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This thesis describes an investigation on impurity transport in the JT-60U
tokamak plasma both in the core and the divertor plasmas to provide a better
understanding of plasma 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.

A radiative divertor experiment with neon gas puff was carried out with an aim
of investigating impurity behaviors in the divertor, after the open divertor was modified to
the pumped W-shaped divertor. To evaluate neon radiation, analysis was made for lines
from neon ions measured with a VUV spectrometer in the divertor plasma. As a result,
lines from Ne IV-Ne VIII were identified. By combining the measurement with an
absolutely calibrated multi-channel interference filter spectrometer and that with the VUV
spectrometer, the radiation loss through neon line emission was estimated in the divertor
plasma. In the case of pumping off, the detached plasma evolved into a MARFE. It was
observed that the line intensities of highly ionized neon (Ne VII, Ne VIII) increased
simultaneously with the formation of the MARFE and furthermore increased after the
MARFE formation. It is considered that after the divertor plasma was detached, the
plasma flow velocity and the friction force were weaker in the case of pumping off than
in the case of pumping on and more impurities moved toward the X-point region. This

observation implies reduction of impurity back flow from the divertor to the upstream by
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the friction force. This thesis indicates that the plasma flow in the SOL (Scrape-Off
Layer) is important to confine the impurity in the divertor region and prevent the MARFE
for the first time.

In reversed shear discharges with ITB (internal transport barrier), electron
density, temperature and radiation power strongly increased inside the ITB. The core
radiation was analyzed by bolometry, VUV spectrometer and CXRS (charge exchange
recombination spectroscopy). The core radiation was evaluated with the spectroscopic
method in the reversed shear regime. 97% of the main plasma radiation was
bremsstrahlung and this estimation agreed with the bolometric measurement within 10%.
During high performance discharges with reversed shear, the radiation profile strongly
peaked inside the ITB radius. The increment of carbon density is explained by
neoclassical transport of banana-banana collision regime. However, n/n, is flat inside
ITB during the electron density increase implying that the discharge has not reached a
steady state. If the impurity keeps accumulating at the center as predicted by neoclassical
transport theory, the carbon accumulation may pose a problem to the core plasma

performance.

Keywords: JT-60U Tokamak, Divertor, Detachment, MARFE, Radiation, Impurity

Behavior, Thermal Force, Friction Force, Neo-classical Transport, Particle Flux
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1. Introduction

Nuclear fusion is considered as one of alternative future new energy resources.
The most likely reaction to be used in a fusion power plant involves two isotopes of
hydrogen, deuterium and tritium. Deuterium can be found in ordinary water while tritium
cannot be found in nature. Tritium may however be produced from lithium in conjunction
with the fusion process. The fuel would thus be seawater and lithium with a supply that
would last for millions of years.

The hot plasma for nuclear fusion must be contained and prevented from contact
with any solid surfaces. An approach to this problem is to control the plasma using a
magnetic field. Different concepts exist for the realization of the magnetic container (ex.
tandem mirror, helical device). In particular, performance improvement in every aspect
has been achieved in tokamak devices[1]. The break-even plasma condition has been
achieved in JET in DT operation (Joint European Tokamak at the Culham Laboratories in
the UK)[2] and equivalent break-down has been achieved JT-60U (Japan Tokamak at
Naka Fusion Research Establishment of JAERI) in DD operation{3]. The deuterium-
tritium mixture discharges have been performed in TFTR (Tokamak Fusion Test Reactor
at the Princeton Plasma Physics Laboratory in United States)[4] and JET[5). As the next
step to achieve ignition in tokamak fusion research, International Thermonuclear

Experimental Reactor(ITER) project is being designed under international collaboration.

It is essential for the nuclear fusion reactor to keep good core confinement. To
achieve good confinement, the impurity levels in the plasma should be as low as possible.
Therefore it is necessary to understand the impurity behavior in the whole plasma region.

This thesis describes a study on impurity behavior in the core and divertor plasma.

In the divertor region impurity plays an important role. It is necessary to reduce
the divertor plate heat flux by enhancing the impurity radiation, since the power from the

core concentrates at the divertor plate. Radiative cooling and formation of dense and cold
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divertor require full utilization of atomic processes and plasma dynamics including
impurities.

As the divertor plasma scenario the partial detached divertor is a promising
scheme. Nevertheless there are few studies about the impurity behavior on the condition
of detached divertor and MARFE. The MARFE occurs in a condition close to that of
detached divertor. This thesis indicates that the plasma flow in the SOL (Scrape-Off
Layer) is important to confine the impurity in the divertor region to prevent the MARFE
for the first time.

On the other hand, impurity levels should be high in the divertor region, but
low in the core plasma as much as possible to keep good confinement. Studies on
impurity behavior of core plasma were performed, particularly inside ITB(Internal
Transport Barrier), by the TFTR group(Tritium, Helium, Carbon)[1], H.Takenega in JT-
60U(Neon, Helium, Carbon)[2] in reversed shear discharges, and the JET group(Nickel,
Carbon)[3] in optimized shear plasmas. The TFTR group investigated the impurity
behavior both in reversed shear and enhanced reversed shear(ERS) regime with CXRS
(Charge Exchange Recombination Spectroscopy) measurement. The TFTR results show
that the diffusion coefficients of these three impurities were consistent with the
neoclassical transport and the carbon density was more peaked in the ERS than in the RS.
The JET group studied the transport of impurity in the optimized shear plasma. It was
shown that Ni was retained outside the ITB in the strong ITB case, and an additional
inward pinch was required around ITB in the case of carbon. H. Takenaga investigated
the particle transport about Ne and He with gas-puffing modulation experiments, and
about C with the time evolution of density profile in reversed shear. The particle
diffusivity was almost the same for these three ions(Ne, He, C) and the inward pinch
velocity was larger for ions having higher charge state.

However, there has been no detailed bolometric or spectroscopic assessment of

radiation from the core plasma in the good confinement regime. This thesis work is the
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first comprehensive analysis about carbon impurity transport and power balance in the
core plasma including radiation, spectroscopy, bremsstrahlung, and neutron emission in
reversed shear plasma close to the break-even condition both experimentally and
theoretically. This thesis indicates that the carbon accumulation inside the ITB may pose a
problem to the core plasma performance in a reversed shear plasma.

Following is the plan of this thesis paper. A review of physical phenomena in
the tokamak device plasma, which are indispensable for understanding the study in this
thesis, is provided in sections 3 and 4. The results of this thesis work are described in
sections 5 and 6. The impurity behavior in the divertor region with neon gas puff is
described in section 5. In section 6, a detailed analysis of the radiation from core plasma
is described. Finally, a summary of the study performed in this thesis is presented in

section 7.
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2. Device and Diagnostics

2.1 JT-60U and Tokamak

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 word acronym
for “toroidalnaya kamera ee magnitnaya katushka”. The geometry and coordinate system
are shown in figure 2-1 and an example tokamak of a machine is shown in figure 2-2.

The tokamak consists of toroidal vacuum vessel and several magnetic coils. The toroidal

magnetic field B , is produced by the toroidal coils. The poloidal magnetic field B , 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 R, is the distance from the toroidal axis. The two minor radii a
and b are the horizontal and vertical distances from the magnetic axis to the edge of the
plasma. The ratio Ry/a, characterizing the fatness of the torus, is the toroidal aspect ratio.

The ratio b/a is the elongation of the plasma cross section.

There are advantages for confinement and achievable pressure with plasmas
which are vertically elongated. The plasma shape, elongation, and the position of the
plasma is controlled by the additional poloidal field coils. The spatial variation of the

toroidal magnetic field strength is approximately given by:

5 _BR,

p R (2.1,

where B, is the magnetic field strength at the center of the plasma. In a uniform magnetic

field, the changed particle has a helical orbit composed of the circular motion and a const

__4—
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velocity in the direction of the magnetic field. The cicular orbit has a radius o  defined as

— mV.L
ZleB

P, 2.2),

where m is the mass, e is the electric charge, v, is the perpendicular velocity to the

magnetic field, Z is the charge number.

The principal for plasma confinement is to use the strong toroidal field and

confine the charged particle along the magnetic field line. However, this toroidal field is

not sufficient to confine a plasma. When there is the gradient of magnetic field, the o ,

has a different curvature on the part of its orbit in plasma. 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. This drift is called

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:

2
1%

v+ ?l e, (2.3),

m

vdr T
qB,R,

where v, is the parallel velocity along the magnetic field line and e, is the unit vector in the
direction of the vertical axis. The ion moves toward the upper side of the torus and

electron moves the lower side if the field B is counter clockwise as seen from the top.

This leads to a charge separation and makes electric field, E. The E X B/B? drift by the

charge separation throws out the plasma outward of the major radius. When there is a
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plasma current in toroidal direction, magnetic field line makes a nested tori and the
separated charges are shorted. Therefore, the tokamak requires the toroidal plasma
currents. When there is the plasma current in toroidal direction, the force which expands
the plasma current works the plasma. This is because the inside magnitude of the
magnetic-flux density is larger than outside one. This outward force is called hoop force.
This force is balanced by applying a vertical magnetic field which interacts with the
toroidal current to give an inward force. The position control coil which causes a vertical

magnetic field is installed to cancel the hoop force(Fig. 2-2).

The pitch of the helical field line in the tokamak may be characterized by the
safety factor q,. For a large aspect ratio plasma with a circular cross-section, the safety
factor is written as

r B

- ¢
“OR B0

(2.4)

where r is the minor radius of the flux surface. The safety factor presents the number of
complete toroidal turns of a field line before completing a single poloidal turn. It is a very
important factor in determining overall stability of the plasma. Consider the equilibrium
configuration around a surface, having q.= m/n where m and n is the poloidal and toroidal
mode numbers. The magnetic field lines on this surface define a helix. At these surfaces
the magnetic field lines break and reconnect to form magnetic islands. A perturbation

resonant with this surface has the form expi(m0 — n¢)- In the case of a low-q; discharge,

these instabilities frequently lead to a disruption. Consequently, the q, profile emerges as
a critical factor in determining the overall stability of tokamak plasmas. Other important

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

magnetic field pressure, (3.
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2.1.2 JT-60U Tokamak Configuration

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. The
divertor configuration is available to separate the main plasma from the first wall. 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).

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

toroidal direction. Divertor coil current flows in the same direction as the plasma current.

The poloidal magnetic field B , 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 along the SOL magnetic field line. The
advantage of the divertor configuration is to reduce the neutral particles and impurities
generated by plasma-wall interaction entering the main plasma. However, the small area
in the divertor target is compelled to receive large heat flux. In a fusion reactor, the design
of the divertor will be very important to control the power reaching the target surface.

The measured data in JT-60U are obtained as a function of different coordinates
for each diagnostic system because the geometrical restriction on the viewing chords
differ from one port to the other. Furthermore, the geometrical shape of poloidal section
in JT-60U experiment has a wide range from an expanded plasma for RF heating
experiment to a small volume plasma close to inner vessel. So relative measured points

from the plasma center vary if the same diagnostic system are used. To map the data in the

same relative position we introduce the parameter 0, which is the volume-averaged minor

radius defined as
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vV
2n°R

(m) (2.5)

p:

where V is the plasma volume surrounded by the closed flux surface, R is the plasma

major radius of the separatrix.

2.1.3 Plasma characteristics of JT-60U

JT-60U [9,10] is a large tokamak type experimental device which began its
operation from April 1985. The original JT-60 had a closed divertor chamber situated on
the large major radius side of the plasma. But this configuration and lack of deuterium
operation capability did not allow a high quality H-mode operation. To permit the H-mode
operation and improve the plasma performance, JT-60 was modified to JT-60U which is
capable of deuterium operation and high plasma current up to 6MA with an x-point at the
bottom of the vacuum vessel between November 1988 and May 1991.

Most of the present tokamak-type devices, the plasma have divertor
configuration, in which heat flux hits the first wall in a narrow region. In future tokamak

fusion devices like ITER[11], the divertor has to intercept enormous heat flux, around 20-

30 MW-m? at the peak, which is very high compared with an acceptable value for

materials. Thus, an operation scenario is required for ITER to enable heat reduction by
impurity radiation in the divertor and particle reduction by detachment from the target. The
divertor of JT-60U was modified from an open divertor to a W-shaped divertor with
pumps from February to May 1997 [12], to investigate the effects of the divertor

geometry to contribute to the design of ITER.

An overall schematic view of the JT-60U is shown in figure 2-4. JT-60U has 18

toroidal field coils. The operational parameters of JT-60U before and after the W-shaped
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divertor modification are summarized in Table 2-a. The poloidal cross-sections before and
after the W-shaped divertor modification are shown in figure 2-5(a) and (b). 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.

2.1.4 progress in JT-60U

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

such as H-mode, high- 3 > H-mode, reversed shear(RS) mode and so forth, and

contributed in many aspects of ITER physics R&D. Reversed shear operation is
characterized by a region where the magnetic shear, s=(r/q)dqg/dr, is negative in the core
region. In 1998, high fusion performance has been obtained in low g, high I reversed
shear discharges with Internal Transport Barrier(ITB) on JT-60U. ITB works as electron
and ion thermal barrier and makes gradient of temperature and density very steep. Figure
2-6 shows a time evolution of ion temperature, ITB region and pressure profile in JT-60U.
The ITB observed in JT-60U has an outstanding feature that electron and ion thermal
diffusivities are simultaneously reduced with a steep temperature gradient around a thin
ITB layer[13]. The record value of equivalent fusion multiplication factor, Q,, =1.25,

has been achieved in a deuterium discharge with B=4.4 T, [ =2.6 MA and q,,=3.2 in JT-
60U. The neutron emission rate was 3.6 X 10'® s with neutral beam power of 12 MW
[14]. These fusion performance are shown in Lawson diagram(Fig.2-7).

The divertor modification has enabled the sustainment of good confinement for 9

s with high power neutral beam heating (20-25 MW) without any increase of impurity and

particle recycling. The total energy input reached 203 MJ. The D-T equivalent fusion gain

Qpr ~0.1 was sustained for 9 s and Q™ ~0.16 for 4.5 s in high- 8 | ELMy H-mode
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discharges (ELM: Edge Localized Mode [1]), in which H-factor(=T /T [T "H)~2.2,

B y~1.9and B p~1 .6 were sustained with 60-70% of non-inductive driven current[15].

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 S -collapses were avoided and a favorable performance with H-factor=1.8-2.5 and

B =1.5-1.8 was sustained for 1.5 s[16].

2.1.5 Additional Heating System

The ohmic heating is induced by the resistance to the toroidal current caused by
electron-ion collisions. The plasma is heated up to temperature of a few keV. The ohmic
heating power degrades as the temperature increase with a T, dependence of the plasma
resisitivity. To achieve > 10 keV, additional heating such as neutral beam injection 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 the latter, high
power electromagnetic waves are injected into the plasma and heat the plasma by resonant

interactions.

2.1.5(1) Neutral Beam System

The neutral beam injection(NBI) of 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-
60 started its operation in 1986 with hydrogen beam. All the original neutral beam lines
were perpendicular injection. In 1990-1991 four beamlines out of 14 were modified from

perpendicular to tangential injection. At the same time, modification was made to enable
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deuterium beam operation.
The heating power of positive-ion based NBI system is up to 40MW at 90 keV

with deuterium. The duration of beam injection is up to 10s.

The negative-ion based NBI system (N-NBI), 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. N-NBI system can also be used for driving current.

2.1.5(2) Radio-Frequency Heating System

In radio-frequency heating, high power electromagnetic waves are injected into
the plasma and heat the plasma 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

MHz, 2 Q ., = 116 MHz at Bt=3.8T) and the other is lower-hybrid heating (LHRF at

1.74-2.23 GHz). Lower-hybrid waves undergo Landau damping by electrons or ions.
The design pulse length of these systems is 10s, the heating capability is 6 MW of ICRF
and 7 MW of LHCD. Radio-frequency heating has the advantage of flexible control of the
heating profile, since the cyclotron absorption occurs locally. Radio-frequency waves can

be also used for driving current.

Electron Cyclotron Heating(ECH) systems were installed in 1999. The
specifications are: The frequency is 110GHz, the maximum input power of IMW and its

maximum duration time is Ssec. The absorption width of the wave is 0.1 m.
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2.1.6 Divertor of JT-60U

To investigate the effect of divertor geometry and pumping on the divertor
performance in JT-60U, the previous open divertor was modified to a W-shaped divertor

with pumps[17]. This W-shaped divertor follows the design adopted by ITER.

The W-shaped divertor is characterized by the inclined divertor plates, the dome,
and the baffle plates as shown in figure 2-5(b). 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 domes cover the private region, separating the inner and outer divertors in
order to improve the pumping efficiency from the inner private region and to impede 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 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 c¢m in width is arranged
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 m’-s” each are used for divertor pumping.
The measured net pumping speed at the pumping slot is 13 m’*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 the 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 a next step tokamak like ITER.
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2.2 Diagnostics in JT-60U

In order to understand the physical processes in the plasma, the JT-60U tokamak
is equipped with diagnostic systems which are available for comprehensive survey. These
measurements can be used to determine the general plasma parameters, assess the fusion
performance and study specific plasma phenomena. The parameters most commonly
monitored are the plasma energy, neutron emission rate, power input and output,
temperature and density profiles of electrons and ions, magnetic field configuration and
current profile, radiation, impurity emission intensity, divertor and edge plasma

parameters. Diagnostic tools equipped in JT-60U are summarized in table 2-b.

2.2.1 Measurements of impurities

2.2.1.1 Bolometer

A measurement of the total radiation emitted from the plasma is important for the
evaluation of the energy balance. Generally, these measurements have been made with a
wide variety of different sensors including thermistors, thermopiles, pyroelectric detectors,
and thin film bolometers. The sensors are often arranged in pinhole camera configurations
so that the whole plasma cross-section is covered. As the observed signals are integrals
over a line-of-sight, the total radiated power from the plasma may be obtained by

integrating over the viewing angle of a single camera.

In JT-60U the radiation loss power is measured with a 32-channel bolometer
array, viewing from two top diagnostic ports, one midplane port and two side
ports(Fig.2-8). The bolometer consists of a polyimid film plated with a gold film. From
1995 to improve spatial resolution of the divertor measurement, additional bolometer

sensors with a smaller size, are arranged. Its spatial resolution is increased by a factor of
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2, or radial resolution from about 6cm to 3cm typically at divertor tiles. The divertor
radiation loss is calculated by the residual after subtracting the contribution of the main
radiation loss from the total radiation loss, assuming up-down symmetry of the main
plasma radiation. Two midplane arrays with 16 chords are arranged to measure the upper
and lower half of the main plasma and the divertor. These midplane arrays are tilted about
10 degrees in toroidal direction to reduce the effects of charge exchange neutrals, caused
by orbit excursion of ripple trapped ions [18].

The divertor was modified from an open configuration to a W shape with a dome
and baffle plates to shield neutral particles back flow in 1997. More closed structure of the
divertor chamber has made access from diagnostic ports impossible. However,
observation from many different view angles is significantly important to understand
divertor radiation with temporal-spatial variation. Four channels of PTS bolometer[19-22]
were installed inside the divertor chamber. Details of viewing chords for PTS bolometer
are shown in Fig.2-9. View of a PTS bolometer head is shown in Fig.2-10. Two heads
contain 4 detectors each, measuring the profiles along the inner and outer divertor
channels, respectively. The central head is looking upward aiming at the separatrix cross
x-point above the dome top. The entrance slit of the camera is located 4cm behind a
graphite tile surface and each channel is separated by plates to avoid cross talk. Another

head is installed to monitor x-point region horizontally.

2.2.1.2 VUYV spectrometer (Main Plasma)

The VUV spectrometer for the main plasma covers a wavelength range of 0.5

nm - 40 nm with a wavelength resolution of A/A A> 50 (at 5 nm) , and its time

resolution 20 ms [23]. Viewing chord of VUV spectrometer(Main Plasma) is shown in

Fig. 2-11.
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2.2.1.3 VUYV spectrometer (Divertor Plasma)

The VUV spectrometer for the divertor plasma covers a wavelength range of 25

nm - 130 nm with a wavelength resolution of A/A A> 400 (at 100 nm), and a time

resolution of 20 ms [24]. The divertor VUV spectrometer measures a part of sightlines of
60-channel interference filter spectrometer(from 16ch to 28ch) in the divertor region
through the main plasma. Viewing chord of VUV spectrometer(Divertor Plasma) is

shown in Fig. 2-11.

2.2.1.4 Normal incidence VUV spectrometer (Divertor Plasma)

A normal incidence VUV spectrometer is installed with its viewing chord across
the inboard divertor channel. The normal incidence VUV spectrometer covers the
wavelength range of 100-235 nm, its time resolution is 20 ms/spectrum, the reciprocal
line dispersion is 4.54 nm/mm at 610 nm and the spatial resolution about 10 mm(one
chord)[25]. This spectrometer measures the 4th order for CIV 155.08 nm at 620 nm
(2s2S-2p°P%) . Viewing chord of Normal incidence VUV spectrometer is shown in Fig. 2-

12.

2.2.1.5 CXRS(Charge Exchange Recombination Spectroscopy)

The basic technique consists of measuring spectral profiles and shifts of
emission lines which are excited by charge exchange recombination reactions. The first
walls of JT-60U are covered with carbon tiles. Therefore, the dominant impurity is
carbon. The fully ionized carbon ion and fast neutral atoms (typically H® or D) from

either a diagnostic neutral beam or a heating neutral beam are used. The recombination

process
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H° +C* > H +C* (2.6)

leaves the resulting ion in an excited sate which subsequently decays through photon
emission. Due to the charge transfer between neutral atom from the neutral beam and fully
stripped carbon ion, light (529.2 nm at n=8-7 transition) is emitted from the volume along

the neutral beam.

The measured spectral profiles and shifts of emission lines from carbon ions are
used to evaluate the ion temperature, toroidal and poloidal rotation velocity and the
absolute carbon density. The determination of the density of a fully stripped impurity via
CXRS requires knowledge of the total excitation rate for the line measured[26-28]. When

a spectrometer sightline crosses a neutral beam, the intensity for a transition at wave

length A due to prompt charge exchange recombination events is given by

cx 1 & A
B = ZE§?< ov>'[N,Ndl @.7)

where < gv >J_l is the rate coefficient for excitation of wave length A by the jth beam
velocity component, N, is the impurity ion density, and N; is the beam particle component
at velocity v,=v,/ J] The beam particle column densities are readily calculated via a

beam attenuation code by using the stopping cross sections, given specific plasma density,

temperature and Z_[29].

The observation points are located along a beam-line of one of the upper
perpendicular neutral beamns. The observation points of CXRS are shown in Fig. 2-13.

Its spatial resolution is 5 cm poloidally and its time resolution is 16.7 ms[30].
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2.2.1.6 Bremsstrahlung

For determination of Z_ we measure intensities of visible bremsstrahlung
tangentially (Fig. 2-13). The spatial resolution is 20 cm, the measured wavelength is

523.1+0.5 (nm), and the time resolution is 100 ms [31]. Bremsstrahlung radiation is

emitted in the visible region due to electron-ion collisions. Its intensity at wavelength A

(>>hc/T,) is given by

dN L, 8n’Z 5 -
I 3x102 Bl s 'nm (T, in keV) (2.8)

dn Wi

where @ is the temperature averaged Gaunt factor and A is in nm. Line of sight

integrals of this intensity must be measured over the full plasma cross-section for a
determination of the Z . profile. The contribution of the bremsstrahlung emission from the
SOL mantle plasma is excluded using a channel viewing outer separatrix region. In

addition, the plasma temperature and line of sight integrals of density must be known.

2.21.7  60-channel visible spectrometer by interference filter

A 60-channel interference filter spectrometer[31] measures spatial intensity
profiles of visible lines in the divertor region with a spatial resolution of about 1.1 cm.
The light is collected by lenses and transmitted by optical fibers from the torus hall to a
diagnostic room. The 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 this paper, D I (n=2-3,656.1nm), Ne I (640.2nm), C IV (3s’S-

3p’P,580. 1nm) and C II (3s?S-3p’P,657.8nm) intensities are measured. The sensitivity
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of the spectrometer is absolutely calibrated [32]. Its time resolution is 100 ms and its

wavelength band is ~1nm.

2.2.2 Other diagnostics

2.2.2.1  Neutral Pressure Gauges (Fast response ionization gauges)

In order to investigate the divertor neutral pressure and to estimate the
characteristics of divertor pumping, fast response ionization gauges are installed at the
divertor structure in JT-60U (Fig. 2-12). Since the gauges are installed in the strong
magnetic field, the sensitivity has to be calibrated in situ under the same magnetic field as

in experiments.

Seven gauges are settled at the divertor region in order to collect the neutral flux
onto the inside baffle, the inside divertors, the dome top, the outside divertor, and the
outside baffle. Additionally three and one gauges are at the pumping ducts, and at the
outer midplane, to collect the flux under the outer baffle, and at the surroundings of main

plasma, respectively. The time response of the gauge is about 3-4ms [33].

2.2.2.2 Target Langmuir Probes

In its simplest form the Langmuir probe consists of a single electrode which can
be inserted into the plasma. A voltage is applied to the probe with respect to the vessel and
the current is measured. From the current-voltage (I-V) characteristic of such a probe the
electron temperature T, and density n, can be deduced. When the probe is biased
sufficiently negatively all electrons are repelled and all that remains is the ion current. This
current is independent of voltage and is called the ion saturation current. Saturation of the

ion current occurs because all the bias potential appears across the thin sheath and the ion
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flux is simply determined by the flux of ions crossing the thin sheath edge at the ion
sound speed.

The single Langmuir(electrostatic) probe [34] arrays which consist of eighteen
identical probes separated by about 2-3 cm poloidally, is mounted on the inboard and
outboard divertor plates (Fig.2-12).  From the current-voltage characteristics of the
probe, the local values of ion saturation current density I, electron temperature T, and

floating potential V; can be deduced directly.

2.2.2.3 Thomson scattering and ECE measurements

The electron density and the electron temperature of ruby Thomson scattering
diagnostics are obtained at a few times per shot, while the electron density data of YAG

Thomson scattering diagnostics are available every 100ms during the discharge period.

The electron temperature for 0 < 0.5 m is obtained with electron cyclotron
emission(ECE) measurements, here 0 is defined as eq.(2.6). The time evolution of the

electron density for 0 < 0.5 m is obtained with a CO, laser interferometer along a

tangential chord[35].
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3. Divertor physics

3.1 Function of divertor

In the case of a limiter plasma, the last closed flux surface(LCFS)(Fig.2-3) is
defined by a solid surface and consequently neutral impurity atoms released from the surface
can enter directly into the confined plasma. In the divertor configuration, however, impurities
released from the target are ionized and may be swept back to the target by the plasma flow

before they can reach the LCFS and enter the confined plasma.

Furthermore for fusion reactor one of the most serious concerns is that of
controlling the power reaching the solid surfaces. Enormous power entering the scrape-off
layer and the heat flux flows along the scrape-off parallel to the magnetic field and reaches the

divertor target plate.

Third, in reactor plasmas, helium ash produced from DT fusion reactions dilutes the
fuel and prevent the self-ignition from sustaining the controlled burning.
To solve these problems, the divertor has been designed for following objectives,

(I) Minimizing the impurity content of the main plasma by having the plasma surface
interactions remote from the confined plasma and designing the divertor particle flow so that

any impurities produced at the target cannot enter the confined plasma.

(II) Removing the alpha particle power by impurity radiation and charge exchange to reduce

the divertor heat load.

(IIT) Removing the helium ash resulting from the fusion reactions so that the reacting fuel is

not seriously diluted.
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3.2 Divertor transport physics

In tokamaks it is desirable that the impurity is confined in the divertor region by the
friction force. In the divertor plasma, temperature of divertor plasma decreases near the
divertor plate by radiative cooling of impurities to reduce the heat flux to the divertor plate. In
this situation, thermal force occurs as a result of ion-impurity and electron-impurity coulomb
collision and impurity ions flow to the upstream high temperature region by thermal force. If
the thermal force is larger than the friction force, impurities flow into the upstream SOL
region, and pollute the core plasma. In this section we discuss how the thermal and friction

force work on the impurity ions.

3.2.1 thermal force

First we consider the thermal force working between electron and ion. A simple
explanation of thermal force is shown in Fig. 3-1. The horizontal axis shows the upstream
direction along the magnetic field line and the vertical axis shows the electron temperature.
The ion fluid element receives forces, R, ,R,,, at the upstream and downstream surface with
its magnitude mn,v,/7 ., where R, , R

are the thermal force working to ions from

down
upstream and downstream, respectively, and v, is electron velocity and T  is electron-ion

collision time. When the plasma is uniform, these forces cancel each other and no force
works on the ion. If the electron distribution function is different from one side to the other,

the force against ions from electrons having higher energy is smaller than the force from
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electrons having lower energy, since T _ o v, ’/n,. As a result, the thermal force on ions,

Fi:‘n, toward “electrons having higher energy” occurs and its magnitude is proportional to

mn. (3.1).
T

<

Next we consider temperature gradient along the magnetic field and obtain the
magnitude of thermal force.

The force working on ions is given as

lFLh Al BNV _IAT - d (mn_v, ~|AT - _ 1\ mnyv,
T, dT.\ ~, T T,
- (3.2)
and
T,
AT, ~ A (8 ) (3.3)
ox

where A is the electron collision mean free path. Therefore the force working on ions acts
in the direction of high temperature region and its magnitude is derived from (3.2) and (3.3)

B |?»e dT, m_n_v,
N‘Te ox 1

oT

(3

e o0x

(3.2) ¢ -

~

3.4)

€

By substituting the electrons with ions in the above argument, we can derive the thermal force

from ions to impurity ions. Substitution can be made as follows:
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n.
m, —o>M1, >7T)|= - =T bA=T Vv, D TV, 35).
z

As a result of the collision between ions and impurities, a thermal force occurs, which tends

to push impurities to the high temperature region. Its magnitude is given as

JT,
0x

Here, we suppose the impurity density is small compared with the ion density.

lF‘h (3.6)

impurity

— 2
=|n,Z

Comparing the magnitude of the thermal force of ion and electron, the electron
thermal force coefficient is proportional to 0.71Z°, derived by Braginskii[36], and ion
thermal force coefficient is proportional to 2.65Z> which is an asymptotic value for heavy
impurities given in Chapman[37].

In the classical plasma transport theory along the field line, the effect of parallel
density gradient of other species is considered through the parallel electric force[38]. In the
attached plasma, where the plasma pressure is approximately constant along the field line, the
effect of density gradient itself is not significant.

When the density increases and temperature decreases, e.g. in a detached plasma
(Section 3.3), the neutral-ion collision must be considered. Simply speaking, the coulomb
collision frequency of ion-impurity ion is proportional to T,*? and elastic collision frequency
of ion-neutral is proportional to T,', so the important of coulomb collision is larger than
elastic collision in the low temperature region.

Considering the order of the magnitude of thermal force by ion and neutral on the

condition that the mass, velocity and density are the same, we estimate the collision frequency,

since the thermal force is proportional to collision frequency V. In the case of the collision

between carbon ion(C*) and hydrogen ion(H"), the magnitude of the collision frequency is
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about v ,_=1.4X10""n, (Hz) where T, is 20 eV and n_ is C* density. On the other hand, the

imp

magnitude of the collision frequency between neutral hydrogen(H) and C*is v =9.0X10

"'n_ (Hz) where T, is 20 eV and n, is the neutral hydrogen density. Then v , /v  is

imp

written as

V.
m _1.5%10° 2z
\Y n

n n

If n/n_ is close to 10°, the order of neutral-impurity ion collision is effective. But carbon
density is a few percent of the plasma density in the fusion plasma, so the neutral-ion

collision is neglected, being compared with the ion-impurity collision.

With increasing powers and temperatures in the edge:
(1) the frictional force decreases, due to decreasing collisionality with increase in T
(2) the parallel diffusivity increases with T

(3) the parallel temperature-gradient forces (which push the ions away from the target)

increase with power.

The ionization location is also important[39]. The roles of force balance and
ionization location are discussed in more detail in [40].

In this thesis we deal with the thermal force to high charged ion (e.g. Ne VII, Ne

VIII), so we do not consider the thermal force in a low electron temperature region(T,~1eV)

where the pressure balance does not hold along the magnetic field line.
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3.3 Detachment / MARFE

Detachment

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.

The partially 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

related with the temperature such as I, o¢1/T,,. 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. If the divertor temperature can be reduced below 1eV, 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.

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.< 10eV, 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 | as

2nT=fnT,.
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The plasma detachment was analyzed very early in the history of plasma physics.
We use here the results for the case of hot ions (T;=T,). This results were derived in fully-
analytic solutions in one dimension for an isothermal plasma with both isothermal plasma
with both ionization and friction processes occurring simultaneously by S.A.Self and
N.H.Ewald[41]. The ratio of plasma densities between entrance of recycle region and target

plate is given by

a+l
n (oc + 1) 2
L= —— (3.6)
n, o
<OV>,
o= 3.7)

<OV> +<OV>_

where <0 v>,<0 v>_ are the rate coefficients for ionization and momentum loss. The

fractional loss of pressure due to friction f_ is given by

o+l

f = 2(—(1—) : (3.8)
o+1

and its temperature dependence is shown in figure 3-2. The effect of friction processes on
the pressure drop across the recycling region is negligible at >10 eV and becomes important

at Jower values of temperature.

MARFE

A MARFE is an axisymmetric, strongly radiating belt of short poloidal and radial
extent located at the high-field edge of the plasma. “MARFE” is an acronym of “multifaceted

axisymmetric radiation from the edge”[42,43]. Study on the MARFE is a matter of
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importance for tokamak reactor, since the MARFE is a radiation instability which occurs
around the main plasma and rapidly cools the core periphery. This radiation instability is

caused by the increases in line radiation from impurities with decreasing temperature as

shown in figure 3-2. When MARFE occurs, 7 . decreases strongly due to increases in

impurity in the core plasma and 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[44]. Therefore MARFE should be avoided to achieve good confinement.

In a sense, the MARFE-type state is always present near the target by the close
proximity of impurity 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.

In JT-60U, carbon is the major impurity source. The radiative cooling rate of carbon
has a maximum in the temperature range of 10-40 eV, where 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 C** radiation is

dominant[24]. 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. An example of
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the formation of the x-point MARFE in the case of the ion VB drift toward the x-point is

shown in figure 3-3.

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
radiation can occur and the plasma density close to the target decreases. In experiment, the

MAREFE is formed after the occurrence of plasma detachment.
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4. Impurity

4.1 Impurity problem

The presence of impurities is one of the most severe problems for a reactor. The

impurities are of two types. Firstly there are impurity ions which come from solid

surfaces, and secondly there are « -particles, *He, resulting from the fusion process. The

design has to be such as to minimize incoming impurities but clearly the « -particie

impurity is intrinsic. The requirement for the ‘helium ash’ is that it should not have too

long a confinement time in the plasma.

Impurities from the wall produce partially stripped ions which then give rise to
plasma energy loss through radiation. This is discussed quantitatively in section 4.5. In
addition, fuel dilution by impurities pose a problem. Each ion is associated with a number
of electrons determined by its ionization state. Since these electrons from impurity will
have the same temperature as the plasma has, impurities can be regarded as having
displaced fuel ions of deuterium and tritium for a given confined plasma energy. A heavy

metallic ion can release tens of electrons in the center of the plasma.

Control of the impurity influx depends upon a satisfactory design of both the
magnetic structure and the material surfaces receiving the outflow of plasma energy. At
present this is believed to require a magnetic divertor. The aim of divertor is to lead the
outgoing particles to a ‘target’ surface well separated from the plasma, and to restrict the
impurity back-flow. A difficult problem associated with the divertor is that of limiting the
power density flowing to the target surface. This is necessary to avoid high surface
temperatures which can lead to surface melting or catastrophic impurity release by

evaporation or other processes.
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4.2 Impurity generation mechanism

In tokamaks, application of low Z materials, such as carbon or beryllium, 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 a major impurity [31]. Impurities are generated mainly by the physical
sputtering, chemical sputtering and self-sputtering, desorption of adsorbed gases,
sublimation, arcing, from the divertor plate and the wall. Impurities can be desorbed by
incident ions, neutrals, electrons, and photons. The yields of electron and photon
processes 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

yields.

4.2.1 Physical sputtering

An energetic hydorgenic ion/neutral striking a solid surface can, via momentum
transfer to an atom of the substrate, dislodge it from the surface (physical sputtering).
This process is enhanced by acceleration of ions in the sheath. The physical sputtering
yield has a threshold. The physical sputtering yield is dominant in the high energy
range(>>100eV). At low energy, that is < 100eV, the hydrogenic physical sputtering
yield decreases rapidly. If the impurity particle becomes ionized by entering the plasma,
then when it returns to the target due to acceleration of sheath potential, it can do so as an

energetic ion also causing sputtering (physical self-sputtering).
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4.2.2 Chemical sputtering

Chemical sputtering is due to the reactive nature of carbon. 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 4-1. 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 carbon impurity production in high density divertor regimes

where the low incident energy is associated with large particle fluxes.

4.3 Impurity transport in divertor plasma

Along chain of processes connects the impurity production point, mainly at the
divertor target, to the impurity density at the center of the confined plasma. Impurity
production would not, in itself, have any influence on plasma behavior - beneficial or
detrimental - were it not for the fact that the impurity particles can be transported within
the plasma, far from their point of entry.

Impurities in the edge region are considered to be desirable for proposed ITER
divertor solutions[45], since the associated edge impurity radiation disperses the heat flux
which would be otherwise highly focused on the divertor plates.

An attractive possibility for power removal is to puff a gas such as neon in order
to disperse the power by its radiation. Ideally, one would retain the impurity entirely
within the divertor volume, radiating there, and keeping the core clean. Theoretically, e.g.,
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
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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.

A critical question then is how to achieve good divertor retention. A number of
divertor retention studies employing He,Ne,Ar, etc.., have now been carried out on
various tokamaks [46-56]. A review on the impurity transport in the divertor was recently
presented in [57].

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 influence impurity
transport, but there are few measurements of such plasma parameters so far. To
understand the impurity behavior, many simulation codes, e.g. DIVIMP[58],
IMPMC[59] and MCI[60], have been developed. In these codes, impurity behavior is

simulated with Monte Carlo method which has many advantages for impurity modeling.

4.4 Impurity transport in core plasma

Impurity ions present in the center of the confined plasma dilute and radiatively
cool the plasma. As a general feature it was noticed that the impurity accumulation
problems could be considered as an undesired effect of a fundamental improvement of
both the energy and particle confinement.

A discussion of impurity transport involves consideration of both neoclassical
and anomalous processes since experiments show evidence of both effects[61-63]. The
distinctive feature of neoclassical impurity particle transport follows from the relation (4-

1) between fluxes and momentum exchange.
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The first term gives the collisional diffusion and it is seen that it is related to the
exchange of momentum in collisions. Since like-particle collisions cannot create
momentum they do not cause diffusion. If collisions between ion and impurity ion
vanishes, stationary state occurs. The condition for this is

1dn, Zdn  odT

=——+—— 42
n, dr n dr Tdr

where n_ is the density of an impurity species of charge Z, n, is the plasma ion density and
the coefficient & depends on the details of the thermal force. In the absence of the

thermal force, eqn(4-2) implies a concentration of impurities towards the magnetic axis

according to the relation

0,0 _(n@)
n,(0) (n(0))

4-3)

This relation has potentially serious implications for radiation losses from
impurities.

In JT-60U, to investigate the behavior of the impurity ions in the core plasma,
the IMPACT code (IMPurity Analysis Code for Tokamak plasma) has been developed by
Hirayama[64,65].

4.5 Impurity radiation from plasmas

Tokamak plasmas almost contain impurity ions in addition to hydrogen and

deuterium ions. The impurities originate from the torus wall, the limiter, or from the
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divertor-plates. Typical impurities are low Z ions of beryllium, carbon and oxygen, and
high Z ions of iron and nickel. This distinction in Z is made because at the plasma center
the low Z ions are fully ionized whereas the high Z ions are usually not quite fully ionized
even in very high temperature tokamak plasmas. Towards the plasma edge all the ions are
in low states of ionization. Impurities play an important role in the overall plasma energy
balance, since a significant fraction of the input energy is often lost through radiation
processes.

Many processes contribute to the radiation in a plasma and if it is magnetized,
synchrotron radiation is also emitted. Line radiation arises from excitation by electron
impact followed by the radiative decay of the excited state and also from de-excitation
following radiative or dielectronic recombination of plasma electrons with ions. Line
radiation can represent a major source of energy loss from the plasma and offers an
important method of identification of the impurities from the characteristic wavelengths of

the radiation.

The power radiated from a given impurity species is proportional to the electron
density n, and to the impurity density n,, and the radiated power density P may be written

as

P=nnlL, 44
where L, is the radiative power loss emission rate coefficient and is a function of the

electron temperature as shown figure 4-2[66-69]. The L, curve also depends on a

“residence parameter”, n, T _, where T _ is the impurity residence time in plasma. In

the plasma boundary, the proximity of the impurity source 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 L, of carbon for different

values of residence parameter n, T _ is shown in figure 4-3. L, for low-Z impurities

S
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tends to be maximal at low values of electron temperature. For carbon, the maximum
radiation occurs at a temperature of around 10 eV.

Continuum radiation arises from electron-ion collisions, which produce
bremsstrahlung, and also from recombination. The recombination radiation spectrum is
continuous above a threshold energy corresponding to the binding energy of the captured
electron. Measurements of the continuous radiation spectrum are chiefly used to determine

the plasma electron temperature and effective charge

_ 2
Z,=XnZ|¥nZ s
with the summation running over all the charge states of all ion species.

For low Z impurities such as carbon and oxygen the maximum radiation occurs
at a very low temperature, of the order of tens of eV. The ions of these impurities are fully
stripped at a temperature of 1 keV and in the hot plasma of a reactor they would only
radiate through bremsstrahlung. At the plasma edge radiation losses arise from the

incompletely stripped impurities.

For high Z impurities, including the metals of which the tokamak is constructed,
the first maximum in radiated power occurs at a somewhat higher temperature. For
temperatures above 100 eV the radiation per ion is much greater than for low Z impurities.
Even at reactor temperatures these ions are not fully stripped and the radiated power is

such that the level of high Z impurities must be very small in a reactor.

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
Bremsstrahlung which is the resulting radiation due to the acceleration of an electron
during a collision with an ion being caused by the Coulomb force. 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.
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5. Impurity transport in the divertor in neon gas puff

experiment

5.1 Introduction

One of the concerns in tokamak operation is concentration of heat flux at the
divertor plates. Dense and cold divertor is a promising scheme for reducing the erosion of
divertor plates and enhancing radiative cooling, impurity screening and helium exhaust.
Radiative cooling and the formation of dense and cold divertor requires full utilization of
atomic processes and plasma dynamics. In the study of plasma confinement and control
of the heat flux, the radiation loss measurement with bolometer arrays plays an important

role to obtain knowledge of energy balance.

Neon gas has been used in radiative divertor experiment as a seed gas to
investigate impurity behaviors. Since impurity ions in the main plasma dilute hydrogen
jons and cool down the main plasma, it is necessary to confine the impurity ions in the
divertor plasma as much as possible using the SOL flow by gas puffing at the main
plasma and pumping at the divertor [70-72].

This chapter presents a basic spectroscopic study of neon impurity for
investigating impurity behaviors in divertor plasmas in JT-60U on the condition that
carbon is the dominant impurity and neon is trace amount. In section 5.2, the
experimental procedures are described, the neon line spectra are identified, and the
radiation due to neon line emission is estimated. Section 5.3 describes behavior of
impurities during detachmenMARFE. A discussion is made in section 5.4 and

conclusions are summarized in section 5.5.
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5.2 Estimation of neon radiation

Figure 2-11 shows the main diagnostics, its viewing chords and puff position in
neon gas puff experiment. An expanded view of divertor region and arrangement of
diagnostic measurements is shown figure 2-12. The neon gas puff experiments are
performed in NB-heated discharges, with following parameters: I, = 1.2 MA,B,=3.5T,
P,z = 25 MW, q,; = 6.1 and the plasma volume is 65-67 m’. Here, I is the plasma
current, B, the toroidal magnetic field, Py, the total neutral beam power and q. the

effective safety factor.

Figure 5-1 shows the time evolution of two discharges with neon gas puff. The

solid and dotted line represent discharges with and without pumping, respectively.

Neon gas is puffed at 5 Pam’ s between 6.5 and 6.9s and at 2 Pam’ s™ after
6.9s. From 7.0s deuterium gas puff is injected to increase the radiation loss and restrict

the neon in the divertor plasma by SOL flow. The line averaged main electron density

(=n,) gradually increases from 1.8 X 10" t0 3.0 X 10" m® during NBI heating. The

main plasma radiation gradually increases during strong NB injection following the n,

increment.

Fig. 5-2(a) shows the time evolution of ion saturation currents measured with
the divertor Langmuir probe (probe 9). The strike point is situated around the probe 9.
Fig. 5-2(b) shows the time evolution of the neutral pressure in the inner divertor region

measured with an ion gauge(shown in Fig. 2-12) and Fig. 5-2(c) shows the time

evolution of D a intensity measured along the line of sight that ends at the strike point.

The ion saturation current starts to decrease steeply about 6.7 s around the strike point and

the inner divertor plasma starts to detach about 6.7 s. The D a intensity and the divertor

neutral pressure in the inner divertor region increases as the ion saturation current
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decreases due to the proceeding of the detachment both in the case of pumping on and
pumping off.

In the case of pumping off, the MARFE appears about 7.5 sec. After the
MARFE forms, the radiation in the main plasma increases about twice (Fig.5-1(d)) and
the Ne X intensities measured with VUV spectrometer in the main plasma increases about
1.3 times (Fig.5-1(e)). Also the C VI intensities in the main plasma increase 4 times after
the MARFE formation(Fig.5-1(f)). In the divertor region during the MARFE the C IV
intensity measured with the multi-channel interference filter spectrometer increases about
5 times (Fig.5-1(i)) and the C II intensities increase about 1.5 times (Fig.5-1(j)). The Ne I
intensity increment is, however, 200 ms later than the MARFE occurrence and its
increment is about 4 times (Fig.5-1(h)). The divertor radiation in the whole divertor
region increases twice before the MARFE(Fig. 5-1(g)). The profile of the radiation during
the MARFE is shown in Fig.5-3. Before the MARFE, the radiation peak is located at the

inner and outer strike points. During the MARFE, the peak of radiation moves to the X-

point and its value increases 3 times (from 1.2 X 10° to

3.6 X10° Wm™).

Figure 5-4 shows the impurity line intensity profiles in the divertor plasma and
the shadow region corresponds to the sight line of divertor VUV spectrometer. Before the
MAREFE, the Ne I spectral profile(Fig.5-4(b)) has a peak within the VUV spectrometer
viewing area, which covers the inner separatrix hit point. The inner strike point

corresponds to the peak of C II intensity (Fig.5-4(d)) and to the peak of radiation (Fig 5-

3). However, the peak of D a (Fig.5-4(a)) and Ne I s situated inside the inner strike

point.

Figure 5-5(a)(b) show spectra( A = 25nm - 130 nm is available) measured with

the VUV spectrometer in the divertor plasma, without and with neon gas, respectively.



JAERI—Research 2000—015

Lines from Ne IV - Ne VIII are identified and the intensive lines are shown in Table 5-a
[73,74]. Neon lines which are difficult to identify or separate are not listed. The identified
spectral lines are 2s*2p’-2s*'2p"*' transition and these line spectra radiate intensively in
the divertor region. The time evolution of neon line intensities from Ne IV - Ne VIII is
shown in Fig.5-6. All the neon spectra have a maximal value at 7.25s in the case of
pumping on. The neon radiation is estimated at this time for the wavelength range of 25
nm - 130 nm. Most of the neon line spectra are included in this wavelength. The
branching ratio method is used so as to estimate the absolute sensitivity of VUV
spectrometer at C IV(2s3p : 31.2 nm) to compare with the absolute intensity C IV(3s3p :
580.1 nm) measured with the multi-channel interference filter spectrometer. For
estimating the neon radiation, it is assumed that the sensitivity of VUV spectrometer is

constant in the VUV range. On this assumption, in this region the total radiation from

neon is 1.1X 10* W m? and the estimated radiation of neon spectral line in the divertor is

shown in Table 5-(a). The calculated total neon spectral line radiation in the VUV range in
the divertor plasma is about 10% of radiation measured by the bolometer. The rest of

radiation is considered to originate from C II - CIV [32].

5.3 Behavior of impurity spectral line after the MARFE occurrence

The divertor plasma detaches similarly both in the case of pumping on and
pumping off. However, the MARFE occurs at about 7.5 s without pumping but with
pumping it does not. In this experiment the distance between the pumping aperture and
the separatrix is 1.4 cm. It implies that the divertor pumping is effective to make the
plasma flow to prevent the MARFE by the enhancement of the friction force. Fig. 5-6(a)-
(g) show the time evolution of the line spectra measured with the VUV spectrometer from

the top of the vessel. In the case of pumping off after the MARFE forms, the Ne VII
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intensities increase about twice (Fig.5-6(d)) and the Ne VIII intensities increase about
four times(Fig.5-6(e)), but the Ne IV-VI (Fig.5-6(a-c)) and the C II, C III intensities
decrease (Fig.5-6(f-g)).

In the case of pumping off the divertor measurements show: (i)the C
IV(155.08nm) intensity measured with the divertor normal incidence spectrometer from
the inner vessel wall decreases after 7.8 s (Fig. 5-6(h)). (i))The Ne I intensity measured
with the interference filter spectrometer increases after 7.8s as shown in Fig. 5-1(h).
(ii1)The ion saturation current decreases to zero level at 7.8 s. These experimental results
(1)-(i11) imply that the downstream temperature is too low for the neon to ionize to the high
ionization stage, the neutral neon increases and the ion flux decreases almost to zero in
front of the target plate after 7.8 s. Considering the ionization potential of the C IV is 64.5
eV and the Ne IV is 97.1 eV(the ionization potential is shown in table 5-(a)), Ne VII, VIII

are ionized in the upstream region. This phenomenon is discussed in the next section.

5.4 Discussion

The estimated neon radiation is ~10% of the total divertor radiation. Such a

low power is also supported by comparing the time evolution of radiation and carbon line
with that of neon line spectra. That is, neon line spectra have a maximum value at 7.25 s
and then decrease (Fig.5-6(a-c)). However, the divertor radiation increases until 7.5 s
(Fig.5-1(g)). Furthermore, the radiation and carbon intensities (C II, C IV) have the same
peak position (Fig.5-3, Fig.5-4(c)(d)). These observations suggest that most radiation in

the divertor plasma comes from carbon (C II - C IV) and deuterium.

As ion saturation current shows, the detachment occurs at about 7.2 s (Fig. 5-

2(a)). As Fig.5-6 shows, in the case of pumping off the line intensities of highly ionized
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impurities(Ne VII, Ne VIII) increase simultaneously with the formation of the MARFE in
the divertor plasma. After the MARFE forms, these intensities of highly ionized neon
increase further. However, the line intensities of lowly ionized impurities(C II, C III, Ne
IV, Ne V, Ne VI) decrease. One might argue that Ne VII and Ne VIII radiate in the main
plasma and the highly charged state neon moves (Ne IX, X, XI) to the lower charged
state (Ne VII, Ne VIII) due to the decrease of the peripheral temperature of the main
plasma by the MARFE. If this supposition is true, Ne VI would increase too because the
difference of the ionization potential between Ne VI and Ne VII is small (about 50 eV).
Two explanations are possible for this phenomenon. One is increment of
temperature in the divertor plasma and the other is the movement of lowly charged ions to
the upstream. The measurement of Langmuir probes shows the contrary: before the
detachment T .~11 eV(6.0s), after the divertor plasma detaches T ,< 6.5 eV(7.2s) at the
strike point. As for the power density to the divertor, before the detachment occurs Py -

p = 20 MW(6.0s), and after the detachment occurs Pyy - Py = 17 MW(7.2s).

rad (main)

The decrease in the power density to the divertor supports the decrease in temperature in

the divertor plasma.

The detached divertor evolves into MARFE only in the case without pumping.
After the detachment is formed, the flow velocity to the divertor is considered to be
reduced and the friction force weakens. So this phenomenon suggests that the lowly

ionized ions move to the upstream due to the thermal force which works proportional to

VT, and VT, to the direction of the high temperature region and then the detached

divertor evolves into MARFE [75]. More impurities in the divertor region move to the
upstream in the case of pumping off because the plasma flow velocity and friction forces
are weaker than in the case of pumping on. When impurity ions are carried to the
upstream by the thermal force, they are ionized to higher ionization stages. This explains

why the intensity of highly ionized ions, Ne VII and Ne VIII, are increasing.
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A detailed comparison between code and experimental results has not been made.
The divertor modeling and the impurity transport simulation during the MARFE are future

study.

5.5 Conclusion

The divertor plasma detaches similarly both in the case of pumping on and
pumping off. In the case of pumping on, the MARFE does not occur. However, in the
case of pumping off, the MARFE occurs after the divertor plasma is detached. It implies
that the divertor pumping is effective to make the plasma flow and the friction force strong

enough to prevent the MARFE.

The spectral line intensities from highly ionized neon (Ne VII, Ne VIII) increase
simultaneously with the formation of the MARFE. After the MARFE forms, the spectral
line intensities of Ne VII and Ne VIII increase further. This observation suggests that
impurities in the divertor flow back to the upstream because of thermal force, so that in
the case of pumping off more impurities flow back and the detached plasma evolves to

MAREFE.

In the neon gas puff experiment, neon line spectrum identification was made in

the divertor plasma between A = 25 nm - 130 nm covered with VUV spectrometer.

By using the divertor VUV spectrometer combined with the divertor interference

filter spectrometer, we estimate the radiation from the neon line emission measured with
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VUV spectrometer between A = 25 nm - 130 nm. The radiation of the neon line spectra

in this region is estimated to be about 10% of the power measured with the bolometer

array.

— 43 —
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6. Impurity radiation and transport of hot plasma core close to
break-even condition in JT-60U reversed shear discharges

6.1 Introduction

The neoclassical transport theory predicts accumulation of higher charge state
impurities in the plasma center[76]. This is a serious problem because fuel dilution due to
impurity directly affect fusion performance. As the rate of neutron emission is proportional
to n, 2 f(T,), the fuel dilution strongly decreases nuclear fusion reaction. In addition,
accumulation of metallic impurities in the plasma cools the plasma core by radiation
loss[77], and sometimes excessive radiation cooling causes a disruption. Impurity
possesses such properties undesirable for plasma confinement. Control of the impurity
amount and the density profile are therefore very important issues in the optimization of the
fusion reactor core [78].

The reversed shear configuration is one of the leading scenarios for tokamak
reactors that is characterized by good confinement and a large fraction of well-aligned
bootstrap current [79-81]. Enhanced core confinement or formation of an internal transport
barrier (ITB) has been observed in reversed shear discharges in many tokamaks [13,82-88].
On the other hand, reversed shear discharges might have a potential difficulty of impurity
accumulation because the density is highly peaked and the discharges are free of sawtooth
and ELMs. Many devices indicate impurity accumulation in the core region without
sawtooth and ELMs [89-91].

In JT-60U, improvement in the fusion performance was intensively attempted in
the reversed shear plasma and the record value of equivalent fusion multiplication factor
Qg of 1.25, has been achieved at a plasma current of 2.6MA after the divertor modification

in 1998. The improved performance is reported to be mainly attributed to a decrease in Z

[19,92].
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In JT-60U, the particle transport of several impurity ion species(helium, carbon
and neon) was investigated in reversed shear discharge at the ITB region [7]. The particle
diffusivity was almost the same for all ions, while the inward pinch velocity was larger
for ions having higher charge state and the obtained results were qualitatively consistent
with neoclassical theory.

This section presents a comprehensive analysis about carbon impurity behavior
and power balance in the core plasma including radiation, spectroscopy, bremsstrahlung,
and neutron emission in reversed shear plasma close to the break-even condition. In
section 6-2, the experimental procedures are described. Section 6-3 deals with
investigations of core radiation and its source in the reversed shear discharges. Evaluation
of carbon impurity density in a main plasma is discussed with bolometer, spectrometer,
neutron emission and CXRS measurement in section 6-4. Section 6-5 describes the
discussion about the impurity transport comparison with the neoclassical theory. A

summary is presented in section 6-6.

6.2 Experimental procedures in the reversed shear discharge

A typical waveform of a reversed shear discharge is shown in Fig. 6-1. The
reversed shear experiments were performed by NB heating of I, ramp-up discharges for
I,=1.2-2.6 MA, Py = 10-20 MW and the plasma volume was 51-58 m’. The plasma
major radius was 3.1 to 3.2 m, the plasma triangularity was 0.025, the plasma elongation
was 1.9, the plasma minor radius was 0.65 to 0.70 m, the height of the magnetic axis
from the mechanical midplane of the vacuum vessel was about 0.2 m. A schematic view
of the related diagnostic sightlines of the high performance reversed shear discharge is
shown in Fig.2-13. An explanation for diagnostics are described in section 2.2.

The plasma current is ramped up, and stored energy and the averaged electron

density increases during the discharge. The ramp-up of plasma current continues after the
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formation of ITB around 4 s, and the plasma stored energy W, neutron production rate S,
and line averaged density continues to rise. The H-factor just before the
disruption(t=6.94s) is 3.21. The enhancement in fusion performance can be attributed to
optimized increase in I, and combination of parallel, perpendicular, co/counter neutral
beams during the current ramp-up. Perpendicular NBI power is 8.7 MW and the power
of co/counter NBI is 4.3 /4.4 MW, respectively. Parallel NBI power is 4.0 MW and the
power of co/ counter NBI is 2.1 /1.9 MW, respectively. The C VI(1s-2p : 3.7 nm) and
O VIII(1s-2p : 1.9 nm) line intensities remain at about the same level up to the end of the

plasma discharge.

6.3 Analysis of core radiation in high performance fusion plasmas

The core radiation is analyzed for the highest performance plasmas at 6.94 s
shown in Fig.6-1, when the maximum value of plasma current(I,) and stored energy(W)
are obtained. The radiation at the central chord(ch 14) increases till 4.85 s after the input
power reaches its maximum(4.3s), then gradually decreases. Figure 6-2 shows more
details of bolometer array signal. The radiation at the edge chord(ch2) gradually decreases
from 6.3 s as the plasma volume is reduced.

The core radiation is analyzed with the lower bolometer array which views the
upper half of the main plasma, assuming up-down symmetry of the main plasma radiation.
The core radiation loss is estimated with Wiener-filter Abel inversion method[93], which
deals with elongation, triangularity and the shift of the plasma center. The radiation in the
SOL region is taken into account.

Figure 6-3(a) shows the line integrated radiation of each bolometer channel with
a fitted curve and (b) shows the volumetric radiation at different times. Inverted profiles

show that the radiation is being pronounced in the core region.



JAERI—Research 2000—015

Charge exchange due to neutral beam injection is considered to affect the power
balance in two ways. One is particle loss due to charge exchange. The other 18
enhancement of radiation due to charge exchange recombination because charge exchange
recombination due to neutral beam injection shifts the impurity equilibrium towards lower
charge states, which leads to an enhancement in line radiation due to electron impact
excitation.

First, we calculate charge exchange loss due to neutral beam injection using orbit

following Monte Carlo code (OFMC)[94]. The total charge exchange loss inside ITB (p

<0.5) is 0.01 MW and is negligible compared with bolometric radiation of inside ITB of

0.68 MW. Second, we estimated the enhancement of radiation due to charge exchange

recombination as ~0.003 MW inside ITB ( 0 <0.5) and is negligible, too. Therefore, we

do not have to consider the effect of charge exchange toward the power balance in the ITB
region. Also the OFMC result shows that the measured radiation is under 15 % of
absorption power inside ITB (4.9MW) and the radiation loss from the core plasma is
small.

The radiation from each impurity species is calculated using the radiative cooling

rates indicated by the following equation.

P

> = nnL(z)  (6.1)
where n_ is electron density, n, is impurity density and L(z) is the cooling rate by solving
the rate equation in average-ion model[95]; including atomic processes such as collisional
jonization, radiative recombination, dielectronic recombination, three-body recombination,
bremsstrahlung and collisional excitation.

In this experiment intensity of boron emission signal is very low, so it is
considered that the dominant impurities are carbon and oxygen. This density ratio of

carbon to oxygen is estimated from the brightness ratio of C VI 1s-2p to O VIII 1s-2p.
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The ratio is insensitive to the plasma parameters and it is proportional to the density ratio
of carbon to oxygen [96]. The relative sensitivities at wavelengths of between 1.9 nm and
3.7 nm are calibrated using a branching ratio method. The absolute densities of carbon
and oxygen are obtained from this density ratio and Z . Then we obtain n/n.=4.0% and
n,/n=1.9% using Z=3.28 derived from bremsstrahlung measurement.

The radiation loss due to metallic ions is evaluated as follows. Fe and Ni lines
with 2s-2p transition are measured around 10 nm where their contribution to the radiation
is considered to be dominant [28]. In this high performance reversed shear discharges,
since the plasma is separated well (~0.7m) from the first wall on the outboard side, not
only many lines from Fe and Ni ions around 10 nm are not observed but also line
emissions from metallic ions(Fe XXIV 19.2nm, Ni XXV 11.8nm, Fe XXIII 13.3nm) are
noise level. Therefore the radiation from metallic ions is considered to be negligible.

The estimated contributions to the radiation loss are shown in Figure 6-4. The

last separatrix is situated at ©0=0.987 m in this experiment. The estimated impurity
radiation is 0.74 MW, here n,= 8.4 X 10'” m*,T,= 8.6 keV. The bolometrically measured

core radiation(0 < 0.5 m) is 0.68 MW which agrees with the radiation estimated

spectroscopically within 10%.
In the temperature range of interest, light impurities are fully-stripped so
radiative cooling is considered to be dominated by bremsstrahlung. The bremsstrahlung

radiation is expressed as follows with T, in keV:

e6

P =
"= 63/ 2) " neichm”

Z’n n.T® wm? 6.2)

where g is the gaunt factor which gives a quantum mechanical correction. Under the

conditions of interest, g is equal to 2+/3 /. Fig. 6-3(c),(d) shows n, and T, profile are
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approximately flat inside ITB with central values of 8.4 X 10" m*, 8.6 keV, respectively.

We can estimate the bremsstrahlung radiation from each impurity species(carbon,
oxygen) to be 0.66 MW which corresponds to 97% of measured core radiation.

The contribution by radiative recombination is small(<10%). The error of
radiation inside ITB from Abel inversion is around 10% for bolometer measurement. The
spectroscopically estimated total radiation agrees with the bolometric radiation within

10%.

6.4 Carbon density profile in the main plasma

The neutral beam deposition profile is calculated simply assuming Z ¢ (=3.22
derived from neutron emission assuming carbon and oxygen as the dominant impurity)

is constant over the averaged volumetric radius(Fig.6-5(a)). Although the bremsstrahlung

profile measurement cannot exclude the change of Z,; in the outer radii( 0 > 0.8 m),

when the Z _; is small, the Z_; dependence of the beam attenuation is small[29] since the
beam attenuation depends on n_, n,. As a result its effect is small (<5%) on the profile of
carbon density estimated from CXRS. The estimated spatial distributions of carbon
density at 6.94s are shown in Fig. 6-5(b). The carbon density has a peak in the core

region and the carbon density increases steeply in the ITB region. In this experiment, the

carbon density in the core region (0=0.4 m) is about 6 times larger than in the edge

region ( 0 =0.8 m). The time evolution of the carbon density is shown in Fig. 6-6(a). The

spatial distributions of carbon density normalized by electron density n/n, and their time
evolution are shown in Fig.6-6(b). Experimental results indicate that the carbon
fractions(n/n,) are almost flat around 3-4% over the volumetric averaged minor radius

inside the ITB region and constant, which is in a good agreement with the estimation
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from VUV measurement(4.0%). The n/n, does not increase inside ITB during density

rising. But the carbon density monotonically increases from 6.2s inside ITB.
6.5 Discussion

Next we discuss a quantitative comparison of the experimental results with the

neoclassical theory. The particle flux is described as,

F = I" class4+ I" P.S.+ I* neo-class. (63)

where the first term is the flux of classical transport, the second term the flux from the
Pfirsch-Schluter contribution, and the third one the flux from the neoclassical contribution.

There are three collisionality regimes(the banana, plateau, and Pfirsch-Schluter regimes)
that can be distinguished with v * being the dimensionless collisionality number they

3/2

pertain to the respective intervals: v ‘<1, 1<v < ¢ € ¥?<v” where €=r/Ris the

inverse aspect ratio. v is the detrapping frequency normalized by the bounce frequency

of the trapped particle and is defined[97] as

*

V,=——=2V,
v 83/2 b

a,th

Rge’
3/2 J_ n a
T?(4me, )’

where v  is collision frequency between particle a and b, and m, and m, are the particle

mass of a and b, respectively. T is ion temperature, In A is the coulomb logarithm, R is

the major radius, q is the safety factor, n, is the particle density. The collisionality is in the

range of v <1 for carbon and v “<1 for deuteron, so the banana-banana regime is
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obtained in this experimental condition. The impurity particle flux T is calculated by the

following equation,

Vn T
—+H——n, 5,
n. T,

i i

IL=-DVn +DZ,

where D, is the impurity diffusion coefficient, H is a coefficient shown in table 6-a[98,99],

n, is the impurity density, T; is the ion temperature, and n, is the ion density. The T, values

derived from theory and experimental results are shown in Fig.6-7(a) and (b). The carbon
flux density is negative and its magnitude monotonically increases toward the center. The

tendency of the T profile and its time evolution is similar between experimental results
and theoretical results. The calculated T, based on theory is consistent with the T’ derived

from experimental results within a factor of 2. Therefore the carbon impurity
concentration is explained by neoclassical transport theory in the banana-banana collision
regime. In the case of this discharge the carbon density is in a transient state(Fig.6-6(a))
and the plasma disrupts at the end of this stage. If the plasma is in a steady state, €q.(6-5)
is written as

Vn, _(Vn

—t1=Z +H V.T (6.6).
n, n, T

Solving this equation, we obtain

n(r) (0,0 (T))"
n,(0) \n,(0)) \ T(0)

6.7).

This indicates that when the impurity transport follows the neoclassical prediction, the
carbon accumulates as shown in Fig.6-7(c). There are three cases of carbon fraction

having different H value and it shows that H dependence is small. We estimate a
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carbon accumulates as shown in Fig.6-7(c). There are cases of carbon fraction having

different H value but Fig.6-7(c) shows that the carbon accumulates strongly for all H
values. We estimate a characteristic time, T _, for the carbon to accumulate in the core

region according to the neoclassical theory. If the plasma does not disrupt at 6.94s and

reach a steady state, the particle flux is estimated as follows.

dN,
dt

=—|I,.dS 6

where T° exp is ~-2X10'"® m %! and the increase rate of the carbon density, NC , within
0 < 0.5 m is about 6.1 X10'® s''. The carbon density derived from the neoclassical

prediction 0< 0.5 m, N__, is about 5.2X10". Therefore T, = NHS/I\}c is ~0.85 s.

coss?
This may explain why a selective impurity accumulation is not observed.

These results imply that if the plasma is in a steady state, e.g. over ~1 s, the
carbon impurity accumulates to the center selectively. If the carbon density outside ITB is

constant during a steady state, n/n, can reach ~0.1, then n,/n, becomes ~0.25 in the

core region. Therefore it poses a problem of serious fuel dilution.

6.6 Conclusion

We evaluated the core radiation with the spectroscopic method in the reversed
shear regime. During high performance discharges with reversed shear, the radiation
profile strongly peaks inside the ITB radius and concluded that the 97% of radiation from
inside the ITB radius is bremsstrahlung and this estimation is consistent with the
bolometric measurement within 10%. The measured radiation is under 15 % of

absorption power inside ITB (4.9MW) and the radiation loss from the core plasma is
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The increment of carbon density is explained by neoclassical transport of
banana-banana collision regime and the carbon particle flux derived from the neoclassical
theory is consistent with the experimental results within a factor of two. However,
spectroscopy study shows that n/n, is flat inside ITB during the electron density increase.
It implies that the carbon does not selectively accumulate inside the ITB. These apparent

discrepancies may be explained by the transient nature of the discharge If the reversed

shear plasma is sustained ~1s longer, the carbon accumulation may become a problem

to the core plasma performance.
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7. Summary and conclusions

The impurity behavior in fusion plasma is recognized as an important study for
demonstrating the ignition for a long pulse. In this thesis two aspects of impurity

transport are investigated.

In the divertor impurity transport study, following results are obtained. (i) The
divertor plasma detaches similarly both in the case of pumping on and pumping off. In the
case of pumping on, the MARFE does not occur. However, in the case of pumping off,
the MARFE occurs after the divertor plasma is detached. It implies that the divertor
pumping is effective to make the plasma flow and the friction force strong enough to
prévent the MARFE. (ii) The spectral line intensities from highly ionized neon (Ne VII,
Ne VIII) increase simultaneously with the formation of the MARFE. After the MARFE
forms, the spectral line intensities of Ne VII and Ne VIII increase further. This
observation suggests that divertor impurities flow back to the upstream because of thermal
force in the case of pumping off and the detached plasma evolves to MARFE. (iii) In the

neon gas puff experiment, neon line spectrum identification was made in the divertor
plasma between A =25 nm - 130 nm covered with VUV spectrometer. (iv) By using the
divertor VUV spectrometer combined with the divertor interference filter spectrometer, we
estimate the radiation from the neon line emission measured with VUV spectrometer

between A =25 nm - 130 nm. The radiation of the neon line spectra in this region is

estimated to be about 10% of the power measured with the bolometer array.

In the core impurity transport study, following results are obtained. (i) During
high performance discharges with reversed shear, the radiation profile strongly peaks
inside the ITB radius. We evaluated the core radiation with the spectroscopic method in
the reversed shear regime and concluded that the 97% of radiation from inside the ITB

radius is bremsstrahlung. This estimation is consistent with the bolometric measurement
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within 10%. (ii) The increment of carbon density is explained by neoclassical transport of
banana-banana collision regime and the carbon particle flux is consistent with the
experimental results within a factor of two. (iii)However, spectroscopy study shows that
n/n, is flat inside ITB during the electron density increase. The carbon fraction estimated
from Z_; and VUV spectrometer is consistent with CXRS measurement. It implies that the
carbon does not selectively accumulate inside the ITB. This apparent discrepancy between

(ii) and (iii) may be explained by the transient nature of the discharge. If a steady state is

sustained for ~1s, the carbon accumulation may pose a problem to the core plasma

performance.
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Table 2-a Main parameters of JT-60U

Toroidal magnetic Field B 4 42T
Plasma major radius Ry © 3.0~3.4m

Plasma minor radius a . horizontal . 0.6~1.1m
b . vertical : 1.0~1.7m

Elongation b/a : 1.4~1.7
Plasma Current Ip . 25MA
Positve Neutral Beam Injection Png © Perpendicular : 10units ~10MW
Tangential . Co- . 2 units ~ 5MW
Counter- © 2 units ~ 5MW

Negative Neutral Beam Injection Nyg : ~10 MW
ICRF (lon Cyclotron Radio Frequency) Prg : ~ 5.5MW
LHCD (Lower Hybrid Current Drive) P| 4 @ ~ 7 MW

Plasma Volume Vp . ~85m3
Gas puff port . 6 (4:main, 2:divertor)
Divertor pumping : 3ports, 35 m3/s each

Helium pumping : Argon frosting possible
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Table 2-b Summary of JT-60U diagnostics systems

Main plasma

Plasma parameter

Diagnostics

lon Temperature,
lon Density

Charge Exchange Recombination Spectroscopy

Electron Density

Thomson Scattering for Ruby Laser, Thomson Scattering
for YAG Laser, CO, Laser Interferometer, FIR Laser

Interferometer U1, U2 port

Electron Temperature

Thomson Scattering for Ruby Laser, Thomson Scattering
for YAG Laser, Electron Cyclotorn Emission Diagnostic
System

Plasma Current Profile

Motional Stark Effect (MSE)

Radiation

Bolometer

Impurity

VUV spectrometer for main plasma, Grazing Incidence
Monochromator, X-ray Crystral Spectrometer

Zeff (Effectove Charge)

Zeff (vertical Bremsstrahlung), Tangential Fiber Array
for Zeff

Magnetic Fluctuations

Saddle Coil, Tangential Probes for MHD analysis

Divertor plasma and Scrape-off layer (SOL)

Plasma parameter

Diagnostics

lon Temperature

VUV Doppler Broadening

Electron Density

Reciprocating Probe at Midplane and Divertor
Region, Target Langmuir Probe Array

Electron Temperature

Reciprocating Probe at Divertor Region,
Target Langmuir Probe Array

Impurity VUV spectrometer for Divertor Plasma, 60ch Fiber
Optics for Divertor, High Resolution Visible
Spectrometer for Divertor, Visible Spectrometer for
Divertor

Radiation Bolometer

Neutral Gas Pressure

Neutral Gas Pressure Gauge, Fast lonization Gauge

Heat Load On Divertor Plate| Infrared TV for Divertor Plate
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ionization | wave- . : ionization | Pine rad (neon )
state length(nm) | configurations | terms potential |7 .
NelV | 47.0 | 2s22p3-2s2p* [?DY-2D 97eV 0.052
54.4 | 2s22p3-252p* |g*SV- 4P 0.026
NeV | 366 |2s22p2-2s2p3 |!ID-1P0 | 126eV 0.028
416 | 2s22p2-2s2p3 |'D-1DO 0.064
572 | 2s22p2-252p3 |g3PY-3DO 0.037
Ne VI | 40.1 2s22p-2s2p2 |g?PY- 2P | 158eV 0.082
454 | 2s2p2-2p3 4p - 450 0.020
Ne VII| 46.5 | 2s2-2s2p glS-1P0 | 207ev 0.13
55.9 252p-2p? 3p0._3p 0.051
Ne VIII| 77.0 | 1s22s-1s22p |g2S-2P0 | 239eV 0.026

Table 5-(a). The lines from neon ion, transition, ionization
potential and the contribution of the line radiation power
to the total neon radiation power.
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Banana (proton)

Plateau (proton)

Pfirsch-Schluter (proton)

. DI=DIBB - -
Banana (impurity)
-0.5<H<-0.2
' D=D{EP DI=DBP S
Plateau (impurity)
O<H<+1.5 H=+1.5

Pfirsh-Schluter (impurity)

DI=DIPS+class

=-0.5

DI=DIPS+cIass

=-0.5

DI=DIPS+class

-0.5<H=0

Table 6-a: Dy is the diffusion coefficient and H is a coefficient given in ref. [98,99].
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Plasma current o ‘
8 | yd .
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5 ) Poloidal direction
Toroidal direction

By: Toroidal magnetic field B : Magnetic field line
lp : Plasma current Rg : Major radius
By : Poloidal magnetic field b : Minor radius (horizontal)

BV + Vertical magnetic field a : Minor radius (Vertical)

Figure 2-1: Toroidal geometry of the tokamak and coordinate system

Position cont{ol coils Toroida! field coils Current

\ A
\ NI

iron transformer core \ Transformer winding

Vacuum vessel
(Primary circuit)

Figure 2-2: Schematic of the tokamak configuration
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crape-off layer
(SOL) region
<D

x—-point

(Null point) N\// LCFS
. or Separatrix
Private region /‘\ Divertor region

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.
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-4: An overall schematic of the JT-

Figure 2
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Figure 2-5: The poloidal cross-section of (a) the open
divertor and (b) the W-shaped divertor
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Figure 2-6 (a) Time evolution of ITB

(b) A steepen gradient of ion temperature
is shown around p ~0.65(m)

(c) Pressure distribution with ITB in central
improved confinement mode
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Fig. 2-7 Lawson diagram of JT-60U and other machine
experiments. Qg'r = 1.25 was achieved in JT-60U

reversed shear plasma in 1998.
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Figure 2-8: Viewing chords of bolometer array
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Figure 2-9: Viewing chords of PTS
bolometer in the divertor region
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Figure 2-10 Detailed view of bolometer head
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Fig.2-11A schematic diagram of the viewing chords of the
diagnostics for the radiation investigation.
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Figure 3-3: Time evolution of the MARFE (radiation zone) in the
case of the ion V B drift toward the x-point. Each profile is drawn
every 0.1s interval.
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Figure 3-3: Time evolution of the MARFE (radiation zone) in the
case of the ion V B drift toward the x-point. Each profile is drawn
every 0.1s interval.
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