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ABSTRACT

Data of JIPP T-II ICRF heating experiments are presented. The

experiment covers three typical cases: the low concentration hydrogen

minority case, the high concentration hydrogen minority case, and the

3 "i

He minority case. The best heating efficiency is obtained for the He-

minority case. It is shown through power balance analysis that the two

H-minoHty cases are different in the wave energy deposition profile.

The difference is explained by the presence of local cavity mode for the

high concentration minority case. The ion temperature stops rising at

the power density level of 0.65 W/cm . An analytic solution of the

Fokker-Planck equation is derived to interpret the deterioration of

heating efficiency.
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1. INTRODUCTION

For the heating of thermonuclear fusion plasma the use of waves in

the ion cyclotron range of frequency (ICRF) offers several advantages.

Recent high power ICRF heating experiments [1-4] have demonstrated the

practicability of fast wave heating with a variety of heating regimes.

Based on the success in handling MW level ICRF power injection, the

application of ICRF heating to future large tokamaks is becoming realistic.

In the Institute of Plasma Physics, Nagoya University, ICRF heating is

projected in the R-project proposal. The experiment presented here was

carried out on JIPP T-II as a preparatory experiment to aid in designing

the R-tokamak. One of our interests is in the clarification of the wave

propagation and absorption mechanism, which is important in deciding the

heating regime best suited to the R-tokamak. Another interest is in the

mechanism of deterioration of heating efficiency which occurs with high

power ICRF heating.

2. EXPERIMENTAL RESULTS

JIPP T-II in Institute of Plasma Physics, Nagoya University, is a

stellarator-tokamak hybrid device which has major radius R= 91 cm and

minor radius a = 15 cm. A schematic drawing of the machine showing the

location of the ICRF antenna and diagnostic tools is shown in Fig.1. The

ICRF heating experiment was carried out in a tokamak operation with a

toroidal magnetic field of around 2.7 T and plasma density ranging from

2 to 5 x 10 cm . The plasma current is around 90 kA and the Joule

input power is around 100 kW throughout this experiment. The deuterium

plasma with minority ions of hydrogen or helium-3 is heated in a two-ion
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hybrid regime. The frequencies of 40 KHz for the hydrogen minority and

26.7 MHz for the helium-3 minority are used so that the ion-ion hybrid

resonance layer is located near the plasma center. Two all-metal antennas

with Faraday shields are set in the vacuum vessel and each receives rf

power from its own oscillator. As shown in Fig.2 each antenna consists

of two half-turn coils to which the rf voltages are supplied 180 degrees

out of phase. The experiment was carried out in the three cases: 4 %-H,

10 %-H and 10 %- He. The concentrations of minority ions are measured

using the spectroscopic method in the H-minority experiments, while it

is deduced through the analysis of gas dynamics in the He-minority

experiments.

We take up 4 %-H and 10 %-H as typical cases representing low and

high concentrations of minority ions. A favorable result is obtained

in the 4 %-H experiment: The heating is successful up to a net input

power of 260 kW, where the power density is 0.65 W/cm and this power

corresponds to twice the Joule input power. The deuterium and the
f

hydrogen temperatures are measured by a mass-discriminating fast neutral

particle analyzer. As shown in Fig.3, the deuterium temperautre

increases from 270 eV to 570 eV. The heating rate is 1.2 eV/kU. The

increase of electron temperature is also found, by the measurement of

electron cyclotron emission calibrated by pulse height analysis of soft

X-rays (see Fig.4). In the figure, the electron temperature rises with

time from 0.7S keV but begins to fall after reaching the maximum value of

1.1 keV (before the rf pulse is turned off). The application of higher

power up to 400 kW (power density of 1 W/cm ) brings no further increase

in T. and a deterioration of the confinement is observed. A similar

heating rate is also obtained with the 10 %-H experiment. The deterio-

ration of heating efficiency occurs, however, at a power level as low as
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150 kltl. In both cases, the deterioration of heating efficiency is

preceded by a deterioration of the electron energy confinement along

with an increased influx of heavy ion impurities.

3 3

In the He minority experiment a heating efficiency (eV/kW/cm )

twice as high as in the H minority case is observed, demonstrating the

superiority of He as a minority species in the fixed toroidal magnetic

field strength. In Fig.5, the relationship between the power applied and

the increase in the deuterium temperature is summarized in terms of AT^-n".

3. DISCUSSIONS

The cause of the difference between the 4 %-H and 10 %-H can be

understood through analysis of the usual power balance equations,

d , T ,
 nH(TH - TD} n H ( V _ V nHTH . 2 <p ,

dt i r W = 7^ ^ ^ 3 rf H '

l ( n T ) . nD(TD ' TH} nD(TD ' Te^ V o + 2 <p >

j L ( n T ) - "e(Te - V V T e ' ̂  V e <p ,
dt (neTe) - " reD " x e R " rQ

 <Prad>

Here, !„, T~, and T are the energy confinement times of the respective

species. < p
r a ci

> and <P,> are the radiation loss and Joule input powers,

respectively, t.g is the relaxation time between species A and B. All

of the terms except for rf power inputs are evaluated immediately after

turning on the ICRF pulse so that it is possible to use the transport

parameters measured just before the rf pulse is applied. An example of



the power balance is shown in Fig.6 for the case of the 4 %-H experiment.

The rf powers absorbed by respective species given in the parentheses

are calculated on the basis of the known power transfer data. Domir-.ant

features we find are that not only minority ions but also electron and 0

absorb wave energy in the 4 %-H experiment, while only minority ions

absorb a significant amount of wave energy in the 10 %-H and 10 %- He

experiments. These results are different from those of TFR and PLT:

The former reports the direct heating of electrons in the high concentra-

tion H experiment. The latter reports that only minority ions are

directly heated in the low concentration H experiment. The apparent

difference between their results and those of this experiment can be

understood through wave propagation analysis keeping the differences of

the antenna configurations in mind. Our antenna is very, similar to the

TFR antenna in shape but different in performance. Our antenna is

smaller and operates on lower frequency than does that of TFR. So,

the rf current on the antenna is modelized to be perfectly uniform in

our experiment. The question of which side the wave is incident from is

governed instead by the local structure of the wave propagation.

Ons of the important parameters which characterizes the wave

propagation is defined by [4]

Here, Up« is the deuterium ion plasma frequency, k,, is the parallel wave

number, vT is the thermal velocity of deuterium ions and c is the velocity

of light. Substituting the values relevant for our experiment in the

right hand side of Eq.(2), we get z?, of about 2 %, which is smaller than

any H-concentrations we use in this experiment. Therefore, we may assume
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the presence of a mode conversion layer throughout this experiment.

Another important paremeter

- ^ - R E H ^ (3)
2/2 H c

takes on values of 0.5 and 1.3 correspondino to zu = 4 % and 10 %.

Since the waves on the low field side and high field side become

independent with n-value beyond unity, there appears a difference in the

wave propagation and absorption mechanism between 4 %-H and 10 %-W

experiments. This can be the reason why,electrons are heated in the 4

%-H experiment while only H is heated in 10 %-H experiment. The differ-

ence of the wave excitation, and propagation should be reflected in the

loading resistance. In Fig.7, measured loading resistances are plotted

versus the plasma density for the high concentration minority case. It

is an outstanding characteristic of this case that the plasma density

which gives the maximum loading resistance increases with an increasing

toroidal magnetic field strength. This tendency is well understood,

provided the local cavity mode predicted by the theory [5] is really

present; as the toroidal magnetic field B. increases the resonance-cut

off double layer shifts toward the low field side, reducing the volume

of the cavity. For the rf frequency kept constant, cavity resonance

can be satisfied only by the shorter wavelength realized in the higher

plasma density. On the basis of this physical picture, we make the

plots shown in Fig.8. The quantity on the ordinate, ki)W, the mean

perpendicular wave number, is defined by

nm0

1/?
) , (4)
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with a set of parameters B and n when the resonance condition is

satisfied. The quantities on the abscissa kij9, the geometrical wave

number, are defined by

k _ 1 , -2 , h-2J/2

Here a and b are the dimensions of the cavity read out from the computed

resonance-cutoff diagrams as shown in Fig.9. The best fits of the data

indicate the deep correlation between k1>w and kx g in the case of high

concentration H, demonstrating the localization of the wave on the low

field side. Thus, the wave energy is absorbed in the cyclotron layer by

minority ions. This contrasts with the case where the concentration of

minority ions is low; there is little relation between kI)W and kx „.

In this case, the wave is not localized and is then absorbed in the mode

conversion layer.

The sum of the rf powers absorbed by the respective species is less

than that radiated from the antennas. If efficiency is defined by

Y - (<Prf>e • <Prf>H • <Prf>D)/<Prf> . (6)

we get y = 0-56 for the 4 %-W case and y = 0.23 for the 10 %-H case. In

the following discussions, the Fokker-Planck equation is used to give an

interpretation of an efficiency smaller than unity. It is well known

that the particle confinement is determined by the plasma current, which

is only 90 kA in this experiment: Particles with an energy of more

than 20 keV can not be confined. Therefore it is important to get

insight into the behavior of the minority ions which are intensively

heated and finally lost. An analytic steady state solution of the linear



Fokker-Planck equation is first given by T. Stix [6]. It is, however,

not complete because the particle flow through the velocity space is

neglected. According to the Stix notation, the isotropic linear Fokker-

Planck equation with quaji-linear kick term is written in the form:

SA 1 3
at = 7 37

where

r - - 4 , [ ( - av2
 + 1 ^ (gv2))A + ( l e + K)v2 §&] . (8)

The f i r s t integral of eq.(7) gives

- v2r = C] . (9)

Here, c, has a physical meaning of particle flow through the velocity

space, which has been ignored in ref.[6]. If it is retained, the

solution of eq.(7) has a form

rv° i i
A(v) = c, ! j F 7 V T d v A

n ( v ) • <10>
IJo (B/2 + KK V v ; °

where
rv 2

A (v) = exp - , " a v dv (11)0 Jo ̂ 6 + K

is the solution in ref.[6], and

with E the maximum energy of particles which can be confined in themax

system. The result of the two solutions are compared in Fig.10,

demonstrating the importance of the particle flow through the velocity
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space. The distribution function of minority ions is far from a Maxwell

distribution. We deduce an effective ion temperature from the inclination

of the theoretically obtained distribution function around the energy

range where the fast neutral particle analyzer worked in the experiment.

The power dependence of the hydrogen temperature is compared to the

dependence predicted by theory in Fig.11 with qualitative agreement.

Th<2 particle energy which is transferred from hydrogen to deuterium by

relaxation process P^n is given by

PDH = jo4. • ? v
2 ± [-a/ + 1 ± (6/)A + I V

2 |£|dv , (13)

PeH

<Prf> = |mnK (15)

and we notice an obvious relation

<Prf> =

where the last term is the part of the energy lost as energetic ions.

The portion of the wave energy absorbed by hydrogen and then transferred

to deuterium ions and electrons is given by

PeH> < ! V - clEmax
<PrfH>

Since the loss term c-,E /<P .>„ is an increasing function of <P *:>„•,

i becomes small on high power heating. The result of the numerical

computation is shown in Fig.12 for three cases: 4 %-H, 10 %-H, and 10
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%- He. It is worthwhile to mention that for the 10 %-H case the

application of a power over 150 kW does not serve to heat D but only

to increase particle loss of minority H. This may be the reason why we

observe the deterioration of heating efficiency in the experiment at

the high power level. We also find that the threshold is as small as

30 kW in the case of the 4 %-H experiment. However, ion temperature

continues to rise together with increasing power from this power level

up to 260 kW because the wave deposits its energy not only on H but also

on e and D. In the case of the 10 %- He experiment, the threshold is

high enough that no deterioration occurs and high efficiency is maintained.

We observe in this experiment that the deteriorating effect of rf first

affects the electron energy confinement. This is due to the enhanced

radiation loss. The origin of the impurity is sought by examining the

visible light emission which is indicative of impunity influx and the

characteristic lines in soft X-ray emission which yield information on

the core impurity. The radiation loss is mainly due to impurities of

the heavy metals Ti and Mo, the former of which conies from the vacuum

wall and the latter from the limitrr. The radiation loss measured by

the bolometric method increases gradually with time for about 10 ms;

this contrasts with the rise time for visible lights, which is 1 ms. A

simulation using eq.(7) with measured radiation loss gives the solid

curve shown in Figs. 3 and 4. Thus the behavior of the electron tempera-

ture is well understood in terms of the radiation loss. Though the

deterioration of electron energy confinement does not affect the ion

heating significantly, impurities are another problem to be solved in

experiments in the near future.
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4. CONCLUSION

The experimental result of ICRF heating on JIPP T-II was described

and three typical heating regimes were compared. The highest heating

efficiency was achieved in the He-minority experiment. In the H-

minority experiment, low concentration minority (4 %- H) and high

concentration minority (10 %--H) cases were compared. Differences were

found in the wave energy deposition profile on each species derived

through power balance analysis. This difference was explained with mode

conversion theory and this model was consistent with the measured loading

resistance. The behavior of the plasma under high power ICRF heating

was also investigated with power levels up to 400 kW. The deterioration

in heating efficiency was observed in both cases with a heating power

density less than 0.65 W/cm . The mechanism of the heating deterioration

was explained in terms of relaxation process with a solution of the

Fokker-Planck equation.
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FIGURE CAPTIONS

Fig.l JIPP T-II device with locations of diagnostics.

Fig.2 The structure of the ICRF antenna.

Fig.3 The time evolution of the deuterium temperature; the solid line

is that obtained in the computation of eq.(l).

Fig.4 The time evolution of electron temperature; the electron tem-

perature rises rapidly with higher rf power though it begins to

fall later when rf is still on. The solid line shows the result

of simulation calculations with measured radiation loss as an

input.

Fig.5 The power dependences of deuterium temperature.

Fig.6 The power balance analysis for 4 %-H minority case. e Q = ̂  n ^ V .

Fig.7 The loading resistance versus rf .

Fig.8 The relation between wave number kAW and geometric wave number kx_.

Fig.9 Resonance and cutoff diagram. klg is defined with a and b shown

in this figure.

Fig.10 Comparison of theoretical distribution functions of minority

ions; the solid line shows the solution of eq.(10) and the broken

line shows the solution of eq.(ll). The two distributions are

quite different each other, showing the importance of particle

flow through velocity space.

Fig.11 Temperature of minority ions versus input rf power. The open

circles and triangles show measured minority ion temperature for

4 %-H and 10 %-H cases respectively. The solid lines are those

calculated theoretically through eq.(10).

Fig.12 Energy transfer factors £ of minority ions.
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