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ICRF Heating of impurity-free tokamak plasmas has been studied in
DIVA. The frequency is fixed at 25 MHz, which is a second harmonic
cyclotron frequency of deuterons with a toroidal magnetic field of 16.4
kG. (1) Optimum heating conditions were investigated in varying the
toroidal magnetic field By and the proton-to-deuteron density ratio eg.
The most favorable ion heating is observed for By v 18 kG and €p ~ 5
10%; which is explained by two-ion hybrid effects. (2) In heating
results after improvement of the coupling structure, the ion heating
efficiency is raised from 40%Z to almost 100%Z, Bulk ion temperature in-
creased by a factor of 2.7 in application of the rf net power of 180 kW

including the circuit loss,
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1. Introduction

This paper describes high frequency wave heating in the ion cyclotron
range of frequency (ICRF) in DIVA tokamakl), using a second harmonic
cycelotron frequency of deuterium for a pt + gt discharge, where the latter
is a minority component. ICRF heating has been intensively investigated
in several tokamaks, i.e. early experiments in TO—lZ), TM—l-Vch3), ST“),
and recent experiments in TFRS), TM—l—VChB), T—47), ATCB), 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 alsc investigated in theory 9’10’11).

In TFR, it was shown that variation of wave amplitude versus major radius
location of a harmonic cyclotron resonance layer of deuteron in a plasma
crosssection was asymmetric with respect to a plasma centers). This
asymmetry was well explained by the theory of mode conversion of the
magnetosonic wave at the two-ion hybrid resonance layergsll). In addition,
it was reported, preliminary as it was, that heating efficiency was depend-
ent on the amount of proton component, that is, ion temperature increase
AT; associated with the rf pulse was reduced to 50% when the amount of H*
was increased from 8 to 20%, which again agreed with mode conversion
theorylz).

Thus, it is generally recognizéd that heating mechanism of ICRF heat-
ing using a second harmonic cyclotron frequency of deuterium for a pt + ®t
discharge is due to the mode conversion of the magnetosonic wave at the
two-ion hybrid resonance layer., However details of heating mechanism have
not vet been known because of a lack of reliable information of the ratio
of proton to deutercn density during rf pulse as well as impurity effects.
In rf heating experiment it is indispensable to keep impurity influxes as
small as possible when rf pulse is applied, in order ‘to exclude a possibil-
ity of plasma heating due to impurities. Assuming Z.ff = 4 and oxygen
impurities, more than 10% of oxygen are present in a Dt + HY plasma. In
this situation the effects of 08% and 0% must be taken into account. In
addition, if the first wall is not conditioned well, electron density and
and amount of impurity influxes increase on applying rf pulse. Then ATy
associated with rf pulse is partly due to the increase of Joule input with
the increase of impurity influxes, In our preliminary experimentls), where

the first wall was not conditioned well, one turn loop voltage as well as

ion temperature increased significantly on applying rf pulse of 70J.
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Similar increase of ion temperature was observed by neon injection instead
of rf pulse.

Now the first wall of DIVA was thoroughly flushed by titanium,
Extremely pure plasma was obtained i.e. Z_ g¢ = 1. Radiation loss was less
than 10 KW for the Joule input of 85 KW. One turn loop voltage Vi and
electron density were not affected in the experiment with supplying rf net
energy 1 KJ. A limit has not been found for the rf net energy up to now,

In Sec. 2 we examined the dependence of charge exchange neutral energy
spectrum on the toroidal field By and the ratio of proton to deuteron

density e, over the ranges of 12 < Br < 19 KG and 2 5 ¢, s 40%, respectively.

P

¢, was measured during rf pulse by spectroscopy. The most appropriate

P
conditions of By and ep were found out, in which the maximum bulk ion heat-

ing occurred, no high energy tail was present and no adverse effect on the
plasma confinement was observed.

Heating efficiency, however, was only up to 40%, The rest of the rf
power went to the edge plasma by an electrostatic coupling between the
antenna and the plasma surrounding it. In Sec. 3 we report experimental
results using an improved coupling structure with an electrostatic Faraday

shield. Heating efficiency of about 100% was obtained.

2. Parameter survey for the optimum ion heating

2.1 Experimental Set-up

The generator was operated at 25 MHz which is a ecyclotron frequency
for hydrogen uwcy or the second harmonic cyclotron frequency for deuterium
2ypcp at 16.4 KG. 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 structure was made
of a half turn copper strip, 2 ¥ 0.3 cm in cross-section 10.4 cm in radius,
and a ceramic cover, 3.5 X 1.5 cm in cross-section 10 cm 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. A Faraday shield was not used
for the present experiment.

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. |Coil current

was measured by a current probe placed near at the mid-point of the antenna.

-2 —
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was measured bv a current probe placed near at the mid-point of the antenna.
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The end of the antenna was terminated to the vacuum vessel as shown in
Fig. 1. As the length of the antenna is much shorter than a wavelength
of 25 MHz in a free space, the coil current measured at the mid-point of

the antenna is almost a peak value,
Pe-Pp
12
(@), where Pg, Py, and I, are incident and reflected powers and coil current,

An antenna lcoading impedance Rg can be calculated from Rg =

respectively.

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 antenna. The charge exchange analyser is not capable of dis-
criminating mass differences and its signal contains contributions both
from deuterium and hydrogen. Ion temperature profiles can be obtained from
the Doppler broadening of impurity lines by scanning the monochromator?3).
Parallel ion temperature were not measured for the present experimenf.

Electron temperature and density were measured with a laser scattering
and a 2 mm pu-wave interferometer, respectively. In the scrape-off layer,
an electrostatic multigrid energy analyzerlq)_and a Katsumata (ion sensitive)

probels) were used to measure parallel and perpendicular ion temperature,

respectively.

2.2 Discharge Conditions

The experiment was performed under the following discharge conditions:
The toroidal magnetic field By was varied from 12 to 19 KG. The ratio 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 By = 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 e¢p was measured during the
discharge by the monochromator, which was varied over the range of 2 ~ 407
by adjusting the amount of additional hydrogen gas.

Base plasma parameters in the case of Br = 18 KG were as follows.

central electron temperature Teg ™ 330 eV
central ion temperature Tio ™ 200 eV
averaged electron density ne v 4 x 1013 cm™3
one turn loop voltage Vi = 2.5V

plasma current = 32,5 KA

-
o
I
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effective charge number ‘ Zefs = 1
major radius R = 60 cm
antenna (limiter) radius a, = 10 cm

2.3 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. One turn loop voltage did not change even with
the application of the maximum rf power. Change of the electron density
was also within shot-to-shot reproducibilities of the base plasma, that is,
less than 10%. Typical time evolutions of perpendicular ion temperature
T{], electron line density E;i, plasma current I,, one turm loop voltage

Vi, and spectral line intensity OVII (1623 3) are shown in Fig. 2.

2.3.1 Rf measurement

The measurement with the directional coupler and the current probe
showed that plasma loading impedance Rg was 6 v 7. This value changed
little over the ranges of Bp and €p varied in the present experiment. The
same measurement in the absence of the plasma gives the circuit loss Rg,
which was 1Q. Then, a coupling efficiency was about 0.85. Rf net power
Pyet is defined as follows.

R - R
S c
PNet =~ (Pg - Pp)

Figure 3 shows t&pical signals from the directional coupler indicating
square roots of incideﬁt and reflected rf powers, the current probe and a
magnetic probe located diametrically opposite to the position of the antenna,
in the case of By = 18 KG and €y = 5 n 10%. The signal of the magnetic
probe shows there is no resonant peak since the two-ion hybrid resonance
layer exists in the torus. Figure 4 shows By as a function of major radius
location of a fundamental cyclotron resonance layer for hydrogen, where the
frequency was fixed at 25 MHz and e, = 5~ 10%., As reported in TFRS) and

ATCll), wave damping is asymmetric with respect to the plasma center.
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2.3.2 Heating experiments

We first examined the response of charge exchange neutral spectra,
varying the toroidal field, i.e. the position of the fundamental cyclotron
regonance layer feor hydrogen, Figure 5 shows some examples of charge ex-
change neutral spectra and corresponding cyclotron resonance layers. In
these examples, €p was kept to be 5 v 10%. The features of these spectra
are as follows: (A) — the cyclotron resonance layer was located on the
inner side of the plasma crosssection - AT{ was medium and no high energy
tail was present. (B) ___ the cyclotron resonance layer was located on the
outer side of the plasma crosssection - 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 crosssection - AT{ was medium and remarkable
high energy tail was built. Figure 6 compares temporal evolutions of count
numbers of charge exchange neutrals at 1.5 KeV in these cases. The 1l/e
decay times of count numbers after terminating the rf pulse were (A) 0.7 ms,
(B) 1.5 ms and (C) < 0.3 ms, respectively. This indicates that 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 most closely to
the plasma center in case B, since the two-ion hybrid resonance layer lies
on little high field side of the cycleotron resonance layer and strong wave
damping occures near the two-ion hybrid resonance layer, following the mode
conversion theorylo). Figure 7 shows ion temperature increase ATy divided
by the rf net power as a function of the toroidal field __ the position of
the cyclotron resonance layer for hydrogen. The variation of Ti/PNet is
asymmetric with respect to the plasma center. The maximum AT;/Pyer was
obtained at By ~ 18 KG, which is consistent with that wave damping variation
denotes a bdttom at Bp ~ 18 KG as shown in Fig. 4. Next we examined the
response ©of charge exchange neutral spectra to the ratio of proton to

deuteron density Eps keeping the toroidal field at 18 KG and 16.4 KG.

- Figure 8 shows some examples of charge exchange neutral spectra for dif.-

ferent values of €p* Here the toreoidal field was fixed at 18 KG, Profiles
of L, lines of deuterium and hydrogen were measured with the monochromator
for each case. They are also shown in Fig. 8, where curves are normalized

at the peak corresponding to deuterium. Ep was determined as

_/Z-PH
Sp— CIPD ’
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where Py and Py are peak values of L, lines of deuterium and hydrogen,
respectively, assuming same temperatures, and a is a correction factor
for absorption effect of the deuterium Ly line by ground levels of deuterium.
Rough calculation shows o is about 1.3 for the present experiment. We make
€p simply to be obtained from Py/Pp for convenience. This procedure includes
error within 20%. The features of spectra shown in Fig. 8 are as follows:
(D) For ep < 5%, a remérkable high energy tail was build and AT{ was medium.
(B} For €p = 5 10%, a high energy tail disappeared and AT;{ was large.
(E) For €p > 10%, a high energy tail was also absent but AT; was small.
A decay time of the high energy tail in case D was 1.2 ms, which was com-
parable 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 ATi/PNet as a function of €p- It can be concluded that the
most favorable heating is realized at €y = 5~ 10% for Bp = 18 KG.

Radial profile of ion temperature in the case of €p = 5~ 10% and

o

Br =18 KG was determined from the Doppler broadening of OVII (1623 4),
cv (2271 ﬁ) and CIV (1548 K) lines and from the localization of line inten-
sities (Fig. 10). The localization of the impurity emissions was experi-
mentally confirmed by measuring spatial distributions of their total line
intensities. The spatial distributions of the total line emission coeffi-
cient were obtained by using an Abel inversion method from the radiances
observed along different horizontal chords. For the central ion temperature,
data from thg charge exchange were adopted. Ion temperatures in the scrape-
off layer were measured with the multigrid analyzer and the Katsumata probe.
Ion heating in the overall plasma crosssection was shown in Fig. 10. Radial
profiles of electron temperature and density are depicted in Fig. 1l.

Peripheral electron heating was observed. When €p was smaller than 5%, neo

electron heating occurred in the whole plasma crosssection.

2.4 Discussion

We consider power balances using the radial profiles shown in Figs. 10
and 11.

Steady state power balances for ions with and without the rf power

are as follows.

) Wi
Qéi + Q%f - > = 0 with rf power (1)

T
TEi
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Wi
- —= = (0 without rf power , {(2)

Qei TEi

where Quj, Q%f’ W; and Tgy are power transferred from electrons to ions,
the rf power to ions, energy of ions and ion energy confinement time,
respectively, and (') denotes quantities with rf power. W;s w{, Qi and
Q;i are calculated from the radial profiles of T;(r), T.{(r) and n,(r)
shown in Figs. 10, 11, assuming same values of perpendicular and parallel
temperatures. Those are tabulated in Table 1. The rf power to ions Q%f

can be estimated from
i _
Qe = .

Here 145 is a decay time of bulk ion temperature after terminating the rf
pulse, and was 1.5 ms (Fig. 2). Then, Qif = 38 KW. An ion heating ef-
ficiency ny is defined as the ratio of Q%f to the rf net power Py,¢. The
efficiency is about 40%. From Eq. (1) and (2) Tgy and Téi are calculated
to be 4.8 ms and 3.7 ms, respectively. They are in agreement within
experimental error (+25%).

Steady state power balances for electrons with and without the rf

power are given below.

1

We

1
Pog = Qei T+ Q%f - —— = 0 with rf power (3)
'Ee
W
Pog - Qat — ?Ef = 0 without rf power , (4)

where Pnoy, Q%f, We and Tge are the ohmic input power, the rf power to
electrons, energy of electrons and electron energy confinement time,
respectively. Values of Poy» We and W; are shown in Table 1. Q%f is un-
known, since time evolution of electron temperature after terminating the
rf pulse did not measured, TRe and Tée are caleculated to be 2.2 ms and
1.9 ms, respectively, assuming ng = 0. Thus, the rf heating causes no
change in the ion and electron energy confinements. The rest of the rf
power presumably went to the edge plasma, although the detail has not yet

been clarified,
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2.5 Summary

(1) Rf net power was up to 140 KW. Rf net energy of 1 KJ was applied.
(2) No change of one turn loop voltage and electron density was observed.
{(3) The maximum ATi/PNet was observed at Br = 18 KG and €p = 5 ~ 10%.
(i) Ion was heated in the overall plasma crosssection.
(ii) No high energy tail was built,
(iii) No adverse effect on the plasma confinement was observed.

(iv) Ion heating efficiency was about 40%.

3. Very High Efficiency lon Heating Experiment

It was experimentally confirmed that divertor heat flux was roughly
equal to the rf power irradiated to the plasma. The fact indicates that
the rf power irradiated to a plasma is transformed to a kinetic energy of
particles. In Sec. 2, however, heating efficiency was only 40%Z. The rest
of the rf power went to the edge plasma by an electrostatic coupling between
the antenna and the plasma surrounding it. 1In addition the antenna loading
impedance Rg (6 ~ 8Q) was considerably high for a wave coupling without

high Q toroidal eigen mode.

3.1 Improvements

To avoid the electrostatic coupling, we installed a Faraday shieldlﬁ)
closely over the ceramic cover (Fig. 12). The Faraday shield was made of
molybdenum strips (5 mm azimuthally x 1 mm radially, separated by a 5 mm
gap) and U-shaped stainless steel covers which surrcunded back and side
surfaces of the ceramic cover and had two gaps azimuthally. The ends of
the strips were connected to the stainless steel covers, which were termi-
nated to the shells.

One of the other problems associated with ICRF heating experiment was
rf breakdown. It occurred at the antenna and the power feed-through
insulator.. In order to prevent rf breakdown, the antenna cleaning wés
performed by supplying the rf power in the absence of the plasma and gen-
erating rf discharges. If they did not occur, the rf power was raised
gradually till they began to occur again. These procedures were continued
up to a desirable rf current level. Iﬁ the previous experiment, the end
of the antenna was terminated to the vacuum vessel. This time we connected

v %'coaxial cable with an adjustable short-circuit end, and set the midpoint
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__8_
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of the antenna to be a voitage null ?oint. The voltage at the power feed-
through was reduced to 50% for the same rf input power.

By means of above.mentioned improvements, the antenna current has
increased by a factor df 2, suggeéting effective rf power which absorbed
by ions has become about 4 times higher than in the previous experiment

described in Sec. 2.

3.2 Results

Discharge conditions were almost same as those described in subsection
2.2. The toroidal field was:17.5 KG and the proton-to-~deuteron density
ratio was 8 ~ 9Z..

Figure 13 shows time evolution of ion temperature measured with the
charge exchange neutral emergy analyzer. It is shown that ion temperature
increased from 160 eV to 430 eV by application of 180 KW rf net power in-
cluding the circuit loss. Charge exchange neutral spectra sampled from 11
to 12 ms are shown in Fig. 14. JTon temperature is determined from the
linear part of the spectra up to the neutral energy of 1.6 KeV. A signifi-
cant amount (15%) of slightly higher energy component (v750 eV) 1s present.
The decay time of charge exchange count numbers after terminating the rf
pulse has the same order for the energy range up to 4 KeV. Radial profiles
of ion temperature were measured with the fechnique described in Sec. 2
(Fig. 15). ﬁnfortunétely,.those of electron temperature were not observed
in the present éxperiment. However, comparing Fig, 11 and Fig. 15, it is
found:that ion temperature exceeded electron temperature over the whole
plasma crésssection. _

The antenna loading impedancé.was reduced to 2.5 ~ 3%, while one
related to the circuit loss was 0.7 ~ 0.8Q2. Then, the effective rf power
P,¢f which was irradiated to the plasma was about 130 ~ 140 KW. On the
other hand, the increase of ion energy was calculated to be about 140 Joule.
The e-félding decay time 6f ion temperature after termimating the rf pulse
was about 1 ms. Then, the rf power absorved by ions Q%f is roughly estimated
to be 140 KW (see subsection 2.4). It can be concluded that ion heating
efficiency (= Q%f/Peff) was raised up to 100% by means of the Faraday
shield. |

Figure 16 summarizgd ATi, iﬁcrease of central ion temperature, for
various values of squares of the antenna current or P.rf, assuming the load-

ing impedance to be 20, The solid line shows ATy versus sum of less power
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densities. due to the neoclassical thermal conduction and the heat transfer
from ions (electrons) té electrons (ions), assuming the plateau regime

with the same coefficient as that obtained in the ohmically heated plasmasl)
and the central electron temperature of 300 eV. A scale of the loss power
density is adjusted so that @& is put on the solid lime, The figure shows
that the other data points are well on the solid line. It can be con-
cluded that the main loss mechanisms of the rf heated ions are the neo-
classical thermal conduction and the electron-ion coupling. The ion energy
confinement time during the heating phase estimated from the decay time of
the bulk ion temperature is 1.9 ms in the case of P ¢ = 140 KW, while omne
without heating is 4.8 ms. The reduction is explained by the neoclassical
scaling (plateau regime) of the ion energy confinement time tp; = T{a/z,
since the loss power density due to the neoclassical thermal diffusion is
about 6 times larger than that due to the electron-ion coupling. Figure

16 also shows that (the loss power dinsity)/ Peff = 1 Weem™3 / 10 KW.

From this, a mean radius of the rf power deposition profle ry is estimated

to be v3 cm, which is consistent with that heating takes place in the

central core of the plasma as described in Sec. 2.

4. Concluding Remarks

ICRF heating experiment using 2 Yep frequency for a deuteron plasma
with a minority proton component was performed under the extremely pure
wall condition (Zg¢f = 1). Optimum heating conditions were surveyed, vary-
ing the toroidal magnetic field By and the proton-to-deuteron density ratio
Ep. The most favorable ion heating was observed for the case of By * 18 KG
and ep = 5 10%. Heating efficiency, however, was only up to 40%. The
rest of the rf power went to the edge plasma by an electrostatic coupling
between the antenna and the plasma surrounding it.

In the next step, the antenna was electrostatically shielded by the
full Faraday shield. The antenna loading impedance was reduced to less
than 50%. Ion heating efficiency increased to about 100%. With the
improvements against the rf breakdown, the rf net power of up to 180 KW
was supplied. The effective rf power absorbed by ions reached 7 times of
the Joule input into ions without the rf power. Ion temperature increased
from 160 eV to 430 eV, Ion temperature exceeded electron temperature over
the whole plasma crosssection. The loss mechanisms of the rf heated ions

are explained by the neoclassical thermal conduction and electron-ion
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coupling.

‘ The results can be applied to a D~T reactor, Ions are heated in a

D-T plasma by adding small amount of hydrogen, since D-H ion hybrid ef-
fects still hold true for a H+HHT mixture plasma. We simulated this scheme
using a H+D+Hg (roughly 0.2:1:1) plasma, Similar asymmetry shown in Fig. 4
was observed with respect to the variation of wave amplitude versus major
radius location of a fundamental cyclotron resonance layer of proton.

Ion temperature increased from 230 eV to 265 eV in application of the rf
net power of 90 KW. The result will be improved reducing the proton-to-
deuteron density ratio to less than 10%. Electron heating is alsoc expected
for a D-T(1:1) plasma according to the mode conversion theoryIO).

In DIVA, a power density of 1.4 W-cm™3 has been reached without any
deleterious effects, which is seven times higher than 30 MW in Intor.
Recently, an all metal antenna was successfully employed in TFR17). In a
reactor, a ceramic spacer cannot be used due to neutron damage. The results
encourage us to extend ICRF heating to a reactor plasma, since a coupling

structure can be made of same material as a first wall or a neutralizer

plate of a reactor,
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Fig. 2 Time evolutions of perpendicular icn temperature Ty  (€CX),
electron line density ng1, plasma current I,, one turn ,
loop voltage Vy and spectral line intensity OVII (1623 4A).
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Br =18kG, €, 5~10%

OQUTPUT OF DIRECTIONAL COUPLER,

CURRENT PROBE AND MAGNETIC PROBE.

Fig. 3 Typical signals of square roots of incident and reflected
rf powers VPg, VPp, coil current I and magnetic fluctua-

tion Bg.
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Fig. 4 Magnetic fluctuation ﬁe as a functiom of the toroidal field
By or the major radius location of a fundamental cyclotron
resonance layer for hydrogen Rp. The frequency was fixed

at 25 MHz and €p = 5~ 107,
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Fig. 9 Increase of ion temperature per unit rf net power as a
function of e,. The toroidal field was fixed at 18 kG
and 16.4 kG,
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Fig. 10 Radial profiles of ion temperature with and without rf
power in the case of €p = 5~ 10% and By = 18 kG.
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Fig. 11 Radial profiles of electron temperature and density with
and without rf power in the case of Ep = 5~ 10%, Bt = 18 kG.
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Fig. 12 Photograph of the antenna ceramic cover with
the Faraday shield.
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