concentration of the

lattice itself, graphite is saturated with 4 deuterium atoms for every 10 carbon atoms. In

this saturated state, the hydrogenic gas will establish a concentration gradient near the

surface of the solid and the incident flux to the wall is balanced by the outflow. This

outflow is determined by the diffusive flow towards the surface and the molecular

recombination rate at the surface. At higher surface temperatures (>400 K), thermal

desorption of trapped hydrogen in near surface layers may be achieved and consequently

the vacuum vessels are often continuously baked.

3.4.2 High recycling and particle flux amplification

Ions impinging on the divertor target are neutralized at the target and return into the

plasma as backscattered neutrals or thermal molecules. The plasma source arising from

ionization of these neutrals near the target enhances the flow back to the target. At high

densities, when the flow across the separatrix is small, ionization near the target is the

dominant particle source.
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The simplest model is capable of understanding the main features. The conservation of

particles along the magnetic field line is

fel = S, (3.4.2)
dz

where S is the ionization source S = nn0(av)ioni, (cv)ioni is the ionization rate coefficient.

Equation 3.4.2 is integrated from the upstream (z=0) to the target plate (z=L) and by

using the equation 3.3.2, the plasma temperature Tt and density nt at the target are

written as

T t~-3a--, nt~ E r f A*2, (3.4.3)
y r A ' pq u

where A is the particle amplification factor, A = 1 + j Sdz / F U . With increasing A, cold

and dense plasma can be achieved. This is the simple concept of high recycling divertor.

High recycling divertor can reduce the impurity generation, the sputtered impurities

may be ionized near the target and can be returned to the target by the friction force with

the particle flowing from the upstream. The direct input power (kinetic power deposition)

on the target can be reduced with low incident energy and the removal of the heat

becomes possible. However, contrarily high particle flux F, on the target enhances the

potential power associated with the recombination of the hydrogen ions and atoms.

Consequently the removal of the heat load to the target can not be possible only with the

low temperature. The more reduction of the particle flux to the target is required, that is,

detachment (section 3.5).

3.4.3 Impurity production and transport

In tokamaks, application of low Z materials, such as carbon, to the first wall has

contributed to high plasma performance. In JT-60U, the divertor plate consists of

carbon fiber composite (CFC) tiles and the wall of carbon tile. As a result, carbon has

become the major impurity [28]. Impurities are generated mainly by the physical

sputtering, chemical sputtering and self-sputtering, desorption of adsorbed gases,

sublimation, arcing, from the divertor plate. Impurities has a number of problems in
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tokamak plasma. Impurity contamination in the core plasma significantly deteriorates the

fusion performance by increased radiation and fuel dilution.

Sputtering

Physical sputtering

Sputtering is the removal of atoms from the wall surface, an energetic incident ion

and atom transfer energy to the lattice atoms by momentum transfer, forming a collision

cascade. When as a result of such a cascade a surface atom receives sufficient energy to

exceed the surface binding energy, the lattice atom is released from the surface. Thus

sputtering yields depend inversely on the sublimation energy Es on the energy transferred

from the incident particle to the lattice atom. There is in general a threshold energy of

incident particle below which insufficient energy is transferred to the lattice atom for

sputtering to occur. Where the incident ion is much lighter than the target atom

(m2/m, >5) [29], the threshold energy ET is described simply by conservation of

momentum as

E T = — ^ r, (3.4.4)

where ysp =4m,m2/(m1 +m2) , where ra, and m2 are the masses of the incident and

target atoms. The sputtering yield is defined as the average number of emitted target

atoms per incident particle and is described for the normal incidence in the form

' (E Y/3Y E Y

H * ) H J -
 <3A5)

where Eo is the incident projectile energy, Q is the yield factor in units of atoms/ion,

Sn(e) is the unclear stopping cross-section, e is the reduced energy. The yield factor

depends only on the surface binding energy and the incident particle and target masses.

The reduced energy may be expressed as the ratio E0/ETH where ETH is the Thomas-

Fermi potential and is different for each ion/target combination. Energy dependence of

the physical sputtering yield for normal incidence is shown in figure 3.5 (chemical

sputtering yield is also shown in figure) [29]. Above the threshold energy, the
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sputtering yield increases steeply with incident energy and thereafter decreases slowly

with energy. The decrease is explained by the energy of the incident ion being deposited
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Figure 3.5: Energy and temperature dependence of the sputtering
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further away from the surface as the ion energy increases. The sputtering yield increases

with angle a of incidence of the ion from the normal ( a = 0). The sputtering yield for

light ions has a cos"1 a dependence. However, for light ions incident on heavy targets

the yield increase faster than cos"1 a whilst at lower energies (<200 eV) the yield is

almost independent of a. For normal incidence and medium to heavy ions, The angular

distribution of sputtered atoms is given by a cosine distribution to a good approximation .

The impurity self-sputtering is very important since the incident ions on the wall

surface are accelerated to high energies by the sheath potential due to multiple charge.

The self-sputtering yield is large, i.e. Y>0.5.

Impurities can be desorbed by incident ions, neutrals, electrons, and photons. The

electron and photon processes are predominantly electronic in nature and their yields are

low, particularly in the case of photon. The yield from electrons is typically two or three

orders of magnitude lower than that for ions, ions and neutrals having similar yield.

Chemical sputtering

Chemical sputtering is due to the reactive nature of carbon, incident particle may

undergo some chemical reactions. By the chemical reactions, the methane and heavier

hydrocarbons can be formed and released into the plasma with thermal energy. Unlike

physical sputtering, the chemical sputtering has no threshold and its yield increases with

increasing temperature of the target plate as shown in figure 3.5. At low incident energy,

the chemical sputtering compensates for the exponential drop-off in the physical

sputtering, and so the total yield is approximately energy-independent from extremely

low energies to about 1 keV. The chemical sputtering appears to be important for impurity

production in high density divertor regimes where the low incident energy is associated

with large particle fluxes.

Impurity Transport

Impurity ions present in the confined plasma dilute fuels and radiatively cool the

plasma, degrading fusion performance. For this reason, in the main plasma, low
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impurity concentration must be maintained. In contrast, impurities in the plasma edge

and divertor region are considered to be desirable for removing the heat to the target.

Therefore, impurities in the divertor region should be retained for fusion. Impurities in

the plasma can undergo many processes, dissociation, parallel motion and various

collisional effects, such as ionization, recombination and Coulomb scattering with

background particles, and cross-field diffusion. A long chain of processes connects the

impurity production point, mainly the divertor target, to the impurity density at the center

of the confined plasma. In most of the diagnostics for impurity study, such as

spectrometer and bolometer, some information on impurity distribution is missing in

experimental data. And also the flow velocity and temperature in the SOL strongly

influences impurity transport, but there are few measurements of such plasma parameters

so far. To understand the impurity behavior, many simulation codes, e.g. DIVIMP

[30], IMPMC [31] and MCI [32], have been developed. In these codes, impurity

behavior is simulated with the Monte Carlo method which has many advantages for

impurity modeling.

The parallel force acting on an impurity ion consists of the electric force, the friction

force and the thermal force with background plasma. The friction force Ffri is the force

pushing back to the target by the friction with the plasma flowing from the upstream,

Ffri = m,vz(Vn - vzil), where vz is the impurity-ion collision frequency and V,, is the

plasma flow velocity parallel to the field line. The thermal force Fth is that the force by

plasma ions coming from the downstream, push by the collision, is stronger than that

from the upstream because of the Coulomb collision having the temperature dependence

of v °c T~3/\ by electrons F^e = azdTjds, and by ions F;°n = $zdTjds, where ocz

and (3Z are the thermal force coefficient [33] which are close to 0.71Z2 and 2Z2,

respectively. The ion temperature gradient is higher than that of electron due to the mass

dependence of the parallel conductivity, Xn ̂  m ' / 2 ' t n u s F'thn>F*e- Thus, the

equation of motion of the impurity along the field line is given by [33]

m, ̂  = ZeE,, + m, v2(V, - vzll) + az ^ + Pz ^ , (3.4.6)
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where Z is the charge number and E,, is the electric field parallel to the field line. The

friction force and the electric force push impurity ions to the target and the thermal force

to the upstream. In the high recycling plasma, the ion temperature gradient from the

target to the upstream increases and the plasma flow velocity at the upstream decreases,

the net force pushes impurity ions to the upstream. Thus the enhanced frictional force

which overcomes the thermal force is required to suppress the core impurity

contamination. Gas puff into the upstream SOL and pump from the divertor region,

"puff and pump", is one of the methods to enhance the plasma flow, i.e. the frictional

force. A review on the impurity transport in the divertor was recently presented in [34]

In JT-60U, to investigate the behavior of the carbon impurity, the IMPMC code (a

two-dimensional impurity code analysis based on Monte Carlo techniques) has been

developed by K. Shimizu [31]. The carbon generation mechanism, physical sputtering,

self-sputtering and chemical sputtering, are included in the code. The physical sputtered

outflux is evaluated by Fo = YD • nDCs ,where YD is the physical sputtering yield by

deuterium ions, and Cs is the sound speed. The carbon outflux from the divertor targets

is estimated using the temperature Te and density ne obtained by the Langmuir probes.

The dynamics of ionization products Cz+ are included and the carbon is simulated

according to equation 3.4.6 based on Monte Cairo methods. The chemically sputtered

outflux is also determined by the ion and neutral distribution on the target and the

dissociation process of methane CD4 and the dynamics of dissociation products such as

CD^, CD3 and CD, are included. The methane is released from the target with an

energy of the surface temperature of the divertor target, 0.05 eV and its sputtering yield

is typically 0.05 [35].

Simple divertor code (the one dimensional fluid code)

The IMPMC code and/or the neutral particle transport code (DEGAS, used in

section 6) are performed on the plasma parameters calculated by the interpretative simple

divertor code [36]. In the simple divertor code, the fluid equations along the field line in

each flux tube are solved numerically with the boundary conditions at the divertor plate.
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The boundary conditions are given by the electron density and temperature measured by

the Langmuir probes on the divertor target. In front of the divertor target, the ion

temperature is assumed to be equal to the electron temperature. In the fluid equations,

the ion density is also assumed to be equal to the electron density. Transport of

deuterium atoms is simulated by a two-dimensional Monte Carlo code. Interaction

between the plasma and the atoms is self-consistently solved by iteration.

Volumetric power losses

In the core region, most low-Z impurities are usually in coronal equilibrium and are

fully stripped of their electrons. Therefore, the radiation loss is mainly due to

Bremsstranhlung which is the resulting radiation due to the acceleration of an electron

during a collision with an ion being caused by the Coulomb force and is small in present

machines. In the divertor region, low-Z impurities are not fully stripped and significant

radiation can occur. The radiation loss occurs through the atomic processes of line

radiation from low-Z impurities.

The power radiated from a given impurity species is proportional to the electron

density ne and to the impurity density nz, and the radiated power density P z may be

written as

P z = nenzLz , (3.4.7)

where Lz is the radiated power coefficient and is a function of the electron temperature.

The Lz curve also depends on a "residence parameter", nexres, where xres is the

impurity residence time in the plasma. In the plasma boundary, the proximity of the

impurity sources is important and impurities do not usually stay in the plasma long

enough to come into coronal equilibrium. An impurity ion in the boundary has more

electrons than it would have in the coronal equilibrium and therefore highly elevated

levels of radiation can be found. The radiated power coefficient Lz of carbon for

different values of residence parameter neTres is shown in figure 3.6 [37]. Lz for low-Z

impurities tends to be maximal at low values of electron temperature. For carbon, the

maximum radiation occurs at a temperature of around 10 eV.
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Figure 3.6: Radiated power coefficient L z for carbon as a function of
electron temperature Te for different values of residence parameter netres.

3.5 Plasma detachment and MARFE

Plasma detachment

At high plasma density or when the volumetric power losses such as impurity line

radiation is large, the plasma temperature decreases. When the plasma temperature in the

divertor region is sufficiently low, i.e. <10 eV, the rate of neutral ionization is reduced

and becomes smaller than the rate of ion-neutral friction, such as charge-exchange and

elastic scattering. In this situation, as the ion momentum is lost through the ion-neutral

friction processes, the total plasma pressure along the magnetic field line does not remain

constant. The total pressure balance is written with the fractional loss of pressure due to

friction f m as 2ntTt = f mnuTu. Generally, the state of detachment is characterized by a

strong reduction in plasma temperature adjacent to the divertor plate, coincident with

significant decrease in plasma particle and pressure.
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The plasma detachment was analyzed very early in the history of plasma physics,

gas discharge physics. A fully analytic solutions in one dimension for an isothermal

plasma with both ionization and friction processes occurring simultaneously was derived

by S.A. Self and N.H. Ewald [38]. The ratio of plasma densities between the entrance of

recycle region and the target plate is given by

n. a
(3.5.1)

where oc = (ov) i/((crv) i+(av)m), and (ov);, (crv)m are the rate coefficients for

ionization and momentum loss. The fractional loss of pressure due to friction fm is given

by

f = 2 ( - ^ - l (3.5.2)

Va + U

and its temperature dependence is shown in figure 3.7. The effect of friction processes

on the pressure drop across the recycling region is negligible at >10 eV and becomes

important at lower values of temperature.

£ 0.1

0.01
1001 10

Tt (eV)

Figure 3.7: Momentum loss factor f m to the temperature on the target.

The detached divertor plasma operation is currently considered to be the primary

solution to the engineering problem of the divertor of fusion reactors to accommodate the

power exhausted from the core plasma. For the high recycling regime, the plasma flux is
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related with the temperature such as Tn <* 1/Tdiv. The decrease in plasma temperature in

front of the target means the increase of plasma flux to the target. The decrease in the

power density convected through the sheath is partially compensated by the increase in

recombination and radiation power (see section 3.2). If the divertor temperature can be

reduced below 1 eV, the recombination process works well. The plasma particles would

recombine before reaching the target surface. The plasma particle flux onto the target

would be reduced and the heat load problem can be solved.

An example of the plasma detachment in the W-shaped divertor are shown in figure

3.8 (a) for the inboard target and (b) for the outboard target. Compared to the open

divertor, the cold and dense plasma are easily produced in the inboard divertor and the

plasma detachment also easily occurs at the beginning of the neutral beam injection as

shown in the figure. The observed plasma density and temperature near the separatrix

just before the detachment are ne > 1 x 1020 irT3 and Te < 10 eV. The enhanced cross-

field diffusion loss is not associated with the decreasing fluxes under the detachment.

The plasma particles are considered to recombine before reaching the target. The inclined

divertor and the private dome are effective for the neutral condensation near the

separatrix. A plasma transport code result showed that the ion-neutral interaction on their

own cannot lead to the reduction in the ion flux to the plate characteristics of total

detachment [39-42] and the drop in the total ion flux at strong detachment requires three

body (and radiative) recombination and/or molecular activated recombination [43,44].

However, the outboard plasma strongly attaches to the target except during the MARFE,

although the enhanced fluxes and lower temperature compared to the open divertor are

observed. The outboard plasma detachment seems to require the removal of the heat

power in the upstream with the MARFE. The outboard plasma detachment are restricted

in the narrow region near the separatrix, about 2-3 cm in width on the target [45]. The

enhanced particle fluxes at the neighboring magnetic fluxes are also observed together

with the detachment near the separatrix. This might suggest an enhanced cross-field

diffusion loss from the upstream region around the separatrix, where the charge-

exchange and ion-neutral collision are allowed.
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Figure 3.8: Plasma detachment on (a) the inboard target and (b) the outboard target.
The plasma detachment is observed as the decrease of the ion saturation current. The
inboard plasma detachment occurred near the separatrix at the beginnig of the neutral
beam injection and its region extended in the entire region on the inboard target. The
outboard plasma detachment was observed near the separatrix during the x-point
MARFE, although the particle fluxes at the neighboring magnetic fluxes enhanced.
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MARFE

The MARFE is a radiation instability which occurs around the main plasma and

rapidly cools the core periphery. " MARFE " is an acronym of "multifaceted

axisymmetric radiation from the edge" [46]. This radiation instability is caused by the

increases in line radiation from impurities with decreasing temperature as shown in figure

3.7. In a sense, the MARFE-type state is always present near the target by the close

proximity of impurities sources. The MARFE tends to occur as poloidal locations most

remote from the cross-field heat source; in a limiter plasma the MARFE tends to form at

the inside mid-plane. Whilst in a divertor machine, the MARFE tends to develop in the

x-point region; the effective heat conduction coefficient becomes very small near the x-

point due to the shallow pitch angle. The strong radiation around the x-point is attributed

to the long connection length.

The MARFE sometimes leads to a plasma disruption, which might be related to the

density limit. The density limit disruption is due to the contraction of the temperature

profiles at the edge of the core plasma which leads to an MHD-unstable configuration

[47].

In JT-60U, the carbon is the major impurity source and for temperatures in the

range 10-40 eV, the radiated power can rise by orders of magnitude. With the MARFE

occurrence, the fraction of the divertor radiation loss to the net power increases up to 40-

60 % where the carbon impurity C3+ radiation is dominant [48]. In the case of the ion

VB drift toward the x-point, divertor bolometric measurement shows that the radiation

profile expands over a wide region near the x-point, particularly at the outside of the x-

point. In contrast, in the case of the ion VB drift away from the x-point, the radiation

region existing around the x-point moves to the high field side along the plasma boundary

and finally stays at the upper region of the torus. A example of the formation of the x-

point MARFE in the case of the ion VB drift toward the x-point is shown in figure 3.9.

The separation of the radiating region away from the target may be explained that the

plasma temperature close to the target decreases below the value where appreciable carbon
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radiation can occur and the plasma density close to the target decreases. In experiment,

the MARFE is formed after the occurrence of plasma detachment.

Viewing chords of bolometer
CH. 36-4e

Radiation zone

- 7.9s
8.0s
8.0s
8.3s

- -8.5s

40 42

Channel

Figure 3.9: Time evolution of the MARFE (radiation zone) in
the case of the ion VB drift toward the x-point.

3.6 Atomic and Molecular Processes

Due to plasma-wall surface interactions, many atomic and molecular reactions [49]

occur in the tokamak boundary as the recycled hydrogen isotopes or impurities encounter

the energetic ions and electrons of the plasma. The relative reaction rates of the different

processes are functions of plasma temperature Tc and density ne. Rate coefficients for

some of the main processes involving hydrogen atoms and molecules are shown in figure

3.10.

When an atom enters the plasma, the collision rate with the plasma species is

nno{av), where n is the plasma density, n0 the neutral density and (dv) the reaction

rate averaged over a Maxwellian velocity distribution of the background plasma. In

general, collisions with electrons are most frequent due to their relatively high thermal
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velocity compared to ions. Atomic and molecular processes are important both in particle

and energy balance, through ionization, recombination and radiation. At the temperature

range below 10 eV, elastic ion-neutral and neutral-neutral collision, charge-exchange

collision, molecular dissociation, and recombination play an important role in the

physics of the divertor plasma.

10,-13
E EH = 100 eV

10,-14

Rate
coefficient

10,-16 _

10-17

H

H + H+ -» H+ + H+ + e

I I I I I 1 1 I I i i / t i i 1 1 i I I \ J i i i l i i

Figure 3.10: Rate coefficients for hydrogen atoms and molecules for a
number of common reactions. The first symbol refers to the test particle
and the second refers to the thermal species. EH is the energy of the test
particle, (presented in reference [5])
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4 Asymmetry between the inboard and outboard divertor and scrape-off

layer (SOL) current

4.1 Introduction

In tokamak devices, asymmetry between the inboard and outboard divertor (in-out

asymmetry), in the plasma parameters such as density ne, temperature Te and heat load

to the target Ptarget, are usually observed in a single-null and double-null divertor

configurations [50-55]. Often, more heat load is found at the outboard target in the L-

mode discharges with the ion VB drift toward the x-point. Ptargel asymmetry in favour of

the outboard target by a factor of 4-9 was observed in a double-null configuration

discharge [56,57]. In a single-null configuration, the asymmetry on Ptarget becomes

smaller compared with a double-null configuration. However, about a factor of two or

more asymmetry remains [51,52,58].

Various mechanisms that can produce the in-out asymmetry were proposed so far.

The geometric effect of the toroidal magnetic topology, plasma particle drift caused by

the electric field and temperature gradient, plasma rotation, plasma-wall interaction and

so on were considered to affect the in-out asymmetry (see section 4.2 and 4.4).

However, the understanding on the in-out asymmetry is still inadequate to provide an

accurate prediction. Because the in-out asymmetry depends on the various plasma

conditions and discharge parameters such as the plasma density ne, safety factor qeff,

power level PNB, toroidal field B^ direction (direction of ion VB drift), confined

plasma condition, plasma-wall interaction and so on. This issue is very important in the

engineering design of future tokamaks with excessive heat load to the target above

engineering limits. As the divertor performance strongly influences the fusion

performance, understanding of the in-out asymmetry is one of the most important

problems. It is important to accumulate the experimental facts. In this study, the in-out

asymmetry is observed under various plasma conditions. The observed results are

compared with several models that can produce the in-out asymmetry.

The in-out asymmetry influences the plasma transport between the in-out divertor

through the scrape-off layer (SOL). The current flowing through the SOL from one
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divertor side to the other, which is called as a SOL current, was observed in many

tokamaks. The SOL currents in the low density discharges under the attached plasma

condition were investigated in many tokamaks so far. This current was considered as the

thermo-electric current driven by the temperature difference between the inboard and

outboard divertor. As there is a temperature difference between the inboard and outboard

divertor, a parallel electric field caused by the difference in the Debye sheath drops

(~ 3Te/e) at the two sides can drive a current from the higher to lower temperature side,

returning through the mechanical structure.

The thermo-electric current has been first predicted by Harbour [59] and observed in

JET [60]. Harbour showed that a temperature difference between the two target plates

would cause a current in order to compensate the difference in the sheath potential.

Staebler and Hinton extended Harbour's model by including finite conductivity and

thermoelectric effects in the SOL region [61]. The SOL currents may influence the

magnetic equilibrium, particle transport, heating and impurity generation at the edge. In

future tokamaks, a high density divertor discharge with the detached plasma condition is

considered to be a desirable operation scenario. The study in the high density discharges

is assumed to be important. However, the SOL currents have never been investigated in

the high density discharges with the detached plasma condition so far. The SOL current

in the high density discharges has been investigated in this study for the first time. In the

high density discharges, large changes on the in-out asymmetries are observed with

increase in the plasma density. Apparently SOL currents different from those observed in

the low density discharges are observed in the high density discharges. It is pointed out

that large changes of the physical phenomena in the divertor region that can strongly

affect on the determination of the future divertor design occur in the high density

discharges with plasma detachment.

In the following, simple mechanisms which can induce the in-out asymmetry are

described in section 4.2. Experimental results in the in-out asymmetry are shown in

section 4.3 and are discussed with several interpretations in section 4.4. The mechanism

of the SOL current is described in section 4.5 and the experimental results are shown in
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section 4.6. In section 4.7, the experimental results are compared with the calculated

ones. A summary is presented in section 4.7. In the following description, the

expression of 'normal B^ direction' means that the ion VB drift (see section 2.1.1) is

directing toward the x-point in a single-null x-point tokamak, also 'reversed B.

direction' - the ion VB drift is directing away from the x-point.

4.2 Simple consideration on the in-out divertor asymmetry

Several reasons for the deposition power asymmetry have been proposed. There are

simple geometric considerations related to the toroidal magnetic topology [62,63],

(1) toroidal effect, the outboard SOL has a larger surface area adjusting the main plasma

by virtue of its greater major radius,

(2) flux compression, the flux surfaces on the outboard side are usually compressed

with respect to high field side, i.e. Shafranov shift [64], this feature, assuming cross-

field transport is dependent on spatial gradients, will result in enhanced cross-field flux

into the outboard SOL.

In JT-60U discharges, the ratio of areas is ~2 and the flux compression is typically

a factor of 1.5 to 2.0. This simple consideration may explain the experimental in-out

asymmetry on the heat load observed in the L-mode discharges with the normal B^

direction. However, these are not the only mechanism that can produce the asymmetry.

The enhanced cross-field flux into the outboard SOL is also considered from the nature of

the unfavorable curvature (but curvature) of the field line in the outboard region [65].

Other many mechanisms which can produce the asymmetry have been proposed so far;

the classical SOL drift induced by the pressure gradient in the SOL and electric field [66-

77], diamagnetic [68,78], the edge toroidal momentum transport relating to the plasma

rotation [63] and the SOL currents [61,79]. These influences might be expected to make

a significant impact on the particle and energy flow pattern in the SOL and divertor and

are described in section 4.4. In fact, the in-out divertor asymmetry observed in

experiment is affected strongly by the discharge conditions. The enhanced heat load to
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the inboard target is observed in H-mode discharges. With the reversed B^ direction,

the asymmetry on the heat load to the target becomes more symmetric.

A simple in-out asymmetry model based on the simple two-point model described in

section 3.3 was proposed by Harbour [59]. This model explain the poloidal asymmetry

with different in-out connection length, simply the ratio of the inboard to outboard

connection length is L j/L0~2. Assuming that the heat flux in the SOL is transported

only by conduction in the SOL. In the linear regime Tu = T t, the entire SOL have the

same density and temperature, there be equal inboard and outboard sharing of power,

qu j s q u o . On the other hand, in the high recycling regime, where Tu » T t is

assumed, if the inboard and outboard connection length are different, in-out power

asymmetry can be simply derived from equation 3.3.2 (in section 3.3).

3»£. = h- (4.1)
qUli

 L o

This asymmetry is the asymmetry of power flowing to the inboard and outboard divertor,

not the asymmetry of power deposited onto the target. The resultant power asymmetry

leads to the asymmetric plasma conditions, from equation 3.3.4, 3.3.5 and 4.1,

B^Iii = (LY. ( 4 2 )

With Lj/Lo~2, high density and low temperature plasma is produced in the inboard

region. However, this simple consideration is difficult in the discharges with the

reversed B^ direction. Since in that case, observed asymmetry is opposite to above

results (see shown in section 4.3), although this is considered to be one possible

mechanism driving the asymmetry.

4.3 Observed in-out divertor asymmetries in experiment

The in-out divertor asymmetries seem to be influenced experimentally by the plasma

density TTe, safety factor qeff, power level PNB, plasma configuration and toroidal field

direction (direction of ion VB drift). The asymmetries observed in experiment were

investigated below.
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The waveform in the L-mode discharge with the normal B^ direction is shown in

figure 4.1 (a). The profiles of the electron density nfv and temperature T*v on the

divertor target are also shown in figure 4.1 (b). The high recycling condition was

established with the gas puff during the neutral beam injection. The plasma density ne

increased with time and the x-point MARFE occurred at about 7.5 s. More power

( P S " ) m fa v o ur of the outboard target was observed before the occurrence of the

MARFE.

Under the plasma attached condition (at t=6.1 s in figure 4.1 (b)), the plasma

pressure at both the inboard and outboard divertor was conserved. The electron density

nfv in the inboard divertor was high compared with that in the outboard divertor. On the

other hand the asymmetry in Tfv are opposite to that in nfv. The recycling condition

became active in the inboard divertor with the injection of the gas puff, the Da intensity

and the radiation in the divertor region was increased from about t=6.8 s. The plasma

detachment proceeded near the inboard strike point from 6.8 s, although the detachment

was restricted in the narrow region near the separatrix, ~2 cm in width on the target.

Under the high recycling condition (at t=7.3 s in figure 4.1 (b)), n*v at the outside of the

separatrix strike point on the inboard target increased by a factor of 4. The outboard nfv

also increased by a factor of 2, although the T*v decreased by a factor of 2. The

enhanced plasma pressure in the inboard divertor was observed under the high recycling

condition more than that in the outboard divertor. When the x-point MARFE, the in-out

asymmetry in Da emission was reversed, the increasing Da emission from the outboard

was observed. The asymmetries in nfv and T*v were also reversed, nfv on the

outboard increased more than the inboard with the decreasing T*n. The enhanced

radiation from both the divertor and main plasma was observed and the heat load to the

target extremely decreased. The MARFE seemed to change the overall particle flow with

the strong radiation. The detailed physics under the MARFE has not been understood so

far. The analysis with the simulation code is vigorously proceeding [81,82].

The case with the reversed B^ direction is shown in figure 4.2. Similarly to the case

with the normal B^ direction in figure 4.1, high recycling condition was established and
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(a) Ion VB drift toward x-ponit case
E024838, lp=1.2MA/BA=3.5T x-point MARFE

> •

c
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(b)
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Figure 4.1: (a) The waveform of the discharge with the ion VB drift towards
the x-point, and (b) the profiles of the electron density, ne

div, and temperaturey,
Te

div, on the divertor target. The plasma detachement proceeded near the
separatrix strike point on the inboard target from t=6.8 s. The x-point MARFE
occurred at around t= 7.5 s.
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(a) Ion VB drift away from x-ponit case
E024385, lp=1.2MA/Bt=3.5T L^MARFE

-©-5 .2s
.5s

-B -5 .8s
--•"6.2s

Figure 4.2: (a) The waveform of the discharge with the ion VB drift
away from the x-point, and (b) the profiles of the electron density, ne

di\
and temperaturey, Te

div, on the divertor target. The x-point MARFE
occurred at around t=5.8 s.
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the MARFE occurred at t=5.8 s. The asymmetry in P[^e t was symmetric. Under the

attached plasma condition (at t=5.2 s in figure 4.2 (b)), the in-out asymmetry in density

n '̂v and temperature Tfv on the divertor target were opposite to those with the normal

B,,, direction. Moreover, contrary to the normal B^ direction, outboard enhanced n̂ 1"

was observed under the high recycling condition (at t=5.8 s in figure 4.2 (b)). With the

MARFE onset, the plasma itself detached from the divertor target plates (at t=6.2 s in

figure 4.2 (b)). The increase in the radiation at the main plasma is due to the movement

of the MARFE. In the discharge with the reversed B^ direction, the MARFE moved to

the upper side of torus along the inner SOL. The effect of the B^ direction on the in-out

divertor asymmetries has recently been reviewed by Chankin in [53-55].

With the increase in the plasma density ne, the impurity radiation might also make

a significant contribution to the asymmetry, since the radiation density goes as n2 and

enhances with the decrease in Te (maximum radiation for the carbon occurs at around

Te=10 eV). Figure 4.3 shows the inner divertor share of the radiated power, deposited

power and the sum of the two as a function of density for the two field directions for L-

mode discharges in JT-60U [51]. For the normal B,,, direction, the relatively symmetric

heat load at low density changes to an outboard dominated one with increasing density,

while the inboard dominated heat load profile changes to a symmetric one for the reversed

B$. The asymmetry in power reaching the divertor appears to be related more to divertor

radiation asymmetries rather than to strong asymmetries in power conducted to the

outboard versus inboard divertor. However, a slightly outboard-enhanced distribution

of PS0L into the divertor is shown. The enhanced-outboard Ptarget finally becomes

symmetric at high density, due to the enhancement of Prad div in the outboard divertor.

The in-out radiation asymmetry is consistent with the temperature and density

asymmetries.
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Figure 4.3: The inner divertor share of the radiated power, deposited
power and the sum of the two as a function of density for the two field
directions for L-mode discharges in JT-60U [51]

Figure 4.4 shows (a) the waveform of the H-mode discharge and (b) the profiles of

the heat load on the divertor target. In the discharges with the strong magnetic shear and

low recycling condition such as the H-mode discharges, more power was observed in

the inboard target than the outboard target in contradiction to the high recycling L-mode

discharges. This asymmetry in P |^ e t was found in the quiescent phase and became

small in ELM activity phase, the outboard share of the power increased. The impurity

- 59



JAERI-Research 99-017

radiation loss is small in the H-mode discharges, <20 % in figure 4.4. The radiation

asymmetry does not become a significant factor. The probe measurement shows that nfv

and T*v asymmetries in the H-mode discharges are similar to those in the L-mode

discharges. However, for the probe measurement the power accountability is poor,

assuming that the ions carry a higher fraction of power in the H-mode. It was reported in

[83] that the power asymmetry in the H-mode discharges strongly depends on the

magnetic shear (safety factor) and plasma triangularity, the edge toroidal momentum

associated with high edge temperature at high shear discharges.

(a) E026994, B^3T/lp=1.8MA/qe(f=3.6
| Q • • • • • • I ^ ^ ^ ^ ™ | • i • • ^ ^ " ^ ^ ^ ^ ^ ^ T ^

8 8.5 9
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• i • i
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^^-8.4s

• i i

T

9.4s

3.3

Figure 4.4: (a) The waveform of the H-mode discharge with the ion VB
drift towards the x-point, and (b) the profiles of the heat load P ^ 6 1 on the
divertor target.
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4.4 Several mechanisms for the in-out divertor asymmetry

The asymmetry between the inboard and outboard divertor does not seem to be

explainable within the simple consideration described in section 4.2, since the in-out

divertor asymmetries show apparent dependence on the toroidal field B^ direction. The

direction of the classical drifts depends on the B^ direction. In the single null x-point

configuration, classical drifts can drive the plasma towards a one divertor side.

The poloidal E x B drift is caused by the radial electric field and drives the plasma

towards the outboard divertor side for the normal B$ direction, and the inboard side for

the reversed B^ direction [70-77]. The convective power flux associated with the

poloidal E x B drifts explain the changes in the asymmetry on the heat load to the diveitor

target. However, the poloidal E x B drift should cause the changes in poloidal pressure

and density distribution, since the convective flux must cause the density asymmetry (not

temperature). The in-out pressure asymmetry Pin/Pout caused by this drift can be

obtainedas Pin/P0Ut = (2 + M E o ) / ( 2 - M E i ) , where ME = vE/cs = ±E r/Bvc s , vE the

E x B drift velocity. The sign of vE is negative for normal B,,, and positive for the

reversed B,.. For the normal Bt discharge, higher plasma pressure (density) should be

observed in the outboard divertor than in the inboard divertor. Associated asymmetries in

Da and Prad. The sign of the density asymmetry is opposite to the experimental

observation (see figure 4.1). Thus, except for the target power asymmetries, the

poloidal E x B drift alone does not predict changes in experimental asymmetries.

The asymmetries in nfv, Tfv, Da and Prad might be explained by the radial E x B

[66-70]. The radial E x B drift is caused by the poloidal electric field which could be

produced around the x-point (from the x-point to the target), particularly in high

recycling discharges, because of the heat conduction to the wall along the field line. The

radial E x B brings more plasma particles to the inboard divertor for normal B,,, and to

the outboard divertor for reversed B ,̂. The pressure (density) asymmetries caused by

this drift is opposite to the case of the poloidal E x B drift. The more particles driven by

the radial E x B drift can cause the decrease on T*v in the driven divertor side, through

the increasing recycling energy loss and impurities radiation loss. Subsequent decrease in
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T*v enhances the radiation loss and further increases density. However, the convective

power flow carried by the radial E x B drift makes it more difficult to explain the target

power asymmetry. Consistent explanation of the asymmetries through the radial E x B

can only be achieved if the radiation power losses in the divertor region which is driven

by the radial E x B drift is larger than the convective power flow of the radial E x B

drift.

A steep temperature gradient is observed near the separatrix. This cause the poloidal

diamagnetic energy flux q ~ Bx VrT, which is directed towards the outboard divertor for

normal B^ and towards the inboard divertor for reversed B^. This shift on the power

asymmetry is consistent with the experimental one. However, the diamagnetic flow do

not reach the target and can not affect in-out asymmetry in power and particle. After

reaching the entrance to the magnetic presheath, the diamagnetic flows cross through the

magnetic pre-sheath in the direction normal to the magnetic surfaces and continue

poloidally on private magnetic surface [79].

The in-out divertor asymmetries does not seem to be simply explainable within only

by the classical drifts. It is difficult to explain by the classical drifts all asymmetries on

F>2el' nfv, Tfv, Da and Prad observed in experiment at once. More power in favour

of the inboard target was observed in H-mode discharges with normal B^ direction

(figure 4.4), although in L-mode discharges more power was observed in the outboard

target. This further complicates the explanation with the classical drifts. In H-mode

discharges, the SOL plasma temperature is high and the isothermal condition along the

field line is assumed. Therefore the poloidal E x B drift becomes more significant than

the radial E x B drift caused by the poloidal temperature gradient. But, the experimental

results are opposite to the effect resulting from the poloidal E x B drift. Plasma rotation

in the edge will result in the transport of the momentum into the SOL by convective

and/or perpendicular viscosity. The edge toroidal momentum associated with high edge

temperature at high shear discharges might make a significant contribution to the in-out

divertor asymmetries [63]. The 2-D numerical codes that include these effects must

improve their predictive capacity [84-86], all effects; the toroidal geometric topology,
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edge toroidal momentum, classical drifts, currents flow in the SOL and so on, should

be examined in the numerical code at once.

LaBombard proposed a "thermoelectric instability", which can cause the asymmetric

heat transport [80]. Once a seed current, which can be speculated on the role of the

toroidal loop voltage, the resultant asymmetric heat flux in the bulk plasma can

preferentially heat one divertor relative to the other. Accompanying temperature

asymmetric can, in turn, cause a larger SOL current to flow, leading to a run-away

effect. An accompanying asymmetry, the low density and high temperature on the target

receiving much heat flux and the high density and low temperature on the other target,

may explain an observed asymmetries.

4.5 Measurement and analysis of SOL Current

The currents flowing in the scrape-off layer (SOL) were observed in many tokamaks

with the divertor configuration [58,60,80,87-93]. This current is called a 'SOL current'.

As there is a temperature difference between the inboard and outboard divertor, a parallel

electric field caused by difference in Debye sheath drops (~ 3Te/e) at the two sides can

drive a current in the SOL from the higher to lower temperature side, returning through

the mechanical structure [59]. The SOL currents are measured by the Langmuir probes,

for the open divertor 15 channel probes are mounted on the divertor tiles, poloidaly

spaced 2-3 cm apart. The SOL current is probe current when the applied voltage was

equal to zero. The electron temperature and density are also obtained simultaneously.

The measured SOL currents are compared with the theoretical model of Staebler and

Hinton [61], which includes the effect of in-out pressure imbalance. The SOL current is

derived from the parallel Ohm's law ;

Jll _ " e

e me

- V , , P e - e V 1 ( V +X12V,,Te (4.3)

where Tei is the coulomb collision time, Xu, Xn are the Spitzer-Harm coefficients

[94], Xn=1.975, XI2=1.385. V is the electrostatic potential, e is the electron charge,

me is the electron mass, and ne and Pe are the electron density and pressure. The

geometry of the SOL current model is shown in figure 4.5. The scrape-off layer from the
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divertor target A to target B is unwound, VA and VB are the potentials at the pre-sheath

edges, ()>A and <|)B are the potentials at the sheath edges. Here, the direction of the SOL

currents is defined in such a away that the direction from the target A to B is positive.

The current through the connecting region must be matched to the current at the two ends,

j H = j B = - j A . The connection region is much larger than the sheath and pre-sheath

region and the temperature is assumed to be uniform. Net parallel current is obtained by

integrating the equation (4.3) over the connecting region (from target A to B) and

substituting the electron temperature and the electron density measured with Langmuir

probes at the inboard and outboard divertor targets.

Figure 4.5: Geometry of the scrape-off layer model. <|> and
V are the potentials at the sheath and pre-sheath edges.

The electrostatic potential is determined by the sheath and pre-sheath conditions in

the absence of a magnetic field. This is justified if the current is identified as a parallel

current and if the magnetic field is not tangent to the wall [95]. The currents at the target

plate A and B are given by

JsA 1 -exp — + K - J:sB 1-exp — + K (4.4)
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where j s A and j s B are the ion saturation currents at the target plate A and B,

j s A B = (l/2V2jenABCsAB, the ion sound speeds is CsA B = -sJ2TAB/mi and K for a

deuterium plasma is

K = I l n 2mj.L3.89, (4.5)
2 [TtmJ

where ml is the ion mass. From equation 4.5, with the definition of j,, = j, , /j s A and

relation of jN = j B = - j A , the sheath potential at target A and B are described as

(4.6)

The pre-sheath potental drop is 0.85TAB/e. Thus, the potential at the end of the

connection region is
T. _

(4.7)
• A ,B

Thus, the potential difference between the target plate A and the target plate B is given

by:

VB-VA=<|>B-4>A+0.85
(TB"TA)

K)/ Jll
(T - T )

+ 0.851 B A). (4.8)

Integrating the equation 4.3 from the target A to B and substituting equation 4.8 yields the

final form of the SOL currents as

T
sA I V A

(4.9)

where k = K + 0.85 + a, a = \J'kn ~ 0.7 and cn is the averaged parallel conductivity

defined as

e AMI.

a,,=—l±

m.

rB dx,,

n
1 e

(4.10)

in the analysis, this averaged parallel conductivity is simply substituted by Spitzer

conductivity with Te = Tg0L (electron temperature at the midplane measured by a

reciprocating Langmuir probe [96]). As an estimate of the conductivity ol( would require
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the detailed knowledge of plasma parameters in the SOL region, whereas even midplaine

data for the selected shots are scarce.

4.6 SOL current under detached divertor condition

The SOL current was investigated under the detached divertor condition and during

the x-point MARFE in high density discharges with the normal B0 direction (the ion VB

drift towards the x-point). Figure 4.6 shows the typical waveform of a high density

discharge. The plasma current Ip and toroidal field Bt were Ip=1.8 MA and B0=3.5 T.

The neutral beam power was raised from Pnb=4 MW to Pnb=12 MW at t=7.8 s. The

separatrix moved toward the inner wall at t=7.8 s, and was about 4.5 cm above the x-

point.

E024832/lp=1.8 MA, B^=3.5 T Detached divertor
20 r>" condition

x-point MARFE
:

7 8
Time (s)

10 11

Figure 4.6: Typical waveform of the high density discharge with ion VB
drift towards the x-point. From t=6 s, plasma detachment proceeded near
the separatrix in both the inner and outer divertors, and the x-point MARFE
occurred at t=9 s.

In the discharge shown on figure 4.6, the neutral ionization and the radiation

losses started to increase above the inboard target at about t=5.5 s. The x-point MARFE

occurred at t=9 s, marked by an increase in the main plasma radiation power loss

Pradmain' a r a P i d increased in the divertor radiation power loss Praddiv and the line-

averaged electron density ne. The plasma detachment started near the inboard divertor

- 66 -



JAERI-Research 99-017

strike point at t=5.5 s, and near the outboard divertor strike point at t=6 s. From t=6 s,

plasma detachment proceeded near the separatrix in both inner and outer divertors.

However, the plasma remained attached at the outside flux surfaces.

• • • . I • •

3.3

Figure 4.7: Profiles of (a) the ion particle flux density, F^ , and (b) the electron
temperature, Te

div, on the divertor target at t=4.4, 5.6, 7.1, 9.4 s in figure 4.6.

Profiles of ion flux density Fj n and electron temperature T^v at t=4.4, 5.6, 7.1

and 9.4 s in figure 4.6 are shown in figures 4.7 (a) and (b), respectively. Under the

attached divertor condition at t=4.4 s, profiles of Tlv and Tfv had peaks at the same

position both at the inboard and outboard divertors. Tfv near the outboard strike point

was larger than that near the inboard strike point. On the other hand, at t=7.1 s, T-a and

T^v near the separatrix were reduced and F; N was increased at the outside flux surfaces.

In particular, Yi „ at the outboard divertor was increased compared with that at the

inboard divertor. At the position of peak TiV Tfv at the outboard target became lower
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than that at the inboard target. The in-out asymmetry in Tfv profile was reversed under

the detached divertor condition. This situation was the same during the x-point MARFE.

The SOL current profiles for the same time slices as figure 4.7 are shown in figure

4.8. A positive sign is assigned to positive charge flow from the SOL to the target tile.

Under the attached divertor condition at t=4.4 s, J,( flowed from the outboard divertor to

the inboard divertor. On the other hand, under the detached divertor condition after t=6

s, the direction of J,, was reversed, and the peak of the current appeared at the outside

flux surface. The position of peak J,, corresponded to that of r i r Under the attached

and detached divertor conditions, and also during the x-point MARFE, the direction of

J,, corresponded to that of the thermoelectric current, which flows from high T*v side to

low Tfv side.

CM

h

4.4(s)
- - X - - 5.6(s)

7.1 (s)
9.4(s)

2.9 3.3

Figure 4.8: Profiles of the SOL current, JN, on the divertor target
at t=4.4, 5.6, 7.1, 9.4 s in figure 4.6.

Time evolution in JN profile when its direction was reversed is shown in figure 4.9.

First the currents reversed their direction at the outside flux surface, while the direction

of the current was unchanged near the separatrix. The magnitude of the reversed current

gradually increased, and finally the current near the separatrix also reversed its direction.
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Figure 4.9: Time evolution of the SOL current profile, J,(, on the divertor
target from t=5.0 s to 5.9 s, when its direction was reversed.

4.7 Comparison between calculated and measured SOL currents

The comparison between calculated J*eory and measured SOL currents J,|Xp (at the

position of peak J,,) is presented in figure 4.10. Experimental data were obtained in

discharges with the normal B^ direction. Discharge parameters Ip, B0, and Pnb were

Ip=1.2 and 1.8 MA, Bt=2.0 and 3.5 T, and Pnb=4-22 MW, respectively. Figure 4.10

(a) shows cases of ohmically heated (OH) and neutral beam (NB) heated L-mode

discharges under the attached divertor condition, and figure 4.10 (b) in NB heated L-

mode discharges under the detached and x-point MARFE divertor conditions. In both

cases, the direction of J,fp corresponded to that of thermoelectric currents. In discharges

analyzed in this paper, as the pressure balance along the magnetic field line (at the

position of peak J,,) was almost maintained (Pout/P in~l), the contribution by the

pressure gradient term was so small compared with the thermoelectric current. The

thermoelectric current is the dominant contribution for the SOL current. The large scatter

of the data is mainly due to inaccuracy in evaluation of electrical conductivity and also

attributed to the poor spatial resolution. In the analysis, the conductivity was calculated

with Spitzer conductivity with Te = TfL [96].
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Figure 4.10: Comparison of the calculated, J(|
theory, and measured SOL

currents, J||exP, at the position of peak J||. (a) In ohmically heated (OH)
and neutral beam heated L-mode discharges under the attached divertor
condition, and (b) under the detached divertor condition and during the
x-point MARFE.

An interesting feature was observed in figure 4.10 (b). The magnitudes of J,fp at

the outboard are larger than those predicted by the theoretical model, and the

magnitudes at the inboard are slightly smaller than the theoretical prediction. As is shown

in figure 4.8, in profiles at t=7.1 and 9.4 s, J,, at the outboard divertor is larger and its

profile is broader compared with that at the inboard divertor.
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A comparison between the total ion particle fluxes F| and currents IS0L to the

inboard and outboard targets is shown in figures 4.11 (a), (b). r)otal and IS0L were

calculated by integrating components of T{ „ and JH perpendicular to the target plate along

the poloidal length on the divertor target. Toroidal symmetry of the profile was assumed.

It is found that under the detached divertor conditions and during the x-point MARFE,

V°tai is 2-4 times larger on the outboard target than on the inboard target, and IS0L on

the outboard target is 2-6 times larger compared with that on the inboard target.

1-7

O OH
• NB
x Detached and

X-point MARFE

10 20 30

T*°™ (at Inboard, 1022 s-1)

40

O

• (b)

- X $

O OH
• NB
X Detached and

X-point MARFE .

0 2 4 6 8

I'SOL I (a* Inboard, kA)

Figure 4.11: Comparisons of (a) the total ion particle flux, Fjtotal, and (b)
the total SOL current, IS0L, between the inboard and outboard target. OH,
NB and detached and x-point MARFE correspond to the case of ohmically
heated, neutral beam heated L-mode discharges under the attached divertor
condition, and NB heated L-mode discharges under the detached divertor
condition and during the x-point MARFE
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4.8 Discussions on the SOL current

Under the detached divertor condition and during the x-point MARFE, as shown in

figure 4.11 (b), the magnitudes of SOL currents at the outboard target are much larger

than those at the inboard target. The maximum ratio of IS0L at the outboard divertor to

IS0L at the inboard divertor is about 6. The ratio of IS0L to the ion saturation current ISAT

(ISOL/ISAT) collected by the outboard and inboard divertor is about 0.4 for the outboard

and about 0.15 for the inboard. This suggests the possibility of other electrical circuit

through the wall (via cross-field transport) away from the divertor tile, non-ambipolar

current (ion currents of ripple loss ions), and toroidal asymmetry.

An electrical circuit, other than the electrical circuit connected through the divertor

target along the magnetic field line, can not be easily identified because the separatrix

calculated with the standard magnetic equilibrium code was separated from the wall

(except for the divertor region) by more than 15 cm. The flux surfaces through the

probes were also well separated from the wall. The characteristic lengths (e-folding

length) in the SOL are small [96]. There seems to be no loss of the cross-field transport

equivalent to several kA.

High energy ion loss due to toroidal ripple increases with increasing plasma

density, because the deposition profile of neutral beams shifts radially out. But actually,

density dependence on the ripple loss ions f loss is weak, roughly f loss <x n°e
 6 for the

highly elongated plasmas, and ion currents of ripple loss are much smaller compared

with SOL currents, roughly estimated to be <0.5 A (because only about <5 % of total

ripple loss ions can directly reach the inner and outer divertor.). Also, probes are not

located in the middle between the toroidal coils.

The return currents of the ripple loss ions, which presumably flow along the magnetic

field line from the outer divertor tile to the SOL in order to compensate the currents of

ripple loss ions, was also considered. But, the direction of this currents is opposite to

the experimental observation.

Toroidal asymmetry has not been investigated in detail so far. But, it was shown

in ref. [97] under the attached divertor condition, that the ion flux measured by the
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Langmuir probe was approximately equal to that evaluated from the Da line emission.

The probes and the Da camera system are installed at different toroidal locations.

To summarize, we have not yet understood the mechanism of the difference in the

SOL current between the inboard and outboard divertor observed in detached conditions.

4.9 Other contributions to SOL current

There can be two main classical contributions to the radial current. One is due to the

distribution of pressure and parallel convectional energy flux over the magnetic surface

and another due to ion-neutral collisions. The radial current can cause the parallel current

by the divergence of the continuity equation.

In a torus configuration, the currents perpendicular to the magnetic field j x driven

by the radial plasma pressure exist in the magnetic surface, j ± = B x Vp±/B2 . This

current itself is not constant along the magnetic surface due to Vpr/B ~ R = Ro + rcosG

and does not satisfy the continuity equation. The deficiency is supplemented by Pfirsch-

Schliiter current [98]:

B d

where q is the safety factor and 0 the poloidal angle. The Pfirsch-Schltiter current

consists of opposite parallel flows of ions and electrons, flow from the bottom to the top

of torus along the magnetic field line for normal B^ (Bt) and from the top to the bottom

for reversed B^ (Bt). The current profile on the divertor target is schematically shown in

figure 4.12 [99]. The direction of the ion VB drift is shown as the vertical arrows. In

the divertor configuration with an x-point, a considerable fraction of the Pfirsch-Schluter

current can flow through the separatrix into the private region, due to short connection

length in the private region, and be deposited onto the target just inside the separatrix.

This creates narrow peaks, positive for normal Bt and negative for reversed, which was

observed in JET [87] and DIII-D [88]. The contribution of the ion part of Pfirsch-

Schluter current to the overall flux pattern in the scrape-off layer has been experimentally

identified in DITE [99]. The influence of the Pfirsch-Schluter current on the distortion of
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the current profile was investigated by A. V. Chankin [55] and C. G. Silva [93] together

with the thermoelectric currents.

a) Normal B

Pressure-related

/

b) Reversed B,

Thermoelectric

•>
.1

1
1
!

Vi-VB

1

1
|
i

Figure 4.12: Schematic illustration of target current density profiles due to
the thermoelectric currents (dashed lines), radial divergence of currents caused
by ion-neutral interactions (dotted lines) and pressure-related terms (dash-dotted
lines) for normal (a) and reversed (b) Bt (B^) directions (Figure. 8 in reference
[55]).

A large number of papers has been dedicated to the influence of ion-neutral

collisions on the radial current [100,101]. The radial current is obtained by adding the

term Rj_n x B/eB2 into the momentum conservation equation, where R;_n is the ion-

neutral friction force and its term describes the damping of the poloidal rotation due to

ion-neutral interactions (mainly charge-exchange). With R;_n =-nmV1v j_n, where V±

is the perpendicular velocity, V± =±(l/enB-dp/dr-E r /B) and Vj_n the ion-neutral

collision frequency, the radial current density is obtained as

jr=nm|VJJvi_B/eB

This current is carried only by ions and its direction is outward for both B^ directions.

However, this current is substantially less than the Pfirsch-Schliiter current, of the order

of j r j _ n / j r p = 2/q • ps/A,S0L, where ps is the ion Larmor radius and A,SOL the SOL width

[96]. It seems to make a small contribution on the current profile compared with the

thermoelectric currents and the Pfirsch-Schliiter current.
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In JT-60U, influences on the SOL current from the effects discussed above is not

investigated so far, since the information is required on the currents and the plasma

pressure with a high spatial resolution. The measurement of the distortion of the current

profile and the magnitude on both targets is essential for discriminating each contribution.

The present space between the probes is too large for identifying the current profile.

However, the narrow current in the private region just inside the separatrix was

frequently observed in experiments, the contribution of the Pfirsch-Schliiter current

seems to be natural. The detailed measurement on both targets should be needed for

further investigation.

4.10 Summary

The asymmetry between the inboard and outboard divertor target was investigated

under various plasma and discharge conditions and was discussed with several models.

The in-out asymmetries depended on the plasma conditions and the discharge parameters.

In the L-mode discharge with the normal B^ (ion VB drift toward the x-point), the heat

load in favour of the outboard was larger than the inboard, and low electron temperature

and high density on the inboard were observed. These asymmetries were reversed under

the detached conditions and during the x-point MARFE. The overall changes of the

particle flow seem to occur during MARFE. For the reversed B^ (ion VB drift away

from the x-point), the asymmetries were opposite to the case for the normal B^,

although the asymmetry on the heat load to the target became small. The toroidal field

direction strongly influenced the in-out asymmetries. The changes on the asymmetries

accompanied by the toroidal field direction were not explicable within the simple

consideration based on the toroidal magnetic topology. The classical drifts, the edge

toroidal momentum transport into the SOL, and the SOL currents with dependence on

B. direction are considered to be important in the in-out asymmetries. The cause of the

asymmetry has not been understood yet. Detailed analysis with 2-D numerical code

including all effects is needed for further research. In contradiction to the L-mode

discharges, more heat load in favour of the inboard target was observed in the H-mode
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discharges. Such a result should become useful for identifying the responsible

mechanism. Apparently the nature in the H-mode is different from L-mode.

The currents flowing in the scrape-off layer (SOL current) were investigated in the

high density discharges for the first time. Under the attached divertor condition, the

thermoelectric current was considered to be the dominant contribution for the SOL current

similarly to those observed in other tokamaks. Under the detached divertor condition and

during the x-point MARFE, the direction of the SOL currents was reversed accompanied

by the change of asymmetries in the electron temperature and density. This was observed

at the attached fluxes outside the separatrix. The magnitudes of the SOL currents were

much larger at the outboard target than at the inboard target. The mechanism of the

difference in the SOL current between the inboard and outboard divertor needs further

investigation.

The MARFE causes the overall changes on the particle flow. It was reported in [81]

that the high density plasma region at the MARFE, associated with the low temperature,

causes strong cross-field particle flows to the adjacent flux tubes. Under the x-point

MARFE, a strong radiation is observed in the outboard vicinity of the x-point (see figure

3.9). The plasma detachment proceeds at the narrow region near the separatrix in the

outboard divertor and the enhanced particle fluxes at the neighboring magnetic fluxes are

observed together with the detachment near the separatrix (see figure 3.8). The enhanced

particle fluxes might be related to the cross-field particle flows caused by the MARFE.

The plasma pressure largely changed with the occurrence of the MARFE,

particularly around the x-point. The high pressure zone was formed around the x-point.

Both the particle flow and the SOL current can be affected strongly by the pressure

distribution. The diamagnetic current flows around the high density region perpendicular

to the magnetic field line, the current (such as Pfirsch-Schliiter current) might flow along

the magnetic field line due to satisfy the current continuity equation. The relation between

the pressure distribution and the particle flow is very interesting from the viewpoint of

heat and particle control. The observed overall changes on the particle and current flow is

very important for determining the future divertor design. Spatially detailed measurement
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of the plasma parameters in the divertor region should be performed for further research

and the detailed analysis with the simulation code that can treat the detached condition

should be performed for further understanding of the divertor physics in JT-60U.
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5 Impurity behavior and divertor ion temperature measurement with

Doppler broadening

5.1 Introduction

The impurities sputtered by ions and neutrals at the wall surface are the dominant

impurity source in the plasma. As the first wall in JT-60U consists of the carbon tiles,

the carbon is the dominant impurity. Impurity contamination in the main plasma

significantly deteriorates the energy confinement by increased radiation and fuel dilution.

The accumulation of excessive impurities causes the thermal instability such as MARFE,

sometimes leading to disruption. In the present experiment, the effective plasma ion

charge is Zeff >3 in neutral beam heated plasmas. This value is very high compared with

the desirable value required for ITER, Zeff<1.6. In contrast, impurities in the edge

plasma region and in the divertor region are considered to be desirable for removing the

heat load to the target by radiation. The remote radiative cooling with impurities is

required for the next step fusion device such as ITER with large heat load to the divertor

target.

Impurities in the plasma undergo many processes as described in section 3.4.3 and

there are few measurements of impurity distribution so far. In order to investigate the

impurity behavior, an impurity transport code (IMPMC) was developed in JT-60U, in

which impurity behavior is simulated with the Monte Carlo method, which is very

advantageous for impurity modeling.

The information on ion temperature is one of the most important factors for both

generation and transport of impurity. The ion sputtering yield strongly depends on the

incident energy. Moreover, the temperature profile of the background ions strongly

influences the impurity ion motion through the thermal force, pushing the impurity ion to

the higher temperature side. The information relating to the electron in both the divertor

and SOL can be easily obtained by the Langmuir probe, and recently by the Thomson

scattering system in DIII-D [102]. However, the ion temperature in the divertor region

has not been measured in any tokamak so far. To measure the ion temperature in the

divertor region, a normal incidence VUV spectrometer has been installed on JT-60U
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[21]. The temperature of the light elements, such as carbon and oxygen, in the divertor

region has been measured for the first time, with the Doppler broadening of the emission

line. Particularly, CIV emission line that can be assumed to be thermalized in the plasma

was measured in this study. However, the emission point is difficult to identify due to

the broad profile of the C3+ ions and the line integral effect. The measured C3+ ion

temperature can be interpreted with the spatial variation of the density and temperature of

the C3+ ion. The detailed impurity behavior in the divertor region is investigated with an

impurity particle transport code. The relation between the measure ion temperature and

the impurity behavior has been investigated in this thesis for the first time. The

possibility of the measurement of the ion temperature by the Doppler broadening of the

impurity line is examined in the divertor region of JT-60U.

The characteristics of carbon impurity in the plasma are described in section 5.2.

The carbon behavior was investigated and the ion temperature was measured with the

Doppler broadening of CIV line. The observations are shown in section 5.3 and the

dependence of the measured ion temperature is investigated in section 5.4. The measured

ion temperature is compared with the calculated results by the IMPMC code in section

5.5. A summary of impurity behavior is given in section 5.6.

5.2 Characteristics of carbon impurity in plasma

Carbon is the dominant impurity in JT-60U [48] and is assumed to be generated by

the sputtering processes as described in section 3.4.3. The energy of the neutral carbon

produced in physical processes is estimated to be around 10 eV [103]. In the analysis,

the energy distribution of the sputtered atoms is often taken to be Thompson distribution

[104]. The ionization time and ionization mean free path length for each charge state of

carbon is shown in figure 5.1. The diffusion time is evaluated to be Tdiff>5 x 10~5 s for

mean displacement of 1 cm for the expected value of D±<5 m2/s. The ionization time of

C+ —> C2+ is < 10"5 s, which is shorter than the diffusion time and the ionization mean

free path length is very short. As the CII line emission profile weakly depends on the

diffusion process, its profile reflects the profile of carbon generation. However for the
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carbon generated by the chemical sputtering, the situation is more difficult, where a long

chain of processes is involved with the product methane. On the other hand, the

ionization time of C2+ —> C3+ is comparable to the diffusion time. Therefore the CIV line

emission profile reflects the diffusion processes. For these reasons, the CII and CIV line

intensity profiles emitted from the divertor region are measured with 60-channel visible

spectrometer in JT-60U (see section 2.2.4).

In the divertor region, the electron temperature is in the range of several ten eV.

Since the ionization mean free path length of C3+ —> C4+ is a several m, C3+ ions are able

to spread over the divertor region. The comparison between the ionization time and the

thermalization time is shown in figure 5.2. The ionization time of C3+ —> C4+ is longer

than the thermalization time in the temperature range below 100 eV. The temperature of

C3+ ions reflects the background ion temperature in the divertor region. The normal

incidence VUV spectrometer has been installed on JT-60U to measure the ion temperature

in the divertor region. The temperature of C3+ was measured with the Doppler

broadening of the CIV line (155.08 nm: 2s2S-2p2P°). The spectrometer observes the

divertor region diagonally from the inner side of the torus to the outside for the open

divertor and observe only the inboard region for the W-shaped divertor. Other details of

the spectrometer are shown in section 2.2.4

In the ionization equilibrium state, coronal equilibrium, the charge state

distributions for the carbon are determined largely with given electron temperature and

density. The charge distribution of the carbon to the electron temperature is shown in

figure 5.3. The carbon density is almost occupied by the C4+ ions in the temperature

range of several ten eV that corresponds to the divertor condition. However, the charge

state distribution can not reach the ionization equilibrium state in a tokamak, even if the

steady state condition, d/dt=O, is achieved, because of the loss to the wall surface and

migration to a different temperature region. Figure 5.4 shows the change of the fraction

for each charge state ion calculated with the loss term, nz/x, in the rate equations [105],

where t is the recycling time. With the loss term, the distribution shifts towards the

lower ionized states.
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term, nz/% in the rate equation, where nz is the carbon ion density for z charge state

and T the recycling time. The neutral density nc/ne is 0.01.
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5.3 Behavior of the carbon impurity and the ion temperature

The waveforms of a high recycling discharge are shown in figure 5.5. A strong gas

puff was injected during the neutral beam injection, thus a high recycling divertor

condition was established. The plasma detachment near the inner strike point proceeded

from the beginning of the neutral beam injection, although the outboard plasma remained

attached.

The D a , CII and CIV line emission profiles before and during the detachment are

shown in figure 5.6. In the attached case at 6.2 s, the inboard peak of CII almost

corresponds to that of D a . The CIV profiles were broad compared with the CII profiles.

Here, the carbon generated mechanism is assumed to be dominated by the physical

sputtering and the broadness of CIV profile is considered as a result of its transport along

the field line through the thermal force (see section 3.4.3). Both the CII and CIV profiles

were broad at t=8.2 s. The increasing intensity in the outside region of the separatrix and

the private region were observed. Then, the inboard plasma was very cold in the entire

region and many neutral particles overspread on the target, in this situation the physical

sputtering is no more important. The chemical sputtering processes are considered to

play an important role in the carbon generation [35]. The chemically produced methane

(CD4) from the side wall and the dome wall is enhanced.

After the plasma detachment, it might be assumed that the recombination and neutral

friction (ion-neutral collision and charge-exchange) zones must be formed in front of the

inboard target and these resultant atoms can travel upstream to the hotter regions, where

they are ionized. This might be responsible for the peak shift toward the inboard of the

Da intensity profile at the detached phase.

The ion temperature obtained by the normal incidence VUV spectrometer decreased

with time. However, this change seemed to be insensitive to the change of the divertor

plasma itself. This might be due to the broad profile of C3+ ions. Under the plasma

detachment, the ionization zone must move to the upstream. The C3+ ions coming from

the hotter regions might influence the measurement.
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Figure 5.5: Waveform of the high recycling discharge, the inboard plasma
detachment proceeded from about t=6.4 s.
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Figure 5.6: Intensity profiles of the Da , CII and CIV emission

in the divertor region.

Compared with the increasing ratio of the plasma density, the increase in the CII

and CIV intensity were little. The concentration of the carbon impurity decreased with

time. The densities of C+ and C3+ are roughly estimated with n f = 4itI/BXdl [103],

where I is the line intensity in units of ph • m~2 • s"1 • sr"1, B is the branching ratio for the

observed line, X is the excitation rate coefficient from the ground level to the excited

level, n^+ is the density of the ion Az+, and dl is the length of the divertor plasma along

the viewing chords of the spectrometer. The density of C1+ and C3+ ions and carbon

concentration in the inboard divertor at 6.2 s are about 4 x 1016 m~3 , 1 x 1017 m~3 and

- 85 -



JAERI-Research 99-017

The increase on the temperature enhance both the sputtering yield and ionization rate

of carbon. The enhanced carbon with the increase on temperature are shown in figure

5.7, where the plasma condition made a transition from the ELMy H-mode to the L-

mode at around t=7.5 s. The Langmuir probes showed increase in the electron

temperature at the L-mode phase, but the measured density changed little. The ion

temperature measured by the VUV spectrometer also increased at the L-mode phase. At

the L-mode phase, the increase in carbon intensity was observed, particularly in the

outboard divertor where the plasma was attached completely and the carbon generation

was dominated by the physical sputtering. The increase in CIV intensity on the outboard

might be also related to the decrease in frictional force without the ELM.

In the neutral beam heated plasmas at low and intermediate densities, carbon

impurities are generated mainly by the physical sputtering and self sputtering [22].

However, in discharges with strong gas puffing, a change in the CII line radiation

profile is observed and the MARFE occurs. The time evolution of the discharge with the

x-point MARFE and the D a , CII and CIV intensity profiles are shown in figure 5.8.

The x-point MARFE occurred at around t=7.6 s, a large change in the CII line emission

profiles was observed before and after the x-point MARFE. The CII profiles showed

two peaks at both separatrix strike points in the low density phase at t=6.5 s. At t=7.5 s,

the maximum CII intensity on the inboard target decreased. This is inferred from the

decrease in temperature in the divertor region. The intensity between the strike points

started to increase and the peak finally moved away from the strike points to the

neighborhood of the x-point. At the formation of the x-point MARFE, the CIV intensity

at the inner leg of the divertor decreased contrary to the increase in CIV intensity viewing

at the main plasma. Apparently, the carbon impurities move from near the divertor target

to the upstream, toward the x-point. The separation of the radiating region away from

the target may be due to reduction of plasma temperature close to the target below the

value where appreciable carbon radiation can occur and the plasma density close to the

target decreases.
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The ion temperature changed a little change after the MARFE. During the MARFE,

the carbon ionization zone moved upstream above the viewing chord. The C3+ ion is

considered to be not thermalized in the region on the viewing chord. The C3+ ions

flowing from the upstream (hotter region) influence the measured high temperature.

E029340

VUV nWsureiW T

CO

£

'o

8.5

Figure 5.7: Both the sputtering yield and ionization rate of carbon were
enhanced with the increase in temperature. In figure, plasma condition
changed from ELMy H-mode to L-mode at around 7.5 s. Both the
electron and ion temperature increased at the L-mode phase.

- 87 -



JAERI-Research 99-017

x-point MARFE

20 30 40

Channel
50 60

Figure 5.8: (a) Waveform of the discharge with the occurence of the x-point
MARFE, CIV intesity both at the inboard divertor and main plasma are
shown, (b) Intensity profiles of Da , CII, and CIV emission.
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5.4 Characteristics of measured ion temperature with Doppler broadening

of carbon line

Figure 5.9 shows the comparison between the ion temperature and the electron

temperature measured by the Langmuir probes near the inner strike point. In the open

divertor experiment, the tiles around the outboard strike point were covered especially by

the B4C films to reduce the sputtering. The yields are decreased to 10-20 % of the CFC

tile (other divertor tiles) [35]. Thus, the sputtered carbon fluxes from the inboard tiles

are larger than those from the outboard tiles. The measured ion temperature is assumed to

be influenced by the inboard region.

CO
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. . . . . . . . .
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I •
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Figure 5.9: Comparison between the measured ion and electron temperature.
The position of the measured electron temeprature and calculated ion
temperature is at near the inner strike point and at the separatrix on the
viewing chord.

As shown in figure 5.9, the measured ion temperature is higher than the electron

temperature and increases with electron temperature. However, the measured ion

temperature is low compared with the ion temperature near the separatrix on the viewing

chord calculated with the one dimensional fluid code (see section 3.4.3). This difference

is considered to originate from the line integral effect, or insufficient thermalization of the

C3+ ions. The C3+ ions can overspread in the divertor region and the density and
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temperature profile of the C3+ ions along the viewing chord are needed to understand the

measured ion temperature.

5.5 Analysis of ion temperature with simulation code

The impurity transport (IMPMC) code based on Monte Cairo methods (see section

3.4.3) was used to investigate what information the measured ion temperature has. As

the C3+ ions can overspread in the divertor region, the measured ion temperature is

strongly affected by the C3+ ion distribution. The spatial variation of the density and

temperature of the C3+ ions are necessary to understand the measured temperature. The

analysis with the impurity transport code was performed in the discharge considered to

meet the thermalization of the C3+ ion in the divertor region. The high recycling L-mode

discharge with the open divertor was chosen. The waveform of the discharge is shown

in figure 5.10 and the analysis was done at t=7.3 s, then the ion temperature with the

Doppler broadening of the C3+ ions was estimated as 30 eV.

The behavior of the carbon generated by both the physical and chemical sputtering

was simulated on the background plasma parameters calculated with the simple divertor

code. The plasma parameters on the target and its spatial distributions are shown in

figure 5.11 and 5.12. The high recycling conditions proceeded in the inboard divertor,

leading to the cold and dense plasma. A large gradient appears in the ion temperature near

the divertor target compared with the electron temperature. This is due to the mass

dependence of the parallel conductivity, Xu ̂  m~'/2> ar*d strongly influences the impurity

transport through the ion thermal force, Fj™ «= dTjds,. The neutral particle distribution

influences the chemical sputtering. The chemical sputtering yield is 0.05.

The comparison between the observed and calculated CII and CIV line intensity

profiles are shown in figure 5.13. The contributions from the carbons generated by the

physical and chemical sputtering are also shown in figure. For the anomalous cross-field

diffusion coefficient of the impurity ions, D± = l m2/s is employed. The observed

profiles were obtained from the 60-channel visible spectrometer viewing from the upper

side of the torus and the viewing chords of the calculation corresponds to the
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measurement. The calculated profile agreed well with the experimentally observed profile

particularly at the maximum intensity, although the calculated intensity is low in the

private region (CII) and the outside region of the separatrix. The difference of the CIV

intensity in the outboard is inferred from the low electron temperature in calculation,

observed intensity peak exists at the separatrix strike point and the carbons do not seem to

lp=1.5 MA /Bt=3.0 T /Vp=83
T(C3+)=30 eV

- Da i n t e n s i t y Diverta

co

E

Figure 5.10: Waveform of the high recycling L-mode discharge. Impurity
behavior was analyzed at t=7.3 s by the impurity transport code (IMPMC).
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Figure 5.11: Spatial distribution of the electron temperature, Te
l, and density,

ne
l, on the divertor target.
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Figure 5.12: Contour map of the (a) electron density, ne, (b) deuterium atom
density, n0, (c) electron temperature, Te, and (d) ion temperature, Tj.
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Figure 5.13: Comparison between the observed and calculated (a)
CH and (b) CIV line intensity profile. The contribution from
carbons generated by physical (carbon: C) and chemical (methane:
CD4) sputtering are also shown.

be transported toward the upstream (if the carbon was transported in experiment, the

peak should appear at the chord viewing the private region.). Actually, outboard electron

temperature in the experiment was higher than that in calculation and the ionization must

proceeded in front of the target.

In this calculation, since the temperature on the target is high, the physical

sputtering dominates the carbon generation. The carbon flux generated by the physical

sputtering (C: carbon) is 2.42 x 1021 s"1 and the methane flux (CD4: methane) generated

by the chemical sputtering 2 x 1020s~'. Moreover, CD4 is easy to return to the target

before dissociating to C; about 13% of CD4 can reach to C.
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Figure 5.14: Calculated contour map of the (a) CII and (b) CIV line
emission. The viewing chord of the Doppler broadening measurement is
shown by the solid line. The maximum peak of the CIV emission on the
viewing chord is observed at the outside of the separatrix.

Figure 5.14 shows the calculated contour map of the CII and CIV line emission. The

viewing chord of the Doppler broadening measurement is shown by the solid line. The

maximum CII intensity is very close to the target. The carbon released from the divertor

target is ionized in front of the target, particularly near the separatrix. The CIV intensity

overspread in the divertor region, ionized carbons are transported toward the upstream

along the magnetic field line through the thermal force. The strong CIV intensity
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distribution in the inboard region is attributed to the strong ion thermal force shown in

figure 5.12 (d). The maximum peak of the CIV emission on the viewing chord is

observed at the outside of the separatrix. The diffusion process is important for the

overspread of the C3+ ion.

The spatial variation of the density and temperature of the C3+ ion along the viewing

chord are shown in figure 5.15. The C3+ ion temperature is nearly equal to the

background ion temperature. The higher density region of C3+ ions are distributed at the

outside of the separatrix.

<u
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(b) Density
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I

2 0 B

Figure 5.15: Spatial variation along the viewing chord of (a) the
temperature of the electrons, background ions and C3+ ions and (b)
the density of the electrons and C3+ ions. The background ion density
is equal to the electron density.

The calculated line integrated spectrum of the CIV emission is shown in figure 5.16

with the observed profile for comparison. The calculated CIV profiles exhibit several
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Figure 5.16: Comparison between observed and calculated line integrated
spectrum of the CIV emission. The observed ion temperature was about 30
eV. The calculated spectrum has several temperature components.
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temperature components. This is due to the overspread distribution of the C3+ ion by the

thermal force and the diffusion processes. Since the Doppler profile of the low

temperature is sharp, even if the intensity is low, such emissions can contribute to the

total emission profile. The measured temperature is consistent with the calculated one in

the lower temperature region. However, the higher temperature component is below the

noise level. The measured ion temperature with Doppler broadening are strongly affected

by the low temperature region away from the separatrix.

5.6 Discussion and summary

The impurity behavior has been investigated and the ion temperature has been

measured for the first time, with Doppler broadening of the C3+ ions. The measured ion

temperature was analyzed with the impurity transport code. The carbon generation

and transport were strongly influenced by the plasma conditions. The carbon generation

in high temperature was dominated by the physical sputtering process and the intensity

profile of lowly-ionized carbon line (CII) showed a narrow peak near the separatrix strike

point. As the temperature decreased, the intensity profile of CII became broad,

indicating that the chemical sputtering by the neutral particles widely distributed in front

of the divertor region dominated the carbon generation.

The ion temperature measured with Doppler broadening seemed to be insensitive to

the change of the plasma conditions. The carbon generation mechanism and generated

point were strongly affected by the plasma conditions. The distribution of the C3+ ions

changes with the plasma conditions. The C3+ ions might not always thermalize in the

plasma on the viewing chord, throughout the divertor region. This is related to the

transport of the impurity itself between the different plasma parameters. In the high

temperature and low density condition, the C3+ ions might not be fully thermalized. The

C3+ ions experience the electron collision and/or ionization before thermalizing with the

background ions. The resultant emission might show the low temperature. On the other

hand, in the low temperature the carbon ionization zone shifts to the upstream. The C3+

ions flowing from the upstream above the viewing chord to the downstream tend to make
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the measured temperature higher. In these cases, the measured temperature can not

reflect the information of the temperature on the viewing chord. The insensitivity of the

measured ion temperature to the plasma conditions might be explainable within above

speculation.

In a discharge with C3+ ion thermalized in the divertor region, the measured ion

temperature was analyzed with the impurity transport code. The code calculation showed

that the C3+ ion is widely distributed in the divertor region through the thermal force and

the diffusion process. The measured C3+ ion temperature was confirmed to reflect the

low temperature at -10 cm away from the separatrix on the inboard side. The low

temperature components observed in figure 5.13 might also originate from the wall and

private source. To measure the ion temperature near the separatrix or on the target with

Doppler broadening, the set up of the viewing chord becomes very important. However,

this is very difficult and should be extremely restricted. Another point for consideration

is the choice of the measured line. In the high density regime, the C2+ might be effective

for the measurement around the strike point because of its thermalization range of below

30 eV, although the carbon generation and distribution becomes more complex with the

lower temperature and high neutral pressure. The selection of the measured emission line

following the plasma conditions is important to obtain an accurate information of the

background ion temperature. The line emitted by the charge-exchanged impurity might be

effective for the temperature measurement. Further understanding of the detailed

generation, transport process and thermalization condition of the impurities should be

needed for the ion temperature measurement with the Doppler broadening of the impurity

line.
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6 Doppler-broadening of Da line and recycling of deuterium particles in

JT-60U divertor region

6.1 Introduction

In most tokamaks, the discharge duration length is at least an order of magnitude

longer than the global particle confinement time. Thus, fuel ions leave and return to the

plasma many times during the discharge. This process is known as 'recycling'.

Deuterium atoms mostly occurs in this recycling process and the plasma density is

sustained by an influx of these atoms. Recycling particles are released as atoms or

molecules from the wall. The detail processes are described in section 3.4.

The recycled neutral atoms have a great influence on plasma performance. Low

recycling is required for high performance state of H-mode and is essential for obtaining

optimum fusion performance [106]. On the other hand, high recycling is beneficial for

reducing impurity sputtering and for removing the heat load to the target wall [37]. For

a future ignition device such as ITER, both high core plasma performance and high

recycling divertor condition must be achieved simultaneously. Then, it is necessary to

minimize leakage of neutral particle from the divertor region into the main chamber.

Therefore, understanding of the basic recycling process and the neutral atom behavior is

important for the control of the plasma condition and performance.

The Balmer-a (Da) line of deuterium results from the radiative decay from the

excited state n=3 to n=2. The n=3 excited atoms are typically produced from the ground

state neutral hydrogen atoms by electron-impact collisional excitation. The spectral

profile due to the Doppler effect has the information of the velocity distribution of

deuterium atoms. The wavelength shift due to the Doppler effect is AX. = (v/c)A,0, where

v is the velocity component of the atom in the observed direction and Xo is the

wavelength emitted by an atom at rest. In the recycling processes, the deuterium ions

hitting the divertor tiles are either reflected as atoms or desorbed as molecules. The

desorbed molecules experience dissociation in the plasma by electron collision. Since the

edge density is too low to thermalize the velocity distribution, the profiles are affected by

various dissociation processes. The atoms produced by the molecular dissociation has an
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energy in a wide range from below 1 eV to several eV. The energy of atoms determines

their penetration depth into plasmas and their basic recycling processes. The Da line

spectral profile is very effective for investigating the detailed neutral behavior and

recycling process.

In TFR, Ha and Da line spectral profiles were observed with a high-wavelength

resolution using a Fabry-Perot interferometer to measure the ratio of hydrogen atom flux

to deuterium atom flux [107]. The profiles of Ha (D a ) lines were observed with high-

resolution spectrometers and analyzed by Monte Carlo calculations [108-111]. It was

pointed out that significant contribution comes from directly excited atoms dissociated

from molecules and molecular ions near the plasma boundary [110-112]. The relative

amounts of reflected atoms and desorbed molecules were estimated at the steel and carbon

limiter [109,113]. The contribution of the atoms produced by the methane (CH4 (CD4))

dissociation to the Ha (D a) line spectral profile was discussed [108,109,114,115]. An

experiment of puffing H2, D2 and CH4 gas into the DITE tokamak showed that the

energy spectra of Ha line observed with CH4 gas puff differ from those with H2 and

D2 gas puff [114]. Ta line was recently observed to study recycling and isotope

exchange in TFTR DT-experiment [115], in which the deuterium atom generated by the

sputtering was included in the simulation. [115] indicated the necessity of the study of

energies of H2 dissociation for electron energies in excess of 100 eV. In the DIII-D

tokamak, the Da line spectral profile was measured under the detached divertor

condition. The low deuterium temperature measured from Doppler broadening of Da

line was consistent with the conclusion that much emission (approximately two-third of

the emission) is produced by recombination [116].

The Ha and Da line spectral profiles were measured in many tokamaks as

described above and was analyzed with the Monte Carlo simulation so far. However,

both measurement and comparison with the calculation were limited at only one viewing

position in any tokamak. Moreover, the emission and recycling processes have not been

reported in detail. The study of the neutral recycling depended on the measurement of the
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spatial profile of the Da line emission intensity, in which the detailed recycling process,

neutral behavior and emission process were not investigated.

In this study, the spatial variation of Da line spectral profile emitted from the

divertor region is measured with a high resolution visible spectrometer for the first time.

The neutral particle transport code (DEGAS) including the detailed molecular and

molecular ion dissociation processes is used to investigate the detailed emission

processes. The observed Da profiles are compared with the calculated profiles and

discussed the change of the emission processes with viewing positions and plasma

conditions. The physical phenomena in the divertor region are understood by

investigating the spatial variation of the Da line spectral profile.

In the coronal model for population of the excited states, intensity of Ha (D a ) line

has been used to measure hydrogen (deuterium) flux in many tokamaks. In high-density

plasmas, however, the coronal model is not applicable and the collisional-radiative

model is necessary [117,118]. For actual tokamak plasmas, besides emission due to

electron-impact collisional excitation of the atoms, emission due to dissociation of the

molecules and molecular ions (dissociative excitation) should be considered. The

contribution of the molecules and molecular ions to the line intensity has been discussed

in several papers [119-122]. To determine ion temperature in peripheral regions,

broadening of the broad component in the line profile has been measured in some

tokamaks [123-125].

In the following, a simple consideration on the Da line spectral profiles is described

in section 6.2. The neutral particle transport code (DEGAS) was used to investigate the

detailed emission processes. The detailed procedures in DEGAS simulation are described

in section 6.3. The Da line spectral profiles emitted from the divertor region are

presented in section 6.4 and are compared with simulated profiles by the DEGAS code in

section 6.5. Changes of Da line spectral profiles with changes in plasma parameter are

described in section 6.6 and 6.7. The summary is given in section 6.8.
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6.2 Spectral profile

The desorbed molecules released from the wall surface experience dissociation by

electron collision in plasma. The energy of the produced deuterium atoms depends on the

each dissociation pathway and the energy transferred from the electron (Franck-Condon

process). The observed Da line spectral profile is to be the sum of emissions from the

deuterium atoms, each having different energy. If we observe the Da line spectral

profile from the atoms being the isotropic motion with an energy of Eo=3 eV, the profile

is observed as shown in figure 6.1 (a), and when there is a wall interrupting the isotropic

motion of atoms (assuming the atoms emits Da only at one point (A) on the wall), the

profile is as shown in figure 6.1 (b).

In the plasma with the temperature Te=50 eV and the density ne = 1 x 1019 m"3, the

dissociation mean free path length of the molecules with the energy of 0.05 eV is about 5

mm for D2 —> 2D, 2 mm for D2 —> D2, and <1 mm (projected on the poloidal cross-

section) for D2 —» 2D. The ionization mean free path length for atoms with energies of

1, 3, and 10 eV are about 2.3, 4, and 7.3 cm, respectively. The shape of the line

emission profile from the atoms produced by the molecular dissociation can be

significantly affected by the wall structure and plasma configuration, because the

molecules released from the target dissociate near the target, <1 cm, and the distance

between the separatrix and the dome wall is typically several cm in JT-60U.

In the case of the dissociative-excitation (Da arose directly from the dissociation of

D2 and D2 into D(n=3) product atoms), these excited atoms decay by photon emission

in a microsecond timescale before any interaction with the plasma and wall, and hence

the emission profiles are fully spatially isotropic. The line shape from such a distribution

of atoms is symmetrical to the line center in figure 6.1 (a) and independent of the viewing

angle. On the other hand, the atoms produced by the reflection on the wall and by the

charge-exchange with the background plasma have a high energy. The deuterium ions

incident onto the wall surface is accelerated with an energy gain of 3 times by the sheath.

The reflected atoms typically have the energy of several ten % of the incident ions. The

Da profile from these atoms is assumed to be broad (distributed in the wide wavelength
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range) and can be strongly affected by the wall structure because these atoms escape in a

shorter time from their reflection point.

In fact, the measured line spectral profile is determined by a number of effects : the

instrument function, the geometry of observation, the geometry of the source, the effect

of plasma profile, atomic and molecular processes related to the plasma profile. Thus,

the emission profiles are not simply inferred. The neutral particle transport simulation

based on the Monte-Carlo method is effective to understand the behavior of particles and

the detailed emission processes at different positions.
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Figure 6.1: (a) D a line spectral profile from the deuterium atoms at

isotropic motion with an energy of 3 eV. (b) D a line spectral profile

with a wall interrupting the isotropic motion of the atoms and the atoms
emits D a only at one point (A) on the wall.
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6.3 Procedure in neutral transport simulation code (DEGAS)

The Monte Carlo neutral particle transport code (DEGAS) [126] was used to

investigate the detailed neutral particle behavior and its emission processes. The code

was originally developed in Princeton University to model the configuration of the

divertor and limiter/pumping system. The actual wall and divertor/limiter structure and

the plasma configuration can be taken into account in the simulation. The particle

reflection and desorption on the surface, the atomic-molecular processes of the

ionization, dissociation, and charge-exchange with plasma, are also included and the

trajectory of the neutral particle is tracked in the actual wall and magnetic-field

configuration.

The plasma parameters, spatial distribution of the electron and ion densities and

the electron and ion temperatures of the background divertor plasma were obtained by a

simple divertor code (see section 3.4.3). In this simulation, it is assumed that all the

deuterium ions hitting the surface of the divertor tiles are either reflected as deuterium

atoms or desorbed as deuterium molecules: the recycling coefficient is unity. The data

calculated with TRIM, which is a Monte Carlo program for simulation of collision

cascades of hydrogenic atoms or ions injected into a solid [127], are used for the

reflection coefficient and kinetic energy of the reflected atoms. The incident energy, Eo,

dependence of the particle and energy reflection coefficients, RN and RE, used in

simulation are shown in figure 6.2. Both the particle and energy reflection coefficient

increase at low energies and decrease again when the kinetic energy approaches the

strength of chemical binding forces to the surface atoms [128]. Below an energy of 10

eV, the particle (energy) reflection coefficient simply includes the chemical binding

effect. The deuterium ions that are not reflected are assumed to be desorbed as deuterium

molecules with an energy of the surface temperature of the divertor tiles : 0.05 eV. The

angular distribution for the emission of the atoms and molecules is assumed to be a

cosine distribution around the surface normal.

The molecules move at velocities given at the surface of the divertor tiles, until

they experience dissociation or ionization by electron collision (production of D£, D or
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Figure 6.2: The dependence of the particle and energy reflection
coefficients, RN and RE to the incident energy, Eo, used in the
neutral transport code (DEGAS).

D+) or they arrive at the surface of the first walls. D^ molecular ions are assumed to be

instantaneously dissociated at their birth place, because the reaction rate is high and its

mean free path length projected on the poloidal cross section is short (<1 mm).

Deuterium atoms produced by dissociation of D2 and D^ and reflection of ions at the

surface of the divertor tiles move at velocities determined by the Franck-Condon energy

and the reflection energy, respectively, until they experience charge exchange with the

plasma ions or ionization by electron collision or they reach the surface of the first walls.

In case of the charge exchange, the neutralized atoms with velocities corresponding to the

ion temperature are tracked instead of the ionized deuterium. When the atoms reach the

surface of the first walls, they are reflected as atoms or desorbed as molecules according

to the same model as that for the deuterium ions. The atoms are tracked with the

information of their production. While the atoms are crossing the viewing area of the

spectrometer, the emissivity and Doppler shift of Da line are calculated. The emission is

stored with a wavelength resolution of 0.0044 nm with distinction of the production

process of the atoms. By dissociative excitation, excited atoms are produced and some

of them emit Da line. In the case n=3 excited atoms are produced by dissociative
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excitation in the viewing area, the atoms are assumed to decay instantaneously at their

birth place because their life time is short. Collisional excitation and de-excitation of the

excited atoms produced by dissociative excitation are not considered, because the

electron density is rather low in the present study.

In this study, the detailed molecular and molecular ion dissociation processes are

taken into DEGAS. The neutral behavior and the Da emission processes from atoms and

molecules were investigated throughout the comparison with the observed and calculated

Da line spectral profile. The Da line emission processes from the deuterium atoms are

dissociative-excitation, electron collisional excitation of the atoms produced by the

molecular and molecular ion dissociation and of the atoms produced by reflection and

charge-exchange. The atomic-molecular processes used in the simulation are shown in

table 6.1. The data for hydrogen is used although deuterium plasma are studied here,

because the data available is not sufficient for deuterium. It is estimated that the isotope

effect is generally small for temperatures higher than 10 eV. The molecules are at the

ground state of H^X'X*. On the other hand, the molecular ions are a mixture of many

vibrational states, because they are produced by electron collision in experiments. For

H2 + e —» H2 + H(ls) + 2e, No.l, dependence of the effective rate coefficient on

electron density has been presented in reference [129]. The dependence is weak in the

electron density range lower than 1 x 1020 m"3. For H2 + e -» H(n = 3) + H(ls) + e,

there are two processes, No.5 and 6 [130,132]. They have threshold energies of 27 eV

and 17 eV. The emission cross section for the Ha line presented in [120] is used to

obtain the rate coefficients. To obtain the rate coefficients for the two processes

separately, the ratio between the two cross sections is assumed to be constant in the high

energy range based on the Born approximation. For H2 + e —> H(ls) + H+ + 2e, there

are also two processes, No.7 and 8 [49]. No.7 is the process via H2EU and its

threshold energy is 26 eV. No.8 is the process via H2Sg and its threshold energy is 18

eV. The rate coefficients for the two processes are separately obtained on the same

assumption as that for No.5 and 6. For H2 +e —> H(n > 2) + H(ls), No. 10, the kinetic
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energy of the produced atoms depends on the electron energy. The averaged kinetic

energy of the produced atoms (EH(eV)) can be obtained as

EH =(((£ +13.6/n2-2.7)/2)av e) / (av e>,

where e is the electron energy in eV, a is the cross section, and ve is the electron

velocity. For electron temperatures higher than 5 eV, the average kinetic energy of the

produced atoms can be approximated by 0.365 T°l9U within an error of 16 %. For

H 2 + e - ^ H ( n = 2,3) + H + e, No.12, the rate coefficient for n=3 was obtained

according to n"3 scaling [131] from that for n=2 [49].

Table 6.1 Molecular processes included in the neutral transport code (DEGAS). EH is
the kinetic energy of the produced atoms, and Eth is the threshold energy for the
reaction.

No.

1.

2.

3.

4.

5.

6.
7.

8.

9.

10.

11.

12.

Process

H2 + e->
H2+e->

H2 + e->
H 2 + e ^

H 2 + e ^

H2+e^>
H2 + e ^
H2+e->

H2+e-H>
H++e->

H2+e->
H2+e->

H; + 2e

2H(ls) + e

H(2s) + H(ls) + e
H(2s) + H(lp) + e
H(n = 3) + H(ls) + e,

H(n = 3) + H(ls) + e,
i x i LJ } I' x x "T* ^ V ^ • rVi

v / ' i n

H(ls) + H + + 2 e , Eth

2H+ + 2e

H(n>2) + H(ls)

H(ls) + H+ + e

H(n = 2,3) + H+ + e

Eth =

Eth =
= 26

= 18

= 27 eV

= 17 eV

eV

eV

EH

-

3.0

0.3

4.85

7.0

0.3

7.8

0.25

-

0.365 T°'913

4.3

1.5

Reference

[129]

[129,49]

[49]

[49]

[120,131]

[120,131]

[49]

[49]

[49]

[49]

[49]

[49,132]

In the case the particle confinement time is infinity and deuterium molecules and

atoms are in an ionizing phase, the rate of Da emission to D2 flux can be obtained from

the rate coefficients. The relation between (D a emission per D2 molecule)/2 and plasma

temperature is shown for each process in figure 6.3. It is assumed that the electrons and

ions have Maxwell distributions with the same temperature. The emission per atom is
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Figure 6.3: The relation between (Da emission per D2 molecule)/2 and plasma

temperature, (a) (1) the emission due to dissociative excitation, and that due to
electron collisional excitation of the atoms produced by (2) dissociation and (3)
charge exchange. (4) the total emission for a molecule. (5) The emission per
deuterium atom is plotted for comparison, (b) and (c) Numbers correspond to
those in table 6.1. Asterisks indicate emission due to dissociative excitation. It
is assumed that the electrons and ions have Maxwell distributions with the same
temperature.
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also plotted in the figure. As shown in figure 6.3 (a), the emission due to electron

collisional excitation of the atoms produced by charge exchange is dominant. The

proportion of the emission due to dissociative excitation is small. The value of (the total

emission per molecule)/2 is by 30 % less than that per atom. The emission from the

atoms produced by the reaction of D2 + e —» 2D(ls) + e: No. 2, is dominant in the

temperature range lower than 15 eV. The emission from the atoms produced by the

reaction of D2 + e —» D(ls) + D+ + e: No. 11, is dominant in the temperature range

higher than 15 eV.

D. H. McNeill presented the emission rates similar to figure 6.3 in [119]. He did

not explain the rates used in the calculation in detail but the cross-sections presented in

[49] were used for most of the reaction rates. For the dissociative excitation of D2, the

emission rate in the present paper is almost consistent with that in [119]. For the

dissociative excitation of D2, the emission rate in the present paper is about twice as

large as that in [119]. The discrepancy might be ascribed to different scaling to n=3 state

from data on the production of H(n=2). For the electron collisional excitation, the

emission rate in the present paper agrees with that in [119] in low-temperature range,

while the rate in the present paper is by 40 % larger than that in [119] in the temperature

range higher than 100 eV. The reason of the discrepancy in the high temperature range is

not known because of lack of information about the rates used in the reference.

6.4 Experimental observation of Da line spectral profile

The spatial variation of the Da line spectral profile emitted from the outboard

divertor region was observed with a high resolution visible spectrometer (see section

2.2.4). The wavelength resolution is 0.011 nm, and the spatial resolution about 1.1 cm.

Da line spectral profiles measured in low and high density plasmas are shown in figure

6.4 (a)-(e). Both discharges were made with the magnetic field strength Bt of 4 T at the

plasma center. The low density case was obtained with a high performance discharge

after an adequate wall conditioning. The neutral beam power PNB was 13 MW and the

averaged plasma density ne was 2.8 x 1019 m"3. The high density case was obtained
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Low density case (ne
div=O.5x1O19 rrr3 )

High density case (ne
div=2.2x1019 rrr3)

(d) CH.48
(5.5cm)

(e) CH.45
(8.8cm)

655.9 656 656.1 656.2 656.3

Wavelength (nm)

CH.45-53

655.9 656 656.1 656.2 656.3

Wavelength (nm)

Inboard utboard

Figure 6.4: Spatial variation of the D a line spectral profiles emitted from the

outboard divertor region. The solid line correspond to the low density case

(nc
div=0.5xl019 irr3: electron density at near the separatrix strike point on the

outboard target) and the dashed line the high density case (ne
div=2.2xl019 nr3).

The Ha line is also found as a small peak in the red side of the D a line, Ha/Da

~4 % for the low density case and -2.5 % for the high density case.
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with the L-mode discharge with strong gas puff during neutral beam injection PNB=9

MW. Here the wall conditioning was not sufficient and the high recycling condition was

established. The averaged plasma density was n e =4.0x l0 1 9 m 3 . The electron

temperature Te and density ne near the outboard strike point were 90 eVand

0.5xlO19 m"3 for the low density case, and 45 eV and 2.2 xlO19 m~3 for the high

density case. Figure 6.4 (a) was obtained at the viewing chord near the outboard divertor

target (~0 cm), and figure 6.4 (b)-(e) at the viewing chord looking about 1.1, 2.2, 5.5

and 8.8 cm upstream (toward the x-point away from the outboard target). The solid line

corresponds to the low density case and the dashed line the high density case.

As shown in figure 6.4, the spectra split into three components due to the Zeeman

effect: TC-component at the center (X,o =656.1 nm) and o-components at both sides.

The splitting width of the spectra due to the Zeeman effect is given by [133]:

A?i = 4.67xl0"8A,20B,

where Xo is the wavelength of the line center, Xo (nm), and B is the magnetic field

strength, B (T). The Ha line (^0=656.28 nm) is also found as a small peak in the red

side of the Da spectrum. The ratio of the Ha line intensity to the Da line intensity is

about 4 % in the low density case and 2.5 % in the high density case.

The Da line spectral profiles near the target was symmetric about the line center as

shown in figure 6.4 (a). On the other hand, the profiles observed at the upstream

viewing chords shifted to the blue side of the line center and was broad compared with

that near the target; at the high density case profiles were remarkably more broader than

the low density case. The distortion of the profile was observed at the upstream chord,

especially for the low density case, the blue-wing part of the spectra is magnified.

Figure 6.5 shows the enlarged line profiles around the line center. The peak of the

profiles in the upstream is shifted more to the blue side of the line center for both cases.

This shift is larger in the low density than in the high density case. This shift might imply

that the emission from atoms moving towards the upper side of the torus (toward the

spectrometer) is larger in the upstream than that from atoms moving toward the lower

side, as the spectrometer faces the dome wall. The foot of the profile is broader at the
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high density case than in the low density case, the broadness in the red side at the high

density case is remarkable. The existence of the broad emission components is inferred

for the high density case, particularly in the upstream region.

•S3

Observation

CH.53(0cm)
CH.52 (1.1cm)
CH.51 (3.3cm)
CH.48 (5.5cm)
CH.45 (8.8cm) >'

(b) High density case *3

656.06 656.08 656.1 656.12

Wavelength (nm)

Figure 6.5: Enlarged D a line spectral profiles around the

line center of the observed profiles (figure 6.4).

The observed Da line spectral profiles at both cases as shown in figure 6.4 were

fitted with two temperature components (narrow and broad components). The narrow

and broad components make the core and foot of the profile respectively. Figure 6.6

shows the temperature of narrow and broad components and the fraction of broad

component. The temperature difference between the two cases is little, the temperature

of narrow component is around 1 eV in the entire region and the temperature of broad

component increases in the upstream. The increasing fraction of broad component in the

- 112 -



JAERI-Research 99-017

Inboard

10cm
CH.42-53 £

1.0

0.8

E 0.6

t
$ 0.4
c
<D

£ 0.2

0

-

'- (a)

-

. 
1

1
1

1
1 

•

A

•Y'i

kt

* • l

y. i . !

— Observed

—Fitted 1

* narrow;

KJ A broad -

3-

1
2

a

I

|
O

c
o

ra
ct

i

LL

en
t

c
o
Q

OO

15

10

utboard

x(cm)^ .
10

70

65

60

55

50

45

655.9 656 656.1 656.2
Wavelength (nm)

5 0
. . . I. . . . I

656.3

(b)
broad

Low density case
High density case

Target

narrow

•(c) _ — High density case

Low density case

40 42 44 46 48 50 52 54

Channel ( lch- i . icm)

Figure 6.6: Observed D a line spectral profiles in figure 6.4 were fitted

with two temperature components (narrow and broad components), (a)
Example of the fitted profile, (b) Temperature of the narrow and broad
components and (c) fraction of the intensity of the broad components to
the total intensity in the low and high density cases.
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upstream is observed, particularly at the high density case. The Franck-Condon atoms

after molecular dissociation have a wide energy range as shown in table 6.1. The atoms

produced by the reflection and charge-exchange and the fast atoms produced by

dissociation processes are assumed to be contained in the broad components. The

increasing broad components might show the increasing emission from these atoms.

Apparently, the Da line spectral profile is different at each viewing chord. This

might come from the difference of emission processes on each viewing chord, and from

the geometric effect of the divertor region. The atoms moving toward the dome (away

from the spectrometer) readily arrive at the dome wall without being excited due to the

low plasma parameters in the private region.

6.5 Simulation of Da line spectral profile

The Da line spectral profile was simulated with DEGAS code to investigate the

detailed emission processes on each viewing position. As the plasma detachment

proceeded easily in the inboard divertor, the uncertainty is large in the inboard plasma

parameters and there is no analytical method under the detached plasma conditions.

Therefore, the simulation study is concentrated only on the outboard divertor region,

where the plasma strongly attached and the plasma parameter was obtained by the

Langmuir probes. The analysis was done at the experiment of figure 6.4. Figure 6.7

shows the plasma parameter along the separatrix in the outboard region for both cases,

which are obtained by the one dimensional fluid code based on the Langmuir probes

measurement and was used in DEGAS simulation. Near the target, the increasing

density relating to the high recycling is shown in the high density case.

The fraction of the intensities from each process to the total intensity on each

viewing chord for both cases are shown in figure 6.8. The contribution from

dissociative-excitation is large near the target, about 60-65 % to the total intensity.

However, as away from the target, its contribution rapidly decreases. This corresponds

to the decrease of the number of molecules released from the divertor target. Then, the

contributions from atoms produced by charge-exchange and reflection increase.
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Figure 6.7: Plasma parameters in (i) the low
density case and (ii) the high density case, (a)
spatial distribution of the electron temperature
and density on the outboard target ('t') and at the
x-point ('x')- (b) the electron temperature and
density, and ion temperature along the
separatrix in the outboard divertor region, the
ion density is equal to the electron density.

The neutral flux is often estimated from the Da intensity [97]. The number of

emitted Da photons is related to the ionization events, using the coefficients depending

on the electron density and temperature [134]. However, the high fraction of the

dissociative-excitation leads to the mistaken estimation of the neutral flux, apparently the

flux is overestimated if calculated from the Da intensity. The neutral particle flux can

never be evaluated from Da emission intensity itself.
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Figure 6.8: Fraction of the intensities of each process to the total intensity.
Each process: dissociative-excitation, electron collisional excitation of
atoms produced by the dissociation (dissociated atoms), charge-exchange
(charge-exchanged atoms) and reflection (reflected atoms).

The fraction of the intensities of each dissociative-excitation and dissociated atom to

the total intensity is shown in figure 6.9 and 6.10. The electron temperature near the

separatrix in the viewing area is 90 eV at the low density case and 45-50 eV for the high

density case . In the temperature range of several ten eV to 100 eV, as shown in figure

6.3 the emission rate of dissociative-excitation shows a little change except No. 12* which

increase with increases in temperature. All the dissociative-excitation reactions are

important near the target. Particularly, the most important reaction is No. 10*

(dissociative-recombination reaction) in the entire region, and No. 12* is important for
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Figure 6.9: Fraction of the intensity of each dissociative-excitation
to the total intensity.
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Figure 6.10: Fraction of the intensities of each dissociated atom to
the total intensity. The reactions of No.2, 3, 10, 11 and 12 in table
6.1 are important in the dissociated atom.
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the low density. The reactions for the dissociated atoms are, in order of importance,

No.ll , 2, 3 and 12.

Figure 6.11 shows the fraction of the intensities of each dissociated atom to the total

dissociated atoms intensity. In the temperature range of several ten eV to 100 eV, as

shown in figure 6.3, the emission rates of No.3, 11 and 12 show a little change

compared with those of No.2 and 10, which decrease with increasing temperature. The

decrease in the rate of No.2 in the high temperature range, which corresponds to the low

density case, leads to the increase in contributions of No.3, 11 and 12 in figure 6.11.

Compared with the kinetic energy of atoms produced by No.3 (0.3 eV) and 12 (1.5 eV),

as the kinetic energy of atoms produced by No.ll (4.3 eV) is high, its contribution

should become small near the target in the low density case. This should lead to a narrow

emission profile (dissociated atoms) derived from the low density case.
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Figure 6.11: Fraction of the intensities of each dissociated atom to
the total dissociated atom intensity.
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Figure 6.12 and 6.13 shows the comparison of the observed and simulated Da line

spectral profiles for the low and high density cases. Here, the instrument function of

spectrometer, the Zeeman effect and fine structure was considered, but the Ha line was

not. In the figure, the emission profiles of the dissociative-excitation, dissociated

atoms, charge-exchanged atoms and reflected atoms are shown, respectively. The

comparison of the measured and simulated spectral profiles in figure 6.12 and 6.13

shows a good agreement. The enlarged line profiles around the line center of the

simulated Da line are shown in figure 6.14. The simulated profiles near the target are

symmetric to the line center due to the large symmetrical components of the dissociative-

excitation.

The profiles emitted from the dissociated atoms are asymmetric to the line center.

The profiles show a blue shift. Since the spectrometer faces the dome wall, the

contribution from the atoms traveling toward the dome decrease and the profiles of the

dissociated atoms have a blue shift (the red side of the profiles was reduced). The

profiles in the upstream could be explainable within the geometric effect. Away from the

target, the dissociated atoms dominate the profile, particularly at low density case. This

leads to the peak shift in the profiles. The narrow emission profile of the dissociated

atoms at the low density case is due to the emission processes described above (in figure

6.11). The broadness in the upstream is the result of the increase in the contribution from

the charge-exchanged and reflected atoms. In the high density case, the increase in

emission appears as a hill near the line center and the core of the profiles becomes broad.

Small humps in the simulated profiles are shown for both the dissociative excitation

and the dissociated atom. They are ascribed to the kinetic energies of atoms given in table

6.1. The kinetic energies of atoms are actually distributed around the average energies,

and such humps are not found in the observed line profile. The simulated profiles near

the target are broader than the observed one. It might also be attributed to the above

described reason about the kinetic energies of the atoms.

The observed and calculated Da intensity distribution in the outboard divertor region

are compared in figure 6.15 (a) and (b). The intensity profile due to each emission
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process is also shown in the figure. The profiles are normalized by the intensity near the

target. Decay of the intensity toward the upstream is slow for the low density case. That

is because the mean free path length becomes longer in the low density. In the

simulation, the atoms impinging on the wall on the way of the trace are again released

from the wall position with a weight that the atoms have at that time. The high intensity

in the upstream (around the dome top) is originated from the particles released from the

dome wall, about half of the intensity at the viewing chord CH.45.
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Figure 6.14: Enlarged D a line spectral profiles around the

line center of the calculated profiles (figure 6.12 and 6.13).
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Figure 6.15: Comparison between the calculated and observed
D a intensity profiles in the outboard divertor region for (a) the

low density case and (b) the high density. The intensity profiles
of each process are also shown in figure.
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intensity profiles in the divertor region for (a) the low density case
and (b) the high density. The contribution of the sources released
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The intensity profiles in the whole divertor region are shown in figure 6.16. In the

low density case, a good argument is observed, although a large difference exists at the

outside of the outboard target (CH.54-60). At the high density case, a large difference is

observed in the inboard divertor, because the plasma parameters used in the calculation

differ from those in experiment. Although the detached conditions proceeded in the

experiment, the calculation was performed under the attached conditions, the detached

condition and the detached region were not considered in the calculation. Under the

plasma detachment, the plasma particles flowing into the target extremely decrease, the

plasma particles are considered to recombine before reaching the target. The

recombination zone must exist in front of the inboard target and the much neutral

particles are overspread in the inboard region.

In the dome region in figure 6.15, the observed intensities are high; it is remarkable

in the high density case. In the simulation with the atoms and molecules released from

the divertor target, Da intensity decays exponentially towards the upstream. The

possible reasons for the difference in the intensity profiles between the observation and

calculation are incorrect model of the neutral particle behavior, uncertainty in the atomic

and molecular data, inaccuracy in plasma and neutral distribution and particle reflection

model on the wall surface, the source from the wall surface other than the divertor target

and so on. As one of the reasons, an additional source, desorbed from the dome wall

surface, are considered, since the wall can behave as an absorber. The Da line spectral

profile observed in the upstream is almost symmetric and does not show a large

distortion and high energy tail in the blue side as seen in the calculated one (figure 6.13

(d)). Suppose the gas source desorbed from the dome wall exists, with only the dome

source the spectral profiles are shown in figure 6.17. Calculated profiles are symmetric

to the line center, where the dissociative-excitation fraction is high: -50 %. The

contribution of the dome source leads to a profile similar to the observation. The

measurement of the neutral gas density in the private region is needed.

Figure 6.18 shows the Da intensity profiles under the attached and detached plasma

conditions in the high density case. The increasing Da intensity with an extended
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profile, which expands to the x-point, was observed in the inboard region. This might

show the overspread neutral particles. Figure 6.19 shows the time evolution of the

neutral pressure in the high recycling discharges. The plasma detachment on the inboard

target proceeded from about 7.6s. The neutral pressure at the dome top highly increased

at the detachment. The detached condition strongly affects the neutral distribution in the

overall divertor region. The high intensity in the upstream (around the dome top) might

be attributed to the atoms traveling from the inboard divertor.
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Figure 6.17: Calculated D a line spectral profiles with D2

gas sources released uniformly from the dome wall.
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Figure 6.18: D a intensity profile in the divertor region under

the attached and detached plasma conditions.
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6.6 Time evolution of Da line spectral profile

Time evolution of the Da line spectral profile emitted from the outboard divertor

region has been investigated. The waveforms of the high recycling discharge are shown

in figure 6.20, where the Da intensity and the wavelength width at the half maximum

intensity of the Da line spectrum on each viewing chord are shown. A strong gas puff

was injected during the neutral beam injection, thus the high recycling divertor condition

was established. Both the averaged plasma density ne and the Da signal emitted from

the divertor region increased with time. The strong ELMs occurred with the increasing

neutral beam power at t=9.0 s. At the ELMs, Da emission intensity highly increased

near the target. The wavelength width AA,1/2 increased with time (the profiles became

broad), although the change at upstream viewing chords was small compared with that
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near the target. The high increasing fraction at the place (CH.50) several centimeters

away from the target is remarkable during the ELMs.

Figure 6.21 shows the time evolution of the Da line spectral profiles. The profiles

became broader with the plasma density and ELMs and seemed to be more symmetric

(H a of about 3 % to Da exists in the red side). The profiles were fitted with two

temperature components in figure 6.22, the temperature profiles of the broad component

showed a little change for three cases. It seems likely that during the ELMy phase the

temperature of the narrow components increased and the fraction of the broad

components increased. During the ELMy phase, a strong recycling occurs due to the

E029611 ,B,=4T/lp=2MA

i n i I i I I i 11 i i i | i i i i | iii i i | i 11 i | i 11 i

D intensity _
«. _ * Gas puff
(Divertor)
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a • • • * 'm • i
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Figure 6.20: Waveforms of the high recycling discharge, strong ELMs started
at t=9.0 s. The D a intensity and the wavelength wide, AX1/2 at the half of the
maximum intensity of the D a line spectrum on each viewing chord are shown.
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Figure 6.21: Time variation of the D a line spectral profiles

at the viewing chord CH.53 (0 cm away from the outboard
target), 50 (3.3 cm) and 45 (8.8 cm) in figure 6.20. The case
at t=9.8 s shows the profiles during the ELMy phase.

- 1 2 9 -



JAERI-Research 99-017

. I . I . I . I . I . I .
. • . " • • I I

40 42 44 46 48 50
Channel (ich~1.1cm)

52 54

Figure 6.22: D a profiles in the figure 6.21 were fitted with two

temperature (narrow and broad) components, (a) Temperature
of the narrow and broad components and (b) fraction of the
intensity of the broad component to the total intensity.

intense bombardment and extended deposition of the particle fluxes. The cold and dense

plasma relating to the strong recycling must be formed in front of the divertor target and

the collisionality near the target becomes large. The contribution from the fast atoms after

the dissociation and charge-exchange increased near the target and the profiles became

broad.

6.7 Da line spectral in detached divertor plasma

The Da line spectral profiles under the plasma detachment have been experimentally

investigated. The Da line spectral profile observed at the viewing chord around the

inboard strike point under the plasma detachment is shown in figure 6.23. In the W-
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shaped divertor, the inboard plasma is always cold and dense. The plasma detachment

easily occurs on the inboard target. As shown in the figure, the Da line spectral profile

is very simple and symmetric. The best fit profile is obtained with 75 % of 1.4 eV

component and 25 % of 10 eV component. The narrow component dominates the

profile. This cannot be explained by the velocity distribution of the Franck-Condon

atoms produced by the dissociation and is considered to result from the physical

processes closely related to the plasma detachment.
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Figure 6.23: (a) D a line spectral profile under the detached plasma

condition, observed at the viewing chord around the inboard strike
point, (b) Profile was fitted with two temperature components, the
best fitted profile was obtained with 75 % of 1.4 eV component and
25 % of 10 eV component.
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The spectral profiles obtained in the outboard divertor under the plasma detachment

(with the x-point MARFE) are shown in figure 6.24. The attached case with strong

ELMs just before the occurrence of the x-point MARFE are also shown. The outboard

plasma was strongly attached to the target except during the x-point MARFE. The

outboard plasma detachment requires removal of the power in the upstream with a strong

radiation by the MARFE. The fraction of the narrow component increased and the

profiles became more symmetric to the line center. This was observed similarly to the

inboard case, although there was a quantitative difference. The detached region in the

outboard divertor was limited at the narrow region around the separatrix, <2-3 cm on the

target, but this narrow detached region was distributed continually toward the x-point

[45].

Ha line profiles like the single component under the detached plasma were observed

in TEXTOR [108], although its peak had a blue shift. This was attributed to the methane

being the source of the hydrogen atoms rather than direct hydrogen recycling, as the

observed line width seemed to agree with the line width expected from CD4 dissociation

[135]. S. J. Fielding was measured the Ha line profiles for H2 and CH4 gas puff into

DITE [114]. From the analysis of energy spectra in the line profiles, the methane

production was not dominating the recycling; in low temperature plasmas, the energy

spectra reflected the feature observed for H2 gas puff more than CH4 gas puff. Finally,

the line profiles observed in TEXTOR was associated to the increasing reflected atoms

with low temperature [109].

In DIII-D [116], R. C. Isler showed that the two-thirds of the Da line emission

under detached operation is produced by recombination and the spectral profiles reflect

the emissions from the recombination atoms (fitted with one temperature component of

0.95 eV). During the detached operation, the electron temperature was typically between

0.8 and 2.0 eV throughout a region which extended several centimeters above the target.

The calculated Da emission rates for ionizing and recombining conditions are

shown in figure 6.25. The recombination processes become important below about 1.5

eV for deuterium. At that temperature the ionization and recombination rate coefficients
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Figure 6.24: D a line spectral profiles under the detached plasma condition

in the outboard divertor region, the attached cases with strong ELMs just
before the occurrence of the x-point MARFE are also shown. The outboard
plasma detachment are restricted in the narrow region near the separatrix,
about 2-3 cm in width on the target.

are approximately equal. In JT-60U, the cold and dense plasma, Te<10 eV and

ne>1020 m"3, on the inboard target were observed just before the occurrence of the
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plasma detachment. Under the plasma detachment, the particle flux onto the target

extremely decreased (see figure 3.8). Apparently plasma density decreased itself. There

was no enhanced cross-field diffusion loss associated with the decreasing fluxes and also

the highly increasing Da emission intensity was observed under the detachment. The

detailed information such as spatial distribution of both temperature and density were not

obtained under the detachment. From the above experimental observation, the increasing

recombination fraction might be expected under the detachment. The plasma particles are

considered to recombine before reaching the target and the increase in the Da intensity is

inferred from the increase in the recombination emission rate at very low temperature.

The increasing narrow symmetric component in the Da line spectral profile under the

plasma detachment might be expected from the increasing recombination fraction.
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Figure 6.25: The calculated Da emission rates for ionizing and
recombining conditions.

The similar changes on the profile observed under the plasma detachment also has

been observed in the MARFE region. Figure 6.26 shows the waveform and the time

evolution of Da line spectral profile at the viewing chord around the x-point. At t=9 s,

the x-point MARFE occurred. The peak of the line profile shifted quickly to the line

center with the occurrence of the x-point MARFE, and the narrow component of the
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profiles increased with the growth of MARFE. These changes are fast and coincided

with the MARFE occurrence. The temperature and density around the MARFE are not

measured. As the MARFE consists of high carbon radiation, the core region might have

an electron temperature of around 10 eV. As a result of high radiation, the extremely

cold and dense plasma region which can allow the recombination process might exist

around the MARFE.

x-point MARFE

(b)

7 8
Time (s)

CH.34

c

656 656.1 656.2 656.3
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Figure 6.26: (a) Waveform of the discharge with the occurrence of the x-
point MARFE and (b) time variation of D a line spectral profile at the

viewing chord around the x-point. The x-point MARFE occurred at t=9 s.
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6.8 Summary

The spatial variation of the Da line spectral profile emitted from the divertor region

was measured with a high resolution visible spectrometer for the first time. The Da line

spectral profile differed at each viewing position. In the outboard region, the profiles

near the target were symmetric to the line center and the profiles in the upstream showed a

blue shift and were broad compared with the profiles near the target. The neutral

transport simulation code (DEGAS) was used to investigate the detailed neutral particle

behavior and the detailed behavior and Da emission processes of the deuterium atoms.

As the plasma detachment proceeded easily in the inboard divertor with increase on

density, the uncertainty is large in the inboard plasma parameters. The comparison

between the calculated and observed Da line spectral profile was performed in the

outboard divertor region where the plasma was attached completely. The comparison

showed a good agreement, although the enhanced neutral particles around the dome top

connected with the inboard detached condition was observed in the high density plasma.

The DEGAS results showed a high fraction of dissociative-excitation near the target: >60

% of the total and the large fraction of the dissociated atoms in the upstream: -30-40 %.

The observed symmetric profile near the target was due to the large fraction of the

dissociative-excitation, because the atoms of the dissociative-excitation decay by photon

emission in a microsecond timescale before any interaction with the plasma and wall.

More importantly, it was pointed out that the high fraction of the dissociative-excitation

does not allow to estimate the neutral flux from the Da intensity itself. In the

simulation, since the kinetic energies of the atoms produced by the dissociation are given

by the defined value, small humps were shown in the simulated profiles of the

dissociative-excitation and dissociated atoms. The kinetic energies of the atoms should be

more realistically treated, since the kinetic energies of the atoms are distributed around

the average energies.

In the upstream, the emission from the atoms produced by molecular and molecular

ion dissociation dominated the profile at the place away from the target. Since the
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spectrometer faces the dome wall in the outboard region, the emission from the atoms

traveling toward the dome is small, because these atoms are not excited once they are in

the private region, where electron density is very small. This is why the profiles of the

dissociated atoms showed a blue shift (the red side of the profiles was reduced). The

blue shift of the profiles observed in the upstream could be explained with the geometrical

effect.

The Da line spectral profile changed with the increase in plasma density. The

fraction of the fast atoms produced by charge-exchange and dissociation was considered

to increase with plasma density. Particularly, during the ELMy phase the profiles near

the target became much broader, although the changes in the upstream were small. The

cold and dense plasma associated to the strong recycling was considered to be formed in

front of the divertor target during the ELMy phase and the broadness of the profiles was

consistent with the high collisionality near the target.

The Da intensity profiles in the divertor region was calculated by the simulation

and was compared with the observation. In the low density (attached condition), the

calculated Da intensity profiles in the outboard region reproduced well the experimental

one. However, the high density case (inboard detached condition) showed a large

difference in the upstream region (toward the dome top). Under the inboard detached

condition, the observed Da intensity profile in the inboard region largely expanded and

the neutral pressure at the dome top highly increased. The detached condition was

considered to strongly influence the neutral distribution in the overall divertor region.

The atoms traveling from the inboard divertor region to the upstream region might make a

significant contribution to the Da intensity. The neutral behavior and distribution under

the detached condition should be investigated in detail, because the neutral distribution

strongly affects the impurity production (chemical sputtering) and would influence the

occurrence of the x-point MARFE.

The Da line spectral profile was observed under the detached plasma condition.

The observed profile was dominated by the low temperature component with an energy of

around 1 eV. This could not be explained by the velocity distribution of the Franck-

- 137 -



JAERI-Research 99-017

Condon atoms produced by the dissociation. As a possible reason, the increasing

recombination fraction was considered to produce the observed profile. The increasing

narrow and symmetric components in the profile under the plasma detachment might be

expected from the increase in recombined atoms. Similar changes on the profile observed

under the plasma detachment were observed around the x-point MARFE region. The

peak of the line profile shifted quickly to the line center with the occurrence of the x-point

MARFE and the narrow component of the profiles increased with the growth of MARFE.

However, detailed information under the detached condition, such as the spatial

distribution of the plasma parameters, neutral distribution, fraction of the recombined

atoms to the Da intensity, was not known in experiment. Further study on

recombination should be performed.
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7. Summary and Conclusions

The divertor performance is recognized as a very important factor for the next step

fusion device such as ITER, in which without confident concept for the divertor

operation the divertor target must be exposed to the enormous plasma heat fluxes

exhausted from the core plasma and suffer a heavy damage. The detached divertor

plasma operation is currently considered to be the primary solution to the engineering

problem of the divertor of fusion reactors, where the plasma particles flowing into the

targets are neutralized by the recombination before reaching the target surface. Both the

impurity and neutral particles are required for reducing the temperature adjacent to the

targets to permit the recombination process. However, the detached divertor operation

compatible with good confinement has not been demonstrated in large tokamaks so far.

Understanding of physical phenomena in the divertor region holds the key to achieve

the successful operation and is indispensable for determining the future divertor design.

In order to provide a better understanding of the plasma-surface interactions and divertor

physics, the transport of plasma, neutral particle and impurity in the divertor region of

the JT-60U tokamak was investigated in this thesis work.

The asymmetry between the inboard and outboard divertor plasma (in-out

asymmetry) was discussed in section 4. The in-out asymmetry is considered to be caused

by the asymmetric plasma transport to the inboard and outboard divertor targets, and is

also affected by the particle recycling. It was observed in experiments that the various

plasma conditions and discharge parameters influenced the in-out asymmetry. In the L-

mode discharges with the ion VB drift toward the x-point, the heat flux flowing to the

outboard target was larger than that to the inboard target. On the other hand, larger heat

flux was observed at the inboard target in the H-mode discharges. This heat flux

asymmetry is challenging for the engineering design of future machines with the

enormous heat fluxes exhausted from the core plasma. The cause of the asymmetry has

not been understood yet. The in-out asymmetry seems to be produced by various

mechanisms. The importance of each mechanism depends on the plasma parameters and
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discharge conditions. The design of the future divertor should be decided taking into

account the in-out asymmetry following the operation scenario.

The currents flowing in the scrap-off layer (SOL current) have been investigated in

the high density discharges with the occurrence of the plasma detachment and MARFE

for the first time. Under the attached divertor condition, similar to the results observed in

other tokamaks, the contribution from thermoelectric current was considered to be

dominant for the observed SOL current. The SOL current flowed from the higher to

lower temperature side.

Under the detached divertor condition and during the x-point MARFE, asymmetries

in the electron temperature and density were reversed to those under the attached

condition and the enhanced particle fluxes to the outboard target was observed with a

broad profile in the outside region of the separatrix. The direction of the SOL currents

was also reversed, corresponding to the direction of the thermoelectric current.

However, the magnitudes of the SOL currents were much larger at the outboard target

than those at the inboard target and the values predicted with thermoelectric current

theory.

The mechanism of the difference in the SOL current between the inboard and

outboard divertor has not been understood yet. This might be related to the high plasma

pressure distribution in the divertor region with the plasma detachment and the MARFE.

The diamagnetic current flows around the high density region perpendicular to the

magnetic field line. The current flowing along the magnetic field line is considered to

occur to satisfy the current continuity equation. However, the measurement in the

upstream region around the x-point has not been performed in JT-60U. Because the high

density and detached divertor condition is a desirable operation scenario for future

tokamaks, observed overall changes on the particle flow are very important for

determining the future divertor design. Detailed measurements of the particle flow and

current in the divertor and SOL region should be made for further research.

In section 5, the temperature of C3+ ions was measured by the Doppler broadening

with a normal incidence VUV spectrometer. The information of background ion
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temperature in the divertor region has been obtained for the first time, from the detailed

analysis of the impurity behavior with the impurity transport code. The measured C3+

ion temperature was insensitive to the changes of plasma conditions. Since the

measurement was considered to be influenced by the impurity distribution, the detailed

impurity behavior was investigated with the impurity transport code. Analysis was

performed in the high recycling L-mode discharge, in which the C3+ ions was

thermalized in the plasma. The code calculation showed that the C3+ ions are widely

distributed in the divertor region through the thermal force and diffusion process. The

insensitivity of the measured ion temperature was confirmed to be due to the broad profile

of C3+ ion and the line integral effect of the measurement. The measured C3+ ion

temperature reflected the low temperature at -10 cm away from the separatrix on the

inboard side.

Insufficient thermalization of the C3+ ion in the plasma was also considered to be the

cause of the insensitivity of the measured temperature, particularly in the high

temperature and low density plasma and/or the low temperature with the plasma

detachment. It was pointed out that the transport of the impurity itself hinders the

thermalization of the impurity in the plasma. The carbon generation mechanism and

generation point are strongly influenced by the plasma conditions. The carbon diffusion

processes in the divertor are also influenced by the background plasma distributions. The

selection of the measured emission line following the plasma conditions might be required

to obtain an accurate information of the background ion temperature. Further

understanding of the detailed generation, transport process and thermalization condition

of the impurities should be needed for the ion temperature measurement with the Doppler

broadening of the impurity line.

The study of the neutral behavior and recycling process with the Da line spectral

profile was performed in section 6. Since the Da line spectral profile has the information

of the velocity distribution of deuterium atoms, the Da line spectral profile is effective

for investigating the detailed neutral particle behavior and recycling process. The Da line

spectral profile was measured in many tokamaks and was compared with calculated
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profile so far. However, the measurement and analysis were limited at only one viewing

position. In this study, with a high resolution visible spectrometer with viewing chords

covering the divertor region, spatial variation of the Da line spectral profile in the

divertor region has been measured for the first time. The neutral transport simulation

code including detailed molecular and molecular ion dissociation processes was used to

investigate the detailed neutral particle behavior and detailed Da emission processes at

each position.

The observed Da line spectral profile, neutral particle behavior and Da emission

process were different for each divertor position and plasma condition. The comparison

between the calculated and observed Da line spectral profile was performed in the

attached divertor conditions. The compared results in the outboard region showed a good

agreement, although the detached inboard plasma condition affected the neutral

distribution around the dome top. In the outboard region, the profiles near the target

were symmetric to the line center, and the profiles observed away from the target showed

a blue shift and was broad compared with that near the targets.

The observed symmetric profile near the target was due to the large fraction of the

dissociative-excitation. The important contribution of molecules and molecular ions to the

Da line was pointed out. The high fraction of the dissociative-excitation does not allow

to estimate the neutral flux from the Da intensity itself. The emission from the atoms

produced by molecular and molecular ion dissociation dominated the profile at the place

away from the target. Since the spectrometer faces the dome wall in the outboard region,

the emission from the atoms traveling toward the dome is small, because these atoms are

not excited once they are in the private region, where electron density is very small. This

is why the profiles of the dissociated atoms showed a blue shift (the red side of the

profiles was reduced). The blue shift of the profiles observed in the upstream could be

explained with the geometrical effect. The Da line spectral profiles became broader with

the increase in the plasma density. The broadness of the profiles was explained by the

increase in the fraction of fast atoms produced by charge-exchange with background ions.
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The Da line spectral profile was also observed under the detached plasma

condition. The observed profile was very simple and symmetric to the line center. The

low temperature component, with an energy of around 1 eV, dominated the profile.

This could not be explained by the velocity distribution of the Franck-Condon atoms

produced by dissociation. The increase in the recombination fraction in the detached

plasma is a possible cause of this phenomenon. Further study should be carried out on

the recombination under the detached condition. The detached condition seemed to

strongly affect the neutral distribution in the overall divertor region. Under the detached

plasma condition on the inboard target, the Da intensity profiles largely expanded in the

inboard region and the neutral pressure at the dome top significantly increased.

Several issues arise from the work presented in this thesis. The physical phenomena

observed under the high density detached plasma and/or MARFE are very important to

advance to the next step and should be further investigated. The in-out asymmetries and

SOL current showed remarkable changes with plasma conditions. This phenomenon is

important from the viewpoint of heat and particle control, and is challenging for the

engineering design of future machines with excessive heat fluxes. The neutral particle

was observed to spread in the divertor region extensively under the detached plasma

condition and the overall changes of the particle flow occurred. High neutral pressure

zone should be retained in front of the target. The neutral behavior under the detached

condition is very important, because the neutral distribution strongly affects the impurity

production and influences the occurrence of the x-point MARFE. Transport of plasma,

neutral particle and impurities is complicated and is influenced by the divertor geometry.

Measurements of plasma parameters in the divertor region with a high spatial resolution,

such as performed by the Thomson scattering system in DIII-D tokamak, should be

performed under the detached plasma condition in JT-60U and detailed analyses with a

simulation code that can treat the detached condition should be performed to further the

understanding of divertor physics.
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