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Abstract

The directly launched Ion Bernstein Wave (IBW) heating

experiments have been carried out on JIPP T-IIU tokamak for two

experimental conditions; (a) the '3rd-branch' of the IBW between

3rd- and 4th-cyclotron harmonics of the deuterium, and (b) the

"2nd-branch" of the IBW between 2nd- and 3rd-cyclotron

harmonics. In the case (a), the direct hydrogen heating at

oo=l .5Q(i has been found in previous experiments. Here we present

additional data to support this subharmonics heating, i.e., the

spectroscopic measurement of FeXVIII lines and mass separated

analysis of charge-exchange neutrals. While, in the case (b),

the remarkable increase of the electron temperature has been

observed, especially at the central region of the plasma, and it

has been estimated from the global energy balance that almost

all of IBW power is delivered to the electron. To investigate

this difference of the heating mode, the power absorption has

been calculated with the ray tracing code, taking into account

of the effect of the plasma/antenna coupling. It is concluded

from the consideration of the electron Landau damping that the

transition from the ion heating mode to the electron one would

be explained by the difference of the electron temperature at

the ohmic phase; i.e., Te(0) = 0.7 keV for the case (a) and

Te (0) = 1.3 keV for the case (b).
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§ 1 Introduction

Among the waves of ICRF (Ion Cyclotron Range of

Frequencies) the directly-launched Ion Bernstein Waves (IBW)

have some advantages for the plasma heating; (a) the direct

bulk-ion heating with almost one-pass absorption at the ion

cyclotron layer, and (b) the feasibility of the waveguide

launching system for the reactor-size machines. The first

experiments with the directly launched IBW have been

successfully carried out with the simple torus of ACT-1

device [1} . The IBW heating experiments with the tokamak

configuration have been conducted at the JIPP T-IIU

device(2,3} . In PLT at Princeton, the IBW heating experiments

have been done with other IBW branches (4] . Recently in JIPP

T-IIU, we have performed the IBW heating experiments with

another branch, too. The experimental regimes carried out in

JIPP T-IIU and PLT are summarized in Fig. 1.

First of all, let us review the first experimental results

in JIPP TII-U briefly [2,3] . In JIPP T-IIU tokamak, the major

and minor radii of which are 0.91 m and 0.23 m, respectively,

the Nagoya Type-Ill antenna (5] is installed at the

low-field-side to couple the IBW directly. The toroidal field

is adjusted to locate the 3rd cyclotron harmonics layer of the

helium-4 ions around the plasma center, to bring about the

strong 4He ion heating due to the cyclotron damping. Since the

wave launched from the low-field-side will couple to the IBW

branch between 3rd- and 4th-cyclotron harmonics of 4We , let us

call this experimental condition as "Mode-I" IBW experiments

hereafter. In these experiments, we have used the mixture of
4He and hydrogen, and observed the excellent bulk hydrogen

heating, where AT;i < 700 eV and A7'ui < 300 eV with Prf < 100 kW

at He ~ 1.5iiOl9nf3 . When the cyclotron layer of oi=3Sl*He is

located at the plasma center, the maximum heating efficiency

with LTixih/Prf < 10 cV- l O ' W J W has been achieved [2) . The
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following experimental evidences, however, suggest the direct

hydrogen heating beyond the linear wave absorption theory; (a)

the heating efficiency of the hydrogen does not depend on the

existence of helium-4 ions so much, (b) the parallel and

perpendicular hydrogen temperatures are different significantly,

and (c) the high energy tail appears in the charge-exchange

spectrum of hydrogen ions [2,3] . To understand these phenomena

in more detail, we have carried out this Mode-I IBW heating

experiments, paying much attension to the behaviours of the

hydrogen ions. Here we will present two additional data to

confirm the direct hydrogen heating at the central region. One

is the hydrogen temperature measurement by using the intensity

ratio of FeXVIII lines, and the another is the charge exchange

measurement with mass separated analyzer.

Recently, the IBW heating experiments with another IBW

branch have been also performed, where the 2nd-branch of the

deuterium ions is applied. In this condition, the cyclotron

layer at <D=2QD locates at the plasma center and the wave

launched from the low-field-side antenna couples to the 2nd IBW

branch of the deuterium ions. Let us call this experimental

condition as "Mode-II" IBW heating experiments hereafter. Here

we have observed the remarkable increase of the electron

temperature. This is quite different from the result of the

"Mode-I" IBW experiments. To explain this discrepancy between

"Mode-I and -II" IBW heating experiments, the wave absorption of

the IBW by ions and electrons was evaluated with the ray tracing

code, taking into account the effect of the plasma/antenna

coupling.

The experimental results for the 'Mode-I' IBW experiments

are presented in §2 , and those for the "Mode-II" IBW ones are

in § 3 , paying much attension to the wave energy partition

between ions and electrons. Discussion to explain this

discrepancy is described in §4 . Conclusions obtained by the

IBW heating experiments with JIPP T-IIU tokamak are presented in

§ 5 .
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§2 Experimental results at the "Mode-I" IBW heating;

Since the toroidal field is 1.8 T at the plasma center and

the wave frequency is 40 MHz, the 3rd harmonics cyclotron layer

of the deuterium and helium-4 locates at the plasma center,

which is also corresponding to the one-and-half integer

harmonics of the hydrogen. The experimental parameters are

almost the same ones of the previous IBW experiments in J1PP

T-IIU, as described in ref. [2,3] , where IP = 110 - 120 kA ,

ne =(1.5 - 3)ilO19 m"3 , Te(0) = 0.7 fceV, and Pr/ = 50 - 80 fch' .

The spectroscopic line intensities of FeXVIII were measured

with 4He/hydrogen plasma, and the hydrogen temperature has been

deduced from the intensity ratio of FeXVIII forbidden line 975A

to the allowed one 94A . Figure 2 shows the time evolution of

the hydrogen temperatures evaluated with two different

measurements of the spectroscopic intensity ratio (closed

circle) and the charge-exchange spectrum (triangle). We could

say, roughly speaking, that these two data are consistent and

show the direct heating of the hydrogen ions. In addition, the

spectroscopic data suggest the core plasma heating, because

FeXVIII ions populates only at the central region of the plasma

(Te ~ several hundreds eV).

Next, to examine the ion heating mode under the condition

of the coexistence of the integer and half-integer cyclotron

harmonics layers at the same place, we have conducted the

"Mode-I' IBW experiments with 60 % hydrogen and 40 % deuterium

plasma, and the charge-exchange spectra for these ions have been

measured with mass separated analyzer of charge-exchange

neutrals. Just after the rf power has been switched on, we have

observed the drastic increase of ion temperatures for not only

the deuterium but also the hydrogen, while the increase of the

electron temperature is moderate. Figure 3(a) and (b) shows the
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charge-exchange spectra for the hydrogen and deuterium ions.

The temperature increase of the deuterium may be explained by

the «=3fio cyclotron damping.

While, in Fig. 3(a), the high energy tail extending to Enax
< 15 IceV can be seen clearly for the hydrogen spectrum. The

high energy tail has been already observed in the previous

experiments [3] , where it is also pointed out that the

temperature increase of the hydrogen strongly depends on the

toroidal field strength, as presented in Fig. 3 of ref. [2] .

These experimental data imply that the hydrogen is directly

heated up and the power deposition is quite localized at the

plasma center region, as pointed out by Okamoto and 0no(7] .

This would support the heating mechanism like a resonance

interaction, e.g., half-integer cyclotron harmonics (oj=3/2fiH ).

Recently, the heating mechanism at the one-and-half integer

cyclotron harmonics has been theoretically investigated, and the

possibility of the hydrogen heating has been pointed

out [8,9,10] . The present theory predicts that the

half-integer harmonics occurs dominantly if the species of the

integer harmonics is a few percentage or less. Therefore, our

experimental data, where the hydrogen is directly heated with

60% H + 40% D plasma, are quantitatively inconsistent to the

present nonlinear theory. While, the result of self-consistent

particle simulation shows the strong half-integer harmonics

heating even for the plasma with a large amount of integer

harmonics species (no/(no+n« ) = 12.5 % or more) [11] . The

further investigation will be necessary for the half-integer

harmonics heating from the experimental and theoretical points

of view.



§3 Experimental results at the 'Mode-II" IBW heating

The IBW heating experiments with the 2nd-branch between 2nd

and 3rd cyclotron harmonics of the deuterium ion have been

carried out, where the toroidal field is 2.76 T and the

deuterium plasma with 10% hydrogen minority are used. Figure 4

shows the time evolutions of typical plasma parameters and the

electron temperature measured by Electron Cyclotron Emission

(ECE) technique, where the input rf power is 90 kW. The

behaviors of the ion temperatures are shown in Fig. 5 with the

corresponding charge exchange spectra. The plasma density is

roughly the same one to the "Mode-I" IBW experiment, and the

plasma current is about 1.8 times as high as that of the

previous one, which makes the electron temperature much higher

at the ohmic phase; that is, Te (0) = 0.7 keV for "Mode-I" and

Te(0) = 1.3 keV for •Mode-II".

The electron temperature begins to increase just at the

time of the rf switch-on, but the temperature increases of

hydrogen and deuterium ions are moderate. Clearly, this shows

the remarkable difference from the results of "Mode-I" IBW

heating experiments, presented in the previous section. This

fast rise of the electron temperature suggests the direct

electron heating tjy the IBW. We can see from Fig. 4(b) that the

electron heating is localized at the central region ( r/a < 0.5

)•

While, the ion temperature gradually increases with the

time constant of about 10 ms, which is roughly equal to the

collision time between electrons and ions. The charge-exchange

spectra shows that the distribution functions of hydrogen and

deuterium are almost Maxwellian, although a slight high-energy

tail appears in the hydrogen spectrum. Then, it seems that the

mechanism of the ion heating is not the direct ion heating by

the IBW, but the collisional heating due to electrons heated by

the IBW.

In order to examine the partition of the IBW power between
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electrons and ions, the simulation with zero-dimensional (0-D)

transport code has been carried out. The global energy balance

equations described as follows are solved;

dWe
dt

+ Q?f - Qrad, (la)

where TES is a energy confinement time for the species "s" ( s =

e, H and D ), Vp is a plasma volume, and QOH • Qrod and Q̂ / are

the ohmic power, the radiation power and rf power of the species

"s", respectively, and the charge-exchange loss is neglected.

Since the density and temperature profiles are assumed as

n(r),T(r) <x (l-(r/a)2)**•', the total stored energy Ws is given

by 1.5n27tVp(fcn+fcT)"' < and the collision time between the species

"i" and "j" is T(>=T?J (T?,T?,n?)(2fcn-0.5fcT+l)- in which the

superscript "0" denotes the values at the plasma center.

By using the experimental data, the energy confinement time

has been deduced at the ohmic phase, and this value is also

applied during the wave heating phase, by taking into account

the Alcator scaling. The line-averaged electron density

measured experimentally is also introduced into the code,

assuming the parabolic profile (fcn=l ). Since the time evolution

of the electron temperature profile is measured with ECE, the

temperature profile parameter kj has been changed with the time
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in the simulation code. The radiation power measured by the

bolometer is also introduced.

We have compared the experimental data with the simulation

code by changing the partition of the IBW power for each

species, keeping the total wave power constant. Figure 6 shows

the time evolutions of electron and ion temperatures for

different values of Pff/Pty , comparing with the experimental

data. If the wave power of 80% or more is delivered to the

electrons, the increase of the electron temperature is

consistent with the experimental data, and the ion heating is

also explained by the collisional heating through electrons.

§4 Discussion

It is very interesting that two kinds of IBW experiments

have shown the quite different heating mode; that is, the ion

heating at the "Mode-I" IBW experiments and the electron heating

at the "Mode-II" one. To understand this phenomenon in more

detail, we have calculated the power deposition with the ray

tracing code, paying much attension to the plasma/antenna

coupling.

The dispersion relations for these two cases are shown in

Fig. 7, where Nw = 5 and the parabolic profiles are assumed.

For 60% hydrogen and 40% deuterium plasma, the dispersion

relation is, roughly speaking, similar to the lst-branch of the

IBW for the hydrogen, except around the 3rd harmonics cyclotron

layer of the deuterium. The perpendicular refractive index Ni

for the 2nd-branch of the IBW is usually larger than that for

the lst-branch.

First of all, let us discuss the power absorption of the

IBW for the "Mode-I" condition. Figure 8 shows the power

absorption along the ray trajectory calculated with the ray

tracing code for the "Mode-I" condition [2J , where the

parameters are Te(0) = 0.7fceV, TH.D(O) = 0.3keV,

ne(0) = ar10l9cnf3, 8,(0) = 1.87 and / = 4QMfe. When the
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parallel refractive index Nn is relatively small (e.g., N n ~ 4 ) ,

the wave can propagate into the plasma center and is strongly

absorbed at the cyclotron harmonics layer of co=3fio . Although

one-and-half integer cyclotron damping, of course, occurs at

a)=1.5QH layer, this effect is not taken into account. When the

index N\t increases (e.g., N« > 6), the wave surfers the

electron Landau damping before the wave reaches the cyclotron

layer. In Fig. 9(a), the power partition of the IBW between

electrons and ions are presented as a function of the refractive

index Nu for various electron temperatures. We can see the

clear transition from the ion heating at the small N« to the

electron heating at the large Nil . Accompanied by the increase

of the electron temperature, the region of the electron heating

is extending to the small Nil regime, as is expected by the

Landau damping given by

( _

According to the definition of J. P. M. Schmitt(12] , the IBWs

with low JVII < 4 and high Nn > 10 will be categorized into the

pure IBW (PIBW), where fciip* « (nw/nii )l/2o)/Qi , and the

neutralized IBW (NIBtf), where (mc/mj )
l/20)/Qi « fcnPi « 1,

respectively, and the transition regime ( N\\-^ 7 ) is the Landau

damped IBW, where fcnpi ~ (nte/m; )1/2a/fi; .

In addition to the wave absorption, another key issue is a

wave coupling between the antenna and the plasma. This problem

has already analyzed by W.N-C. Sy et al. for the lst-branch of

the IBW with the Nagoya Type III antenna [13] . Since the

dispersion for the 'Mode-I' experimental condition is very

similar to the lst-branch of the IBW for the hydrogen, as shown

in Fig. 7 (a), the coupling to the lst-branch of the hydrogen has

been calculated. Figure 9(b) shows the result of the coupling

power A (Nn) for n«,=l .0xl0l9«f3 and the antenna form factor

/(Nil ) , where the distances of antenna/plasma and antenna/wall
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are 0.02 m and 0.03 in, respectively, the antenna length along

the toroidal direction is 0.51 m, and the uniform current on the

antenna is assumed. The radiation power coupled to the plasma

P(N« ) is expressed by the product of A(Nn ) and f(N« ) , as

shown in Fig. 9(a) by the dotted line. Comparing the radiation

power from the antenna with the absorption rate to the plasma

species, we could say that at the low electron temperature

plasma the significant part of the IBW power will contribute to

the ion heating without suffering the serious electron Landau

damping, and the electron heating is enhanced as the electron

temperature increases. In the "Mode-I" experimental condition (

Te (0) = 0.7 keV), we could see that a significant part of the

IBW power is, therefore, delivered to ions.

Next, it is necessary to evaluate the power absorption for

the "Mode-II" experimental condition. Here we should remark

that the analysis for the plasma/antenna coupling employed at

the lst-branch IBW is invalid for the 2nd-branch one, because it

needs to expand the dispersion relation up to 0((fcxPi)4)- At

the present, we have no formulation to analyze the

plasma/antenna coupling for the 2nd-branch IBW. Then, we could

not present the wave power coupled to the plasma as a function

of the parallel refractive index N« . However, we could expect

the strong electron Landau damping from Fig. 9(a), because the

electron temperature is relatively high (TV (0) = 1.3 keV). In

addition, the central region heating observed experimentally, as

shown in Fig. 4(b), will be explained by the characteristics of

the electron Landau damping given by eq.(2).

We have found that ion or electron heating is selective for

the IBW by changing the value of Vph/vth,e . where Vph = w/fcii •

Therefore, the control of fcn -spectrum makes it possible to

select the ion heating mode or the electron one for the IBW;

e.g., the toroidally long (short) antenna is appropriate for the

ion (electron) heating mode. In addition, the electron heating

mode implies a possibility of the current drive by the IBW with

the phased antenna system.
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§ 5 Conclusion

The directly launched Ion Bernstein Wave heating

experiments have been carried out with JIPP T-IIU tokamak for

the 3rd-branch ('Mode-I") and the 2nd-branch ("Mode-II") of the

deuterium ions. For the "Mode-I" experiments, the hydrogen

heating at the central region has been confirmed by the

spectroscopic measurement of FeXVIII lines. With 60 % H + 40 %

D plasma the strong hydrogen heating at the half-integer

cyclotron harmonics has been observed, and this phenomenon is

beyond the present nonlinear theory.

For the "Mode-II" experiments, the remarkable electron

heating has been observed, showing quite difference from that of

the "Hode-I" experiments. From the analysis with the global

energy balance, it is found that almost all of the wave power

should be delivered to the electrons, and the ion is heated by

the collision through the electrons.

To explain this difference of the heating mode, the power

partition between electrons and ions has been analyzed with the

ray tracing code. The result with the ray tracing code shows

that at low Nw the ion heating is dominant, and at high Nn the

electron heating becomes essential. As the electron temperature

increases, this transition occurs at the relatively small N«

value. We could, therefore, say that the experimental evidence

(ion heating for "Mode-I" aad electron heating for "Mode-II") is

attributed to the difference of the electron temperature; that

is, Te(0) = 0.7 keV for "Mode-r and Te (0) = 1.3 keV for

'Mode-II•.
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Figure Captions

Fig. 1 Dispersion relation for various branches of the Ion

Bernstein Wave, where 100% deuterium plasma, Te = 0.7 keV,

Ti = 0.3 fceV, iw = 2x10'V3 and BT = 1.8 7. The

experimental regimes carried out in JIPP T-IIU and PLT are

also presented with the experimental year of 19th

century.

Fig. 2 The time evolution of the hydrogen temperature for the

3rd-branch condition (called as "Mode-I"). The closed

circles (triangles) denote the temperatures deduced from

the spectroscopic lines of FeXVIII ( from the

charge-exchange spectrum ).

Fig. 3 The charge-exchange spectra of (a) the hydrogen and (b)

the deuterium ions before (cross) and during (circle) the

rf pulse for "Mode-I" experiments with 60% H + 40% D

plasma, where Prf = 50 kW n,, = 2x10'V3, Te(0) = 0.7 keV,

and Ip = 120 kA.

Fig. 4(a) Discharge characteristics of the "2nd-branch" IBW

heating experiments (called as "Mode-II"), where

BT(O) = 2.76 T, 10% hydrogen and 90% deuterium plasma.

The hatched region shows the rf heating period, where the

rf power is 90 kW.

(b) Time evolution of the electron temperature

measured with the four-channel electron cyclotron emission

(BCE) technique for different minor radius.

Fig. 5(a) The time evolution of the H (open circle) and D

(closed one) ion temperatures for the "Mode-II" IBW

experiments, corresponding to the discharge of Fig. 4.

(b) and (c) The charge exchange spectra of the H and D

ions before (cross) and during (circle) ths rf pulse,

respectively.

Fig. 6 The time evolutions of the ion and electron temperatures

obtained with the 0-D transport code, comparing with the

experimental data. The total rf power Pr/ is fixed to be
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90 kW, and the power delivered to the electrons Pe is

changed, i.e., Pe/Prl = 50% - 100%. The remainder of the

rf power (Prf - Pe) is, of course, delivered to the ions.

Fig. 7 Dispersion relations with the frequency / = 40 MHz for

two experimental conditions; (a) 60% H + 40% D plasma and

Br(O) = 1.8 T, where TH.D(O) = 0.3teV, Tc(0) = 0.7fccV and

nc(0) = 3xlO'V
3, and (b) 100% D plasma and

Br(O) = 2.76 T, where Tw.D(0) = 0.4teV, Te(0) = 1.3fceV and

ne(0) = 3xl0'V3. In case (a), the dispersions for 100%

hydrogen and 100% deuterium plasmas are also shown with

the broken lines. The positions of cyclotron harmonics

layers of the hydrogen and the deuterium are pointed.

Fig. 8 Power absorption calculated with the ray tracing code

for the situation of the "Mode-I" IBW experiment, where

60% H + 40% D plasma, BT(O) - 1.8 T,

TH.PCO) = Q.3keV, Te(0) = 0.7fceV ne(0) = 3xlO'V
3 .

Fig. 9(a) Partition of the IBW power between electrons and ions

as a function of the parallel refractive'index Nn for

different electron temperature, corresponding to the

result of Fig. 8. The coupling power to the plasma

expressed by the product of f(N\\) -AkiniNw ), given in Fig.

9(b), is also presented with the broken line.

(b) The antenna form factor f(N\\) , and the wave powers

of the electromagnetic AEH (NII ) and the kinetic Akin (Nil)

components coupled to the plasma for the "lst-branch" of

the IBW, where 60% H + 40% D plasma, TH.D = 0.3 keV, Te =

0.7 keV, ne = lxlO'V3. The distances of the

antenna/plasma and the antenna/wall are 0.02 m and 0.03 m,

respectively, the toroidal length of the antenna is 0.51

m, and the uniform current on the antenna is assumed.
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