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Power balances of Ohmically and radio-frequency (RF) heated
plasmas including a boundary (scrape-off layer) plasma are investigated
in the divertor-tokamak DIVA,

First, methods of measurement of the boudary plasma are described.
These are applied to the divertor plasma in the case of Ohmic heating.
The results clarify charactéristics of the boudary plasma of a
conventional tokamak.

The scaling law for the boudary plasma is derived in consid-
eration of the power balance including the boudary plasma. Heat flux
to material surfaces is investigated in detail; the relationship
between heat flux, particle flux and electron velocity distribution
is clarified. Gross power balance is investigated by measurements
of total heat flux to the wall and total radiation loss including
charge-exchange loss. These results provide experimental evidence
for the above scaling law.

Finally, power balance during the Ion-Cyclotron Range of Frequency
(ICRF) heating is described. Optimum heating conditicns of the ICRF
heating in the two-ion hybrid regime are surveved. For the optimum
heating conditions, gross power balance including the boudary plasma
is considered, in which the heating efficiency is derived. Radial
profile of the RF-heating power, the ratic of the heating power to
each species and the transport of RF-heated ions are clarified in

the power balance.

Keywords: DIVA Tokamak, Divertor, Ohmic Heating, Power Balance,
Scrape-off Layer, Heat Flux, Radiation Loss, Charge-

exchange Loss, ICRF Heating, Two-ion Hybrid.
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T. INTRODUCTION
1.1 Present Status of the Tokamak Fusion Research

As the key subjects of the present—day tokamak fusion research [1],

the following items are mentioned:

(1) Impurity control,
(2) Additional plasma heating,
(3) Stability of high-8 plasma,

where B is (plasma internal energy)/{(toroidal magnetic pressure).

Impurities such as 0, C, N (light impurity), and Fe, Cr, Mo, W
(metal impurity) give serious effects to the plasma confinement in the
form of the radiation less, i.e. the disruptive instability [2], the
hollow-profile of the electron temperature [3] and a short confinement
time, etc., The allowable density ratio of impurities in a self-sustainding
fusion reactor is 3 &~ 5 % for a light impurity and 0.1 ~ 0.01 ¥ for a
metal impurity [4]. Therefore, intemnsive investigations have been con-
centrated to solve the impurity problem in the tokamaks of the world.
The following results have been obtained: The light impurities are
easily removed by baking of the vacuum vessel, the low temperature
discharge cleaning (TDC) [5] and the Ti-gettering of the first wall [6].
The origin of metal impurities is due to sputtering by impurity ions
accelerated by the sheath potential between a plasma and a wall [7].
Hence, it is necessary to reduce the electron temperature of the surface
plasma in order to eliminate the metal impurity. A carbon-coated wall
is proposed for the next-generation large machine [8].

Tt has been demonstrated that a divertor is useful to control
impurities in DIVA [9] and DITE [10]. The divertor plays an essential
role for plasma insulation from material surfaces and for impurity
shielding.

The additional heating is necessary for ignition since the Ohmic
heating is limited by the plasma resistivity and plasma current. At
present, there are two heating methods., One 1is neutral beam injection
{NBI) heating, and the other is radio frequency wave (RF) heating.

NBI heating has been successful in many tokamaks. The neutral beam
power of 2.4 MW was injected and the ion temperature increased to 6.5
keV in PLT [11l]. It should be noted that no adverse effect such as the

trapped ion instability [l2] was observed in such high temperature
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region, and that tHe transport of the ions is explained by the neo-
classical theory [13] within a factor of three. -A significant increase
of the electron temperature was also observed. The success was
ascribable to the progress in the understanding of the impurity control
such as Ti-gettering and a carbeon limiter, although more improvement
must be necessary.

However, NBI heating may be ineffective for a large-scale and high-
density plasma since the penetration length of the neutral beam inte the
plasma becomes shorter with increasing density, while the increase of
the beam energy is limited by the decrease in the efficiency of charge-
exchange in the neutralizer cell. RF heating is promising even for such
a plasma,

RF heating is classified in various types according to the frequency
range; electron cyclotron resonance heating (ECRH, f 5 150 GHz), lower
hybrid resonance heating (LHRH, f £ 2 GHz) and ion cyclotron range of
frequency heating (ICRF, f £ 75 MHz), etc. In the early stage, RF
heating was thought to be difficult because of serious impurity produc-
tion during RF pulse, low heating efficiency-and unresolved heating
mechanism. At present, it has been found that if the first wall is well
conditioned (e.g. Ti-gettering), the RF-power of 200 ~ 300 kW can be
successfully coupled to the plasma and significant plasma heating (e.g.
2.3 eV/kW for ICRF Heating, discussed in this thesis) is observed. The
understanding of the heating mechanism is also progressing with the
progress of the experiment. It is now under investigation to couple
the RF power greater than 1 MW to the plasma, together with the develop-
ment of high power klystrons for LHRH and gyrotronms for ECRH [14]

(A 1 MW generator for ICRF has been commercially available).

If the impurity control and the additional heating go well, the
equilibrium and stability of the high-§ tokamak plasma become the next
subject. The high-f tokamak is indispensable from a point of view of
economic feasibility of a tokamak fusion reactor. One of the methods to
attain the high-B tokamak is to realize a stable low-q (safety factor)
discharge. 1In DIVA, B of 0.8 % at g = 1.7 has been successfully attained
for a modest toroidal field after controlling radiation loss [15]. The
investigation of the high-B tokamak plasma achieved by the high power

NBI and/or RF heating will be a main current of the tokamak experiment

in the near future.
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1.2 Main Subject of the Thesis

A power balance study of a tokamak plasma is necessary to establish
a scaling law of plasma parameters which is indispensable for the design
of the tokamak fusion reactor. As yet, discussions of the power balance
have been restricted only in a core plasma [16]. This paper deals with
the power balance including a boundary plasma in Ohmically and radio-
frequency wave (RF)} heated tokamak plasmas.

In a tokamak, an input power (Ohmic heating power + additiomal
heating power} is balanced with a sum of various power losses. Dominant

channels of the power losses are as follows:

{a) Conduction-convection loss

A part of the energies of ions and electrons in the plasma core are
carried away by thermal conduction and particle diffusion, and finally
lost at the material surfaces such as a wall, a limiter and a neutralizer
plate in the divertor. The plasma cross-section of a tokamak is determined
by a limiter and/or a magnetic limiter. The plasma outside the limiter
edge is called as a scrape-off layer plasma. The heat flux to the
material surfaces is determined by the plasma parameters of the scrape-—

off layer plasma.

{(b) Radiation loss
Impurities, especially metal impurities, are not perfectly ionized
even in the hot core of the plasma, and the radiation loss due to them

is serious as described in 1.1.

(c) Charge-exchange neutral loss

A part of the hot ions in the plasma core undergo the change-exchange
with cold neutrals and then immediately escape to the walls., If the
plasma density is sufficiently high, the charge-exchange loss is mot
dominant since a greater part of the hot neutrals are re-ionized until

they escape from the plasma column.

DIVA [17] was the first tokamak with an axisymmetric poloidal
divertor. The effectiveness of the divertor actions, i.e. (1) plasma
insulation from the first wall and (2) shielding impurity influx has
been successfully demonstrated [9]. In the work of DIVA, it was

emphasized that the scrape-off layer plasma plays an important role in

-3 -
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releasing impurities from the wall and limiter, and that the study of
the scrape-off layer plasma is indispensable for the impurity control,
In DIVA, the scrape-off layer plasma was well guided into the divertor
chambef, and the measurements of the scrape-off layer plasma were widely
Performed in the divertor chamber without adverse effects to the main
plasma column. The measurements comprise the electron and ion tempera-—
tures, the electron velocity distribution, the particle flow velocity,
the cross—-field particle diffusion and the total particle efflux. On
the basis of the results of the measurements, the properties of the
scrape-~off layer plasma are clarified, and the scaling law is derived

for the parameters of the scrape-off layer plasma. We can predict the

-plasma parameters in the scrape-off layer of the future large machine

and can consider relevant counterplans for the impurity problems
associated with the plasma-wall interaction.

The thermal interaction between the scrape-off layer plasma and the
material surfaces was investigated experimentally. This was made possible
by the detailed measurements of the heat flux and the ion saturation
current to the target as well as of the electron velocity distribution.

It has been found that the heat flux is given by the product of the
electron temperature, the ion saturation current and the heat transmission
rate vy, where vy is derived from the sheath model including a secondary
electron emission effect and the two-component Maxwell velocity distribu-
tion of the electrons.

The result is applicable to obtain the conduction-convection loss
to the wall, the limiter and the divertor since we can measure the total
particle flux to each part. Typically, 33 Z of the total particle loss
and 75 % of the conductjion-convection loss are guided into the divertor [9].

The spatial distribution of the radiation loss including the charge-
exchange loss was measured by scanning a pyroelectric detector, where
the detector was calibrated by heavily contaminated resistive discharges.
The charge-exchange loss power was calculated by a Monte-Carlo method
for a cylindrical plasma. The calculated charge-exchange loss was a
small fraction of the total power loss measured by the pyroelectric
detector. Combined with spectroscopic data in the visible to vacuum
ultra-violet, we discriminated between the radiation losses due to low—Z
(gas) and hlgh-Z (metal) impurities. It was shown that the radiation

loss due to low-Z impurities does not play an important role, and that
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due to high-Z impurities has a great effect in the radiation loss from
the main plasma for the case of the gold wall,

Thus, the power balance has been clarified for the Ohmically heated
tokamak plasma. Typical data shows that the percentages of the cenduc-
tion-convection, radiation and charge-exchange losses.to the Ohmic imput
power are 60 %, 30 % and 10 %, respectively, for 10 kG, and 70 %, 23 %
and 7 %, respectively, for 20 kG with divertor operations.

Next, we proceed to the power balance in RF-heated discharges. RF
heating will be more available for a future large-scale and high-density
plasma than NBI heating. Particularly, the ion cyclotron range of
frequency (ICRF) heating in the two—ion hybrid regime [18] is very
promising. The frequency is relatively low (20 ~ 100 MHz), a high power
generator (vl MW) is presently available, and hence the cost is low.

As is the usual case, we deal with the plasma comnsisting of the
majority deuterium and the minority hydrogen. The freguency was 25 MHz
and the toroidal magnetic field was 17 ~ 19 kG. They were chosen so that
the frequency agreed with the second harmonic (fundamental) cyeclotron
frequency of deuterium (hydrogen). The electron density must be high
encugh for the fast magnetosonic wave to propagate. Typically, we
chose the average electron density of (3v4)x1013 em™3. The excited
magnetosonic wave propagates deeply into the plasma and is linearly mode-
converted into the slow electrostatic mede at the twe—ion hybrid
resonance layer, which is located a little high field side of the
cyclotron resonance layer [19]. The slow mode is strongly damped via the
second harmonic cyclotron damping of deuterons, the fundamental cyclotron
damping of protons and the electron Landau damping.

Thus, 1t is generally recognized that the heating mechanism of the
ICRF heating in the two-ion hybrid regime is due to the mode conversicen.
However, the detail has not vet been clarified. Therefore, we first
investigate the heating mechanism of the ICRF heating and then proceed to
the discussion of the power balance during the heating. The optimum
heating conditions were surveved varying the proton-to-deuteron density
ratio and the toroidal magnetic field, which decide the heating efficiency
through the Budden tunneling parameter n [19]. It was shown that the
results are well explained by the mode conversion [20].

In order to discuss the power balance during the heating, we must
know first of all the RF power irradiated to the plasma, Pyor-  Pyet is

evaluated from (RS—RC)(Pf—Pb)/RS, where Rg and R. are antenna loading

_5__
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impedances with an without the plasma, respectively, and Py and T, are
incident and reflected powers, respectively. Actually, we confirmed
that the estimated Py,; was roughly in agreement with the increase of
the conduction-convection loss te the wall and the divertor.

The heating efficiency is defined as ZPrfU/PNets where PrfU is the
RF power absorbed by o species in the plasma core (0 = e, D, H). The
observed heating efficiency was only 20 ~ 40 % as reported in ATC [21]
and our first result [22]. The rest of the power goes to the edge
plasma and does not contribute to the heating of the core plasma. 1In
order to prevent the RF power to be lost to the surface plasma, we
installed an electrostatic Faraday shield closely over the antenna
ceramic cover. As a result, the RF power deposited directly to the
surface plasma was reduced significantly and we succeeded in increasing
the heating efficiency to more than 80 %. We observed Tp v 430 eV and
<Ty> ~ 740 eV from the base ion temperature of 160 eV in application of
Pyet of 115 kW, where Ty and <Ty> are the deuteron temperature and the
average proton temperature, respectively. It is of paramount importance
to know the radial profile of the RF power deposition, its partition to
each species and the transport of RF-heated ions from the point of view
of the power balance. These are discussed in detail.

In Chapter 2, the DIVA tokamak device and the diagnostics for the
main and scrape-off layer plasmas are briefly described. Then the
development of the multigrid energy analyzer which is suitable for the
measurement of the scrape-off layer plasma is described.

In Chapter 3, experimental results on the scrape-off layer plasma
are presented, and the scaling law for the scrape-off layer plasma is
derived. ' .

In Chapter 4, the thermal interaction between the scrape-off layer
plasma and the material surfaces is investigated experimentally.

In Chapter 5, the gross power balance in the Ohmically heated
tokamak plasma is discussed on the basis of the measurements of loss
powers including the conduction-convection loss to the wall and the
divertor, the radiation loss and the charge-exchange neutral loss.

In Chapter 6, results of the ICRF heating are described emphasizing

the optimization of the heating and the power balance,
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2. DIVA TOKAMAK DEVICE AND DIAGNOSTICS

2.1 DIVA Tokamak Device [1]

Figure 1 (a) and (b) show cross-sectional views of the device.

Basic machine parameters are as follows.

Major radius R = 60 cm
Minor radius a =10 cm
Toroidal magnetic field By = 8 - 20 kG
Plasma current Ip, = 1G - 80 kA

DIVA is-a tokamak with a divertor hoop coil with a current capability
of 60 kAT. The divertor hoop current is proportional to the plasma
current and provides the axisymmetric magnetic limiter with a single
null magnetic separatrix. The equilibrium of a plasma column with the
magnetic limiter inside the shell has been established in the range of
0.7 £ Tp/Ip £ 1.8, where I, and I, are respectively the divertor hoop
current and the plasma current. Plasmas are produced inside the magnetic
separatrix surface, and outgoing plasmas due to the diffusion process are
partially guided into the burial chamber.

A brief description is given for each section.

(1} Shell; The plasma is enclosed in a copper shell which is divided
into four sector pieces in the toroidal direction. Tts surface was
ion-plated with gold in 20 um in thickness to reduce adsorption of
gases. Later, the inner surface of the shell has been coated by
titanium for the experiments of very-low-q discharge [2] and ICRF

heating (see Chapter 6).

(2) Divertor hoop; A four-turn coil is encased in a vacuum-tight

stainless-steel tube.

(3) Divertor plate; The outgoing plasma diffusing from the main plasma

column is intersected by the divertor plate made of titanium.

(4) Protection plate; Three gold pieces as shown in Fig, 1 are manually

movable as the protection plates of the shell surfaces.

(53) Gas feeder; The working gas is introduced into the vacuum chamber
through 2 ~ 4 fast-acting gas valves. Additional gas injection can

be made with a programmable gas feeder (Veeco).
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(6) Vacuum system; The vacuum chamber is made of stainless-steel with
an insulating break, pumped by a turbo-molecular pump with an
effective speed of 400 1/sec to a base pressure of 1.500.5%x1077 Torr

and bakeable at a temperature of 110 °C,

2.2 Diagnostics

Figure 2 is a top view of the device, showing the afrangement of

the diagnostic instruments. They are listed as follows.

Main plasma

Electron temperature (1) laser scattering

{2) soft X-ray energy analyzer
Electron density 2 mm, 4 mm microwave interferometers

Ion temperature (1) 10-ch charge-exchange neutral
energy analyser
(2) 1 m Czerny-Terner mounting vacuum

monochromator

Spectroscopy' (1) 3 m grazing-incidence monochromator
[+]
(10-1300 A)
(2) 25 em, 1 m visible monochromators

(3) 1 m Czerny-Terner mounting vacuum

monochromator
Radiation loss Pyroelectric detector
Fluctuation (1) magnetic probe

(2) PIN-diode

Scrape—off layer plasma

Electron temperature Langmuir probe

Electron energy

spectrum Electrostatic energy analyser
electron density (1) Langmuir probe

(2) 4 mm microwave interferometer

Ion temperature (1) Electrostatic energy analyser

(2) Ion-gensitive probe
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(3) 1 m Czerny-Terner mounting vacuum

monochromator
Flow velocity Uni-directional probe
Heat flux {1) thermo-couple

(2) Ni-thin-film thermometer
Particle flux Shell, divertor plate and limiter
Runaway electron X-ray target

Poloidal magnetic
field (1) Hall element

(2) magnetic probe

Typical plasma parameters in the main and scrape-off layer plasmas

are as follows.

Main plasma

Central electron density Nigg = (2-14)x1013 om™3

Central electron temperature Too = 200-700 eV

Central ion temperature Tig = 70-300 eV

Energy confinement time g = 0.8-5.7 ms

Particle confinement time T = 0.5-4.0 ms

Safety factor qg = 1.3-6.0

Ohmic heating power Pin = 40-200 kW
Scrape-off layer plasma

Electron temperature Teg = 20-100 eV

Ion temperature Tig = 20-70 eV

Electron density n,g = (1-10)x1012 cm™3

Heat flux q = 0.2-2 kW/cm?

The electrostatic energy analyser plays an important role in the
measurement of the scrape-off layer plasma. It gives informations of the
ion temperature and the electron temperature including the velocity
distribution. The next section describes the development of the analyser

which can be used for the plasma with relatively high plasma parameters.
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2.3 Development of Multigrid Energy Analyzer

A multigrid energy analyzer was used to measure the ion temperature
in the scrape-off layer of DIVA, where the plasma parameters were
relatively high, i.e. electron and ion temperatures Tg and T; g 60 eV;
electron density ng & 5 X 1012 cm™?; heat flux q g 2 kW/cm?, It was
found that to obtain the true ion temperature, the bias voltage Vg of
the entrance apertures of the analyzer must be chosen so as to satisfy
the criterion eIVS - VPI << Iy, where Vg and Vp are the plasma potentials
before and after the entrance apertures, respectively.

The data were consistent with those obtained by other methods, i.e.
the Doppler broadening of impurity lines and the Katsumata probe {ion-

sensitive probe).

2.3.1 Introduction

A mwultigrid analyzer has usually been used for a plasma with a
relatively low density and temperature [3,4]. In the scrape-off layer of
DIVA, however, the plasma parameters are relatively high, i.e., Tg and Tj
5 60 eV; and ng £ 5 X 102 em™3, where Ta, Ti, and ng are the electron
and ion temperatures, and electron demsity, respectively. Measurement
with a multigrid analyzer is rather difficult in such a plasma. First,
there is relatively large heat flux in the scrape-off layer (typically
2 kW/cm?). The external jacket of our analyzer is made of molybdenum and
a mesh cannot be used as the entrance aperture of the analyzer. Instead,
a molybdenum plate with small entrance apertures (0.1 mm in diameter) is
used, which we shall call the front end of the analyzer.

However, the electron density iﬁ the scrape—off layer is relatively
high. The Debye length Ap calculated with typical data of the scrape-off
layer plasma, i.e. Tg & 50 eV and ng ™~ 5 X 1012 cm_3, is about 0.03 mm., Tt
is difficult to make such a small hole in the metal plate. The minimum
diameter of the aperture is 0.1 mm for a metal plate 0.1 mm thick. The
entrance aperture is therefore not completely screened by a Debye layer,
and particles flow into the analyzer in the plasma state. In addition,
as the pitch angle of the entrance aperture is not small, ions with
Larmor radii somewhat larger than the diameter of the entrance aperture
can flow into the analyzer. Thus, the two-dimensional flow of ions in
the analyzer must be taken into account. It is thought that the plasma

potentials and ion temperatures are different before and after the

entrance aperture.
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This problem inevitably arises when the analyzer is applied to a
scrape-off layer in a tokamak, where the plasma parameters are relatively
high. However, the difficulty was solved experimentally by supplying
an appropriate bias voltage to the front end of the analyzer,

In 2.3.2, the structure of the multigrid analyzer is described. 1Im
2.3.3, we examine the characteristics of the analyzer, applying it to the
moderate discharges of DIVA. An entrance aperture with a diameter several
times larger than Jp is used. According the difficulty mentioned above
becomes more sericus, though heat damage is completely suppressed. The
relationship between (virtual) ion temperatures and the front end bias
Ve is shown., Then the condition for obtaining the true ion temperature
is discussed. In 2.3.4, the analyzer is applied to the full operations
of DIVA. The result is checked using the criterion discussed in 2.3.3.
In 2.3.5, the data from the multigrid analyzer is compared with that

obtained by other methods, i.e. the Doppler broadening of impurity lines

and the Katsumata probe (ion sensitive probe).

2.3.2 Structure of Multigrid Analyzer

Figure 3 shows the multigrid amalyzer schematically. The design
was somewhat modified from the previous design [5, 6]. The external
jacket of the analyzer is made of molybdenum.

In front of the stainless-steel collector plate C, 5> mm in diameter,
a molybdenum front end E and two stainless-steel grids (Gi, Gy} are
placed 1 mm apart. The mesh grids G, -and G, are of 50 pm wire and have
a transparency of 0,44, The bias voltage of the front end can be varied
with respect to the external jacket, which is at the same potential as
the vacuum vessel. The front views of the entrance apertures are shown
in Fig. 3. Type (a) is a slit 3 x 0.2 mm wide and 0.1 mm thick, used
for moderate discharges. Type (b) consists of seven holes in line,

each of which is 0.1 mm in diameter and 0.1 mm thick, used for full

discharges.

2.3.3 Condition for Obtaining True Ion Temperature

The characteristics of the analyzer were Investigated in detail for
moderate discharges using the type (a) entrance aperture. The plasma

parameters at the position of the analyzer were as follows: mng v 8 X 101!

2

em 3, Te ~ 8 eV from a Langmuir probe, and heat flux q < 50 w/cm® from an
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Ni thin-film thermometer [51}. Ap is calculated to be about 0.03 mm,
while the width of the entrance channel is 0.2 mm. In this situation

the second problem described in 2.3.1 was somewhat aggravated,

2.3.3.1 Experimental procedures

Figure 4 shows the cross-—sectional view of DIVA. The analyzer was
placed at R = 4G cm, Z = 4 cm, and the front end was almost perpendicular
to the toroidal magnetic field to receive the plasma flow from the main
plasma column along the field line. The toroidal field was fixed at 10 kG
(R = 60 cm). The ratio of the divertor hoop current to the plasma current
to the plasma current was 1.2, the latter being 14 kA with a flat top.

Figure > shows the potential distribution between the front end E,
grids G; and G, and the collector to obtain the ion velocity distribution.
The ion energy spectrum is obtained in a shot by supplyving a fast sawtooth
pulse with an amplitude of 200 V to the collector, The pulse width is
1 ms, which is short compared with the time for a significant change in

the ion saturation current.

2.3.3.2 Results of measurements

Figure 5 shows oscillograms of the ion energy spectra, These were
obtained 15 ms after starting the discharge for various bias veltages of
the front end E with respect to the vacuum vessel. The bias veltages of
grids G; and G, were -150 V and -200 V with respect to E, respectively,
Each oscillogram was double-swept to show reproducibility between two
successive discharges.

From these oscillograms it is found that the saturation level of
the collector current, I., the potential difference Vp—Vg, where Vp is
the potential from which lons are retarded, and the (virtual) ion
temperature T; depend on the front end potential Vg. These are plotted
as a function of Vg in Figs. 6, 7 and 8, respectively. A floating
potential V¢ and the space potential Vg measured with a Langmuir probe

are shown on each abscissa.

2.3.3.3 Discussions

The saturation level of collector current is a maximum at Vg = Vg
(Fig. 6). This indicates that if the front end is at the same potential

as the plasma, a sheath is not formed in the entrance aperture and the
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plasma particles flow freely into the analyzer. On the other hand, if
the front end potential is respectively lower or higher than the plasma
potential, an ion or electron sheath is formed in the entrance aperture
and some portion of the plasma particles are respectively absorbed or
repelled by the sheath,

The potential difference Vp-Vi 1is negative and its absolute value
has a maximum in the neighbourhood of Vg = Vg (Fig. 7). It may be
qualitatively understood as follows. The plasma which has passed through
the entrance aperture is separated into ions and electrons by the
electric field between the front end E and the grid G,, where G; is at
-150 V with respect to E. G; is screemed by the ion sheath. The sheath
thickness d is roughly calculated using the Child-Langmuir %—- power law

as

3/
d = /5.4x10“8 Vj (m),

for hydrogen plasma, where j is the ion saturation current density (A/m?)
and V the potential difference between plasma and electrode. j was
measured by the Langmuir probe as 1.7x10° A/m?. For V = 150 Volt, d =
0.24 mm, while the spacing between E and G; was 1 mm. The plasma entering
the analyzer is separated into jons and electrons at about 0.7 mm from

the entrance aperture.

However, the ion and electron Larmor radii are 0.3 mm and 0.005 mm,
respectively, for T; = 20 eV, T, = 10 eV, and By = 15 kG (toroidal field
at the position of the analyzer). The width of the entrance aperture is
0.2 mm, which is somewhat smaller than the ion Larmor radius. Unless
the distance from the entrance aperture to the sheath edge is short enough
compared with the ion Larmor radius, separation of the ion and electron
components of the plasma can occur before they reach the sheath edge.

The core of the plasma beam cut down by the entrance channel is electron—
rich, while the outer region of the beam is ion-rich. TIons with large
Larmor radii are likely to be lost to the mesh wire., Therefore ions which
succeed in passing through the grids G; and G, and reach the collector

C are mainly from the central electron-rich plasma. A schematic drawing
of the phenomena near the entrance aperture is shown in Fig. 9.

For Vi < Vg, some of the electrons are repelled at the entrance
channel. The plasma which has passed through the entrance aperture is

less electron-rich. The difference Vp - Vg decreases monotonically with
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incresing Vg for Vg < Vg, and its absolute value has a maximum at Vi = Vg.
When Vg > Vg, ions are repelled at the entrance aperture. Those which
succeed in passing through the entrance aperture must have relatively
small Larmor radii. The separation of ion and electron components is
rather difficult. That is, Vp - Vg again increases for Vi > Vg.

Ion temperatures are determined from the linear part of the semi-log
plot of ion energy spectra in Fig. 5., They are plotted on Fig. & as a
function of VE. It should be noted that ion temperature decreases
monotonically with increasing Vi for VE < Vg, is kept constant for

Vg < Vg < 60V, and again increases- for Vi > 80 V. Similar results are

5
obtained for ion temperatures determined from the least square method
using pitch angles of the entrance aperture in the range 30° ~ 6G° [6].
The dependence of ion temperature on Vi can be understood as follows.
Figure 10 shows the potential difference Vg - Vp as a function of Vg.

. It is shown that the

Figure 11 shows ion temperatures versus |VS - Vp

ion velocity distribution is distorted by the potential difference

Vg — Vp Although the detailed mechanism of the enhancement of ion

temperature for large values of [VS - VP| has not been made clear up to

now, one possible explanation is as follows. Tons flowing into the
entrance aperture are accelerated or retarded according to the sign of
Vg — Vp. The acceleration or retardation is not necessarily uniform.
Some fons of V./V, » 1 from the edge of the plasma beam, which is cut
out by the entrance aperture, are less accelerated or retarded than those
from the center of the beam. This process gives rise to the distortion
of the ion velocity distribution. On the other hand, if Vp is in
accord with Vg, the ion velocity distribution cannot be distorted in
principle. Ti(Vg) must be a ﬁinimum under this condition. The condition
Vp = Vg is realized at Vp ~ 50 V (Fig. 10). Vp = Vg is not obtained
simply by setting the front end bias voltage teo equal the space potential
of the plasma before the entrance aperture. Figure 11 indicates that
the condition for obtaining the true ion temperature is not rigorously
Vg = Vp, but sufficient to be written as e Vg - VP] << Tj.

In contrast to the ion temperature, the electron temperature can
be measured easily, since the electron Larmor radius is so small in
comparison with the diameter of the entrance aperture that no distortion
of the wvelocity distribution occurs, T = 8 eV from the analyzer with

Vg = 0 V, which agrees with that from a FLangmuir probe.
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2.3.4 Application to Full Operatiomns

The multigrid analyzer was applied to the full operation of DIVA. The
discharge conditions were as follows. The toroidal magnetic field was
20 kG. The ratio of the divertor hoop current to the plasma current was
1.2, the latter being 40 kA with a flat top. The central electron and
ion temperatures were 700 and 270 eV respectively from laser scattering,
soft X-ray and charge~exchange neutrals, impurity Doppler broadening.
The peak electron density was & x 1013 cm~? measured with a 2 mm p-wave
interferometer.

The entrance channel of the analyzer was type (b) (see Fig. 3). The
analyzer was placed at R = 40 em, Z = -4.25 cm, The plasma parameters
at this point were Te = 26 eV and n, ™~ 3 X 1012 em™3 from the multigrid
analyzer and heat flux q = 1.2 kW/em? from a thermocodple at 9 ms.
Figure 12 shows oscillograms of the ion energy spectra 9 ms after start-
ing discharge. Each oscillogram was double-swept to show shot-to-shot
reproducibility. The upper trace was obtained by setting Vp to be a
floating potential, about 30 V with respect to the vacuum vessel. The
lower trace is for Vp = 140 V.

It is clear that the former has a longer tail than the latter.
The ion temperatures determined from a semi-log plot of the energy spectra
are 88 eV and 56 eV, respectively (see Fig. 13). Let us examine whether
Ti = 56 eV is correct, using the criterion discussed in 2.3.3. The
electron temperature and floating potential were 26 eV and 30 V,
respectively. The space potential Vg was not measured in this case.
However 1t can be estimated using the relaticenship between the space
potential and the floating potential including the effects of the strong
magnetic field and secondary electron emission [5]. The result is about
90 V. The plasma potentlal Vp determined from the ion energy spectrum
is about 80 V for Vg = +140 V, so |[Vg - Vp| ~ 10 V, which satisfies the

condition for obtaining the true ion temperature, elVS - Vp| << T4,

2.3.5 Comparison with Other Methods

The ion temperature measured with the multigrid analyzer was cross-
checked by the Doppler broadening of impurity lines. Detailed descrip-
tions of this method are given elsewhere [7]. The vacuum monochromator
was connected to the R-7 scanning port. The mirror was scanned horizontally

so that the plasma light from the divertor region was received by the
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monochromator (see Fig. 4). The spatial resolution for this measurement
was about 2 cm.
The observed broadening of the 5th order line of C V (2271 R) and
the 7th order line of C IV (1548 R) provided temperatures of 85 eV and
47 eV at 9 ms respectively. The spectroscopic measurements [10] show that

cb+

the main portion of the ions in the divertor region comnsists of those

C3+ ions come

which diffuse out from the main plasma column, while the
directly from the outer region surrounding the main plasma column, The
proton temperature obtained with the multigrid analyzer lies between
the CV and CIV temperatures. All of these data obtained are consistent
with each other.

The other cross—-check was done with a Katsumata probe [8], from
which the perpendicular ion temperature can be measured, It became

evident that the ion temperature in the scrape-off layer is isotropic.

The detailed results are reported in ref. 9.

2.3.6 Conclusion

The multigrid analyzer was successfully applied to the scrape-off
layer plasma in DIVA, where the plasma parameters are relatively high,

< 2 kW/ciaZ. The

i.e. To, Ti 5 60 €V, ng 5 5 % 1012 em™? and heat flux q §

potential difference between the plasma before and after entering the

entrance aperture affects the ilon velocity distributions seriously. It

was found that the front end bias must be chosen so as to satisfy the

condition e|VS - VP| << Ty in order to obtain the true ion temperature.
The data are consistent with other methods, i.e. the Doppler

broadening of impurity lines and the Katsumata probe.
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Fig. 3 Schematic drawing of the multigrid energy analvzer.
The front views of the entrance apertures are
extended. Apertures of types (a) and (b} are used
for moderate and full discharges, respectively.
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Fig. 4 Schematic drawing of the cross-section of DIVA.
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film thermometer, and Langmuir probe, are
scanned vertically at R = 40 cm. The optical
arrangement for the spectroscope is also shown.
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Fig. 5 Oscillograms of lon energy spectra for varicus bias voltages of

the front end E, at R = 40 cm, Z = 4 cm, and t = 15 ms for
discharges of By = 10 kG and T, = 14 kA. The arrow shows the
position of the front end bias Vg on the abscissa. The potential
distribution without plasma between E, G;, Gp, and C is also shown.
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Fig.l2 Oscillograms of ion energy spectra at R = 40 cm,
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3. SCRAPE-OFF LAYER PLASMA

3.1 Introducticn

Tt is generally believed that plasma-wall interactions become more
serious in a future large tokamak because the plasma temperature of the
scrape—-off layer increases with the increasing temperature of the main
plasma., From this point of view, the scrape-off layer plasma has been
investigated, employing the various probes listed in the previous chapter.
The insertion of probes in tokamak plasmas is very limited. TFor example,
in DIVA, plasma disruptions occur if probes penetrate the main column,
whereas they can be used successfully in the divertor region., The
divertor region is away from the main plasma and impurity backflow is
negligibly small [1]. Therefore, we can obtain detailed information
about the scrape-off laver plasma by the probe shdeasurement of the divertor
plasma which diffuses out from the main plasma column. The results can
be applied to a conventional tokamak, where the plasma-wall interaction
takes place at a material limiter.

The boundary condition of the scrape-off layer plasma is ruled by
the sheath [2]; the sheath is formed at the wall, the limiter and the
neutralizer plate 1n the divertor chamber. The particle flow velocity
(typically 0.3 Cg, Cg is a sound velocity) and the heat transmission
rate y (typically ~7) are determined by the sheath. The flow velocity
affects the particle divertor efficiency and the efficiency of shielding
impurity influx. The heat transmission rate determines the ratio of the
boundary to core plasma temperatures. |

Thus, the sheath playé an important role in determining the
characteristics of the scrape-off layer plasma. The cross-field
diffusion in the scrape-off layer is also of importance since it decides
the average particle confinement time and the divertor efficiency. 1Imn
DIVA, the total partiéle efflux can be measured and a Bohm-like functiomal
dependence of the diffusion coefficient was ascertained. In the scrape-
off layer, a two-dimensional ambipolar diffusion must be taken into
account. A decreasing potential along the field iine to the divertor
plate was observed. Detailed discussions about this effect are beyond
the scope of the thesis.

In Section 3.2, the characteristics of the scrape-off layer plasma

are surveved, such as the electron and ion temperatures, the particle
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flow velocity, the cross-field diffusion and the particle loss flux to
the wall., 1In Section 3.3, the results are generalized and an empirical
scaling for the scrape-off layer plasma is derived. A summary is given

in Section 3.4.

3.2 Observation of the Scrape-off Layer Plasma
3.2,1 Electron and lLon Temperatures

The electron temperature was measured by the Langmuir probe and
the multigrid analyser. Especially, the latter was used to obtain the
electron energy spectrum. The ion temperature was measured by the
multigrid analyser (for the parallel temperature)} and by the ion-sensitive
probe (Katsumata probe [3], for the perpendicular temperature). We also
emplay the impurity Doppler broadening for the ion temperature (see
Section 2.3),

Figure 1 shows an example of Z-profiles of the electron and ion
temperatures, which were obtained by scanning the multigrid analyzer.

The spatial resolution of the analyser was 1 mm. The abrupt changes of
the profile at Z = %4 cm correspond to the separatrix magnetic surface [4].
The electron and ion temperatures are roughly in agreement:; this is one

of the features of the scrape-off layer plasma.

The measurement by the Katsumata probe is reported in Ref. [3].
Figure 2 shows Z-profiles of perpendicular and parallel ion temperatures.
These two ion temperatures agree well, indicating the isotropic velocity
distribution of the ions.

The electron velocity distribution is important for the estimate of
the heat flux to the material surfaces, as is shown in Chapter 4.

Figures 3(a) and (b) show the energy spectra of electrons on the electron
and the ion sides of the divertor (see Section 4.1), respectively. A
remarkable high-energy tail appears on the electron side. It also exists
on the ion side, but their amount and energv are small. We shall call
those electrons epithermal. In Ref. [5], the loss mechanism of the
epithermal electrons is discussed in detail. The epithermal electrons
must be generated continuously by the acceleration of the toroidal
electric field in the vicinity of the main plasma. Once the epithermal
electrons flow into the scrape-off layer from the main plasma, they go

to the divertor plate through the scrape-off layer without collisions
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since the mean free path of the epithermal electrons is several hundred
meters and is much greater than the connection length from the main
plasma to the divertor, which is about 10 m. The epithermal electrons
disappear after colliding with the divertor plate. Therefore, the
spectrum is asymmetric with respect to the equatorial plane.

It was confirmed that cooling the edge electron temperature by the
impurity gas (e.g. CH,) injection is useful for the reduction of the
metal Impurity [1]. Figure 4 shows an example of the change of the
electron energy spectrum associated with the CH, injection. The epithermal
electrons decreased considerahbly, but the bulk electron temperature was

reduced only a little,

3.2.2 Particle Flow

The measurement of the particle flow to the divertor is important
from a point of view of impurity backflow. We use a directional probe
(Fig. 5) consisting of a pair of parallel plane probes which collect
particles from both directions simultaneously. Angular distributions of
the electron and ion saturation currents are obtained by rotating the
probe. The result is depicted in Fig. 6. The pattern is symmetric
around ¢ = 0, which indicates that the plasma flows to the divertor
along the magnetic field lines and that a cross-field flow (e.g. ExB flow)
is less than the detectable level. The ratios of the ion and electron
Larmor radii to the width of the probe are 0,24 and 0.006, respectively,
for T, = Ty = 20 eV and the toroidal magnetic field of 15 kG at the
position. Therefore, dips appeared in the electron angular distribution
at g = +90°.

Defining Jy,/J,; as the ion current density to/from the divertor,
respectively, we can calculate the particle flux to the divertor from

Fy = fds(I, - I 5
where fds is the integral over the total area at R = 40 cm and By, By are
the radial component of the magnetic field, the toroidal magnetic field,
respectively. BR/BT was measured by the Hall element. Typical values
of Bp/B, were (2.3) x 1072,
Z-profiles of J,, Jq and J, - Jq are shown in Fig. 7. The features

of the particle flow are as follows: The forward flow exceeds the backward
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one outside the separatrix (Z ~ *4 cm). Tnside the separatrix, the
backward flow exceeds the foreward one on the ion side of the divertor.
The resultant reverse flow extends to the equatorial plane, connecting
to the net forewafd flow on the electron side.

The ion side reverse flow is explained with a trapped particle by
the magnetic mirror and/or a reflected particle on the divertor plate.
A ratio of the colliéion frequency to the bounce frequency of the trapped
particle is in the range of 0.1 v 1. A typical trapped ion makes an
excursion through ACE in Fig. 8. The points B and D lie at R = 40 cm,
where the measurements are carried out. The reverse flow results when
the particle flux in the direction of CD overcomes the flux ED. This
may occur if the toroidal drift of the particle is so large that the
flux through ABCD exceeds the flux through ED because of a lower plasma
density at E. The reverse flow increases in the course of the discharge,
since the separatrix shrinks with decreasing ID/IP, i,e. the point E in
Fig. 8, approaches to R = 40 cm. The above discussion is also valid for
the reflected particle from the divertor plate. Therefore, the observed
reverse flow may be explained by the toroidal drift of ions, which are
back-scattered due to the mirror reflection and/or the wall reflection.

The particle flow velocity Vf can be written as
ju—jd‘—'HiEVf (l)

where ny is the ion density.
Figure 6 indicates that j4 v j,, where j, is the ion saturation
current density to the probe set parallel to the flow., This means that

the backward flow has a negligible flow velocity. One can write
. . 1
Jg 23055 i€ (2)

where Cg is a sound velocity.

From Eqs. (1), (2) and Fig. 6, we obtain Ve = (0.300.5) x Cg. The
result agrees with that in FM-1, where the ion sound wave was excited
in the plasma, and the flow velocity was determined from its time of
flight [6]. In DIVA, however, excitation of the ion sound wave in the

scrape-off layer is difficult because of Ty & Te.
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3.2.3 Cross—-field Diffusion

The cross-field diffusion coefficient in the scrape-off layer is
closely related to the divertor efficiency. The diffusion coefficient DJ
in the divertor region is experimentally estimated as follows: Figure 9
shows a conceptional diagram of the measurement of the diffusion
coefficient, The evolution of the density profile from the point source
(width h) along the field line was measured. The actual experimental
geometry is shown in Fig. 10. The edge of the movable shell was used
as a toroidal limiter. Ton saturation current profiles were measured
by the electrostatic probes 1, 2 for various locations of the movable
shell in the Z-direction (Fig. 11). The difference between each pair
{(e.g. S4 - 810 and S7 - S10) of the ion saturation current profile by each
probe gives the evolution of the density profile from the point source
at the edge of the movable shell (Fig. 12).

One can calculate the diffusion coefficient from the obtained
profiles as follows. The equation of continuity of the particle flux in

the steady-state is
Nk S A (3)

where x is a co-ordinate along the field line. I is written using a

flow velocity Vg along the field line.
T=nves, -0, B3 (4)
% 7 13z 7Z

Substituting Eg. (4) into Eq., (3}, we obtain

an 32n

Ve — =D
f 9x J"322
The solution is

n (Z-Zn4)72
o exp 1- ol

VhrDixy Vg Dy x4 /Ve

n(xj,Z) =

n(0, Zy) = ng

where the suffix j (j = 1, 2} corresponds to the probe 1, 2.
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ADij/Vf and Zoj are determined from Fig. 12 by the least square
method. We can calculate Dy from

Vg

. (6)

D, = (Cp% - €12 +

where C;2 = 4Dlxj/Vf and £ = X, - x;. The results are tabulated in

]
Table 1. We obtain D1 = (0.8v1.3) x 103 cm?/s, which is 0.1 ~ 0,2 of
. . . . L e
the Bohm diffusion coefficient defined by Dy 6B

Parameter dependence of the diffusion coefficient was investigated
by measuring the divertor efficiency for the particle flux. The divertor

efficiency Mp is defined as
np = Fp/Fp 7

Fp and Fp are respectively the particle flux to the divertor and the
total particle flux to the shell, the limiter and the divertor. The
measurement of F and Fp is described in the next subsection.

Using Eq. (5), My is calculated as

2

A
V§ Vf b4
np = 2 fo wd T &P o 0
B c A2 Vg
= Bt ()
= Erf{y) (8)

where A is a width of the scrape-off layer at the shell edge and L is a
half length of the magnetic field line connecting the shell edges on the

electron and ion sides.

Assuming D) ™ ié-DB, Vg v 0.3Cg, L v mgR and An 1l em, y is reduced to

7 _ 100
;e .

Figure 13 shows np versus yz. It is shown that the diffusion coefficient

has the functional dependence of the Bohm diffusion,

3.2.4 Particle Flux to the Wall

We describe the measurement of the charged particle flux to the wall.
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In DIVA, the shell, the limiter and the divertor plate are used as a
collecting electrode. It was found that a large d.c. bias voltage on

the shell prevents the initiation of the tokamak discharge. Hence, we
use a pulsed bias to obtain the saturation characteristics. Figure 14
shows a current versus voltage characteristic curve of one of the shells
at a prescribed time in the discharge, where the opposite electrode is
the vacuum chamber. Total particle fluxes to the shells were measured

as shown in Fig, 15. In this case, each shell was biased negatively with
respect to one another,

Figure 16 shows an example of the jon saturation current to the
various components in the device. The divertor efficiency amounts to
about 10 % in this case,

Knowing the total particle flux Fp from the plasma column and the
total number of confined particles N, we can estimate the average particle

confinement time Tp.
=N (10)

Time variation of Tp from Eq. (10} is shown in Fig. 17 together with Tp
from the H, line measurement. In the first half of the discharge, both
values of Tp agree with each other. The discrepancy in the latter half
may be due to impurities since o from Egq. (10) includes the effect of
impurity jons but another does not, and it was reported that the metal

impurities increased in the latter half of the discharge [7].

3.3 Scaling Law

The ‘energy and particle conservation laws give the following simple
formula for plasma parameters in the scrape-off layer, i.e. the electron

temperature, T the width of the scrape-off layer, d, the electron

es’
density, n,g, the particle flux density, fp and the heat flux density, q.

3 . Pin_(PR+ch)
®S g 0¥ Pin

a = /DiL/V; (12)

« (Ta + Ty) (11)

— Lnga
es - 2Vprd (13)
fp neSVf (14)
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q = ?Tesfp (15)

Symbols used in Eqs (11) - (15) are as follows.

Pin Ohmic input power

P.x t charge—exchange loss power

PR : radiation loss power

Tp : particle confinement time

TR : energy confinement time

Té average electron temperature of the main plasma

Ti average ion temperature of the main plasma

Eé : average electron density of the main plasma
minor radius

Y average heat transmission rate

D1 : cross-field diffusion coefficient

Vi : particle flow velocity

L : half length of a magnetic field line between the material
surfaces in the scrape-off layer

Eés’ d, Eés’ fp and q can be calculated from these equations if we

know Vg, ?, D, and the parameters of the main plasma. The measurements
of Vy and D; are discussed in the previous section.
The local heat transmission rate vy is discussed in detail in
Chapter 4, Here, the average v is described.
Equation (11) is rewritten as
P. - PC - P

- = _ in X R
Y Tog = Fp (16)

Fp is the total particle loss flux and its measurement is described in
the previous section. (P_,+Pp) is measured by the pyroelectric detector.
The detail is described in Chapter 5, Figure 18 shows the relation
between the measured electron temperature fés near the surface which
collects the main part of the heat flux and'?'fes as calculated from

Eq. (l6). The result gives‘§ = 4 - 10 and is consistent with the value
estimated from the sheath model described in Chapter 4. It is shown
below that the ratio Tés/(fe¥fi) is determined mainly by Y for P;.>> Pex

+ PR'
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The relation between energy confinement time Tp and particle

confinement time Tp is also important in understanding the scrape-off

plasma and is shown in Fig. 19, TIn a conventional discharge, Tp/TE==

1.5. By operating the divertor, Ty increases and Tp does not change
substantially, thereby decreasing the ratio to Tp/TE:: 0.8.
The scrape-off layer plasma and the relaticon between particle
confinement time and energy confinement time were investigated; the
following results were obtained: Vi= 0.3 Cg, Tp/TE =1, D; = 0.1 Dy

and Y =~ 7. Thus, Eq. (11) is simplified as follows:

o . - P - P ) . -
e in cX R
Tes 0.2 . e i {17)

This equation shows that temperature at the edge is extremely high in a
high—temperature tokamak with Py, >> P., + Pp, and it is expected that
surface erosion and impurity production become serious. Thus, some
method of cooling the plasma edge down to a sufficient low temperature,
typically several tens of electron-volts, is required, as discussed in
Ref. [8]. The other important parameters, i.e. the line density of the
scrape-off layer plasma‘ﬁesd, is given by Eq. (13) by specifying device
parameters. TFor example, the following parameters are assumed: R = 5 m,

a=1.5m, Eé =6 »x 1013 em™3, ?5 = 1 g, an ideal poloidal limiter and

T.. = 50 eV with some cooling method. The line density is about 1 x 1013

es
cm 4. This value is considered to be high enough to shield the impurity

influx because a shielding effect due to a plasma with a lower line
density, i.e. £ 5 x 1012 em™2, is observed in the present experiment.
However, this value seems too .low to shield the hydregen influx because
charge-exchange process and wall reflection give a relatively high energy

for the neutral particles [9].

3.4 Summary

The scrape-off layer plasma was investigated experimentally. The

following results were obtained.

(1) The electron and ion temperatures roughly agree.

(2) The epithermal electrons appear on the electron side of the diverter
in the low demsity discharge.

(3} Outside the separatrix, particles flow to the divertor along the

field line.
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{4) Inside the separatrix, the reverse flow is observed on the ion side.
It is explained by the torcidal drift of ions, which are back-
scattered due to the mirror reflection and/or the wall reflection.

(5) The particle flow veloecity Vy = (0,3%0,5)Cg.

(6) The cross-field diffusion coefficient D, = (0.1~0.2)Dg, having the
functional dependence of the Bohm diffusion.

(7) The total particle flux Fp to the wall was measured by the pulse bias
method. The average particle confinement time iIs estimated from Fp
and the total number of electrons N,

{8) An empirical scaling of the plasma parameters in the scrape-off

layer is obtained.
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Fig. 1 Z-profiles of the electron and ion temperatures measured by
the multigrid energy analyzer at R = 40 cm in the divertor
region. Bp = 10 kG, Tp = 15 kA and Ip/Ip = 1.2
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temperatures measured by the Katsumata probe and
the multigrid energy analyzer, respectively, at

R = 40 cm. By = 20 kG, Ip = 40 kA and Ip/Ip = 1.2.
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Fig. 6 Ion and electron saturation currents obtained by rotating
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Fig. 8 An example of the orbit of a trapped
ion. The calculation was done assuming
the drift approximation, no toroidal
electric field and V, /V, = 2 at A with
an energy of 20 eV, .
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Fig. 9 Conceptional diagram of the measurement
of the diffusion coefficient in the
divertor region.
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Fig.1l0 Actual experimental geometry of the measurement
of the diffusion coefficient in the divertor region.
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Relation between the particle confinement time

T, and the energy confinement time 1y with and
without divertor. Bp = 0.8-2.0 Ti Ip = 10-53 ka,
q, = 2.6-5.9, Dy = (1.5-5.0) x 10'3 cn™3, Ty, =
80-300 eV and Tap = 200-700 eV,

Table 1 Results of the measurement of the cross-—

field diffusion coefficient,
o is a ratio of the flow velocity to
the ion sound velocity.

S4 ~ S10 57 - 510

t{ms) 7.5 7.5
€7 4.42 4.75
Cy2 4.97 5.50
Zgq {(mm) 44,1 43.0
Zyo (mm) 46.0 44,7
Zg (mm) 45.1 43.9
Be/Bp 48.0 37.3
2 (mm) 271 266
Te (eV) 20 20
Cs {(cm/sec) 4.4x10° 4. 4x106
B, /Bg 0.28 0.29
(Zg1=Zg3) /7 0.28 0.24
D.1(cm?/sec) 2.1x103q, 3.2x10%g
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4. HEAT FLUX TO THE MATERIAL SURFACES IN A TOKAMAK

Heat flux to the material surfaces in the scrape-—off layer of a
tokamak plasma is investigated experimentally., The time response of
heat flux measurement has heen improved to 0.2 ms by the recently
developed thin-film thermometer. The result shows that the heat flux is
calculated from a simple sheath model including secondary electron emis-

sion effects even if epithermal electrens are present.

4.1 Introduction

For the design of next-generation large tokamaks, it is important to
estimate heat loads to the walls in contact with the plasma, i.e. a limiter
and/or a neutralizer plate of a diverter. When the heat fluxes to the
wvalls are so large as to evaporate the structural materials, plasma con-
tamination by metal impurities is significant.

This chapter describes an experimental study on the thermal interac-
tion between plasma and walls in the divertor tokamak, DIVA [1-5].

The other interactions relevant to the release of the metal impurity, such
as ion sputtering and arcing, are discussed in Ref. [6].

It is well known that a sheath potential built up in front of an
electrically Insulated conducting plate plays an important reole as a
thermal barrier. The heat flux q (Weem ?) towards an electrically

insulated conducting plate in a plasma is written as follows [7]:

q = vIgTe (1)

where Ig (A'cm_z) is the ion saturation current density, T, (eV) is the
electron temperature and vy is called a heat transmission rate; and vy = 7.8
for hydrogen plasma of Te = T4, where T; is the proton temperature.

In the scrape-off layer of DIVA, various types of probes have been
used successfully [8}. The procedures of the present experiment is to
measure the local values of q, Ig and T, with pertinent probes scanned in
the divertor region, and to calculate y. As noted in previous experiments
[3, 5], heat fluxes in the divertor are highly asymmetric about the median
plane, and high-energy electrons escaping from the main plasma cause this
asymmetry since they can exist on one side of the diverter until they are

annihilated at the neutralizer plate. Hereafter, we shall distinguish

the two sides of the divertor -— with respect to the median plane — as
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the electron side and the ion side of the divertor. On the electron side,
Y is a few to ten times larger than the value estimated on the basis of
Eq. (1). Moreover, even in the case with additional hydrogen gas injection
after starting the discharge, y is a few times larger than expected
although the amount of high-energy electrons is considerably reduced.
However, the above experiments were somewhat limited in accuracy. The
thermo-couple used for heat flux measurements had a response time of 5 ms,
which is too long for our experiment since in this time interval the ion
saturation current and the electron temperature change considerably. In
addition, the use of a Langmuir probe for the measurement of Ig and Tg
may be difficult, particularly in the presence of high-energy electrons.

We now report results with our recently developed thin-film thermo-
meter [{9-10] with a response time of 0.2 ms, which is short enough for
our experiment. As to particle measurement, an electrostatic multigrid
energy analyzer is used, which is able to measure Iy and T, even in the
presence of high-energy electrons.

From detailed measurements with these probes, the relationships
between heat flux q, heat transmission rate y and other plasma parameters
are obtained., It is found that the thermal Interaction between the plasma
and the walls in the scrape-off layer can be described by a simple sheath
model. These results can be applied to the thermal interaction between
the plasma and the limiter in the scrape-off layer of a conventional

tokamak [11].

4.2 Thermometer and Multi-Grid Energy Analyzer

The detailed description of thelthin—film thermometer is given else-
where [9-10]. Here it is described only briefly. Figure 1 shows the
structure of the thermometer. The backing metal was a thin molybdenum
plate of 8 x 12 mm? area and 0.1 mm thickness. Silicon monoxide was
vacuum—deposited on the molybdenum plate and then nickel was added. The
silicon monoxide layer served as an electrical insulator. The molybdenum
temperature was measured by the change in resistance of the nickel film.
The response time of the thermometer was measured by using a Q-switched
pulse laser; it was found to be less than 0.2 ms.

The width of ﬁhe nickel film is 0.4 mm which is much larger than the
thickness of the molybdenum plate. Thus, the spatial resolution of the

thermometer is determined by the width of the nickel film.



JAERI-M 8890

Figure 2 shows the multigrid energy analyzer schematically. The
external jacket of the analyzer is at the same potential as the vacuum
vessel, In front of stainless-steel collector plate C, 5 mm in diameter,
three stainless-steel grids (E, G;, G,) are placed at 1 mm spacings.

The grid E with the same potential as the vacuum vessel has seven holes,
100 um in diameter and 100 pm long, with 1 mm aperture, which determines
the spatial resclution of this analyzer. The mesh grids G; and G, are
made of 20- and 50-um wires and have a transparency of 0.31 and 0.44,
respectively,

Figure 2 also shows the potential distributions between the three
grids and a collector plate to obtain the ion and electron velocity
distributions. The ion saturation currents are obtained by the following
procedure, which discriminates against high-energy and secondary electromns:
We adopt the potential profile shown in Fig. 2 (a) and subtract the
collector signal at +150 V from that at —-40 V. The latter consists of the
ion saturation current plus the electron leakage current, the former
consists of the electron leakage current only, where the term "electron
leakage current” applies to electrons which have higher energy than the
retarding potential of grid G, and succeed in passing grids G, and G,
in addition to those which are emitted at grid G, and can reach collector
C. It was experimentally confirmed that the electron leakage current is
independent of the collector potential unless it is less than the critical
potential which is equal to the G, potential plus the mean energy of the

gsecondary electrons.

4.3 Experimental Procedure and Results

Figure 3 shows the cross-sectional view of DIVA. The experiment was
performed under the following operational conditions: The toreidal
magnetic field was fixed at 1 T. The ratio of the divertor hoop current
to the plasma current was 1.2, where the latter was 14 kA with a flat-top.
The basic pressure was 1 x 1077 torr, and hydrogen gas of 1.5 x 1018 atoms
was admitted by four fast-acting valves, 0.8 ms before starting a discharge.
Additional hydrogen gas was injected 2.2 ms after starting the discharge
at a rate of 1.7 x 1019 Hy.-g-1, |

The central electron and ion temperatures were 200 and 80 eV from
laser scattering and charge-exchange neutrals, respectively. The average

electron density was 1 x 1013 em™? from a 4 mm u-wave interferometer.
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A thermometer and a multigrid analyzer were scanned vertically at
R = 40 cm.

Figure 4 shows typical thermometer data. This figure represents
the resistance change of the thin Ni film. The temperature T of the
thin film, which is assumed to be equal to that of the molybdenum plate,
is obtained from a calibration curve. If the heat flux to the divertor
has a very sharp peak in space, we must take the heat conduction in the
molybdenum plate into account to calculate the heat flux from the measured
temperature [10].

Figure 5 shows the Z-profile of the heat flux calculated by taking
the above mentioned effect into account, on the electron side oI the
divertor. This profile indicates a sharp peak near Z = 45 mm. In this

figure, the results from a simple heat balance equation,

dT(zZ,t)

dt (2)

q(Z, t) = ped
where p, ¢, and d are density, specific heat and thickness of the molybdenum
backing plate, respectively, are also shown.

it is found that the peak value of the heat flux would be under-
estimated by a factor of 1.5 if Eq. (2) were used. However, only in a
narrow region, AZ = 1 mm, the effect of transverse heat transfer is
dominant. Qutside this region, both the results from the simple heat
balance equation and the transverse heat conduction equation are in good
agreement.

Next, we describe the results of particle measurements. Figure 6
shows the time variation of electron energy spectra at Z = 45 mm. These
spectra were obtained by changing the bias voltage of grid G, of the
multigrid analyzer shot by shot. It was found that relatively high-energy
electrons, whose energy range is 100 to 200 eV, exist in a narrow layer on
the electron side of the divertor, i.e. Z = 45 n 50 mm and that the amount
of these electrons varies with time, To examine a much higher range of
energy than that of the multigrid analyzer, we scanned an X-ray target [127,
whose spatial resolutiom is 1 mm, on the electron side of the divertor,

The X-ray energy observed with 100 % efficiency ranges approximately from
10 to 100 keV, as determined by the thickness of the aluminum window and
the Nal scintillator. Figure 7 shows the Z-profile of the X-ray intensity

T, from the target. The profile of the electron flux whose energy is
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higher than 150 eV is also depicted in this figure. The peak pasition
of T, is 42.5 mm, where the heat flux is much smaller than that of Z =
45,0 mm. It is clear that the peak heat flux has no correlation with
the runaway electrons and the peak position rather coincides with the
path of the electrons in the 100 — 200 eV range of energy.

The measurement of the ion saturation current density was also made
by the procedure described in the previous section. The ion saturation
current density and the bulk temperature of electrons are shown in Fig. 5.
It is noted here that the measured heat flux is by a factor 2 ~ 3 higher
than the values calculated from Eg¢. (1) by using the measured ion satura-

tion current density and the bulk temperature of electrons.

4,4 Discussion

Tt is natural that this relatively high heat flux is due to the
electrons in the 100 - 200 eV range of energy. Hereafter, we shall call
these electrons epithermal. The loss mechanism of the epithermal
electrons from the main plasma column is discussed in Ref. [12]. To
confirm the relationship between heat flux and epithermal electrons we
make some simple analysis following Lovberg [7]. We assume the electron
velocity distribution to be a two-component Maxwellian, i.e.

2 i/2 mv,, <

m
n, = I ngk ( ) exp (- )
© k=1 T 2mTey 2oy

(3)

where ng, and m are the density and the electron mass, and subscripts 1

and 2 refer to the low- and high-energy components, respectively,
Furthermore, we make two assumptions: 1) Ton temperature T; is equal to
Te1- This held roughly true in the scrape-off layer due to a multi-grid
analyzer. 2) Secondary electrons are emitted from the backing plate of

the thermometer. These are induced by electron impact only. The secondary-
electron emission coefficient on a molybdenum surface, § (electrons/electren),
is taken from Ref. [13], The data in Ref. [13] are given for monoenergetic
electrons. In the present analysis, however, we adopt the mean energy

for the incident energy of the primary electrons. This treatment seems

to be correct because ¢ can be derived from Eq. (4) if the potential
difference between the plasma and the electrically insulated plate is

known, and it is experimentally confirmed that & obtained in this way 1is

in good agreement with the data in Ref. [13] for various plasma parameters,
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i.e. Tg = 20 ~ 50 eV,

Ion-induced secondary electrons are not considered here because
the secondary-electron emission coefficient due to ion impact on a
molybdenum surface is much smaller than that due to electron impact in
the energy range considered,

A floating potential ¢, of the backing plate, where the space
potential is set zero, can be determined by the condition that the net

current to this plate is equal to zero, i.e.

Z 1-s 8T e 8T,
~ Ok ek, 1/2 o _ & i l/2
Lo Mg ) exp T =7 % Ux ) (4)

k=1 ek

where ny is the ion density, M is the ion mass and £ a correctiom factor

of the electron-to—ion saturation current ratio in a strong magnetic

field. £ was measured by a plane prcbe for the scrape-off layer plasma

in DIVA and has a value of 2 ~ 4. Typical data for Toy, Tep, correspond-
ing secondary emission coefficients &y, &, and nel/n0 at Z = 45 mm, t =

20 ms are 55 eV, 198 eV, 0.59, 0.98 and 0.083, respectively. The calculated
¢ using £ = 3 at 20 ms is shown in Fig. 7. The heat flux to the thermo-

meter can be written as

' 2 M €9 3/2 ety edo
- —_— -— _ 4 _— _
q IsTel[g — {(1-e)exp o eh?/ Zexp TeZ} + 2 Tel] (3
1 8Ti 1/2

where h = TeZ/Tel’ £ = ne2/no and IS =% n, (TTM ) .
This may be compared with the heat flux in the absence of a high-

energy tail, by rewriting it in the from

FYI T (6)

gﬁ% (7

1-3;

a
il

P O -
vy = 2(1‘61 + 1) 1n

where vy is the heat transmission rate in the absence of a high-energy
tail, equal to 6.7 n 8.6 for hydrogen plasma with To1 = 7 — 55 eV and
£ =3, and F is the correction factor for the two-component model,

For the parameter range of the present experiment, i.e. h < 4,0 and
£ £ 0.1, the low-energy term in the left-hgnd side of Eq. (4) is dominant,

In this case ,e¢, and F are approximately written as follows:
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m
M
eqbo = Tel 1n (1—51)(1-5) (8)

g ed
RO RNIEY - SRS | ST
F Y[2(1_61+l)+EJ:eh {(1_51)(1_5)} Tel] (9

Theée approximate forms of e¢, and F are in agreement with the exact
value from Egqs. (4, 5) within 10 %, using the measured values of h and e.
Before we compare theory and experiment, we shall estimate the accuracy
of the experimental data of the heat flux.

The transverse heat transfer in the backing plate of the thermometer
was already discussed in Section 4.3. Another probable error in the measure-
ments is due to the fact that the floating potential of the backing plate
of the thermometer is shallower than expected from Eq. (4) since the
dimension of the backing plate, 8 mm, is larger than the characteristic
length of spatial variation of the floating potential.

If the bias voltage of the thermometer is shallower than the local
floating potential, the heat flux is higher than that of a plate at local
floating potential. To confirm this statement, the dependence of the
heat flux on the bias voltage of the thermocouple sheath (diameter
0.25 mm) was examined. Tigure 8 shows the time-integrated heat flux to
a thermocouple as a function of the bias voltage with respect to the
vacuum chamber.

" In this figure, probe characteristics are also depicted. These were
obtained by employing a stainless-steel sheath of the thermocouple as an
electrode,.

The transient heat fiux as a function of the bilas voltage ¢ is given
by substituting ¢ instead of ¢, in Eq. (5). It is with this equation
that the time-integrated heat flux shown in Fig. 8 is compared although
a rigorous comparison would be rather inadequate since both electron
temperature and ion saturation current change in time during the discharge.

The minimum heat flux is obtained from the condit:i.on(—irc1

=0, i.,e
g , i
¢¢=¢m
N A
edy = Te1 In 5 iy (10)
assuming ¢ = 0 for simplicity.

The floating potential, by setting the secondary-electron emission

coefficient zero, is given as
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ed, = Toq In EJ%; (11)

The difference between the two potentials ¢, - ¢, is about 0.7 T,j/e, by

m
using £ = 6.4 from the probe characteristics shown in Fig. 8. This is
consistent with the experiment, where the minimum heat flux is realized
in the vicinity of e¢ = e¢, - T,.

Let us estimate how much the heat flux measurement was affected by
the above-mentioned effect. TFor example, we consider the peak heat flux
at t = 20 ms (Fig. 5). The calculated local floating potential is -94 V,
In this case, q = 18.5 IgTe3, where & = 3 is assumed. The floating
potential of the backing plate of the thermometer placed at Z = 45 mm can
be calculated from the equatiomn, integrating Eq. (4) from Z = 41 mm to
Z = 49 mm, and is about -85 V. From Eq. (5), q becomes 19.8 I,T,1. From
this result, it can be said that the heat flux measurement was affected
within 10 % because the thermometer was not at local floating potential,
and that the influence of this effect is relatively small. We are now
in a position to compare theory and experiment.

Figure 9 shows the relationship between heat flux g measured on the
electron side of the divertor and the correction factor F calculated
exactly from Eqs. (4, 5) by using experimental data for h and ¢, and £ = 3.

Heat fluxes are averaged in space over the aperture of the multigrid
analvzer. The error bars for q are determined so as to include the
widest range between the shot-to-shot deviations and the temporal changes
for the neighbouring time steps, At = *1 ms. The error bars for F are
due to the ambigulty of £. The upper values correspond to § = 2, the
lower ones to & = 4. The values of q corresponding to F = 1 are those in
the absence of epithermal electrons. It is seen that there is a strong
correlation between the relatively large heat flux and the presence of
epithermal electrons.

The relationship between the measured heat flux q and FylgT,; is
shown in Fig. 10. As a whole, they are in good agreement.

The present experiment was performed under discharge conditions with
additional gas injection., The relatively large heat flux on the electron
side of the divertor has a strong correlation with the epithermal electrons
whose energy range is 100 to 200 eV, and has no ceorrelation with tﬁe
runaway electrons., If the amount of additional gas was increased, the

number and the kinetic energy of the epithermal electrons became small.

Hence, the heat flux was also relatively small.



JAERI-M 8890

On the other hand, in the case of no additional gas injection, the

heat flux becomes very large.

The peak values of the heat flux at 15 ms for three additional gas

injection rates are tabulated in Table 1.

4.5 Summary

The thermal interaction between the plasma and an electrically

insulated plate in the divertor region of DIVA, where Te & 50 eV and

e &

1 x 1012 em~3, was investigated experimentally.

The results show that the heat flux to the divertor can be calculated

from a simple sheath model including secondary-electron emission effects

even if epithermal electrons are present.

This result can be applied to the thermal interaction between the

plasma and the limiter in a conventional tokamak.
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Table 1 Comparison of heat flux peak values for
different additional gas injection rates.

Rate of an additional
gas injection

Peak values of heat flux

0 Hz/S
1.7 = 1019
4.5 x 1019

2200 Watts/cm?
330
180

@ CERAMIC HOLDER
@ Mo PLATE

@ Ni FILM
@ Si0 FILM

T
. —

Fig., 1 Schenatic

drawing of thermometer.
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{a)

=300V

Fig, 2 Schematic drawing of electrostatic multigrid energy
analyzer and potential distribution between grids E, -
Gy, G, and collector C for (a) ion and (b) electron

energy analysis.
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80
DIVERTOR Ricm)
HOOP
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Fig. 3 Cross-sectional view of DIVA.
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Fig. 9 Relationship between heat flux g and correction
factor F for the two-component model.
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5. RADIATION LOSS AND POWER BALANCE IN AN OHMICALLY-HEATED TOKAMAK
PLASMA

The radiation loss is measured quantitatively by a pyroelectric
detector calibrated by heavily contaminated resistive discharges. The
results are: (1)} radiation loss power due to low-Z impurities does not
play an important role; {(2) radiation loss power due to the pseudo-
continuum from high-Z impurities affects the power balance of the confined
plasma; (3) the time dependence of energy loss channels is clarified in
the gross power balance, a fact of which attests to the reliability of

the radiation measurements carried out by the pyroelectric detector.

5.1 Introduction

Radiation losses significantly affect temperature, power balance and
stability of tokamaks. In particular, high-Z-impurity effects (such as
Mo, W, and Au, etc.) will become much more serious in future tokamaks
because the plasma will easily be contaminated by high-Z-impurities [1]
radiating a large amount of power [2].

In the TFR, radiation is measured spectroscopically and bolometrically,
the former method showing radiation due to oxygen to be dominant and
the latter one demonstrating correlation with the molybdenum signals; no
agreement of these two methods has, however, been obtained [3]. The
complexity of the spectrum due to heavy impurities seems to make it dif-
ficult to estimate the radiation loss. A Veco "Thinistor' and a pyro-
electric detector are used to measure the radiative power in ATC [4] and
ORMAK [5], respectively. However, radial profile or comparison with
spectroscopy have mot been obtained.

DIVA i5 a tokamak with an axisymmetric divertor, and spectroscopic
and various probe measurements carried out at several places around the
torus have shown that the detected flux (photons and ions) and the tem-
perature do not depend on the detector position along the toroidal
direction [6]. Divertor and toroidal symmetries facilitate attacking
the problem of impurities and radiation losses.

In this chapter, we attempt: (1} to calibrate a pyroelectric

detector and te evaluate the radiative power and its radial profile

quantitatively, (2) to obtalin a quantitative correlation between bolometric

and spectroscopic measurements, and (3) to clarify the time dependence of
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various loss channels in the DTVA energy balance.

The pyroelectric detector is calibrated by using resistive dis-—
charges (i.e. discharges with cleaning processes setting in early), and
this calibrated value represents an uppermost value for the detector
sensitivity. The total value and the radial profile of the radiation
loss are obtained over a wide range in Ohmic-heating power.

Radiation loss due to low-Z impurities does not play an important
role, and the pseudo-continuum in the range of 120-240 3 has a good
correlation with the signal observed by the pyroelectric detector and
dominates the radiation loss. 1In a discharge without divertor, the
radiative power due to the pseudo-continuum increases by a factor of
five,

The power balance study shows that radiative power, charge-exchange,
and conduction and convection losses are 30 %, 10 % and 60 %, respectively,
for 10 kG, and 23 %, 7 % and 70 % of Ohmic input power, respectively,
for 20 kG with divertor operations.

Section 5.2 shows the experimental set-up, and Section 5.3 the
calibration of the pyroelectric detector. The experimental results and
the correlation between the results of measurements carried out with the
pyroelectric detector and the spectroscopic measurement in the vacuum-
ultraviclet region are shown in Section 5.4, Section 5.5 discusses the

gross power balance, and conclusions are drawn in Section 5.6.

5.2 Experimental Set-up and Method

DIVA is a tokamak with an axisymmetric divertor, and the cross-
sectional view of the device is shown in Fig. 1. The main plasma is
surrounded by a copper shell which is divided into four sector pieces
in the toroidal direction and is ion-plated with gold to reduce gas
absorption. The shell has an opening towards the burial chamber which
is made of stainless-steel. There are a divertor hoop and titanium
evaporation sources in the burial chamber. A part of the shell, i.e.
the movable shell, can be moved vertically to vary the width of the
opening connecting the plasma with the divertor. The movable shell,
titanium-alloy wires and copper rods supporting these wires are removed

in the 20 kG experiment. The protection plates of gold act as a limiter

for the discharge without diverter. A more detailed description of

this device is found in Ref. [7].
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In addition to conventional measurements, the diagnostics used are:
a) the pyroelectric detector, which will be described in the next section;
b) a grazing-incidence vacuum monochromator calibrated by a branching-
ratio methed (20-1300 R) f8]; ¢) Langmuir probes, and an electrostatic
multi-grid energy analyzer, which are used to measure scrape-off-plasma
parameters such as plasma density, electron and ion temperatures, and
particle flux to the divertor [9]; d) thermo-meter and/or thermo-couple
probes which measure the heat flux to the divertor with a resclving time
of 0.2 ms and 5 ms, respectively [10].

The total outflux to the shell from the main plasma is measured by
biasing each four sector pieces negatively with respect to ome another

to collect the ion saturation current impinging on each surface [9].

5.3 Calibration of the Pyroelectric Detector

Time-resolved measurements of radiation including charge-exchange
neutral loss flux have been carried out by a vertically scanning colimated
pyroelectric detector., The detected flux {neutrals and photons) does net
depend on the detector position in the toroidal direction, It is not
clear how much the absorption coefficient of the pyroelectric detector
refers to the vacuum ultraviolet region and how much to the charge-
exchange fast neutrals, Thus, the surface of the pyroelectric element
is covered with the same material as the first wall, i.e. gold, and the
energy deposition by fast neutrals and photons on the element surface
is expected to be the same as the flux impinging on the first wall.

One convenient methods is to use a tokamak plasma as a light source
to calibrate the pyroelectric detector, but usually the radiative power
is not clear. The radiative power can be estimated to be almost equal
to the Ohmic input in heavily contaminated discharges.

A calibration of the pyroelectric detector has been performed in
the course of discharge cleanings, in which the plasma is heavily con-
taminated, and it is expected that almost all of the Ohmic input energy
is translated by radiation to the shell surface. Thus, we can estimate
an upper limit of the radilative power, including neutral loss flux.

Figure 2 shows the relative radiation loss per unit length of the

plasma column measured by a vertical scan of the collimated pyroelectric

detector and the input power in the cource of the discharge cleanings.

The open circles are obtained in the early phases of the discharge
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cleanings. In these cases, toroidal symmetry is also established.

An example of plasma current, loop voltage and a signal from the
pyroelectric detector at the center of the column is also shown in Fig. 2.
The loop voltage Vi is 20-30 V and is well correlated with the radiative
power. These open circles give the maximum of the radiative- to-input-
power ratio. The black circles are cbtained in the middle stage of the
discharge cleaning, and Tp, Vi and the radiative power are also shown in
Fig. 2. Many voltage disruptions have been observed and, in this case,
the radiative~ to-input-power ratio is smaller than in the case of
resistive discharges.

The calibration of the pyroelectric detector was done with discharge
cleaning pulses, which usually have low temperature and density and which
may have spectral compositions from those of regular pulses, Thus, we
have assumed the spectral response of the pyroelectric detector to be
flat and the gold plating not to act as a filter, The calibration of
the pyroelectric detector by the afore-mentioned method only is not always
accurate. The consistency of these assumptions will be demonstrated in

the course of a power balance study in Section 5.3,

5.4 Experimental Results
5.4,1 Characteristics of Discharges

There can be two types of discharge operations in DIVA: with and
without divertor. The discharge with divertor is characterized by Ip/Ip =
1.2, where Iy and Ip are the divertor and the plasma current, respectively,
and there is a separatrix in the shell, Therefore, a fraction of particles
and heat flows to the burial chamber., For the operation without divertor,
we have ID/IP = 0.46; in this case, the separatrix is outside the shell
and there is mno particle and heat flow to the burial chamber.

The electron temperature T, as measured by laser scattering is about
180-250 eV at r = 3 cm, and the ion temperature T; as measured by a
charge-exchange spectrometer is 80-100 eV, in both cases at the center
of the column,

The plasma radius is limited by the gold protection plates (i.e. a
limiter) in the operation without divertor; and the radius of the current
channel is 10 cm and is larger than that in the operation with divertor
(8.5%9 ¢m), in which the current channel is limited by a magnetic limiter.

In both cases, the plasma currents are determined so as to have the same
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safety factor at the limiter gqg.

Figure 3 shows a signal of the pyroelectric detector along different
chords (dotted line) and the caculated radial profile of the power
density (solid line), in discharges with and without divertor.

Both cases have almost the same T and Ty at the center of the
column, and a total electron number of Ny, The loop voltage is, however,
by factor of 2.5 smaller for discharges with a divertor than for those
without one, and the radiation loss including neutral flux is also smaller
by a factor of three. It should be noted that, for similar plasma
parameters, the power throughput is by a factor of three smaller for
discharges with divertor than for those without one.

This indicates that the energy confinement time, Tg» 1s increased
by a factor 2 or 3 for a discharge with divertor, which seems to be a
result of the decrease in radiation loss. The radiation loss i1s not the
dominant factor in the power balance, even for the case without divertor,
The electron temperature profiles are, however, strongly affected by the
radiation loss. The divertor increases the radius of the hot column by
reducing the radiation loss and increases the energy confinement time
because the Internal energy of the plasma is concentrated in the hot
column [13]. The energy confinement time is discussed in detail in Ref.

[14].

5.4.2 Pseudo~continuum

Impurities observed with vacuum-ultraviolet spectroscopy are grouped
into light elements (C, N, 0} and heavy elements {(Au, etc.). The spectro-
scopic intensity of the light elements can be reduced to half of its wvalue
by flushing titanium on the divertor chamber surface. On the other hand,
the resistivity is not remarkably changed, when the amount of light
element is reduced to one half. The density of light impurities is less
than 1 % of the density of the electrons before titanium flushing, and
the radiation logs due to light impurities is spectroscopically estimated
to be 6 kW [11]. The reduction of radiation loss due to the reduction of
light impurities by a factor of two is bolometrically estimated to amount
to 2-3 kW. Thus, the radiation loss due to light impurities can be
estimated to be 4-6 kW (20030 % of the radiative power measured by the
pyroelectric detector) at 10-15 ms in the operation with divertor and no
titanium’flushing. Therefore, heavy elements dominate the radiation

losses in DIVA experiments.
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Figure 4 shows the power spectrum versus the wavelength in the range
120 A - 240 R, i.e. the pseudo-continuum, in the cases with and without
divertor. The spectrograph at wavelength between 20 and 2000 A shows
that the radiative power from the plasma is concentrated in this range [12].

The signal from the pyroelectric detector is sensitive to this pseudo-
continuum. Unfortunately, it is quite difficult to identify the origin
of this pseudo-continuum. When the particle and heat fluxes to the
burial chamber are intercepted by the gold-plated movable shell, the
line radiation of Aull (1800.85, 1973.31 and 1783.22 3) measured by a
normal-incidence vacuum monochromator has increased, and, simultaneously,
the intensity of the pseudo-continuum has also increased. This fact
suggests that the pseudo—continuum is due to gold.

Figure 5 shows the correlation between the line-integrated radiative
power measured by the pyroelectric detector (Ppy) and that of the pseudo-
continuum at the column center.

Open circles represent the case without divertor and black circles
that with divertor; @, @®and © indicate the various conditioms of the
burial chamber, e.g. the case in which particles and heat flux to the
burial chamber are intercepted by the movable shell. The details of
these cases are described in Ref. [12]. The triangle designates the
optimum condition, i.e, the case where the whole particle and heat flux
to the burial chamber is intercepted by a molybdenum target {13}, whose
heat and sputtering characteristics are better than those of the materials
used in DIVA.

There is a good correlation between the radiative power measured by
the pyroelectric detector and the radiance due to the pseudo-continuum.
The radiation loss due to heavy impurities in the optimum condition
becomes comparable to the power loss due to charge-exchange fast neutrals.

The radiative power due to the pseudo-continuum is reduced by
introducing the molybdenum target in the divertor, and, in this case, the
other plasma parameters are not remarkably changed. Figure 6 shows a
correlation between the decrease of Ppy and that of the radiative power
due to the pseudo-continuum, There is a linear correlation, and, from
the slope, we can evaluate the radiative power due to the pseudo-
continuum. The value calibrated by this method is by a factor of three
smaller than that calibrated by a branching-ratio method [8] and is with-
in the accuracy of the calibration.

Figure 7 shows the radiation loss due to the pseudo-continuum
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calibrated by this method, in the cases with an without divertor operation,
The radiation loss due to the pseudo-continuum is 8.5 kW for ﬁhe discharge
with divertor and 39 kW for that without one at 15 ms. We can estimate
the gold-ion density and an effective ionic charge Zorf by using the
results of Ref. [15], under the following assumptions: (i) most of the
energy radiated by gold is in the detected pseudo-continuum; (ii) corona
equilibrium is attained in the central plasma; (iii) the profile of the
pseudo-continuum is the same as that measured with the pyroelectric
detector shown in Fig. 3; (iv) the contribution from the light impurity
to Zg,er is neglected because the density of the light impurity is about
1 % of the electron density. The estimated gold-ion density at the center
of the column is 0.3 % of the electron density for the discharge with
divertor and 1.5 % for that without one, at 15 ms. Then, the resulting
Zoff 1s about 2 and 6 for the discharges with and without divertor,
respectively. On the otherhand, the resistivity anomaly calculated on
the assumption q(0) = 1 is 2-2.5 and 6~8 for discharges with and without
divertor, respectively, and is consistent with Zogf determined by the
pseudo-continuum.

In conclusion, we can state that the divertor reduces the plasma-
wall interaction and, consequently, reduces the radiation loss due to

heavy impurities.

5.5 Power Balance with Divertor on

In this section, gross properties of the energy balance will be
investigated. The determination of the gross energy loss chanmels
gives comfirms the calibration of the pyroelectric detector and the

results described in the previous section.

5.5.1 Power Balance in the 10-kG FExperiment

The discharge parameters are shown in Fig. 8; the toroidal magnetic
field is 10 kG and Ip/Ip = 1.2. The electron temperature at r = 3 cm

and the lon temperature at the centre of the column at 10 ms are 180 * 50 eV

and 100 + 20 eV, respectively.
(1) Conduction and convection

An outflux from the plasma can be obtained by ion saturation current

falling on each of the shell (or vacuum chamber) surfaces which are
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biased negatively with respect to one another.

Figure 9 shows the particle flux to the shell, protection plates,
movable shell, and burial chamber.

Heat flows to the shell and the protection plates are calculated by
Qs = vIgTe [10], where I, is the ion saturation current to the shell {(or
protection plates) and Y is termed a heat transmission rate; experimentally,
¥ = 5 is obtained near the shell surface. From this equation, and using
the ion saturation current impinging on the shell, we can estimate the
heat flow to the shell and the protection plates. 1In a present experi-
ment, the electron temperature on the surface of the shell measured by
Langmuir probes is 15 - 20 eV.

The heat flow to the divertor is measured directly by a thermo-meter
(and/or a thermo-couple probe). In the divertor region, the heat
transmission rate is higher than the value predicted by a simple sheath
model (i.e. y = 7.8) for hydrogen plasma of T, = T;, because of the
existence of epithermal electrons and v = 8-20 [10]. The heat flows
due to conduction and convection are 25 kW, 6 kW and 3 kW to the shell and

and protection plates, the burial chamber, and the movable shell, respectively.

(2) Radiation loss and charge—exchange fast neutrals

The energy loss from the main plasma through the radiation and fast
neutrals measured by the pyroelectric detector is about 40 % of the
Ohmic input, and 22-23 kW at 10 ms. The radiation loss due to the pseudo-
continuum measured by the vacuum-ultraviolet spectroscope calibrated in
the previous section amounts to about half of the loss measured by the
pyroelectric detector.

The energy loss due to charge-exchange fast neutrals is measured by
a charge-exchange spectrometer; this value is checked by a two-dimensicnal
Monte-Carlo code, The experimental and calculated values are consistent,
6-8 kW at 10 ms.

The composition of the loss measured by the pyrecelectric detector
is shown in Fig. 10. The remaining part of the loss may be due to light
impurities. The value is 4-6 kW at 10 ms and 2-4 kW at 15 ms, and these
values are consistent with the value estimated by spectroscopic and
bolometric measurements as described in Section 5.4, paragraph 2.

The time variations of the energy losses in each channel are shown
in Fig. 11. The sum of these energy losses coincides well with the Ohmic

input power.
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The energy balance study at 10 kG shows that the radiative power,
the charge-exchange loss, and the conduction and convection losses are
about 30 %, 10 %, and 60 % of Ohmic input power, respectively. This
imparts consistency to the independent measurements of the energy loss
channels, and makes a measurement of the radiation loss by the pyro-
electric detector reliable,

However, the result of the energy balance study for 10-kG experi-
ment has still an uncertainty insofar as the conduction and convection
losses to the shell have been obtained by a calculatien using the
experimental values of Ig, T., and the heat transmission rate y, and is
the largest energy loss channel which occupies 40 % of the Ohmic input
power. The heat transmission rate v includes an error of a factor of 1.5
and T, amounts to *20 %, and the resulting energy loss to the shell may
include an error of a factor of 1.5-2,0., TIn the next sub-section, we
shall check the relative accuracy of the measurements in experimental
conditions in which conduction and convection losses to the shell

consistitute a smaller part of the Chmic input.

5.5.2 Power Balance in the 20-kG Experiment

In this section, we describe preliminary results of an energy
balance study in a 20-kG DIVA discharge. Here, movable shell, titanium
wires and their supports shown by dotted curves in Fig. 1 have been
removed; the rest of the configuration is the same as in the 10-kG
experiment.

The plasma parameters are Ip = 40 kA, T,y = 0.7 keV, ngy = 0.8 x 104"
em ® and the Ohmic input power Pj, = 140 kW. The ion temperature Tj
agrees with the Artsimovich scaling law and is 270 eV. The pseudo-
continuum is observed in the range of 45-250 A in the present experiment,
and low-Z-impurities are more influential than in the 10-kG experiment [13].

The radiative power including charge-exchange losses measured by the

pyroelectric detector is 41 kW, The charge-exchange loss calculated by

the two-dimensional Monte-Calro code amounts to 10 kW. The heat flux to
the divertor measured with the thermo-couple probe is 80 kW and occupies
about 55 % of the Ohmic input power.

The heat flux to the shell and the protection plates is calcualted

from I, T, and v. The particle flux to the shell and the protection

e
plates is 180 A, and the electron temperature near the shell is 20-25 eV.
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Assuming v = 5, the calculated heat flux to the shell is 18-23 kW and
occupies only 15 % of the Ohmic input power. The sum of these losses is
140-145 kW, and is in good agreement with the Ohmic input power. The
results are summarized in Table I.

This result also imparts consistency to the independent measurements
of the energy loss channels. The uncertainty described in the 20-kG
experiments becomes small because the calculated heat flux to thershell
represents only 15 % of the Ohmic input power. The Ohmic input,
conduction and convection losses to the shell and the burial chamber are
140, 18-23 and 80 kW, respectively, and the remaining part is considered
to be lost by radiation and charge-exchange neutrals and is 37-42 kW.
This value agrees well with the value (41 kW) measured by the pyroelectric
detector. Thus, the calibration of the pyroelectric detector described

in Section 3.3 gives good accuracy.

5.6 Summary

The radiation loss is quantitatively measured in discharges with
and without divertor, and the experimental results can be summarized as
follows:

(1) The pyroelectric detector, which is sensitive to radiation and
neutral leoss flux, is calibrated by heavily contaminated resistive dis-
charges.

(2) Radiation loss due to low-Z-impurities does not play an important
role, and that due to high-Z-impurities has a great effect and is
respongible for the radiation loss from the main plasma.

(3) A pseudo-continuum observed in the range of 120-240 R is well
correlated with the radiative power measured by the pyroelectric detector.
In optimum operation with divertor, the radiation loss due to heavy
impurities becomes comparable with the power loss due to charge-exchange
hot neutrals; on the other hand, in the operation without divertor, the

radiative power due to the pseudo-continuum increases by a factor of five.

(4) The time dependences of the energy loss channels were clarified in
the gross power balance., The radiative power, charge-exchange loss,
and conduction and convection losses are 30 %, 10 %, and 60 7 of the
Ohmic input power, respectively, in the 10 kG operation, and 23 %, 7 %,
and 70 7 of the Ohmic input power, respectively, in the 20-kG operation

with divertor.
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(5) The assumption of flat spectral response of the pyroelectric detector
is justified by the consistency prevailing in the power balance study,
and the measurement of radiation loss by the pyroelectric detectoer and

of other loss channels is reliable.
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Table 1 Particle and heat flow in 20-kG
experiment with divertor operation

Particle flux {A) Heat fluk (kW)
N 1 . [ charge-
Divertor Siiiitzzd Divertor S?iiiti?d Radiation .exiiizge
80 180 80 18-23 31 10
(31 %) {69 %) (57 %) (13 %) (22 %) (8 2
1 TURN LOQP COIL
SHELL
Z l VACUUM
(emi} CHAMBER
“\
' MOVABLE
D;;!/_EARTTEOR PROTECTION
N PLATE

! -

80

DIVERTOR R
__HOOP

{cm)

A

TOROIDAL COIL

Fig. 1 Cross—sectional view of DIVA. The movable shell,
the titanium-alloy wires and the copper rods supporting
the titanium-alloy wires which are indicated by the
dotted lines are removed in the 20-kG experiment.
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(10° mvem )

Poy

Fig. 2 Ppy: Relative radiation loss per unit length of plasma column
measured by a vertical scan of the collimated pyroelectric
‘detector; Wi{p: Ohmic input power in the course of discharge
cleanings. Plasma current, loop voltage and signals from
pyroelectric detectors are also shown in this figure.  The
'golid line indicates the calibrated value which is obtained
by assuming that the eéntire Ohmic input energy is tramsported
to the shell surface by radiatjion.
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Correlation between radiative power measured by the
pyroelectric detector and that of the pseudo-
continuum. Closed and open circles represent cases
with and without divertor; the triangle refers to

the optimum condition. Various conditions of the
burial chamber {(cases B, C, D in Ref. [12]) are shown
by © , ® and ©® , respectively.
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6. POWER BALANCE IN AN ICRF-HEATED TOKAMAK PLASMA

6.1 Parameter Survey for the Optimum Ion Heating

ICRF heating of impurity-free tokamak plasmas is studied in DIVA.
The frequency is fixed at 25 MHz, which is a second-harmonic cyclotron
frequency of deuteron with a toroidal magnetic field of 16.4 kG. The
toroidal field By and the ratio of proton-to-deuteron density ep are
varied over ranges of 12 < Bp < 19 kG and 2 < ep < 40 7%, respectively.
The most favourable ion heating is obtained at By = 18 kG and €p = 5~ 10 %,
Ion temperature Increases from 200 to 300 eV were measured by charge-
exchange neutral analysis and also by spectroscopy, where 100 kW RF net
power were applied. The results are consistent with mode-conversion

theory.

6.1.1 Introduction

This chapter describes high-frequency wave heating in the ion cyclotron
range of frequency (ILCRF) in the DIVA tokamak {1], using a second-harmonic
cyclotron frequency of deuterium for a pt + g' discharge, where the latter
igs a minority component. ICRF heating has been intensively investigated
in several tckamaks, i.e. early experiments in T0O-1[2], TM-1-Vch[3], ST[4],
and recent experiments in TFR[5], TM-1-VCh[6], T-4[7], ATC[8], etc. Those
experiments were mainly performed for a deuterium plasma with a minority
proton component, using a second-harmonic cyclotron frequency of deuterium.
Wave—damping mechanisms have been also investigated in theory [9-11}. In
TFR, it was shown that the variation of the wave amplitude versus major
radius location of a harmonic cyclotron resonance laver of deuteron in a
plasma cross—-section was asymmetric with respect to the plasma center [5].
This asymmetry was well explained by the theory of mode conversion of the
magnetosonic wave in the two-ion hybrid resonance layer [9, 11]. 1In
addition, it was reported, though preliminarily, that the heating
efficiency depended on the amount of the proton component, i.e. the
ion temperature increase AT; associated with the RF pulse was reduced to
50 % when the amount of H'T was increased from 8 to 20 %, which again
agreed with mode-conversion theory [12].

Thus, it is generally recognized that the heating mechanism of LCRF
heating using a second-harmonic cyclotron frequency of deuterium for a

pt + u* discharge is due to the mode conversion of the magnetosonic wave
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in the two-ion hybrid resonance layer. However, details of the heating
mechanism are not yet known because of a lack of reliable information on
the ratioc of proton to deuteron density during the RF pulse as well as
on impurity effects. In the RF heating experiment, it is indispensable
to keep Impurity influxes as small as possible when the RF pulse is applied,
in eorder to exclude the pbssibility of plasma heating due to impurities.
Assuming Z.¢f = 4 and oxygen impurities, more than 10 % of oxygen are
present in a ot + gt plasma. In this situation, the effects of 08+ and
07+ must be taken inte account. In addition, if the first wall is not
well conditioned, the electron density and the amount of impurity influxes
increase on applying the RF pulse. Then, AT; associated with the RF pulse
is partly due to the increase of Joule input with the increase of impurity
influxes. The first wall of DIVA was thoroughly flushed by titanium.
Extremely pure plasma was obtained, i.e. Zgoff = 1. The radlation loss
was less than 10 kW for the Joule input of 85 kW. The one turn loop
voltage Vq, and the electron density were not affected in the experiment
supplying an RF net energy of 1 kJ, WNo limit has been found for the RF
net energy, as vet.

We have examined the dependence of the charge-exchange neutral energy

spectrum on the toroidal field By and the ratio of proton to deuteron

density €, over the ranges of 12 < Bp < 19 kG and 2 < £p £ 40 %, respec-—
tively. £p Was measured spectroscopically during the RF pulse. The mest
appropriate conditions of By and £p were found in which the maximum bulk

ion heating occurred, no high-energy tail was present, and no adverse

effect on the plasma confinement was observed.

6.1.2 Experimental Set—up

The generator was operated at 25 MHz which is a cyclotron frequency
for hydrogen, Weys> OT the second-harmonic cyclotron frequency for
deuterium szD at 16.4 kG. The RF power can be up to 200 kW. Figure 1
shows a cross—-sectional view of DIVA, together with a launching structure
{antenna), a matching network and a transmission line, The launching

2 in cross—

2

structure was made of a half-turn copper strip, 2 x 0.3 cm
section, 10.4 em in radius, and of a ceramic cover, 3.5 x 1.5 cm= in cross-~
section, 10 em in inner radius. The launching structure was placed in the
shell gap and protected by a pair of molybdenum guard limiters (not shown
in Fig. 1), which prevent the ceramic cover from direct contact with the

plasma. No Faraday shield was used for the present experiment.
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The RF power was transmitted through a co-axial cable (RG-19U) from
the generator to a two-stub matching network. The RF power was monitored
by a directional coupler in front of the matching network. The coil
current was measured by a current probe placed near the midpoint of the
antenna. The end of the antenna was terminated to the vacuum vessel as
is shown by the dotted line in Fig. 1. As the antenna length is much
shorter than a wavelength corresponding to 25 MHz in free space, the coil

curvent measured at the mid-point of the antenna is almost a peak value.
Pf-Pp

2
Ic

The antenna loading impedance Ry can be calculated from R, =
(2), where Pg, Pp and T, are incident and reflected powers and the
coil current, respectively.

The perpendicular ion temperatures were measured with a 10-ch charge-
exchange neutral-particle energy analyser and a Czerny-Terner mounting
vacuum monochromator. Both were placed at almost diametrically opposite
ports of the antanna. The charge-exchange analyser is not capable of
discriminating mass differences, and its signal contains contributlons
both from deuterium and hydrogen. Ion temperature profiles can be obtained
from the Doppler broadening of impurity linés by scanning the monochromator
[13]. Parallel ion temperatures were not measured for the present
experiment.

The electron temperature and density were measured by laser scattering
and by a 2-mm microwave interferometer, respectively. In the scrape-off
layer, an electrostatic multigrid energy analvzer {14] and a Katsumata
(ion-sensitive) probe [15] were used to measure the parallel and per-

pendicular ion temperatures, respectively.

6.1.3 Discharge Conditions

The experiment was performed under the following discharge conditions:
The toroidal magnetic field Brp was varied from 12 to 19 kG. The ratic of
the divertor hoop current to the plasma current was 1.2, where the latter
was 32.5 kA with a flat-top in the case of Br = 18 kG, Deuterium gas was
admitted by two fast-acting valves and a programmable d.c. gas feeder.

The ratio of proton to deuteron density €p Was measured during the
discharge by the monochromator, which was varied over a range of 2 ~ 40 %
by adjusting the amount of additional hydrogen gas.

The basic plasma parameters in the case of Br = 18 kG:
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Central electron temperature Tap ™ 330 eV
Central lon temperature Tin ™ 200 eV
Averaged electron density ﬁe o4 ox 1013 en™3
One-turn loop voltage Vi, = 2.5V

Plasma current I; = 32.5 kA
Effective charge number Zeff = 1

Major radius R = 60 cm

Antenna {(limiter) radius ap = 10 cm

6.1.4 Experimental Results

The RF power was applied for 3-8 ms. The maximum RF net power was
140 kW, limited by breakdown at the antenna. Although breakdown took
place, the RF power could be raised gradually from a low level to the
maximum power as before. The one-turn loop voltage did not change even
with the application of maximum RF power. The change in the electron
density was also within the shot-to-shot reproducibility of the base plasma,
i.e, less than 10 7, Typical time evolutions of the perpendicular ion
temperature Tj,, the electron line density E;E, the plasma current Ip, the
one-turn loop voltage Vi, and the spectral line intenslty OVIT (1623 R)
are gshown in Fig. 2, Although the OVII radiation increased by 30-40 %,
the impurity level was very low in itself (Zefle). The electron line

density changed only to a negligible extent when RF power was applied.

6.1.4,1 RF measurement

Measurement with the directional coupler and the current probe
showed that the plasma leoading impedance Rg was 6-7 Q. This value changed

only little over the ranges of By and £, in the present experiment. The

P
same measurement, in the absence of plasma, gives a circuit loss R, of
1 ¢. Then, a coupling efficiency was about 0.85. The RF net power, PNet s

igs defined as

Ry - R

c
PNet = TR (Pf - Pp)
Figure 3 shows typical signals from the directional coupler indicating
square roots of incident and reflected RF powers, the current probe and
a magnhetic probe located diametrically opposite to the position of the

antenna, in the case of By = 18 kG and €p = 5010 Z. The signal of the
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magnetic probe shows that there is no resonant peak since the two-ion
hybrid resonance layer exists in the torus. Figure 4 shows %8 as a
function of the major-radius location of the fundamental cycletron
resonance layer for hydrogen, where the frequency was fixed at 25 MHz

and £ = 5-10 %#. As was reported from TFR [5] and ATC [1ll], wave damping

P
is asymmetric with respect to the plasma center.

6.1.4.2 Heating experiments

We first examined the response of charge-exchange neutral spectra,
varying the toroidal field, i.e. the position of the fundamental cyclotrom
resonance layer for hydrogen. Figure 5 shows some examples of charge-
exchange neutral spectra and corresponding cyclotron resonance layers,

In these examples, £, was kept to be 5010 %. The features of these

p
spectra are as follows: (A) The cyclotron resonance layer was located

on the inner side of the plasma cross-section: AT was medium and no
high-energy tail was present; (B) the cyclotreon resonance layer was
located on the outer side of the plasma cross-section: AT{ was large and
also no high-energy tail was present; (C)} the cyclotron resonance layer
was located on the outer edge of the plasma cross—section: AT{ was medium
and a remarkable high-energy tail was built up. Figure 6 compares the
time evolutions of the count numbers of charge-exchange neutrals at 1.5
keV, in these cases. The e-folding decay times of the count numbers
after the end of the RF pulse were (A) 0.7 ms, (B) 1.5 ms and (C) <0,3 ms,
respectively. This indicates that the heating took place in the most
central region in case B. It is consistent with the fact that the two-
ion hybrid resonance layer was located meost closely to the plasma center
in case B since the two—ion hybrid resonance layer lies on the high-field
side of the cyclotron rescnance layer, and strong wave damping occures
near the two-ion hybrid resonance layer, in accordance with mode-conver-
sion theory [10]. Figure 7 shows the ion temperature increase AT
divided by the RF net power as a function of the toreoidal field — the
position of the cyclotron resonance layer for hydrogen. The variation

of ATi/PNet is asymmetric with respect to the plasma centre. The maximum
AT;/Pyet was obtained at Bp v 18 kG, which is consistent with the fact
that the wave damping variation displays deep valley at By v 18 kG as
shown in Fig, 4, Next, we examined the response of the charge-exchange

neutral spectra to the ratio of proton to deuteron density, €ps keeping



JAERI-M 8890

the toroidal field at 18 kG and 16.4 kG. Figure B shows some examples

of charge-—exchange neutral spectra for different values of e¢,. Here,

the toroidal field was fixed at 18 kG. Profiles of the L, lines of
deuterium and hydrogen were measured by the monochromator for each case.
They are also shown in ¥ig. 8, where the curves are normalized at the
peak corresponding to deuterium. Hydrogen and deuterium atoms have
almost the same excitatjon rate coefficients and transition probabilities.

€p Was determined to be

=/—2_PH
P uPD

£

where Pp; and Py are the peak values of the L, lines of deuterium and
hydrogen, respectively, assuming identical temperatures, and o is a
correction factor for the absorption effect of the deuterium L, line by
the ground levels of deuterium. A rough calculation shows that o is
almost unity for the present experiment [16].

Other measurements like mass analysis cof the gas in the device after
discharges yielded values considerably different from those obtained by
spectroscopy. The ratios of amounts of hydrogen to deuterium gases after
discharges were 1.6 and 1.9 %, while the €p values measured by spectroscopy
during the discharges were 9 and 17 %, respective/y. We adopted data from
spectroscopy since a mass—analyser measuring point located within the wvacuum
pump is away from the first wall in the torus. _

The features of spectra as shown in Fig. 8 are as follows: (D) For
Ep < 5 %, a remarkable high energy tail was built up and AT; was medium;
(B} For €p = 5710 %, the highfenergy tail disappeared, and AT; was large;
(E) For £p

small, The decay time of the high-energy tail in case D was 1.2 ums,

> 10 %, there was no high-energy tail either, but AT; was

which was comparable with that of the bulk ion temperature 1.5 ms. In
addition, the former is much longer than that of the high energy tail in
case C, 0.3 ms. Figure 9 shows AT;/Pyor as a function of £p* It can be
concluded that the most favourable heating is realized at ep = 5010 % for
Br = 18 kG.

The radial profile of the ion temperature in the case of €p = 5-10 %
and By = 18 kG was determined from the Doppler broadening of OVIT (1623 K),
CV (2271 R) and CIV (1548 2) lines and from the localization of line

intensities (Fig. 10). The localization of the impurity emissions was
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experimentally confirmed by measuring the spatial distributions of their
total line intensities. The spatial distributions of the total line
emission coefficients were o-tained by applying the Abel inversion
method to the radiances observed along different horizontal chords.

For the central jon temperature, data from the charge-exchange were
adopted. The ion temperatures in the scrape-off laver were measured by
the multigrid analyzer and the Katsumata probe. The ion heating in the
overall plasma cross-section is shown in Fig. 10; the radial profiles

of electron temperature and densdity are depicted in Fig. 11. The latter
was obtained from an Abel inversion of the line densities measured by the
microwave interferometer, and data from laser scattering were also plotted
{only in the central core). The change in the electron density profile
was small, if any at all. TFor the electron temperature preofile, peri-
pheral electron heating was observed. When £p Was smaller than 5 %,

no electron heating occurred in the whole plasma cross—section.

6.1.5 Discussion

The results can be compared with the mode-conversion theory by
Jacquinot {17]. According to Jacquinot, a threshold of £p exists for
the mode conversion. Below the threshold, a main part of the RF power
goes to the protons, resulting in the formation of a high-energy tail.
Near the threshold, the second-harmonic cyclotron damping of deuteron is
enhanced by the proximity of the two-ion hybrid resonance [11]. 1In the
experimental results, a remarkably high-energy tail was built up, and AT;
was medium for Ep < 5 %; the high-energy tail disappeared, and AT, was
large for €p = 5710 %Z. For a threshold of ~5 Z, they are consistent,
although no quantitative comparison has been made, as yet., Above the
threshold, the theory expects significant coupling of the RF power to the
electrons. No electron heating was, however, observed in the present
experiment. This is probably due to the use of the half-turn antenna
placed on the low-field side since the wave is reflected on the cut-off
surface till it reaches the mode-conversion layer [18].

Next we consider power balances by using the radial profiles shown
in Fig, 10 and 11.

The steady-state power balances for ions with and without RF power

are given by
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W!
. i .
Péi + PﬁF - s 0 with RF power (1)
Ei
Wy
Poi - ;—T' = 0 without RF power (2)
Ei

i .
where Poi» PRF’ W; and Tpq @re power transferred from electrons to ions,

the RF power to ions, energy of the ions and the ion emergy confinement

time, respectively; the prime denotes quantities with RF power. W, Wi,

P,; and Péi are calculated from the radial profiles of Ti(r), To{r) and
ne(r) shown in Figs. 10, 11, on the assumption of equal perpendicular and
parallel temperatures. These are tabulated in Table 1.

The power balance after the end of the RF pulse is described by

dw} (t) Wi(t)
—— = Pl (8) - Ty (3)
dt el TEi(t)
5 i dwi(t)
From Eq. (1)} and (3), PRF is expressed as Pgpp = - TR t=t,’ where 5

is the time where the RF pulse ends.
Writing the time eveolution of Wi(t) after the termination of the

RF pulse as
|
[ — | - = .
Wi(t) = (Wi Wi)exp( Ts) + Wy
we can write Pi as
A RF
pl =12 (4)

Here T, is the e-folding decay time of the bulk ion temperature after the
end of the RF pulse; it is related to Téi as follows:
v 1
(Wi = Wy)Tpy

W - P TE

(5)

T

Experimentally, 14 was determined from the time evolution of the ion tem—
petature shown in Fig. 2 and was 1.5 ms. Then,.PiF = 38 kW. The ion
heating efficiency is defined as the ratio of P;F to the RF net power Py,
The efficiency is about 40 %. From Egqs. (1) and (2}, Tpi and Téi are
calculated to be 4.8 ms and 3.7 ms, respectively. These results contain

substantial experimental errors (v30 %). Nevertheless, the reduction in
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ion energy confinement time when RF power is applied can be explained by
neoclassical scaling (plateau regime) of the ion energy confinement {19].
The steady-state power balances for electrons with and without RF

power are given as

w'
e e
-P', +P _ - = i 6
POH Pei RF 0 0 with RF power (6)
Ee
We
Poy — Pei e =0 without RF power (7)
Ee
e ' ..
where POH’ PRF’ We and Tpe are the Ohmic input power, the RF power to

the electrons, the energy of electrons and the electron energy confinement
time, respectively. The values of Pgy, W. and wé are shown in Table 1.
PEF is unknown since the time evolution of the electron temperature after
the end of RF pulse has not been measured. Tp, and Tﬁe are calculated

to be 2,2 ms and 1.9 ms, respectively, assuming PEF = (. Thus, RF
heating causes no change in ion and electron energy confinement. The
rest of the RF power went presumably te the edge plasma although the

details are not yet clear.

Conclusions

The TCRF heating expeiment using the 2 Wep frequency for a deuteron
plasma with a minority proton component was performed under extremely
pure-wall condition (Zgfe = 1).

(1) The RF net power was up to 140 kW; an RF net energy of 1 kJ was
applied.

(2) No change in the ome-turnm locp voltage and the electron density was
observed.

(3) The maximum of ATi/PNet was observed at By = 18 kG and €p = 5710 %;

(i) the ions were heated in the overall plasma cross-section;

(ii) no high-energy tail was built up;

{iii) no adverse effects on plasma confinement were cbserved;

(iv) the ion heating efficiehcy was about 40 7.

(4) The results were consistent with mode-conversion theory.
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toroidal fields and corresponding fundamental
cyclotron resonance layers for hydrogen.
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Fig.11 Radial profiles of electron temperature and density
with and without RF power in the case of ¢
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Br=18 kG
30C €p= S~10%
Prar™ 100 kw
t=11ms
200 710
{00 45
O O

Bp = 18 kG,

r {cm)

Table 1 Power balances with and without RF power.

Ne (x10%cm?®)

P

5 - 10 7,

Pog = 85 KW, Pyge = 100 ki, e = 5 - 10 %, By = 18 kG.
We Wy Paq TEe TEi
WITHOUT RF
141 Joule 95 Joule | 20 kW, 2.2 ms | 4.8 ms
e i
We Wi Pei | The | TE4 PRr| PR | Me | N3
WITH RF
158 Joule | 151 Joule 3 kW %1’9 ms | 3.7 ms 7 38 kwWw! 7 A407
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6.2 Power Balance During ICRF Heating
6.2.1 Introduction

In the previous section, we obtained the ion heating efficiency ni
of about 40 7 for the best case. The rest of the RF power was deposited
directly to the boundary plasma. A rapid increase of the boundary
electron temperature was observed on applying the RF pulse. The surface
heating is mainly due to the acceleration of plasma particles by the
electric field between the antenna and the shell.

This time, we have installed a Faraday shield [1l} closely over the
antenna ceramic cover in order to avoid the electrostatic coupling. The
antenna leading impedance and the boundary plasma temperature are compared
between the cases with and without the Faraday shield. The Faraday shield
reduces the antenna impedance significantly and increases the heating
efficiency by a factor of 2.3; which is due to the cancellation of the -
potential gap between the antenna and the shell. We obtain the heating
efficiency nj = 61 v 85 7% with the Faraday shield and ny' = 27 ~ 33 %
without it from the consideration of the gross power balance including the
boundary plasmna. ni' = 27 " 33 % is consistent with one derived from
the decay of the jon temperature after the end of the RF pulse as described
in the previous section.

The heating efficiency is also evaluated from a 1-D tokamak simula-
tion code. The time evolution and the radial profile of the ion tempera-
ture are well simulated with a 1-D tokamak code having 2 ~ 3 times
enhancement of the ion thermal conduction over the neoclassical value,
assuming a rectangular profile of the RF-power deposition of 3 cm radius;
the narrow power deposition is consistent with a fact that the excited
fast wave is converted to the ion Bernstein wave [2] and damped strongly
by the plasma particles near the two-ion hybrid resonance layer which is
located near the plasma centre. We obtain the heating efficiency of 83 %
from the simulation for the case with the Faraday shield.

From PLT [3] and TFR [4], it was reported that a greater part of the
RF-power entered into the minority proton component and then the majority
deuteron was heated by collisional process. Indeed in our experiment, a
slightly higher energy component is present in the charge-exchange neutral
spebtrum, where the analyzer is not capable of discriminating the mass

difference. We regard this as a proton component since the average energy
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of the high-energy component increases with decreasing proton-to-deuteron

density ratio; this is the consequence of the mode-conversion theory [5].

However, the analysis similar to PLT and TFR on the basis of the Fokker-

Planck equation shows that the power transferred from protons to deuterons

alone cannot sustain the observed deuteron temperature. We conclude

that about 70 % of the RF power goes directly to deuterons and the power

transferred from protons to deuterons via collisions is less than 15 Z.
Thus, we have succeeded in the very high efficiency majority deuteron

heating in the plasma core and confirmed it from the power balance study.

6.2.2 Faraday Shield and Other Improvements [6]

The Faraday shield is made of molybdenum strips (5 mm azimuthally %X 1 mm
radially, separated by a 5 mm gap) and U-shaped stainless—steel covers
which surround back and side surfaces of the ceramic cover and has two
gaps azimuthally. The ends of the strips are connected to the stainless—
steel covers, which are terminated to the shells.

One of the other problems asscciated with ICRF heating experiment is
RF breakdown. It occurs at the antenna and the power feed-through insulator.
In order to prevent RF breakdown, the antenna cleaning is performed by
supplying the RF power in the absence of the plasma and generating RF
discharges. If they do not occur, the RF power is raised gradually till
they begin to occur again. These procedures are continued up to a
desirable RF current level. In the previous experiment, the end of the
antenna is terminated to the vacuum vessel. This time we connect ~ %
ceaxial cable with an adjustable short—circuit end, and set the midpoint
of the antenna to be a voltage null point (see Fig. 1 in Section 6.1). The
voltage at the power feed-through is reduced to 50 % for the same RF input
power,

By means of above-mentioned improvements, the antenna current has
increased by a factor of 2, suggesting the effective RF power which is
absorbed by the plasma has become about 4 times higher than in the previous

experiment described in Section 6.1,

6.2.3 Gross Power Balance Including the Boundary Plasma

6.2.3.1 Leading impedance

The measurement by the directional coupler and the antenna current
probe yields the loading impedance Rg. Figure 1 shows time evolutions of

the loading impedance with and without the Faraday shield. It is shown
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that the loading impedance with the Faraday shield is reduced to less
than half of that without the Faraday shield. The reduction is due to
the cancellation of the electrostatic coupling by the Faraday shield.

The loading impedances change with time irrespective of the Faraday
shield. The correlation between R, and the plasma edge density is clear.
Figure 2 shows a time evolution of the divertor ion saturation current
together with the loading impedance. The divertor particle flux, hence
the plasma density at the antenna edge, decreases on applying the RF
pulse. The loading impedance decreases with decreasing edge density.
From ATIC [7], it was reported that the cross-field diffusion was enhanced
at the plasma edge by the RF power, Similar phenomena are observed in
DIVA. Particle flux to the wall increases, while one to the divertor
decreages. The particle divertor efficiency [8] is reduced from 22 %
without RF to 16 % with RF for the case with the Faraday shield and PNet "
115 kW. The physical mechanism of the enhancement of the cross-field
diffusion has not been made clear. The formulation of the antenna
impedance which explains the experimental values and the dependence on
the plasma edge density is needed.

The reduction of the loading impedance induces the decrease of the
RF net power since a ratio of the circuit loss to the plasma loading
becomes larger with decreasing loading impedance, Figure 2(c) shows the

temporal change of the RF net power,

6.2.3.2 Heating efficiency

The equivalent antenna loading impedance Ry is divided into three

components.

R =R1+R2+RC (l)

3
Ry, B, and R, are impedances related to a core heating, a surface heating
and a circuit loss, respectively. The surface heating is due to the ac-
celeration of plasma particles by the potential gap between the antenna
and the shell as well as due to the wave heating if the wave has a large
damping decrement in the surface. R, is earily measured by applying the
RF pulse in the absence of the plasma.
R
. _ o - 2 _ 1
One can write Py = RyT.%, Pyor = (Ri+R2)I.° amd ny = R, where

Ppy and I, are the RF power absorbed in the plasma core and the antenna
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current, respectively. It is confirmed that Py.y is roughly equal to the
sum of the increases of the heat fluxes to the shell and the divertor
(see Chapter 5). The results are tabulated in Table 1 for the case
without the Faraday shield and of By = 18 kG and £p v 15 %#. The RF power,
once spent to the core ion heating and the surface heating, is finally
transformed to the conduction-convection loss to the material surfaces,
whether the core ion heating is large or small.

The ratio of the core heating to the surface heating is evaluated
in the following way: Figure 3 shows AT as a functiom of Pret for the
cases of By = 17.5 ~ 18 kG and € = 5~ 10 % with and without the Faraday
shield. It is shown that AT; is in proportion to Py.y. Data with the
Faraday shield lie on the line of 2.3 eV/kW, those without one on the
line of 1 eV/kW. The proportional coefficient is written as

R1

R -R PNEt
S C

AT; = RyI.Z = (2)
Figure 4 shows the increase of the boundary electron temperature ATgp
versus Pg... 1In addition to the cases in Fig. 3, a case of ep ~ 15 %

and without the Faraday shield is included. Similarly to the equatien (2),

R (3
P
Rs_Rc Net

« 2 =
AT o1 RyT.

It is moted that the slope with the Faraday shield,in turn, is smaller
than that without the Faraday shield.
The ratios of the proportional coefficients between the cases with

and without the Faraday shield are

Ry / Rl'

_ T o - o for ATy , (4)
Rs Rc /RS Rc

R> Rp'
RS_RC /st_RC| - B for ATeb (5)

where the prime denotes the quantity of the case without the Faraday shield.

From Eqs. (4) and (5), ngy and ni' are derived.

C_ a(l-p) ‘
1= (6)
ng' = oo (7)
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One can known o and 8 from each pair of lines in Figs.3 and 4 (the
proportional coefficient of AT for the case of €p 15 % is about half
of the case of €p = 5~ 10 % as shown in Fig. 9 of Section 6.1). We then
obtain ny and n;' from equations (6) and (7). The results are shown in
Table 2. 1Inspite of the limited data with large error bars for the case
without the Faraday shield, the result is reasonable. From the decay of
the ion temperature, we obtained the heating efficiency of about 40 % for
the case of Ep = 5 10 % and without the Faraday shield as described in
Section 6.1. The obtained value of n; is somewhat underestimated since
the increase of the edge temperature is partly due to the conduction-
convection loss from the additionally heated core plasma. Fortunately,.
however, electron heating in the core plasma is smwall in the present
experiment.

In the case with the Faraday shield, the increase of the boundary
electron temperature is not wholly explained by the electrostatic coupling.
Figure 5 compares time evolutions of the boundary ion and electron tem-
peratures measured by the multigrid energy analyzer for various toroidal
magnetic fields., Tt is shown that the increase of the electron temperature
is dependent on the toroidal field. In the case of Bp = 20 kG, the cyclotron
resonance layer is outside the plasma cross-section and the electron tem-—
perature increase is small. This indicates that the surface heating due
to the electrostatic coupling is also small for the cases of By = 17.5
and 19 kG since the electrostatic coupling must be independent of the
toroidal field.

Therefore, the surface heating in the case with the Faraday shield
is explained mainly by the wave damping in the plasma boundary. The
surface heating is most prominent in the 19 kG-case, where the cyclotron
resonance layer is tangent to the antenna. The ion heating in the 20 kG-
case is comparable with that of the 19 kG-case; the result differs from
that of the electron heating. This suggests that the ion heating takes
place near the mode conversion layer which is still in the plasma cross-
section even in the 20 kG-case, and that the electron heating is localized
near the cyclotron resonance layer. The suggestion is justified from the
profile of the wave damping decrement along the major radius direction
shown in Fig. 10,

In summary, we have evaluated the heating efficiency from the point

of view of the partition of the heating power to the core plasma and the
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boundary plasma. We have obtained n; = 61 v 85 % in the case of Bp = 17.5
kG and €p = 7 v 9 % and with the Faraday shield.

6.2.4 Power Balance of the Core Plasma
6.2.4.1 Experimental results

As discussed in Section 6.1, the optimum ion heating occurs at By =
17.5 - 18 kG and Ep = 5 10 %Z. 1In this conditions, the two-ion hybrid
resonance layer lies in the vicinity of the magnetic axis. It has been
shown that 61 ~ 85 % of the RF net power is absofbed by the ions in the
plasma core for the case with the Faraday shield, from the consideration
of the gross power balance.

Here, more detailed results on the ion heating with the Faraday shield
under the optimum conditions, i.e. By = 17.5 - 18 kG, €p = 7w 9 % and
ﬁe = 3,5 x 1013 en™3, is described.

Figure 6 shows the time evolution of the ion temperature measured by
the charge—-exchange neutral energy analyzer. It is shown that the ion
temperature increased from 160 eV to 430 eV in application of the 115 kW
RF net power. Charge-exchange neutral spectra sampled from 10 to 12 ms
are shown in Fig. 7. The charge-exchange analyser is not capable of
discriminating mass differences and its signal contains both contributions
from deuterium and hydrogen. The ion temperature is determined from the
linear part of the gspectra up to the neutral energy of 2.0 keV. A signifi-
cant amount of slightly higher energy component is present. The decay time
of the higher energy component after the end of the RF pulse is about
0.6 ms, which i1s comparable with that of the bulk component. The origin
of the higher energy component is discussed later.

Radial profiles of the ion temperature are shown in Fig. 8, which
were measured with the technique described in Section 6.,1. The ion tem-
perature profile is peaked by the RF power. The result suggests that the
RF power is absorbed in the central region of the plasma column.

Unfortunately, those of the electron temperature were not measured
for the present case. However, the electron temperature increase may be
at most 20 7 because we can extrapolate it from the 10 % increase in the
case of Pyop v 70 kW. Comparing Fig. 11 in Section 6.1 and Fig. 8, it is
found that the jon temperature exceeded the electron temperature over the
whole plasma cross—section.

Figure 9 shows the ion temperature increases versus the RF net power,
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The solid curve 1s a neoclassical heat conduction loss power density near
the centre of the column, assuming the platean fegime with the same
coefficient as that obtained for the Ohmically heated plasmas [8]. The
ion temperature should be determined from the balance between the RF
input power and sum of various loss powers. Therefore, the RF input
power density near the centre is at least as same as the thermal
conduction loss power density based on the neoclassical theory. The
thermal conduction occupys a main part of the loss power in DIVA, which
1s larger by a factor of ten than that of the base plasma for the maximum
RF input power.

Comparing both abscissa in Fig. 9, we can know that the RF input
power is absorbed inside the central column with radius 3-3.5 em, assuming
that all of the RF power heats ions. From this consideration, it can be
concluded that a large part of the RF power is absorbed by ions in the

narrow central region.

6.2.4.2 Numerical simulation

A one-dimensional tokamak code [9] is used to simulate the ion
heating. The fon heat conduction coefficient is taken to be neoclassical

with an anomaly facteor of three. The electron heat conduction and the

particle diffusion are assumed to follow the Alcator scaling. As mentioned

above, the RF input power is absorbed inside the central column with a
radius of 3-3.5 cm. We assume a rectangular power deposition profile
with a radius of 3 cm for the majority deuterons. This narrow power
deposition is consistent with the calculation of the wave damping decrement
along the major radius direction shown in Fig. 10. The power absorption
is through the wave damping of a slow electrostatic mode by each species
near the mode conversion region [5]. Damping due to deuterons is most
dominant and localized in the central region. However, the calculation
is only preliminary. We must Integrate the damping decrement along the
ray trajectory to obtain the power deposition profile.

As discussed in 6.2.3.1, the RF input power changes with time, whose
time variation is shown in Fig. 6.

The solid lines in Figs. 6 and 8 show the results of the numerical
simulation. The heating efficiency is taken 83 %. The time evolution
and the radial profile of the ion temperature are well simulated in spite

of the rough estimation of the power deposition profile. As menticned
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above, a main part of the loss power is the ion thermal conduction loss.
Heat transfer from ions to electrons is small because of small difference
between the ion and electreon temperatures. Change—exchange loss is also
small because of the high demsity. The lon energy confinement time T4
in the central region is derived from the decay of the charge—exchangé

neutral temperature after the end of the RF pulse; 15 1s reduced from

" 3.6 ms before heating to 0.8 ms during heating. The reduction is explained

by the neoclassical scaling in the plateau regime [10] of the ion energy
confinement time tTgq a‘Ti"3/2.

it is concluded that the transport of the RF-heated ions is neo-
classical within a factor of 3. The wave excitation, whose power density
is higher by ten times than that of the power transferred from electrons
to ions in the absence of the RF power, gives no adverse effect to the ion

confinement.

6.2.4.3 Heating powers to pt and ®Y

In the previous paragraph, it has been shown that the increase of the
bulk ion temperature is explained by 83 7 of the applied Py,p. However,

a slightly higher energy component appears in the charge-exchange neutral
spectrum as shown in Fig., 7. The average energy of the higher energy
component is proportional to the RF power. We regard this as a proton
component since the average energy of the higher energy component increases
with decreasing ep as shown in Fig. 8 in Section 6.1 and Fig. 12, which
agrees with the theory that the minority proton heating becomes dominant
with decreasing ep i5]. The value of £p at which the proton damping has

a maximum is 2.3 7%, calculated from Eq. (4) in Ref. [5] using k, v 0,15
em™1 [11]. .

We estimate the heating powers to protons and deuterons in the follow-
ing way: The solid line in Fig., 7 is a superposition of the theoretical.
deuterium and hydrogen spectra. For deuterium, we assume one—component
Maxwell distribution with the temperature of Ty = 430 eV, and for hydrogen,
we use a steady-state solution of the Fokker-Planck equation by Stix [12].
The average energy of the hydrogen <Ty> is about 740 eV, One can obtain
the local heating power to protons <P> = 1.3 W/em . However, this treat-
ment neglects the proton loss channel except the energy transfer from
protons to deuterons and electrons,

In order to obtain heating powers to deuterons and protons including
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the heat conduction loss, which is the most dominant loss process, we

solve a point-model power balance equation for the core plasma:

dw W

D b D
— = + + - —
dwy H !
¢ TPt P~ Pyy ~ (9)
dt eH rf HD Ty

3 . . . .
where Wi, Pej’ Pres Ppp and Tg (j = D, H) are densities of the internal

energy of j species, the power transferred from electrons to j species,
the RF power to j species and the power transferred from protons to
deuterons, and the energy confinement time of j species, respectively.
Here, the electron temperature is assumed constant since the increase of
the electron temperature was small. The main loss channel of ions is the
thermal conduction. Therefore, we assume that T has the neoclassical
scaling in the plateau regime, i.e. TR ~ Aj_1/2Tj_3/2, where Aj is a mass
number of j species.

Figure 11 is the result of the computation. 1In order to match the
results with the experimental data, i.e. T v 430 eV and <Ty> v 740 eV,
we obtain ng v 7.5 W/em? and ng v 3.5 Wem®. The sum of ,peH’ and py,
is 1.5 W/em®, which is roughly in agreement with one derived from the
Stix's formula. The total input power to deutercms including the power
transferred from protons is 8.6 W/em®. Then the deuteron heating efficiency
amounts to 80 %, which is consistent with one derived from the 1-D simula-
tion code, where the proton heating is not taken into account.

Tt is concluded that the heating power coupled directly teo deuterons
is more than twice as large as that to protons, for the case of By = 17.5
kG, e, ~ 9 % and ng v 3.5 x 1013 em”3,

For smaller ¢ the heating power to protons increases as mentioned

above, Figure 12 zompares charge-exchange neutral spectra for the cases

of g, v 4 % (close circles) and Ep v 8 % (open circles). The RF net powers
are almost same for the two cases. The curves are calculated by using the
Stix's formula with the local heating powers to protons <P> = 1,0 v 1,2

W/em? for €p v 4 % and <P> = 0.4 v 0.6 W/em?® for ep ™ 8 %. From the power
balance equations (8) and (9), cne can obtain ng vo2.5 Wem?, ng v 3.8 Wem?,
lpeHI + oy v 1.1 W/em? for tp A 4 % and ng nvo2,.5 Wem?, ng v 1,1 Wiem3,
|peH[ + pyp v 0.73 Ww/em? for ep ™ 8 %. The results show that the heating

power to protons for the case of ep 4 7 is more than three times of that
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for ey v 8 %Z. From PLT [3] and TFR [4], it was reported that almost all

the RF power is directly absorbed by protons for £p ~ 5 %. We have shown
that we can control the partition of the heating power to the majority

and minority components by selecting the value of Epe
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Table 1 Power balances with and without the RF power for the case
of By = 18 kG and Ep v 15 % and without the TFaraday shield.
The method of the measurement of each loss power is
described in Chapter 5.
Loss Conduction—-Convection
(kW) Radiation and Total loss PNet
to shell |to divertor | Charge-exchange
without RF 35 20 15 70
with RF 55 40 15 110 40
Table 2 Heating efficiency derived from
equations (6) and (7). A, B
and C indicate the heating
conditions.
Pair of A
data > B A, C
o 2.3 4.6
B8 0.35 ~ 0.53 0.18 ~ 0,27
na (%) 61 ~ 77 78 ~ 85
ng (%) 27 ~ 33 —]
ne (%) 17 ~ 19

€p = 5710 % with Faraday Shield

e = 5v10 % without Faraday Shield

e~ 15 %

without Faraday Shield
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Fig. 5 Time evolutions of the boundary ion and electron

temperatures for various toroidal magnetic fields,
in the case with the Faraday shield. These were
measured by the multigrid energy analyzer placed
at R = 40 em and Z = -6 cm.
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Fig.12

Comparison of charge-exchange neutral spectra for
eavd % (closed circles) and Ep%8 % (open circles).

The solid and broken lines dre calculated similarly

to Fig. 7.
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6.3 Summary

The ICRF heating experiment using 2 wep frequency for a deuteron
plasma with a minority proton component was performed_under the extremely
pure wall condition (Zg ff == 1). The optimum heating conditions were
surveyed, varying the toroidal magnetic field, Bp, and the proton-to-
deuteron density ratio, Ep- The most favourable majority deuteron
p 5~ 10 %.

The result was well explained by the mode conversion theory. Heating

heating was observed for the case of Bp = 17.5 ~ 18 kG and ¢

efficiency, however, was only up to 40 %. The rest of the RF powey went

to the edge plasma by the electrostatic coupling between the antenna and

the edge plasma.

In the next stage, the antenna was electrostatically shielded by the
full Faraday shield. The power balances were investigated by the follow-
ing approaches:

{1) The partition of the heating power to the core and boundary plasmas
was determined from the measurement of the antenna loading impedance
and the boundary plasma.

(2) The experimental time evolution and radial profile of the bulk ion
temperature were compared with the 1-D tokamak simulation assuming
the rectangular power deposition profile and the heating efficiency.

{3) The heating powers to majority and minority components were evaluated

from the point-model power balance equation.

In the case with the Faraday shield and of Bp = 17.3 kG, £p v 9 Z,

Ee A 3.5 x 1012 em™3 and Pnet v 115 kW, we observed Tp v 430 eV and

<Ty> ~ 740 eV from the base ion temperature of 160 eV.

The following results have been obtained:

(1) The antenna loading impedance became less than half of that
without the Faraday shield., The loading impednace decreased with
decreasing edge density irrespective of the Faraday shield.

(2) About 80 % of the RF net power was coupled to the majority deuterons
in the core plasma,

{3) The heating power densities to deuterons and protons were respectively
7.5 W/em® and 3.5 W/cm®; the result is consistent with that of (Zj
if we take into account the D-H power transfer.

(4) The ratio of the heating powers to majority and minority components

can be controlled by selecting the value of €p-
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The behaviour of the RF-heated ions were well explained by the
neoclassical tranéport theory within a factor of three, even in
application of the RF power density ten times larger than the power

transferred from electrons to ions in the absence of the RF power.
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