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Ion heating mechanism of fast magnetosonic wave in the ion cyclotron range of fre-
quency (ICRF) has been studied in the TNT-A tokamak. Ion temperature
measurements have been made with mass separated neutral particle analyser. The
effects of the fundamental proton cyclotron resonance layer (ICR) and the two-ion
hybrid resonance layer (HBR) on ion heating are observed. In the case of hydrogen
minority (ICR and HBR in the plasma), where the ratio of hydrogen-to-deuterium
concentration, ny/np, is 0.05, the increase in hydrogen temperature is larger than that
in deuterium, and most of RF power is absorbed by hydrogen.

Introduction

§1.

Recently, the ion cyclotron range of frequen-
cy (ICRF) heating becomes one of the most im-
portant additional heating methods of a
tokamak plasma. In ICRF heating ex-
periments, there are two schemes such as fast
magnetosonic wave heating” and ion Berns-
tein wave heating.? Main works of the fast
magnetosonic wave heating experiment have
been made with mixed species plasma, such as
H and D, and *He and D. In most of these
cases, H and 3He are minority species, and
wave frequency is fitted with ion cyclotron fre-
quency of these species, and strong ion
heating has been observed.’® However, there
are some differences of ion heating mechanism
in various experiments. In the case of
hydrogen minority, where the ratio of
hydrogen-to-deuterium concentration, ny/np,
is about 0.04, experimental results are sum-
marized as follows; In PLT? and TFR,® RF
power was deposited in hydrogen only via fun-
damental cyclotron damping, In JFT-2¥ and
JIPP-TIL,® RF power was deposited in not on-
ly hydrogen but also deuterium, via second
harmonic damping. From these experimental
results, the studies on ion cyclotron heating
mechanism by fast magnetosonic wave in the
plasma containing two species do not seem to
be sufficient.
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In this paper, roles of resonance layers,
such as the fundamental proton cyclotron
resonance layer (ICR) and the two-ion hybrid
resonance layer (HBR), on ion heating by
ICRF waves in the TNT-A tokamak and ion
heating mechanism are reported. In §2, the
TNT-A tokamak device, ICRF systems and
ion temperature diagnostics are described. In
§3, the increase in ion temperature under
various conditions is presented. In §4, discus-
sion on the experimental results and conclu-
sion are presented.

§2. Experimental Setup

The non-circular tokamak device TNT-A?
has a plasma whose major radius and minor
radius are 0.4 m and 0.09 m, respectively, and
elongation ratio is 1.3. The maximum toroidal
magnetic field is 4.25 kG. The RF generator is
operated at the frequency of f=5.6 MHz.!?
In order to study the effects of the resonance
layers, three conditions are chosen, that is,
“HBR+ICR”’, “ICR only”’, and off
resonance. In the case of ‘“ICR+HBR’’,
deuterium gas is fed only, however, in the
presence of hydrogen desorbed from the
vacuum wall, the ratio of hydrogen-to-
deuterium concentration, ny/np, is 0.05. The
wave frequency is 5.6 MHz and the toroidal
field is 3.74 kG at the plasma center, so that
ICR and HBR are located near the plasma



1986)

center. The mode conversion takes place, that
is estimated with the equation for the condi-
tion of existence of hybrid resonance from
ref. 11. In the case of ‘“‘ICR only’’, the wave
frequency and the toroidal field are the same
as those of ““ICR-+HBR’’ and ny/npis 1.0. In
the case of off resonance, there are no har-
monic ion cyclotron resonance layer in the
plasma. The ratio, ny/np, is determined from
the line intensities of H, (656.28 nm) and D,
(656.10 nm) during discharges.

A single half-turn loop antenna is installed
at the outer (low field) side of the torus. The
antenna is made of all-metal and the central
conductor plate is separated from the plasma
by a single screen of Faraday shield. The
schematic view of the antenna is shown in Fig.
1.

The energy spectra of hydrogen and
deuterium ions are measured by E L B type
mass separated neutral particle analyser. The
ion detector is a ceratron, whose signals are
transformed to square pulses with finite width
and height with a discriminator. The integral
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Fig. 1. Schematic view of half-turn loop antenna.
This all metal antenna with single screen of Faraday
shield is located on low field side.
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Fig. 2. Time evolution of the plasma parameters. RF
pulse duration time is 2 ms.

of these square pulses is plotted on a X-Y
recorder. A stripping cell is filled with nitrogen
gas, whose pressure is about 1 mTorr. The
cross sections for charge transfer of hydrogen
and deuterium in nitrogen gas obtained by C.
F. Barnett, J. A. Ray'? are used to calculate
the ion flux.

The time evolution of the plasma
parameters is shown in Fig. 2. The plasma
parameters before RF pulse are as follows;
plasma current 7,=11kA, loop voltage
V1=3.0V, line averaged density 7.~ 0.8 X 103
cm 3, electron temperature T.=120—150 ¢V,
ion temperature 7;=60¢eV. The soft X-ray
emissivity along a plasma central chord is
observed by surface barrier diode (SBD) with
1 um polypropylene filter that has the sensitivi-
ty for photon above energy of 150 eV. The ox-
ygen line intensities of OV (278.1 nm) and
OIII (304.7 nm) are also shown. The RF dura-
tion time is 2 ms and the net RF power absorb-
ed by the plasma P, is up to 11.4 kW in this
experiment. This value is about one third of
the ohmic heating power.

§3. Experimental Results

In Fig. 3, the charge exchange energy spec-
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Fig. 3. Hydrogen charge exchange energy spectra of
(a) for “ICR+HBR’’ and (b) for ‘ICR only’’ with
and without RF. The solid lines show the fitted

distribution function. Net RF input powers are 11.4
kW for (a) and 7.5 kW for (b).

tra of hydrogen are shown. The ion
temperature is estimated from the inclination
of the straight line obtained by a least square
fitting of the logarithms of dN/dEVE. The
energy range of the particles, which it is possi-
ble to measure with the neutral particle
analyser, is narrow, since the ion temperature
in TNT-A is low (=110 eV). In many cases of
ICRF heating experiments, the ion energy
spectra have high energy tail. Therefore, it
must be clear whether the ion energy spectra
belong to the bulk ion or the high energy tail.
The estimation of the energy distribution func-
tion of the ion have been made with the solu-
tion deduced by T. H. Stix.’ From these
results, the ion high energy tail does not ap-
pear in the energy range under 0.8 keV. The
other experiments'>'¥ show that the high
energy tail caused by RF heating appears
above the ion energy E =5T;. Therefore, the
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ion temperature in Fig. 3 appears to be the
bulk ion temperature. In the cases of both
“ICR-+HBR”’ for (a) and “ICR only”’ for (b),
no high energy tails are observed in the energy
range under 0.8 keV.

In Fig. 4, the increase in ion temperature is
plotted versus P,. In the case of
“ICR+HBR”, the increase in hydrogen
temperature is larger than that in deuterium.
In the case of ““ICR only”’, the difference be-
tween the increase in hydrogen and deuterium
temperatures is small.

The increase of the soft X-ray intensity with
RF pulses is less than 10% in all cases. The im-
purity line intensities, such as OV (278.1 nm)
and OIII (304.7 nm), increase by less than 5%
with RF pulses. The line-averaged density, 7,
do not change with RF pulses. These results
suggest that the increase in electron
temperature is less than 10 eV. In the case of
“ICR+HBR’ and ‘“‘ICR only’’, the increase
in majority ion temperature is more than that
in electron (20 eV for “ICR only’’, 12 eV for
“ICR+HBR”’). These results indicate that in
the presence of ICR the wave power is directly

— T T
nH/nD H D
0L ICR+HBR 005 | | [ |
ICR only 10 e 0
off res. Honly A —
390 Ip=11~12kA 1
: Pohm ~ 35 kW ']
40r h
|
30+ -
[ |
20r E
L
10 b
0
1 1
OO 5 10 15
Pnet (kW)
Fig. 4. Increase inion temperature 4 7; with RF vs RF

net power P, under three conditions with I,=11-
12 kA and ohmic input power P, =35 kW.
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absorbed by ions.

§4. Discussion and Conclusion

In the analysis of the experimental results,
we solve the power balance equation. The
local power balance equation of the ions can
be written as follows;
3d

2™

==V Ot Wero— Wi+ Wrr—t, (1)

where suffix & denotes the ion species of either
hydrogen or deuterium. In eq. (1), Qx, Wes,
Wi—w and Wge—i are heat flux, electron-to-
ion collisional heat transfer, k-th to k'-th ions
collisional heat transfer and power absorption
from RF waves, respectively. Since only the
steady state is considered, the left-hand-side
of eq. (1) is assumed to be zero. The charge ex-
change loss and the ionization loss of the ions
are less than 10% from the calculation of the
1-D transport code without RF pulse. In the
case of TNT-A experiment, ICRF heating
does not enhanced these losses, since the in-
crease in the ion temperature is small.
Therefore, the charge exchange loss and the
ionization loss are neglected in this calcula-
tion.

The heat flux loss term V-Qy, is described
near the plasma center as follows;

Vo=t s (ml ‘%) — 4k, Tld, @
with the assumption of T,=T (1—(r/a)?) in
the cylindrical coordinate, where a denotes the
plasma minor radius, and the heat conductivi-
ty k., is assumed to be constant near the
plasma center. The heat flux loss is assumed to
follow the neoclassical theory. The heat con-
ductivity «, in the plateau regime is described
as

qd 1n T13</2

— 2.2
K. =nq kap—nkEmk e2B2 s

3

where q is the safety factor, p; is the Larmor
radius of k-th species, and v, is the frequency
at the boundary between the plateau region
and the Pfirsh-Shliiter region. The frequency
v, is defined as v,=(1/Rq) vrme, Where vrh.
denotes the electron thermal velocity. The
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value of v, is estimated about 8X10°sec™!.

The frequency at the boundary between the
banana regime and the plateau regime, v,, is
defined as (r/R)**v,, where r denote the
plasma radial position. The value of v, is less
than 7Xx10° sec™!. The electron-ion collision
frequency v.; near the plasma center is 3 X 10°
sec”!. Therefore, v,; stays between v, and vy,
and the plasma is in the plateau regime.

The ion heat flux loss in this power balance
calculation is assumed to be in proportion to
that of the neoclassical theory. We represent
the heat flux loss term V-Qy as follows;

V-Qy=CxnTi*A}>, @

where C is constant including the safety factor
and the magnetic field. The mass number A, is
1 for hydrogen and 2 for deuterium. This con-
stant C is assumed to be the same for
hydrogen and for deuterium, and is obtained
from the power balance calculation without
RF pulse. In this calculation, the following
parameters at the plasma center are used; the
electron temperature, the electron density (the
density profile is assumed to be parabolic), the
majority ion temperature and density. The
constant C is obtained from these parameters,
and the minority ion temperature is also ob-
tained. The difference of the ion temperature
between the majority and the minority is
about 1eV in all cases. This heat flux loss
V-Qis 0.8—1.4X(V* O o, Which denotes the
neoclassical heat flux loss calculated from eqgs.
(2) and (3).

In order to calculate the power balance with
RF pulse, the hydrogen and the deuterium
temperature measured with the charge ex-
change analyser are used. As was described,
the increase in electron temperature with RF
pulse is small, therefore, the electron
temperature without RF pulse is used in the
case of the power balance calculation with RF
pulse. The constant C in the heat flux term is
assumed to be the same as that without RF
pulse. Under this assumption, the power ab-
sorption from the RF waves can be obtained
for hydrogen and deuterium, separately.

In Fig. 5, the ion power balance at the
plasma center is shown in the case of
“ICR+HBR”. RF power absorbed by
hydrogen is much larger than that by
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Fig. 5. Ion power balance at the plasma center with 7;=107 eV, Tp,=75¢V, T,=150eV, n,=1.2X 10% cm™
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and ny/np=0.05 assuming neoclassical heat conductivity. Experimental error is comparable to RF power

deposition in deuterium.

deuterium. Deuterium heating power consists
mainly of the collisional heat transfer from
electron and hydrogen. According to the
calculation with a hot slab model described in
ref. 15, hydrogen absorbs most of the wave
power near ICR via fundamental cyclotron
damping. The power deposition on deuterium
via second harmonic damping process is much
smaller than that on hydrogen, which is consis-
tent with the power balance analysis shown in
Fig. 5.

In the case of ‘“‘ICR only’’, since hydrogen-
deuterium temperature relaxation time is
much shorter than that of “ICR-+HBR”
because of higher hydrogen density, the
difference between the increases in hydrogen
and deuterium temperatures is small, com-
pared with the experimental error. Therefore,
the mechanism of the ion heating cannot be
proved.

In the case of “ICR+HBR’’ with the net
RF input power of 11.4 kW, the volume
averaged net RF input power is 0.18 Wem ™3,
which is larger than the power absorption into
hydrogen and deuterium (= 0.044 Wcm™?), ob-
tained from the power balance calculation.
The reason is considered as the poor confine-
ment of the fast ion. In TNT-A, because of
the low plasma current. (/,=10kA), the
minimum loss cone energy is less than 1 keV.
Therefore, the RF power is not effectively used
for the plasma heating.

In conclusion, ICRF heating experiments

by the fast wave excited in the low field side
have been made in TNT-A. The ion
temperatures of hydrogen and deuterium are
measured with E LB type mass separated
neutral particle analyser with RF pulses. In the
case of “ICR-+HBR’, the increase in
hydrogen temperature is larger than that in
deuterium. According to the power balance
analysis, the RF power is deposited mainly in
hydrogen.
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