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Abstract 

Ion Bernstein wave heating (IBWH) utilizes the ion Bernstein wave (IBW), a hot plasma 
wave, to carry the radio frequency (rf) power to heat tokamak reactor core. Earlier wave 
accessibility studies have shown that this finite-Larmor-radius (FLR) mode should penetrate 
into a hot dense reactor plasma core without significant attenuation. Moreover, the IBWs low 
phase velocity (w/ k±= V-pi« V a ) greatly reduces the otherwise serious wave absorption by 
the 3.5 MeV fusion a-particles. In addition, the property of IBW's chat k xpj = 1 makes 
localized bulk ion heating possible at the ion cyclotrGtt harmonic layers. Such bulk ion heating 
can prove useful in optimizing fusion reactivity. In another vein, with proper selection of 
parameters, IBW's can be made subject to strong localized electron Landau damping near the 
major ion cyclotron hannonic resonance layers. This property can be useful, for example, for 
rf current drive in the reactor plasma core. 

IBWs can be excited with loop antennas or with a lower-hybrid like waveguide launcher at the 
plasma edge, the latter structure being one that is especially compatible with reactor application. 
In either case, the mode at the plasma edge is an electron plasma wave (EPW). Deeper in the 
plasma, the EPW is mode-transformed into an IBW. Such launching and mode-transformation 
of IBW's were first demonstrated in experiments in the ACT-1 plasma torus and in panicle 
simulation calculations. These and other aspects of IBW heating physics have been 
investigated through a number of experiments performed on ACM, UPPTII-U, TNT, PLT 
and Alcator-C. In these experiments both linear and nonlinear heating processes have been 
observed. Interestingly, improvement of plasma confinement was also observed in the PLT, 
Alcator-C, and JIPPTTJ-U experiments, opening up the possible use of IBWs for the active 
control of plasma transport. Two theoretical explanations have been proposed: one based on 
four-wave-mixing of EBW with low frequency turbulence, the outer on the noninear generation 
of a velocity-shear layer. Both models are consistent with the observed threshold power level 
of a few hundred kW in the experiments. 
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- 2 -

Experiments on lower field plasmas on JFTII-M and DIII-D have raised some concern with the 
IBW wave-launching process. The experiments showed serious impurity release from the 
walls but little or no core heating, a combination of circumstances strongly suggestive of edge 
hearing. Possible parasitic channels could include the excitation of short wavelength modes by 
the Faraday shield's fringing fields, antenna sheath-wave excitation, an axial convective loss 
channel, and nonlinear processes such as parametric instability and ponderomotive effects. 
Suggested remedies include changes in the antenna phasing, the use of low-Z insulators, 
operating at higher frequencies, positioning the plasma differently with respect to the antenna, 
eliminating the Faraday shields, and using a waveguide launcher. The recent JIPPTII-U 
experiment, employing a 0-7T. phased antenna array with a higher frequency 130 MHz source, 
demonstrated that those remedies can indeed work. 

Looking to the future, one seeks additional ways in which IBWH can improve tokamak 
performance. The strong ponderomorive potential of the IBWH antenna may be used to 
stabilize external kinks and, acting as an rf limiter, to control the plasma edge. Control of the 
plasma pressure profile with local IBWH heating is already an important part of the PBX-M 
program in its exploration of the second-stability regime. Association with IBWH can improve 
the performance of neutral beam hearing and also the efficiency and localization of lower hybrid 
current drive for current profile control. Used with pellet injection, IBWH may also prolong 
the period of good confinement. The three planned high-power IBWH experiments covering 
vastly different parameters (f = 40-80 MHz for PBX-M; f = 130 MHz for JIPPT-II-U; and f = 
430 MHz for FT-U) appear to be well positioned to explore these possibilities and to clarify 
other issues including die physics of wave-launching and associated nonlinear processes. 
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I. INTRODUCTION 

The developing of ion Bernstein wave heating(IBWH)1-3 in the late 1970's owed much to 
prior research effort in radiofrequency plasma heating, especially ion cyclotron range of 
frequency heating (ICRF) and lower-hybrid wave heating {LHH). LHH experiments 
successfully demonstrated an efficient wave coupling using a phased waveguide system.4-5 

Fast wave ICRF heating experiments showed that ions can be heated efficiently at trie ion 
cyclotron resonance layers.6 The physics of mode-transformation process has bacome widely 
accepted, die process whereby a cold plasma wave, propagating through a nonuniform plasma, 
convens into a hot plasma wave due to the finite-Larmor-radius (FLR) effect.7-8 Indeed, 
mode-conversion underlies the idea of launching the ion Bernstein wave (a FLR mode) via 
mode-transformation process of an externally launched electron plasma wave (the lower-hybrid 
wave).1-2 This method for radio frequency plasma heating has been termed ion Bernstein 
wave heating, or IBWH. The three heating schemes (LHH, IBWH and ICRF) are compared 
in Fig. 1, where wavenumber is plotted as a function of plasma density. 

An early question for IBWH concerned wave accessibility to the core of a hot dense 
reactor plasma. Ray tracing calculations in slab1 and tokamak2 geometry showed that the 
accessibility of IB W to the core can be excellent for a finite range of launched n||. Since IBW 
wave energy is carried mainly by bulk ion motion, electric field related interactions such as 
electron Landau damping arc relatively weak. From such considerations, it was concluded that 
IBWH possesses a number of features that are attractive for reactor application: 

1. The polarization of IB waves at the antenna-plasma interface is similar to that for 
LHH and a similar waveguide coupler can be employed for IBWH. The waveguide 
coupler fits neatly between toroidal field coils and is compatible wim the requirements 
for heating tokamak reactors (Fig. 2). 

2. Like ICRF, IBWH utilizes efficient and relatively inexpensive if transmitters 
operating in the ion cyclotron range of frequencies. And IBW heat is deposited onto the 
well-defined ion cyclotron harmonic resonance layers in the plasma interior. 

3. Characterized by a relatively slow wave phase velocity, eVk± = Vxi, IB waves 
interact with bulk ions and can put if power directly into the ions without generating 
runaway ion tails (Sec. 3.3,4). This bulk ion hearing property may help in optimizing 
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fusion reactivity. Similarly, due to its short wavelength nature, \ L = p ;, IBVV'H can heat 
even at relatively high harmonic resonances (3.3.4). 

4. The good accessibility of IBW in hot dense plasmas appears to hold for a range of 
launched rt||. Also, calculations indicates that absorption of IB waves by the fusion a-
panicles can be avoided by using tritium heating scenarios (Sec. 3.3.6). This property 
may make IBW a good candidate for driving currents in the central region of burning 
plasmas (Sec. 5.1) 

Some concern has been raised with respect to possible deleterious effects on wave accessibility 
due to impurity harmonic absorption,3 absorption by fusion alphas,9 and wave scattering by 
low frequency turbulence.10 These effects although not completely negligible, have been 
shown to be relatively weak for typical reactor parameters.11'12 To facilitate the analyses of 
experimental results as well as to plan for the future experiments, tokamak IBWH modeling 
codes have been also developed.13-15 These cooes combine the tokamak ray-tracing codes 
with tokamak plasma transport codes. 

Another powerful tool for investigating the basic physics of IBWH has been computer 
particle simulation.16-18 External launching, mode-transformation, absorption, and ion heating 
were all investigated, and non-linear heating at 3£2j / 2 was discovered in this way. 1 6 From 
those basic physics investigations, it was concluded that the IBWH concept looked attractive 
enough to move on to the tokamak heating experiments. 

Turning now to pertinent experiments, the first external launching of IBW via mode-
transformation process was verified in an ACT-1 hydrogen plasma.19 In subsequent ACT-1 
experiments, external IBW launching at various harmonics,20 absorption of IBW and bulk ion 
heating at various ion cyclotron harmonic layers21 were confirmed. CCh laser scattering was 
used successfully for the fust time to detect the launched IBW on ACT-1.22 

The first tokamak IBWH experiment was carried out on the UPPT-DVU tokamak device23. 
A Bfl-type ICRF loop antenna, termed Nagoya Type-Ill antenna,24 was used to couple the rf 
power into IBW, and excellent central ion heating was observed at the 3&H # layers. 2 3. 2 5 

Efficient electron heating regime was also observed.26 On the Princeton Large Torus (PLT), a 
series of IBWH experiments were performed where various heating regimes were identified 
including 5£2D-minority, 3/2 i^D-majority and ̂ He-minority regimes.27"31 The efficiency of 
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IBWH ion healing was found to be comparable to [hat of ICRF, and the PLT central ions were 
heated from = 500 eV to 2 keV with IBWH.30 Under high power IBWH, plasma confinement 
showed actual improvement which also correlated with a significant reduction in the 
microiurbulence in the half-radius region of the plasma. This improved confinement could be 
related to the stabilization of microinstabilities by IBWH through non-linear wave 
interactions.32-33 On Alcator C, the IBWH was performed in the high density, high field 
regimes.3 4-3 7 A CO2 scattering system was used successfully to detect the launched IBW.34 

Good ion heating was observed for various heating regimes. 3 5- 3 6 Improved panicle 
confinement regime during iBWH was also confirmed.35 However, above the density of 2 x 
10 1 4cnr 3 , the efficiency of ion heating was found to drop . 3 5 This drop has been attributed to 
the enhanced ion energy loss that appears in the high density regime.37 On a smaller tokamak, 
TNT, IBWH was also investigated, yielding detailed informative results on antenna loading, 
wave fields, and plasma heating. 3 8 > 4 0 More recently, IBWH has been tested in the relatively 
low field, diverted plasmas of JFT-n-M4 1 and DIHD4 2, In these experiments, very little 
central IBWH heating was observed. On DIIID, the measured antenna loading was much 
larger than the theoretical value assuming a direct IBW coupling.43 Moreover, the observed 
loading was relatively insensitive to the magnetic field. Similar loading behavior was found in 
the PBX-M experiment.44 The observed loading can be explained if the antenna is coupling to 
the electron plasma wave. 4 4 ' 4 5 It was noted that in the low frequency IBWH experiment, the 
antenna rf ponderomotive potential can be quite large that one can expect a significant plasma 
density reduction in front of the antenna.46-47 One might note that a similar problem was also 
investigated for the lower-hybrid wave case. 4 8 , 4 9 Indeed, the effect of ponderomorive density 
depletion on FBWH antenna coupling was observed previously in ACT-1. 5 0 The 
ponderomotive density depletion in DIED was confirmed by the measurements of the antenna 
loading as a function of rf power.53 Therefore, it appears that the measured antenna loading 
and the calculated values arc now in a reasonable agreement.32-53 Nevertheless, the source of 
the observed heating inefficiency (parasitic channels) remains to be an important topic for 
IBWH. 

Theoretical models to explain possible parasitic channels include the excitation of short 
wavelength modes by the Faraday shield's fringing fields,54 antenna sheath wave excitation,55 

an axial convective loss channel56 and a variety of non-linear processes such as parametric 
instabilities and ponderomotive effects.47-51 Remedies have also been suggested. In general, 
going toward higher frequency h:;s a beneficial effect on reducing the antenna ponderomotive 
potential. Higher frequencies also provide better electron plasma wave launching conditions. 
Antenna changes such as the n||-spectrum control (phasing to eliminate long wavelength 
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component), choice of antenna limiter materials 10 reduce impurity problem?, etc., should also 
reduce parasitic effects. Operationally, it has been found ih^t the antenna position relative to 
the plasma must be carefully controlled in order to optimize the wave launching. IBWH 
performance is expected to improve as we move toward higher frequency waveguide 
experiments such as on FT-U 5 7 and on BPX.5 8 The advantage of higher frequency and 
improved antenna design has been already observed in JIPPT-II-U where 3£2JJ heating at 130 
MHz has produced good ion and electron heating results as well as piasma confinement 
improvements.59-60 On the other kind, me stror.g ponderomotive force exerted by the IBWH 
antenna might be used productively to stabilize the deleterious external modes such as the 
ballooning modes61 and the external kinks6 2 and to modify the plasma edge to control the 
power flow into the divertor plates.63 The multi-megawatt high power IBWH experiment is 
being prepared on PBX-M to invesrigate the possibility of pressure protile control by localized 
heating as well as various non-heating applications of IBWH.52 

Synergy among various tools has received a considerable interest in recent years. 
Interesting possibility exists for IBWH as well. JIPPT-II-U, it was shown that an injection 
IBWH improves the quality of the NBI heated plasmas through confinement 
improvements.5 9 , 6 0 Localized electron Landau heating by IBWH can be used to improve 
lower-hybrid current drive (LHCD) localization and efficiency. The improved panicle 
confinement property of IBWH may be used to improve the performance of pellet injection 
These synergistic effects will be tested on JIPPT-II-U, PBX-M and FT-U. 

Therefore, the unique wave prrperty of IBW offers many possible applications for 
improving the tokamak concept. The plan for this review is as follows: In Sec. II, the basic 
properties and the background of IBWH are reviewed. First, the linear theory of IBWH is 
summarized including mode-Tansformation process covering the ACT-1 experiment and 
particle simulation. In Sec. II, wave power flow, linear and non-linear absorption processes, 
and wave accessibility question using ray tracing technique are discussed. Tokamak IBWH 
simulation modelling work are also described. Then the antenna coupling physics are 
summarized in Sec. IV with an emphasis r the plasma edge conditions. Due to the 
importance to the high power IBWH experiments, some of the possible deleterious processes 
which can occur near the plasma edge are discussed in some detail. In Sec V, possible non-
heating applications of IBWH such as rf current drive, tokamak plasma confinement 
improvement, ponderomotive force mode stabilization, and rf limiter concept are also 
presented. Section VI is devoted to the experimental activities on 1BWH starting with rhe basic 
physics experiments performed on ACT-1 device, then covering the highlights of high power 
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IBWH experiments, roughly in a chronological order, including experiments on JEPPT-II-L", 
TNT, PLT, Alcator C, JFT-II-M, and DIH-D. I. Sec. VH, a brief status of the on-going 
experir lental results and future experimental plans is given for JIPPT-II-U U .0 MHz), PBX-
M, JT-U. A possible experiment on ignition-grade tokamak is also discussed. Finally, a 
summary is given in Sec. VII for the future IBWH research topics and remaining IBWH 
related issues. 
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2.1 Wave Dispersion Relations 

The finite-Larmor-radius IBW wave formalism was established in I960's by I, 
Bernstein.64 The generalized IBW dispersion relation was later given by T.H, Stix.65 For ion 
Bernstein wave hearing, a relevant wave dispersion relation can be written as,^ 

IKxy I- n ( | 2 K z z 

K x x = - (2-1) 
n 2 ( n x

2 - K z z ) 

where K x x , K x v , and K^ are elements of the plasma dielectric tensor which in a non-drifting 
Maxweilian plasma can be expressed as 6 5 

"pe 2 Wpi2 expC-bj) <» 
KXx = I + ~ + £ I n 2 I n (Z n + Z. n), 

Qe 2 ' o)knVi bi n = 1 

a»pe2 ©pi2 a, 
K x y = - i + i I exp(-bi) 2 n (I„ - I n ' )(Z n - Z. n), 

K Z 2 = 1+ 2<Bpe2 / ] C | |2Ve 2U+$eoZo). 

where the summation i is over ion species, n is the harmonic number, Z n is the plasma 
dispersion function of argument 4 a n

 s (<a + n £2 a) / k|( V a , a denotes species, Va s 
(To/mp) '# and I n is the modified Bessel function of argument bf s kx2Ti / m; f2j2. Here n x= 
c k±/to and nlt = ck|j /to. In Fig. 3 (a), the perpendicular wavenumber was calculated from the 
dispersion relation of Eq. (2-1) as a function of the plasma density for various values of the 
normalized frequency (co/Qj). It is convenient to consider Eq.(2-1) in terms of three different 
regimes: I - Electron Plasma Wave Regime (EPW); II - Electrostatic Ion Bernstein Wave 
Regime (ESIBW); and III - Finite-}} Ion Bernstein Wave Regime. We shall now consider 
those three regimes separately. In Fig. 2, those different regimes are shown for a cross section 
of a reactor-grade plasma. 
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I. EPW Regime - In a low-fi plasma where n x - » lKXy I-, Eq.(2-1) reduces to the usual 
electrostatic form, 

n x 2 K x x + ( n i l 2 - K x x ) K z z = 0 . (2-2) 

Equation (2-2) is relevant for describing the physics of the plasn;a edge region, near the 
antenna. In a very low density regime where to > (D™ and K Z 2 = 1 - o w 2 / cô , the dispersion 
relation becomes that of the well-known electron plasma wave,67 

"± 2 = (oJpe 2 /^ -1) ("II2 - O • (2-3) 

This dispersion relation has been investigated in detail for lower-hybrid wave heating and it is 
relevant for describing the IBW plasma-antenna interface. 

U. ES1BW Regime - For the intermediate de isities where to < ©pj, because of the finite-
Larmor-radius effect, the wave dispersion becomes that of the electrostatic ion Bernstein wave 
(ESIBW). As can be seen in Fig. 3(a), the wave is already insensitive to the plasma density. 
One may note that for K n = - GW /̂ o»2, the only propagating solutions of Eq.(2-2) are when 
K x x is positive. Equation (2-2) has been investigated theoretically by Swanson.68 In the limit 
of no -> 0, the electron term drops from the dispersion relation all together and the wave 
becomes the so-called "pure" ion Bernstein wave where the wave oscillation is sustained by die 
ion-Larmor-radius dynamics alone. In this limit the wave dispersion relation is simply K x x = 

0. J. Schmitt was able to observe this wave in a cesium plasma by using a wire-exciter which 
was strung carefully along the magnetic field line in order to satisfy the nn = 0 condition.69 

Using a hydrogen plasma, a detailed IBW dispersion relation of Eq.(2-2) has been measured in 
the ACT-1 toroidal device. In Fig. 4(a), the measured wave interferogram is shown as a 
function of the normalized frequency, OV&H- Tb e wa v e exhibits a cut-off behavior (k -> <») 
for (0 -> 2£3H. In Fig. 4(b), the wave interferometer is shown as a function of the phase shift 
where the wave phase front moves toward the antenna (while the wave packet is moving away 
from the antenna), confirming the backward propagating nature of IBW. The resulting 
dispersion relation is plotted in Fig. 4(c). The solid curves are the theoretical values, Eq. 
(2.2), for various ion temperatures. The agreement is best for the T,=1.5 eV. This type of 
measurement could therefore yield the hydrogen bulk ion temperature information.22 More 
complete IBW dispersion relation is shown in Fig. 5. The COn scattering data points are 
shown by the circles which agrees well with the probe data (solid triangles). Due to the 
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presence of deuterium-like and tritium-like hydrogen molecular ions, the dispersion relation has 
correspondingly many branches. 

III. Finite-p IBW Regime - Moving on to the hotter plasma interior, one must consider 
the effect of finite p. This occurs when [K z z | becomes larger than n^p-, and for a T e = Tj 
plasma, this condition is equivalent to 

P(%) > 0.4 (bj/mi) (2-4) 

b; = kj} p ; 2 , m; is the ion mass number, and P is the plasma beta in % For t K z z I » n±2, 
Eq.(2-1) takes on the form, 

Kxx = "II2 ' ' K xy I 2 / n 2 . (2-5) 

In this regime, the real pan of the dispersion relation still remains ESIBW-like, K x x = 0. 
However, as we shall discuss it later, due to the absence of the electron term in Eq.(2-5), die 
electron Landau damping becomes small for IBW in this finite-p limit. This property greatly 
improves the IBW accessibility to the hot-dense reactor grade plasmas. In Fig. 2, a poloidal 
cross-sectional view of various wave regimes are shown for a typical reactor-like parameters. 
One should note here that near the resonance layer, riue to increasing n ±, the wave again 
regains its electrostatic nature (which also increases electron Landau damping). In the figure, 
"he IBW and fast wave dispersion relations for the mid-plane are shown for comparison. 

2.2. Mode-Transformation Process 

2.2.1 Basic Theory 

Mode-transformation process describes a process where a plasma wave, as it propagates 
in a non-uniform plasma, due to a change in the plasma parameters (e.g. density or magnetic 
field gradient), undergoes an intact transition into another type of wave. This process in 
consrrast to the well known mode-conversion processes7-8, does not have the wave 
singularities in the transition region. Therefore by utilizing this process, one can excite a 
desired wave with good efficiency by actually exciting another type of wave which is perhaps 
easier to be launched by an external antenna. For IBW hearing, one can use this mode-
transformation process to convert u launched electron plasma wave into the ion Bernstein wave 
which theoretically has a better wave accessibility property to hot-dense plasma core.1'2 This 
smooth transition between the EPW and ESIBW Regimes can be seen in Fig. 1 and 3(a). In 
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order to illuminate the physics of mode-transformation, it is instructive to expand terms in 
Eq.(2-2) for small bj = (k ± Pi) 2 , a good approximation for a) = 2 Qv into the following 
quadratic form: 

A n x

4 + B n j . 2 - C = 0 (2-6) 

where 

A = Sj 3 OOpi2 (Ti / Mi) (4 Qj 2 - a 2 )" 1 ( a 2 - ^ 2 ) -1 

B = l - l i O J p i 2 / ^ ^ 2 ) 

C= k„ 20)p e2/«) 2 

The coefficients A, B, and C represent the finite-Larmour-radius (ion thermal) correction term, 
the cold ion term, and the cold electron term, respectively. The propagating root of Eq.(2-6) 
can be written trivially as 

-B + ( B 2 + 4 A C ) I / 2 

K2 - - " (2-7) 
2A 

For Q[ < cu <; 2 £2j, A is positive, and one can see a continuous evolution of wave dispersion 
relation ( kj_2 > 0) from the low density electron plasma wave (EPW) regime where B = 1 ( 
i.e., k ±

2 =|C/B) to the higher density ((a < (Opj) ion Bernstein wave (IBW) regime where B 
« 0 (i.e.,; k x

2 > | B I / A). This behavior is illusrratred in Fig. 6(a) where the wavenumber 
is plotted as a function of the plasma position in which the density is increasing away from the 
antenna. The cold piasma resonance disappears for a finite ion temperature (T; = 1.5 eV in the 
ACT-1 parameter). The corresponding ray trajectory is shown in Fig. 6(b), One can also 
show that this mode-transformation occurs even for the higher harmonic launching case 
provided that ion temperatures are sufficiently high in the transformation region near w = o)pj. 
In general, one finds that for the n-th harmonic launching case, due to the increased k^p, 
values, the required Tj for a smooth transformation goes up as 10W2*1) in the transformation 
region.2 0 For the lower-hybrid wave (ft)» flj), the term A in Eq. (2-6) becomes negative 
which results in the mode-conversion behavior where the double conversion process connects 
EPW with IBW as illustrated in Fig. 1. 

2 Q^ Launching Case - The physics of IBW launching changes significantly for the 2Ii D 

launching case, where the presence of even a small concentration of hydrogen could cause a 
significant change in the deuterium IBW dispersion relation. This case arises for the £2(JHej, 2 
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Qj or 3/2 QD heating in deuterium majority and/or deuterium-tritium plasmas. One can 
illuminate this effect by examining the term 'B" in Eq.(2-6) by writing, 

B = 1 + COpH

2/(^H2 - W2) " ^i*H ^ i 2 ! ( ^ - " i 2 ) (2"8> 

where subscript H denotes the hydrogen. As one can see that the mode-transformation (B=0) 
could take place at the ion-ion hybrid resonance frequency Qm in addition to the usual ion 
plasma frequency. Between S2H ̂  ^m. 'here is a new mode called the cold electrostatic ion 
cyclotron wave (CESICW).70 One should note that the smooth mode-transformation among 
EPW, CESICW, and IBW could takes place here since the CESICW is also a backward 
propagadng mode, same as EPW and IBW. Therefore, it is also possible to couple directly to 
CESICW ( instead of EPW) and then mode-transform into IBW at the ion-ion hybrid 
resonance frequency. This type of launching using CESICW might be advantageous 
particularly for the low-frequency launching regime since the mode is relatively density 
independent (unlike EPW). The PLT 3/2QQ heating was a unique example of EBWH working 
in this regime. 

2.2.2 Mode-Transformation Experiments in ACT-1 

The EPW-IB W mode-transformation process has been confirmed and investigated in detail 
in ACT-1. 1 9- 2 0 In ACT-1, by changing the neutral pressure, the ion temperature can be varied 
over a wide range (1/40 eV to 2 eV), and Fig. 7(a) shows the interferogram output for several 
neutral pressures as labeled. For the high-pressure case, the ions are essentially cold that the 
excited wave is EPW which stays near the plasma edge, in the low density side of the cold 
plasma resonance or the lower-hybrid resonance [ as shown for the Tj = 0 case in Fig. 6(b)]. 
As the neutral pressure is reduced (Tj increased), a gradual transformation into ion Bernstein 
wave is observed. In Fig.7(b), the measured wave number (shown as dots) is plotted as a 
function of die radial position in the low-piessure warm-ion plasma. The solid curve is 
obtained from Eq. (2.2) for Tj = 1.5 eV, and the dashed curve is for Tj = 0. As expected, no 
sign of discontinuity near the cold plasma resonance was observed in the experiment as long as 
the plasma ion temperature was sufficiently high (Tj > 0.5 eV). 

The transition from the election plasma wave (to > fflpj) to ion Bernstein wave (<D < cdpj) 
can be also seen clearly in Fig. 8 (a) where the wave packet amplitude (heavier curve) and 
interferogram output (lighter curve) are shown for various central plasma densities (as labeled;. 
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The higher central density means greater density gradient In the figure, the radial position of 
the cold lower-hybrid resonance layer which separates the EPW and IBW regimes is indicated 
by a dashed curve. One can see that the wave transition between the two regimes is quite 
smooth. It is also worthwhile to note that in this experiment, the ion Bernstein wave is 
launched effectively even when the plasma density is raised so that the dpi layer essentially 
reaches the limiter radius and approaches within a few millimeters of the antenna surface. In 
Fig. 8(b), using corresponding plasma parameters, the expected ray positions obtained from 
ray-tracing calculations are shown for various X\\ (as labeled). One can see that the 
wavepacket position follows the ray position for A-u ~ 36 cm (which is the dominant launched 
X|| in the experiment). 

A similar launching at the third ion cyclotron harmonic has been also demonstrated in 
ACT-1. In Fig. 9(a), the measured wave dispersion relation of the excited IBW is shown by 
the dots. The calculated values are shown by the solid curves for various values of ion 
temperature. In Fig. 9(b), the measured wavenumber is plotted as a function of the plasma 
position (dots). As in Fig. 7(b), the theoretical values for Tj = 2 e V and T; = 0 eV are shown. 

Again, a smooth mode-transformation could be seen across the cold LH resonance layer in a 
good agreement with theory. In this third harmonic launching case, a higher ion temperature 
(Tj = 2 eV) was required for the efficient IBW launching. 

2.2.3 Panicle Simulation of fBWH 

Since IBW is a kinetic wave which propagates due to the ion-Larmor-radius effect and its 
detailed kinetic properties are difficult to tract mathematically, the particle simulation technique 
provides a particularly useful tool to investigate the physics of IBWH. 1 9" 2 1 The physics of 
wave excitation, mode-transformation, propagation, absorption, and heating are investigated 
for both a single and mud-ion species plasmas for the 2£iH launching with 3/2£2H and 3Q D 

heating. A typical wave potential interferograrns are shown in Fig. 10(a). The wave is excited 
(in this case) in a pure hydrogen plasma at «= 1.9 £2H by an antenna located at the left side and 
die wave is absorbed at die right hand side by die cyclotron damping at ui = Q.\. This strong 
ion cyclotron absorption region at & = il[ provides a nice absorption layer to prevent the wave 
reflections which would considerably complicate the simulation picture. The corresponding 
perpendicular wave electric field is plotted in Fig. 10 (b). In Fig. 10(c), the measured 
perpendicular wave number is plotted with the real part as circles and the imaginary part as 
rhombuses. The calculated linear dispersion relation is indicated with the real part by the solid 
curve and the imaginary part as the dashed curve, showing an excellent agreement. One 
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unexpected result is the absorption at 3/2 12^ harmonic frequency indicated by the arrow. In 
simulation, due to the short system scale length, the absorption appears to be small, but when 
this result is scaled to the tokamak experiments, the absorption can be quite strong ! 
approaching 100%!). This non-linear heating will be discussed in Sec. 3.4.1. Similarly, the 
3fl H launching case with 5/212^ and 5£2D heating case was also investigated with this 
technique yielding a generally a good agreement with the linear theory. 
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TIT. WAVE POWER FLOW. ABSORPTION & ACCESSIBILITY 

3.1 Wave Power Flow 

Unlike cold plasma waves, the IBW energy flux is mainly carried by the non-
electromagnetic energy flux term due to the coherent motion of ions in the wave fields. From 
Reference 65, one can show that the dominant perpendicular energy flux term T is 

T = ( u / k ^ ) - (lEj2/167t ) - ( k x d K x x / a k x ) . (3-1) 

Since the term, ( k ± 3 K ^ /dk±), is typically 10^ -10^, this kinetic term dominates over the 
usual Poynting flux. Similarly, the energy density is given by 

W 0 = ( l E i P / l d r e ) -(01 dK^/doi). (3-2) 

Again, the term, (to 3 K x x / do)), is typically lO^ - IfP inside fusion plasmas. This makes 
the IBW energy density rather "dense" compared to other electrostatic waves for a given wave 
electric field. This kinetic property of IBW makes the wave not as susceptible to processes 
which could occur through the wave electric fields such as the electron Landau damping, 
parametric instabilities, wave-wave scattering, etc. 

The perpendicular wave group velocity is the ratio of the perpendicular energy flux and the 
energy density which can be given by 

VgJ_ = T / W 0 = ( w / k _ L ) ( k J _ a K x x / a k x ) / ( 0 ) 8 K x x / a c i > ) . (3.3) 

From Eq. (3-3), it can be shown that the perpendicular wave group veiocity is roughly 
proportional to the ion thermal velocity, i.e., Vg^ = w / k x= Qj / k x = (fij pj )/(k± pj) = Vj,. 

In calculating the wave packet trajectory (wave power flow direction), it is often 
convenient to calculate a quantity Vg ±/ Vg(| = tan 8 . Using Eq. (2-1), one can readily find 
that 

k,| 3 K x x n ± - - K z z 

tanfl = k ± « ?m vTi <3-4) 
k± 3 k ± n,,2 K z z 
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The wavepacket propagates more directly radially inward for higher ton thermal velocity and 
parallel wavelength. Therefore, unlike EPW which has the 'resonant cone' behavior (the 
propagation angle 9 is same for all X\\), the IBW wavepacket is dispersive. This behavior can 
be readily seen in Fig. 8. 

3.2. Linear Absorption Processes of Ion Bernstein Waves 

In this section, we shall briefly review various linear absorption processes relevant for 
IBW in fusion plasmas. 

3.2.1 Rlectron Landau Damping 

The electron Landau damping is an important absot, tion mechanism in hot reactor 
plasmas, and it could indeed perform a beneficial role of heating electrons. However, an 
excessive damping could also prevent the wave to reach the hot fusion plasma core. This is a 
serious problem facing the electrostatic wave based heating schemes such as LHH, Moreover, 
if the direct ion heating is a desired option, then the electron Landau damping must be 
minimized. From Eq.(2-1). the damping can be derived as 

n x

2 n j | 2 Im K^ 
Imk x (ELD) = kj. (3-5) 

I n ±

2 - K z z t 2 1 k ± d K x x / d k ± i 

In the finite p region ( K a > n ^ 2 ) , Im k x (ELD) °= n ±

3 tig - 2 Tf *. This behavior is illustrated 
in Fig. 3(b) where the Im k ± (ELD) is plotted as a function of n e showing the n ^ 2 behavior. 
The difference in the damping among various values of G)/flD is the n x

3 dependence since for 
IBW, n x i s larger for smaller co/i2rj value for ffl < 2ilD. This damping property greatly 

improves the IBW wave accessibility of the hot-dense fusion plasma core. The damping 
increases rapidly near the resonance where n ± -> <» . This is the reason that the ESIBW 

region could again appears near the resonance as shown in Fig. 2. 

3.2.2 Collisional Absorptions 

The effect of collisions is usually small for IBWH in fusion plasmas due to their relatively 
low callisionaluy (compared to the wave frequency). The effect of electron-ion collisions on 



- 20 -

the damping is usually negligible. It can be estimated by adding a term (u e, /«) Re K z z to Im 
K-Z2.. Since most of the IBW wave energy is carried by the coherent motion of ions, ion 
collisions can effectively thermalize the wave energy. One model is given in the Reference 15 
as, 

Im k ± i (collision) = I (uy / 2 v g l ) (Ej / W 0 ) [A+B( kj_pi)-2]-l (3-6) 

where i>jj is a 90° collision frequency between i and j ion species, W 0 is the wave energy 
density and Ej is the contribution of i-species to W 0. For the different ion species (i * j), B is 
chosen to zero and A =1. For the like ion species (i = j), Halms like model 7 l suggests A = 0 
and B = 1 where the damping increases with (kLpj)2. In general, the ion collisional damping 
should be negligible in hot fusion plasmas. However, it may play some role in the lower 
temperature experimental plasmas particularly near the plasma edge and also near the 
resonance. 

3.2.3 Ion Cyclotron Harmonic Damping 

Due to its relatively large k^pj, ion Bernstein waves can interact strongly with ion 
cyclotron harmonic resonances. To calculate for the damping coefficient, ws first compute Im 
kx <ius «> *e ion cyclotron resonance. From Eq. (2-1), it can be shown that 

Imkj_* = Ime*/ \de/dk± l-Im K x x * /\dKxx/dkJ 

V it tOpi * 2 p 2 a) - pilj* 
= Qp(bi*> exp (3-7) 

l 3 K x x / d k J c o k „ V i * k„Vi* 

where, b, = (k j>[ ) 2 , Kxx *s a n element of the plasma dielectric tensor, the asterisk denotes 
resonant ion species, Qp(bj*)2 Ip(bj*) / bj* exp (- bj*), Ip is the modified Bessel function, 
and p denotes the harmonic number of die ions. The contributions from K x v , K^, and n x

2 

terms in Eq. (2-1) may be neglected here since in fusion plasmas dieir contributions are 
smaller by an order of mg/mi or nn 2 to2 /(Dpi2=10 *' - 10 - 2. The damping coefficient Tip* = 
/ Im k±* dx can now be calculated for the p-th harmonic resonance by integrating across the 
resonance as 1 2 
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^ R i t copj *2 

Tjp* = - Qp( bi*) (3-8) 
l k x 3 K x x / a k x l Q j * 2 

where R is the magnetic field gradient scale-length, typically equal to the device major radius. 
In deriving Eq. (3-8), we have neglected the change in the real part of the wave dispersion 
relation as we integrate through the absorption layer. If the absorption is sufficiently small, 
Tip* < k x Rjt Vj* k|| / co = 1, Eq.(3-8) is a reasonable approximation. For a heavily damped 

case, one would have to integrate Eq,(3-7) numerically as done in the ray-tracing calculations. 
In most cases, the harmonic resonances of the main fusion ions are completely opaque to 

ion Bernstein waves. For example, for the fifth harmonic damping (p = 5), Qp( b\*) is 
typically 3 x 10-3, and one obtains Tjp* = 100, suggesting a strong absorption. For large p, 
the asymptotic expansion of the modified Bessel function for large b j * gives 

Q p ( bj*) = ( 2 J I ) - ' « (b;)-3/2 e x p ( . 4 p^/ 8 bi). (3-9) 

Since Qp( bj*) is maximum around 4 p 2 = 8 b\, one can estimate Qp( bj*) = 0.42 p - 3 . For the 
damping to be unimportant, Tjp* must be less than = 0.1, or Q p(bj*) must be order of 10A 
This requires p to be very large = 100, which is the lower-hybrid frequency range. At this 
high harmonic frequency range, the wave may be considered unmagnetized and would 
therefore itquirt different treatment. Therefore, in the ion cyclotron range of frequencies, the 
ion Bernstein wave can be expected to be strongly absorbed by the majority harmonic 
resonances. It should be emphasize here that the present calculation is a simple uniform linear 
theory that a more refined theory might be needed to account, for example, for the particle 
excursions in the absorption region. In a realistic tokamak heating geometry, the absorption 
layer becomes quite thin (less that a gyro-radius) particularly at high harmonics that a 
considerable tunneling may occur. 

3.2.4 Ouasilinenr Diffusion and Bulk Ton Hearing 

The short wavelength nature (Xj_= Pj) of the ion Bernstein wave gi^es a rise to a unique 

ion heating property for IBWH. The quasilinear rf diffusion coefficient appropriate for IBWH 

heating is given a s , 7 2 

D oc J n 2 ( k 1 Y _ L / Q j) / ( k i V ± / Q i)2 ( 3-10) 
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where J n is the Bessel function of order n. The rf diffusion coefficient peaks near the k^V^/fij 
= n which then decreases rapidly for larger energy. Since near the absorption layer, k xpj = 
k^Vjj/Hj = O(l), the ion acceleration-decreases for Vj_ » Vjj. For large argument limits, 
since Jn(Z) = (2 / J IZ)" 2 cos [Z - (2n+l)7t/4], the 'envelope' of the rf diffusion coefficient 
decreases with D <*Vj/3 which indicates that the electron viscosity (which is velocity 
independent) can easily prevent the further acceleration for Vj_ > 4 V j e . One should note that 
for the fastwave case where kj), « 1 , the quasilinear rf diffusion tends to remain large even 
for V_;_ » VTj leading to the well-known quasi-linear ion tail formation for ICRF.7 3 This 
bulk ion heating property of IBWH might make it suitable for heating plasmas with poor high 
energy ion confinement. Another particularly useful application might be that in reacting 
plasmas where the fusion reactivity energy cross-section peaks in the eneTgy range of 40-100 
keV, the IBWH heating of plasmas of Tj = 10 keV could enhance the reactivity by heating ions 
only up to = 150 keV range (Ej = 15 T e). 

3.2.5 Harmonic Absorption bv Impurity Ions 

As the ion Bernstein wave propagates toward the plasma core, it must traverse numerous 
ion cyclotron harmonic layers stemming from various ionization states of impurity ions.3 

Strong ion cyclotron harmonic damping on those ions could cause a premaiure absorption of 
the wave energy and therefore may impede the power flow toward the plasma core. One 
important difference compared to the majority ion case is that the real part of the dispersion 
relation is determined mainly by the majority ions not by the impurity ions. Therefore, Eq. (3-
8) is much more accurate for the impurity absorption case since die real part can be considered 
to vary smoothly across the impurity layer. Detailed calculations have been presented in Ref. 
12. The effect of damping generally goes down with the mass of impurity ions. The high 
mass impurity ions such as tungsten should not cause any significant absorption for IBWH. 
The low-mass impurities such as carbon and oxygen on the other hand are usually fully ionized 
and assumes a deuterium-like state, and therefore should not cause undesirable absorptions for 
fusion plasmas. The medium mass impurity ions such titanium can cause a few percent level 
absorptions, if the impurity concentration is sufficiently high , i.e., n j m p / n^> 10%. Of 
course, if the plasma temperature becomes sufficiently high that those medium mass impurities 
also assume the deuterium-like state, the absorption again becomes negligible. 
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3.2.6 Apha-Panicle Absorption 

In a reacting plasma, the wave power absorption by the fusion produced alpha-panicles 
may become important. If the a-panicle absorption is too strong, the wave accessibility to the 
plasma core may be impeded.9 The direct rf hearing on the fusion a-s may also affect their 
confinement characteristics. In addition, the rf power absorbed by the a-panicles will 
generally flow collisionally to bulk electrons which in some cases may not be as desirable as 
the direct ion heating. This is an important consideration for the ignition experiments as well as 
for the high-Q fusion reactor operation. For this reason, we shall estimate here the a-panicle 
damping for the case of ion Bernstein waves. We assume an isotropic (non-polarized ) cc-
panicie velocity distribution as in Ref. 9. For IBWH, it is a good approximation to assume 
that k x V i a / QQL to be large since k± V ± j / iij is already order of one. Therefore, an 

asymptotic expansion of Bessel function for large argument yields12 

L*n ( K x x > a £ 0 . 4 ((o p a /a))2(J2 0 /o))(lc„/k 1 )3[6)/(co-pQ a )l '» (3-11) 

Equation (3-11) shows that the damping can get quite large near the a-panicle resonances (o = 
p Qa). Since for a typical ignition parameters, klt I k x = lO 2, and [0.4 ( o w / to)2 (flo/ca)! 
= 1, that as long as the oc-particle resonance is not too close, the absorption can be quite small. 
For example, the 5£>r and 2 Qj heating cases, the launched IBWH at the low field side will 
encounter the respective tritium resonances without crossing the a-paracle resonances. In this 
tritium heating case, the term in Eq.(3-ll) becomes largest at 5Qj when o>/ (to - 3 Qa ) = 
5Q T / ( 5 i i T - 3 Qa) = 10. Even for this case, Im k i a < 10"2 / 13 K x x / d kL! < 10"3 enr 
1 which is still quite small. Therefore, it should be still possible to heat tritium io;is direcdy 
with IBWH without the oc-particle absorption. 

3.3 Non-linear Ahsr-ption Processes 

In diis section, we discuss the possible non-linear processes for IBWH. In general, non
linear processes are not considered desirable. However, some non-linear processes can 
provide additional ion heating channels which can be useful. For example, during the JIPPT-
II-U IBWH experiment, an efficient ion heating was observed at 3/2&[. This type of heating 
was also observed in the panicle simulation calculations as discussed in Sees. 2.3.3. and 
3.3.1. There are presendy two non-linear heating models, one based on the non-linear panicle 
orbit modification (stochastic heating) and one based on the non-linear ion Landau damping. 
The non-linear processes which can directly heat the majority bulk ions are attractive for fusion 
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applications. However, since the required power flux P/A scales as nTi3^, it still 'em* >ns to 
be seen if those processes continue to be important as we move toward ignition par" meters 
where n and Tj are expected to be much higher. In this section, we have also inch ded the 
wave scattering by low frequency turbulences and parametric instabilities since those processes 
can also iead to the wave power dissipations. 

3.3.1 Stochastic Heating 

During the particle simulation investigation of IBWH, an interesting ion heating was 
observed at GJ=3/2£2J. 1 6 In Fig. 11(a), the energy deposition profile into ions is shown. The 
resonant layer position, <» = 3/2 flj + k|| V z , is indicated by the arrow where the heating is 
maximum. The resulting heated perpendicular ion distribution is shown in Fig, 11(b). The 
heated ions show relatively bulk ion heating characteristic. The plot of H phase space (v_i_2, 
V|)2) is shown in Fig. 11(c) for the heated region, GO = 3/2£l^. The arrows indicate the upper 
and lower limits of the parallel resonant velocities v(| - [w-3/2fiH(x)] / % The dashed line 
indicates the boundary of the initial distribution function which is Maxwellian. In order to 
understand this result, the motion of ions under the combined influence of the electrostatic 
wave, <Ji0 cos (k x x + k|]Z -cot) and an axial magnetic field with cyclotron frequency £2 was 

examined. The equation of motion is given as 

2 
X + £2 x = (q/m) k x 4>0 sin ( kj_ x - COdO (3-12) 

..•here to^ = to — ku V z 0 . From examining the above equation, it was found that significant 
trapping in phase space can occur where w = p/s ii and a = c (E j/B) / (£2 / k±) exceeds 
certain value. The non-linear quantity a assumes the lowest value for s = 2 or u) = 3/2 £2,5/2 
Q, etc. In the simulation, one finds that the wave single pass absorption becomes significant 
when a = 0.31 for 3/2 £2{ heating, or in terms of the power flux P(Watt/cm2), 

P/A > 0.26 \ 10-^9 ((o/Qj) Y Ct2 n Vj T, ( kj_pi )"3 « n Tj3/2 ( 3 -]3) 

For the JIPP parameters, Y = 0.27, k xpj = 1.5, G)/Qj = 1.5, T, = 300 eV, n e = 2 x. 1013cm"3, 
yielding P/A = 27 W /cm2. This value corresponds to Pfp 20 kW which is well exceeded in 
the experiment. 
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The observed stochastic heating may be related to those investigated for the higher 
frequency {very high harmonic) lower hybrid wave heating.74 The stochastic ion heating in the 
neutralized ion Bernstein wave fields (NIBW)75 has been investigated experimentally using the 
technique of laser-induced fluorescence (LDF).76 The LtF was able to detect the perturbed ion 
velocity distribution function under the wave fields directly. The power threshuid of the 
observed heating was consistent with that expected from the stochastic ion heating. 

3.3.2 Non-linear Ion Landau Damping 

The importance of non-linear ion Landau damping77 in the IBWH experiment was pointed 
out in Ref. 78. Due :o the self interaction of IBW when die conditions 2 oo = m£j are satisfied, 
(where m>3 corresponds to odd integers), the resulting beat wave (a quasi-mode) at m£2j can 
provide an effective absorption channel. It should be mentioned that this process has been 
studied for electron Bernstein waves in laboratory plasma3.79,80 A condition for significant 
pump depletion for the tokamak IBW experiment can be given as,7^ 

P/A > (2.75 / % ) 10 - 1 9(co/Qj) (pj/R) (Y2 nTiVi)( bilVI)-l ~ n Tj3/2 p i /R ( 3 -i4) 

where bj = (kxpj)-, Y is a wave-parameter dependent quantity and IVI represents a non-linear 
interaction quantity. For the J1PPT-H-U parameters, bi = 1.5 , Y = 0.27, IVI = 0.02, R = 91 
cm, <n/£2; = 1.5. Tj = 300 eV, ng = 2 x 10 I 3cm-3, Eq. (3-14) yields P/A = 35 W /cm2. This 
power level (= 20 kW) is well exceeded in the JIPPT-II-U experiment. It is interesting to see 
that the threshold for the non-linear ion Landau damping which is a collective process is very 
similar to that of the sub-harmonic hearing which is essentially a single particle process. 

3.3.3 Scattering bv Low-Frequencv Turbulences 

During EBWH, the hearing wave must traverse regions of relatively large low-frequency 
fluctuations in order to reach the plasma core. Mode-mode coupling of the incident wave with 
such fluctuations could induce scattering of the incident wave trajectory and could cause 
significant deviations from the linear-theory predictions.10 The excessive scattering can cause 
a diffusion in the nn space which can then enhance electron Landau absorption. At first, one 
might guess that the scattering of IBW might be significant since the wavelengths of IBW and 
of the low-frequency fluctuations are similar, X,j_» pj. This problem was investigated in Ref. 

11, and it was found that the interaction could be weak. One reason is that the IBW power is 
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carried mainly by the kinetic ion motion. A scaling for the maximum scattering probability was 
given as, 1 1 

P s(max) - 5 x 10-6 ^ " ^ ( k e V ) I N(%) I 2 a(cm) B 0 (T) (3-15) 

where a is the plasma minor radius, N is the normalized density fluctuation percentage and the 
ion temperature profile is assumed to be Gaussian-like with TJQ = 100 T; (edge). For a PLT-
like parameter, T i 0 = 1 keV, I N (%) I = 10 %, a = 40 cm, and B 0 = 2.5 T, then Ps(max) = 
0.05. For a reactor-like parameter Tj 0 = 10 keV, I N (%) I = 5 %, a = 200 cm, and B 0 = 5 
T, then Ps(max) = 0.04. In either cases, the scattering is relatively small. This result is 
consistent with the ACT-1 experiment where the coherent IBW propagation was observed for 
T, = 1 eV, I N (%) f = 7 %, a. = 8 cm, B 0 = 0.5 T, and Ps(max) = 0.05. 

3.3.4 Parametric Instabilities 

Parametric instability is one of the most extensively studied non-linear wave phenomena in 
fusion research due to its low power thresholds. Parametric instabilities have been observed in 
the lower-hybrid experiments81 and also in the ICRF experiments82 in certain regimes. This 
process which tends to occur in the plasma edge region could cause uncontrolled (and generally 
undesirable) power dissipation (pump depletion) in the plasma edge region. Parametric 
instability is a three-mode 'decay' process83 where a pump wave excites two daughter waves 
or one daughter wave and a quasi-mode pair.84 The selection rule for the decay process is, 

<i)0 = 0)i + fl)2 and k 0 - kj + k2 (3-16) 

where the subscript o denotes the pump wave and 1 and 2 the decay waves. 

The importance of parametric processes depends on many factors including the growth 
rate, non-linear saturation level, etc., that the actual experimental observations can provide a 
very valuable information. On ACT-1, parametric instabilities associated with the lower-
hybrid85 and ICRF heating86 were investigated in detail. For IBW heating, however, very 
little parametric activity was observed. When the plasma density was lowered so that a 
significant electron plasma wave(EPW) region exists near the antenna, the well-known decay 
process, EPW --> EPW + Ion-Quasi-Mode (IQM) was observed.87 
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During the high power IBWH experiment on JIPPT-II-U, PBX-M, and PLT. some 
attempts were made to look for the instabilities with if probes in the edge region but no 
instability activity was thus far observed in these experiments. The parametric instability 
process was used to explain the puzzling 5/2IiD heating results on Alcator-C IBWH 
experiment although not actually measured in the experiment. Only clear evidence of 
parametric activities, thus far, comes from the DIII-D IBWH experiments which will be 
discussed in Sec. 6.7. 

M Wave accessibility 

In order to make a proper utilization of me rf power, the question of wave accessibility 
becomes a very important issue. We usually use the word wave accessibility to mean the 
ability for an externally launched wave to reach the desired plasma core without a significant 
power attenuation. The wave accessibility can be hampered by various physical processes. If 
there is a wave singularity (resonances, cut-offs, etc., ) in its path, then the accessibility is 
questionable since the wave power is either reflected or absorbed (or often it can mode-conven 
into another type of wave). In addition, if the wave is damped excessively that not much of the 
original power would reach the desired location, the wave accessibility is considered to be 
poor. In this section, we shall consider this question of wave accessibility for tokamak 
plasmas. 

3,4.1 Tokamak Ray-tracing Calculation 

One of the most important objectives for any rf heating meory is to confirm the wave 
accessibility and to obtain a realistic rf power deposition profile. For IBW, because of its 
relatively shon perpendicular wavelength, the WKB condition [ i.e., (dkjdr). k j / 2 « l ] is 
well satisfied in the most regions that ray-tracing techniques can be used to predict the rf power 
flow pattern. On ACT-1, the ray tracing calculation was found to predict well the wave packet 
trajectories of IBW. , 9 In actual numerical calculations, the ray trajectory is traced by a series 
of finite steps. In each step, die linear power absorption ( as given in Sec. 3.3) is calculated 
for both ions and electrons. The ray stops when the original power is decreased to a negligible 
level (typically 1% of the launched value). In the tokamak ray-tracing code, due to the 
axisymmetry, the toroidal wavenumber is assumed to be conserved except for a geometric 
factor [i.e. kT(R) = (RQ/R) kj(R 0)]. Here, the parallel wavenumber nn is a variable since it 

depends on both the toroidal and poloidal wavenumbers through local rotational transform. To 
simulate the actual experimental situation, it is necessary to compute a series of launched n|| 
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values depending on the antenna geometry and the phasings. For a good approximation, one 
could represent the launched power spectrum as, 

P( n„) = A( nn ) • F( nM ) (3-17) 

where A is a coupling function and F is the antenna Fourier spectrum. The coupling function 
is a relatively complex physics problem as will be discussed in Sec, IV. 

An example of the tokamak EJW ray-tracing calculations is given in Fig. 12 for the TPPT-
1I-U 40 MHz IBWH case. In Fig. 12(a), the wavenumber radial profile is shown with the 
3£2fje (deuterium-like) resonance in the center of the plasma. The QJJ and 2Q H resonance 
layers are outside of the plasma. The perpendicular wave electric field is shown in Fig. i2(b). 
The ray trajectories in the poloidal and toroidal plane are shown in Fig. 12(c) for various 
launched nn (as labeled). Finally, the normalized power is shown for various launched nn and 
for the minority concentrations (noting that fully ionized helium and impurity carbon has the 
same cyclotron frequency as deuterium). 

3,4.2 Launching Position Poloidal Dependence 

In order to heat the plasma effectively, the placement of the IBWH antenna plays an 
important role in obtaining good wave accessibility. Normally, the IBWK antennas are placed 
in the outer mid-plane region since it is the most accessible region of a tokamak. The wave 
launched from the mid-plane region propagates in an oscillatory trajectory toward the center 
until it reaches the cyclotron harmonic resonance layer as shown in Fig. 12(c). This can be 
explained as follows.12 As the ray propagates poloidally toward higher magnetic field, the 
poloidal wave number change makes the wave nn to decrease. The wave is reflected 
poloidally when the nn reaches near zero. The reflected wave then moves poloidally toward 
lower magnetic field making the nj| to increase again. While under going this poloidal 
oscillation, the wave is constantly moving radially inward such that the trajectory makes an 
oscillatory motion. The rate of the oscillatory motion increases as the wave approaches the 
resonance layer due to the radial group velocity slow down. For the case near the mid-plane, 
the poioidai motion of the ray trajectory (for the weakly damped rays) can be reduced to that of 
a simple harmonic oscillator. For this reason, die higher launched nn (larger initial velocity) 
makes larger poloidal (larger oscillation amplitude) excursion. Since the radial group velocity 
does not depend strongly on nu, the rays for all n|| therefore tend to converge on the same 
radial location in the mid-plane as shown in Fig. 12(c). 
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However, if the antenna is placed significantly away from the mid-plane (poloidal angle > 
30°), the launched parallel wave number increases as the wave propagates toward the mid-
plane (toward decreasing magnetic field). Ray-tracing calculation indicates that a significant 
up-shift of the parallel wave number occurs in this situation causing the wave to be absorbed 
via electron Landau damping not too far from the plasma edge as in the case for the JFT-I1-M 
experiment.41 Recent independent calculations also confirmed this behavior which were used 
to explain inefficiencies of IBW heating in some of the experiments.89 Therefore, according to 
the ray tracing calculation, the placement of an IBW antenna is optimized when the antenna is 
placed near ike low field mid-plane region. 

3.4.3 Possible Relevance p Ion Cyclotron Emission ACE) Physics 

In tokamak experiments, there are observations of radio-frequency emissions from the 
plasma near and its harmonics of the ion cyclotron frequencies.90 The observed emission 
frequency spectra displays features which are peaked for various values of ion cyclotron 
harmonic frequencies. The observed prominent frequency peaks often correspond to 2Q, 3C1, 
...nii, at the low-field mid-plane magnetic field value. This so-called ion cyclotron emission is 
believed to be excited by the hot ion population in the plasma interior. This observation may be 
interpreted as an inverse r,joblem to IBWH. For IBWH, the externally launched radio-
fretjuency electromagnetic wave is transformed into an inward propagating ion Bernstein wave 
which then heats the plasma interior. As we recall, the most suitable antenna location is for 
IBWH for hearing the plasma core is near the low-field mid-plane region (Sec. 3.5). The 
suitable frequencies are near (just below) 2£1,3£2,... at the launching point where the wave 
could more easily mode convert from the long wavelength electromagnetic wave into a short 
wavelength IBW. For the ICE, the inverse process should hold true. The excited IBW in the 
plasma interior should have the most likely 'escape' path along the mid-plane region toward the 
low field region. Otherwise, the waves must make the long journey in a diffusive manner 
undergoing series of re-absorptions and re-emissions. Of those outwardly propagating IBW 
which reach the plasma edge, the ones which could connect on to the vacuum electromagnetic 
waves would be one near the harmonic frequency, again just below 2£2, 3Q,..., at die point 
of the conversion (plasma edge) where the IBW wavelegnth increases near the cut-off 
frequency making it easier to couple to the longer wavelength electromagnetic waves. 
Therefore, it might be suggested that the tokamak IBW accessibility physics is acting as a filter 
to connect the externally picked-up electromagnetic signal to the IBW generated in the hot 
plasma interior. Therefore, the absorbed signal at the ion cyclotron harmonic frequency is 
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actually generated in the plasma interior one major harmonic below. In a D-H mixture plasma, 
for example, if the hydrogen ions emit ECH at 1£2H> ^ H - e t c ' ' " ^ e Plasma interior, the actual 
emission frequency detected would be at 3&D- 5^D' e I C - a t t n e o u t e r plasma edge. Perhaps, 
looking another way, the ICE frequency peaks might be correlated with the desirable 
frequencies for heating the plasma core by IBWH, 

3.5 TBWH Tnkamak Mnrifrllihp Tories 

The development of appropriate theoretical models to simulate the performance of EBWH 
in an actual high power tokamak experimental situation is clearly important in order to 
understand the headng results as well as to be able to extrapolate toward future experiments. 
As an initial step, the IBWH ray-tracing code was combined with the tokamak transport code 
BALDUR.91 As the BALDUR code evolves plasma parameters in time, the DJW ray-tracing 
code periodically calculates the power deposition profiles in a self-consistent manner. 
Typically, xhe transpon coefficients are chosen so as to satisfy the ohmic condition prior to the 
application of IBWH. In Fig. 13, a typical example of the modelling code calculation is shown 
for the INTOR-type parameters.13 The corresponding power deposition profiles are shown for 
no = 5 in Fig. 14 for various time. Initially, the power deposition is primarily into ions [Fig. 
14(a)). As the plasma is heated, the magnetic axis shift toward the larger major radius 
(Shafranov shift) making the absorption layei closer to the plasma axis [Fig. 14(b)]. Near the 
ignition, the heating is shifted to electrons [Fig. 14(c)], The hearing profile is central through 
out the heating phase. It should be mentioned that by launching more well defined spectrum at 
lower no < 5, it is still possible to heat ions instead of electrons even in the ignited regimes. 
Another type of IBWH code, MICADO, was developed to account for the multi-ion species 
plasma with the perpendicular and parallel velocity components for the heated species.14 These 
transport analysis codes reproduced many of the IBWH features observed in JIPPT-U-U15 and 
PLT 1 4 which will be discussed in Sec, 6. 
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iv. IBWH COUPLING PHYSICS 

For every if heating scheme, efficient conversion of rf power into a desired heating wave 
is clearly a crucial issue. For high frequency waves such as the ones used for electron 
cyclotron heating (ECH), the heating waves can be considered sufficiently similar to the 
vacuum electromagnetic waves so that its launching physics is relatively simple. For lower 
frequency waves, however, the heating plasma waves are usually very different. Therefore, 
the efficient conversion of rf power into a desired plasma wave is a challenging but worthwhile 
problem for rf heating. This coupling of rf power into the wave power usually takes place 
within a few cm of the antenna surface. For ICRF, the coupling into fast magnetosonic waves 
takes place by means of tunneling through the edge evanescent layer which often requires the 
antenna surface to be placed relatively close to the main plasma (to minimize the evanescent 
layer thickness) to maintain a good antenna loading (or high antenna radiation resistance). For 
LHH, the waveguide position is adjusted to make the waveguide launcher impedance to match 
the plasma wave impedance (i.e. (0™ = n^ W as described in Ref. 92). For IBWH, since the 
heating wave is a finite ion temperature mode, IBWH is launched by first exciting electron 
plasma wave (EPW) .ns in LHH which then mode-transforms into IBW inside the plasma due 
to the FLR effect (Sec. 2.2). The preferred edge density for IBWH is generally lower than that 
of LHH and ICRH. This could be an advantage since the lower coupling density suggests that 
the launcher can be placed further away from the main plasma thus lowering the plasma heal 
load onto the launcher. However as will be discussed in Sec. 4.1.1 and 4.3.5, this low edge 
density could cause coupling problems particularly for the Low frequency IBWH experiments. 

Because of the relative complexity ( and importance) of the wave coupling physics in 
IBWH experiments, we shall discuss them in a considerable detail in this section. First, the 
IBW plasma surface impedance models are described and then two types of IBWH launchers 
used in the experiments, the waveguide launcher and the Bg-loop antenna, are described. We 
then discuss the edge plasma conditions for efficient IBW launching. Various deleterious 
processes due to antenna-plasma interaction are also discussed in Sec. 4.3. We then conclude 
with a brief summary of IBW coupling. 

4.1 Plasma Surface Impedance 

To calculate the antenna plasma loading or the waveguide power reflection, it is essential 
to know the plasma surface impedance for whatever the wave being launched. In a slab model, 
the surface impedance is i' termined mainly by the value of plasma impedance at the plasma-
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antenna interface which is modified by the reflected waves from the inner gradient region 
(where WKB is not satisfied). 

In considering IBWH launching, we consider three possible coupling regimes. We 
define the Regime I for die case of low edge density (<Opi«oa) that the electron plasma wave 
(EPW) is launched much the same way as the case for LHH. If the edge density increases 
such that COpj approaches to, the surface impedance is still dominated by a thin but finite 
thickness EPW layer. We call this intermediate density case, Regime II. When the plasma 
density at the interface becomes sufficiendy high (GWXB) that IBW is launched direcdy by the 
antenna, we call this case Regime III. The EPW region could be neglected if the region 
thickness Lgp is sufficiendy thin (Lgp « hL). In Fig. 15, we plot COpj = o density values for 
various experimental values. This density represents the mode-transformation density (where 
0)pi = <B). n t r a n s ( c n r 3 ) = 2.27 x 10 1 1 m; fi(lQQ MHz), which goes up rapidly with the rf 
frequency. The dominant plasma species type is indicated in the parenthesis. One should note 
that the PLT 30 MHz experiment has a unique wave launching physics as discussed in Sec. 
2.2.1. For 250 MHz BPX-type DT plasma, nn- a n s is 3.5 x 10 l 2 cnr 3 and for the FT-U 450 
MHz high harmonic experiment, it is 5 x 10 1 2 cm 3 . These values are compatible with the edge 
density of the tokamak plasmas. For the lower frequency experiments, the value typically is in 
the 10'° -10 1 1 cm"3 range which is low for a typical tokamak edge density. 

4.1.1 WKB Condition 

For obtaining the plasma surface impedance, it is important to understand the wave 
reflection region where the WKB approximation, i.e., (1/ k x^X d k ± / d r) < 1, is violated. 
The reflected wave could modify the plasma surface impedance. For this reason, we shall first 
examine the WKB condition. For a tokamak experiment, the density can vary by a large factor 
in the antenna coupling region. The WKB condition is usually easier to satisfy for the ion 
Bernstein wave since the wave dispersion relation mainly depends on the ion temperature and 
magnetic field but only weakly on the plasma density. The magnetic field variation ( = 1/ R) 
is usually gentle enough for the WKB condition to be well satisfies. The ion temperature 
gradient is also considered to be relatively mild compared to that of the density. Therefore, die 
wave reflection is expected mainly from the density gradient in the EPW region. For this 
reason, if one were to consider Regime I & n, the antenna coupling is mainly determined by 
the EPW region, and it should not depend very much on the subsequent transformation into 
IBW. 
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For EPW. the WKB condition can be obtained from Eq.(2-2) as 

1 d kj_ c (cope 2/ a) 2 ) 1 3 n e 

= — < 1 (4-1) 
k j 2 d r 2 co ((op»2/o>2 . i)3/2 ( n | f 2 . i )i/2 ng 9 r 

As one can see from Eq. (4-1), the WKB is violated if G)pe = 1 and nn2 = 1. The (Ope2 = 
dp- condition can be easily avoided since the critical density, n^ (cm - 3 )= 1.24 x I0 4 • f̂ fMHz), is 
quite low for IBWH. For example, n ^ is 2 x 107 cm"3 for 40 MHz and n e c is 8 x 108 cm - 3 even 
for the BPX-like 250 MHz range. The nn2 = 1 condition can be avoided by appropriately phasing 
the antenna. Therefore assuming mat a w 2 / o s 2 » 1 and n||- > 1, Eq.(4-1) reduces to 

1 3 k i (c /a>) 
-- -- = < 1 (4-2) 
k ± 2 3 r 2 (tDpe / CD ) n„ L D 

where L D is the density scale length Lrj = n^ / (d nc / d r). The desired rt|| is usually 
determined by the heating requirement. For example, for LQ = 0.5 cm and ri|| = 2, the 
minimum density n m j n required to satisfy Eq.(4-2) would be n m m = 3.5 x lO1" cm' 3. 
Therefore, if one were to avoid excessive reflections, the density in front of the antenna must 
remain above a certain value as indicated in Eq. (4-2). However, the edge density control 
becomes somewhat problematic for IBWH in the low frequency regime (f < 100 MHz) due to 
the large ponderomotive force of the antenna near fields which tends to reduce the plasma 
density in the coupling region. Due to its importance in the recent IBWH experiments, we 
shall briefly review the ponderomotive force in the next section. 

4.1.2 Ponderomotive Cavity Formation 

Charged particles under the influence of an RF field in the magnetic field are subjected to a 
" ponderomotive potential", \yrf, given for the ion cyclotron range of frequency by 6 1 - 6 3 

1 e 2 E x

2 1 e 2 En 2 

Vfrf = + - (4-3) 
4 rrii (0 2 - £2[2 4me CO2 
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where Ej^ and E]| are the rf electric fields. Although the perpendicular ion terra could become 
significant near ca =£2j, for a given value of electric field, the parallel term is usually dominant 
due to the light electron mass. Therefore, the ponderomotive force is particularly strong for the 
ion Bernstein wave coupler where the antenna electric Field is predominantly parallel to the 
ambient magnetic field. 

The expected parallel electric field can be estimated from the power flux equation for the 
EPW and can be given by 

P/A = (c / 8JC) ( E Z By) = (c / 8TC) E Z

2 (<ope/a>)(^2-1)-1/2 (4-4) 

where A is the effective area of the rf power flow, typically chosen to be the antenna surface 
area. For the plasma heating applications, P/A is desired to be about 0.5 kW/cm2. From Eq. 
(4-4) the magnitude of E z can be given by 

|E Z I (stat-volt/cm)= 9.2 (o)/ft)pe) 1/2 (n„2-l) 1/4 [P/A (kW/cm2)] 1/2 (4-5) 

Since the oipg/o) is 5-10 at the antenna coupling region, one can see that the electric field is 
typically order of 1 stat-voit/cm in the high power experiment with P/A <= 0.5 kW/cm2. As for 
the ponderomotive potential, from Eq. (4-3), one obtains 

w ( e V) = 10 2 f (100 MHz) " 2 J E Z 1 2 < 4 " 6 ) 

where f is the applied rf frequency and Ej in stat-volt/cm. In Fig. 16, the ponderomotive 
potential is given for E z = 1 stat-volt / cm, for the various experimentally relevant if 
frequencies. As can be seen from the figure, the ponderomotive potential drops rapidly with the 
increased rf frequency and it is likely to be small fcr experimental parameters for FT-U and 
BPX. However, for the low frequency IBWH experiment, the ponderomotive potential can be 
substantial; e.g. at F = 30 MHz, and |EZ I * I, IJ/jf is about 1 ke V which is much greater than 
the edge plasma temperature and therefore one could expect a substantial density modification. 
The ponderomotive force could therefore, modify the plasma density in front of the coupler and 
change the antenna loading. This process has been previously investigated for the lower-hybrid 
wave case. 4 8. 4 9 The modification of IBWH antenna coupling due to the ponderomoti-e force 
has been also observed in the ACT-l5 0 andDIIID51 experiments. This ponderomotive potential 
if very large can cause a density hole' to develop in front of the antenna which then can lead to 
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further non-linear effects to set in. On the other hand, the ponderomotive density reduction 
could perhaps help reduce the rf power loss due to the sheath related processes (Sees. 4.3.1 to 
4.3.3). For this reason, to maintain an optimum wave launching condition, it may be quite 
important to adjust the plasma boundary position at a given power level to account for the 
density profile modification by the ponderomotive force. 

4.1.3 Coupling in Regimes f&ll 

In Regimes I & II, the coupling is dominated by the EPW physics since in both regimes, 
EPW is excited at the antenna-plasma interface. Also, the wave reflection, if any, should take 
place mainly in the EPW layer (as discussed in the previous section). For this reason, the 
antenna coupling theory developed for LHH could be applied directly here.4-9 2 A multi-step 
model was used to simulate arbitrary plasma profiles.66 In these EPW dominated regimes, the 
magnetic field dependence for the antenna loading, like LHH case, is therefore relatively weak. 
In principle, die launching in Regime I or II should be generally more desirable since EPW does 
not depend on the ion (or electron) temperature (which could be low at the antenna surface). 
The lower plasma density at the coupling region also makes it more desirable from the heat load 
and impurity generation point of view. 

4.1.4 Coupling in Regime ITT 

There are three theoretical models which have been proposed to treat the Regime ID, the 
direct 2Qj IBW launching case. The simplest model was used by W.N.-C. Sy et al., where a 
step model (with an optional vacuum interface region) where the wave fields were matched at 
the plasma boundary was used to coupled directly to IBW.93 Brambilla has used the finite-
Larmor-radius expanded wave differential equations to solve for the surface impedance for the 
2&i launching case. 4 3- 9 4 F. Skiff, et. al., have proposed a similar model replacing the vacuum 
region with a low density plasma ramp region connecting the antenna and the high density 
plasma again for the 2£2j launching case.95 The model for the higher harmonic launching case 
has not yet developed in Regime ffi. The generally low ion temperature expected at the 
antenna-plasma interface might make the direct coupling to IBW less efficient and could be 
subjected to die edge collisional absorption (Sec. 3.3-2). 
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4.2 IBWH Launchers 

Development of the IBWH launchers follows somewhat similar logical path as that of 
LHH. As in the case for LHH, there are three possible options for the IBW couplers; an 
electrostatic antenna, a Bg-loop antenna, and a waveguide type launcher. As in the case of the 
early LHH experiments,96 in ACT-1 where the plasma density was sufficiently low, an 
electrostatic antenna was used to excite IBW. 1 9 However, for high power tokamak 
experiments, die exposed high voltage if electrodes is not considered acceptable. It is 
interesting to note that a Bg-loop-type antenna was also used in the early LHH tokamak 
experiment97 (although the waveguide launcher has quickly become universal for LHH). 
Therefore, for the tokamak IBWH experiments, a Bg-Ioop antenna and a waveguide type 
launcher arc considered to be the two possible IBWH launchers. Although the waveguide 
launcher appears to be a better long term option, due to the size restrictions, the present day 
experimental activities are performed using the Bg-loop type antennas. The first waveguide 
IBWH experiment is being prepared on FT-U.57 

4.2.1 Nagoya Type III Bg-loop Antenna 

Since the present day tokamak IBW experiments cannot use the waveguide coupler 
(because of the size restrictions), a Bg-loop antenna has been utilized to simulate the waveguide 
fields. The antenna current strap is placed along the toroidal direction that the antenna generates 
electric fields along the magnetic field as in the case for the waveguide. This type of antenna 
(often termed the Nagoya Type III Coil) was used previously for ICRF slow-wave excitation in 
mirror devices.24 A schematic of IBW antenna installed in JIPPT-II-U is shown in Fig. 17. In 
ACT-1, basic physics of IBW loading and excitation by a Bg-loop antenna was investigated in 
some detail for the large nn case. 5 0- 9 5 In Fig. 18, a two dimensional wave interferogram of the 
excited IBW excitation is shown. In this experiment, the observed excited fBW power was 
observed to increase with density consistent with the plasma loading behavior (it should be 
noted that the plasma loading behavior depends much on the value of nu that for low nH case, 
the loading can actually increase with decreasing density). To understand this IBW loading 
characteristic, a coupling model based on a local analysis of warm-plasma wave differential 
equation was developed.95 A satisfactory agreement between theory and experiment was 
obtained. 

In tokamak experiment, a Bg-loop antenna was first used in the JIPPT-II-U tokamak and 
then in the PLT tokamak. A number of IBWH experiment has been since carried out including 
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Alcator C, TNT, JFT-II-M, DIIID, and PBX-M. More detailed description of the antenna 
loading is presented in Sec. VI where the experimental results on each device were described. 
At present, the antenna plasma loading is not fully understood (though a considerable progress 
has been made in the recent years) partly due to the lack of precise edge pksma diagnostics and 
partly due to the great variation in the edge plasma densities (often due to the non-linear effects) 
in the experiments. Most of the tokamak high power IBWH experiments shows loading 
characteristics of Regime I&n (EPW coupling) -which is generally higher than the Regime in 
(direct IBW coupling) coupling cast."1* and in most cases has a weak frequency dependence as 
expected in Regimes I & II. On Alcator C, some magnetic field dependence was observed over 
the field independent "background" loadl j which suggests Regime in coupling is taking place 
at least partially in the experiment Some of the loading results from DIIID and PBX-M appear 
to be consistent with Regime I & H (EPW coupling) which could explain the observed weak 
frequency dependence and also the larger dian expected antenna loading.44-45 The recent DIIID 
result^1 suggest that the large ponderoraorive potential associated with the Type III antenna 
operating in the low frequency range (< 100 MHz) causes the density in front of the antenna to 
drop significandy that the coupling is moves into the lower density EPW regime. 

4.2.2 Waveguide Launcher 

As in the case for the lower-hybrid waveguide launcher, a waveguide IBWH launcher is a 
long term attractive engineering option for reactor applications. The coupling physics is 
relatively simple and it is less prone to the possible complications associated with the lower 
frequency loop antennas as discussed in Sec. 4.3. Since IBWH waveguide will be operating in 
the high frequency regime, the coupling physics is very similar to the lower hybrid wave 
launching4-5 (it is interesting to note that the FT-U IBWH frequency, 430 MHZ, is only 
slightly lower than the earlier tokamak LHH experiments). In order to calculate for the 
waveguide matching, an IBW waveguide coupling code has been developed using multi-slab 
plasma profiles.66 Using this code, the waveguide coupling has been investigated for a 
number of cases which yielded low reflection coefficient (< 10 %) for a wide rang? of 
parameters, as shown in Fig. 19. The IBWH waveguide coupler will be tested in the planned 
FT-U experiment.57 The schematic view of the FT-U waveguide launcher is shown in Fig. 20. 
By using hydrogen and high harmonic heating (4 £2fj heating), one can perform an IBWH 
waveguide experiment at 430 MHz with an simple vacuum waveguide launcher of less than 40 
cm height For BPX, a 5 ii-r heating four element waveguide system operating at 250 MHz has 
been proposed.58 In this case, the waveguide height of = 70 - 80 cm is quite compatible i 
the available BPX port height 
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4.3 Antenna-Plasma Interaction 

In contrast to the case for ICRF, the BWfi antenna current flows predominantly along the 
ambient magnetic field line that the induced rf electric field has a large parallel electric field 
component. This parallel electric field in this relatively low frequency operating regime of 
IB'NH (compared to LHH, for example), gives rise to a strong antenna-plasma interaction. In 
performing a high power IBWH, one must certainly consider the results of this interaction in 
order to utilize the rf power efficiently for hearing or for other purposes. In this section, we 
shall discuss various parasitic processes related to ths antenna-plasma interactions which could 
ctuse the rf power to be lost into generally undesirable non-EBW channels. These parasitic 
processes could drain the rf power and, in many cases, cause undesirable side effects such as 
the impurity generations. 

4.3.1 Antenna Sheath Acceleration 

Since the 1BW antenna is oriented along the toroidal direction, the rf electric Field of as 
much as = 3flOV/cm along the toroidal magnetic field is expected at the antenna surface. 
Analyzing the region between the Faraday shield elements (the gap), the quick electron response 
to the oscillating parallel electric field shorts out the. electric field over most of the gap, leaving a 
i.'arrow sheath of positive space charge and intense electric field at the shield's surfaces.9* This 
sheath electric field could accelerate ions nearly to The gap voltage (= 300 V) causing sputtering 
of the Faraday shield material. If the plasma density between the Faraday shield gap is 
sufficiendy high, CDpj2/©2^ 1 (the gap density of 10 1 2cnr 3), the plasma sheath rectification 
could cause serious sputtering and impurity generation. The full treatment of the problem 
requires die presence of plasma in the gap region which would involve (he plasma transport 
and/or the plasma production in the region. This problem could be controlled to some extent by 
proper choice of the Faraday shield material and by reducing the plasma density in the gap 
region. 

4.3.2 Wave Excitation bv Faradav Shields Fringing Fields. 

The rf fringing fields near the antenna Faraday shield could couple into short wavelength 
elecrostatic modes (the modes could be evanescent).54 The fringing fields of the Faraday 
shield have a periodicity of the sh'eld element separation, = 1 cm, which is quite short 
(compared to the desired wavelength).99 Similar problem was considered for die fastwave 
ICRF heating case. 1 0 0 The Faraday shield elements could act as an phased antenna array of the 
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periodicity of the Faraday shield elements. For example, for f = 40 MHz, with the element 
separation of 1cm (X.n = 1 cm), the fringing fields could launch waves with parallel phase 
velocity of 4 x 107cm/sec which is similar to die edge electron diermal velocity. Therefore, this 
excited "slow wave' is highly dissipative via electron Landau damping and the rf energy is 
deposited to electrons near the antenna surface. This r.-odel predicts the loading to increase with 
the density and to decrease with the electron temperature, (a) At low densities, K x x > 0, R 
oWiie / T c , and (b) At high density, K x x < 0, R « r^ / VTe. It indeed predicts several ohms of 
plasma loading for rig = 6 x 10 1 1 cm*3 and T e = 2.5 eV and the edge electron heating as 
observed in the DIIID experiment. This process could become particularly important if a high 
density plasma comes in a direct contact with the Faraday shield (Regime I). 

4.3.3 Antenna Sheath Mode Excitation 

In order to explain some of the so-called anomalous loading results, the coupling into a 
class of sheath-plasma waves (SPW) which could be excited in the high- voitage rf sheaths near 
the antenna has been proposed.55 These SPW regions arise whenever there is rf flux linkage 
through a loop consisting of the antenna structure and die magnetic field lines intersecting the 
antenna surfaces. The analyses reported in Ref. 55 show that SPW antenna loading tends to 
increase with the plasma density in the sheath region mat this could explain the anomalous 
loading for the direcdy launched IBW case (Regime TO). This model was able to reproduce 
qualitatively the observed dependence of antenna phasing, plasma density, magnetic field and if 
frequency when dx plasma was moved toward the antenna surface in die DIIID experiment.55 

The loading into SPW could be reduced by operating in the low density edge region (Regime I 
or II). This sheath-plasma wave excitation may be reduced by a proper antenna phasing and 
antenna design (utilizing insulating walls1 0 1, for example). 

4.3.4 Plasma Ionization hv the Antenna Near Fields. 

Electrons in a strong parallel electric field of IBWH antenna near-field could acquire a 
large thrashing energy which is sufficient to ionize background neutrals. The Uirashing energy, 
U = e-Eip/m^ op, as for die ponderomotive potential, decreases rapidly with increasing rf 
frequency. For example, the 300 V/cm parallel electric field (typically expected in a high power 
IBWH experiment) causes electrons to acquire U = 3 keV at 30 MHz (but only 30 eV for 300 
MHz), sufficient energy for causing ionization. Such ionization occuring in front of the 
antenna is in general not desirable since it is a source for power dissipation, it may cause 
antenna break down problems, and me creation of plasma near the antenna could lead to the 
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sheath related problems (Sec. 4.3.1-4.3.3). Fortunately, in a typical tokamak discharge, the 
neutral pressure is usually sufficiently low (=10"*> Torr) that the ionization is likely to be 
negligible. However, it is also important to minimize the locally enhanced neutral density (such 
as a nearby limiter and/or a gas feed) near the antenna surface to keep the neutral density to 
minimum. For example on PLT, a titanium gettering (which is an efficient pump of hydrogen) 
has been used between plasma discharges on die antenna surface to reduce the gas density. 
Also to reduce the electron secondary emission, the Faraday shield's surfaces are usually coated 
with the material with the secondary emission coefficient of less than one, such as carbon or 
TiC (titanium carbide). One should note that for lower-hybrid waveguide, some effort has beer, 
invested in developing the waveguide wall coating to reduce the secondary emission to minimize 
the rf breakdown problems. 

4,3.5 Axial Convectjve Loss (ACL) 

If the WKB condition is violated, the resulting standing wave (due to the reflected wave) in 
the plasma can result in a significant power loss in the axial direction from the antenna region. 
This process is important for the EPW region (Regime I &. II). Since the EPW wave-packei 
propagates obliquely to the field (the propagation angle 6 = vg(J.)/ Vg(ll) - k|| / k_i_ « 1 ) and it 
has a large axial group velocity, these multiple reflections can cause the if power to 'leak' 
toroidally (axially) out of the antenna region. This process is termed the "Axial-Convective-
Loss" or ACL process.56 A simplified model for the ACL process is shown in Fig. 21. Since 
diis axially lost power will likely to be absorbed at the plasma edge, it could result in the loss of 
heating efficiency and wall impurity generation. 

The rf leakage is likely to be serious only in the electron plasma wave regime, a) > oflpj 
since in diis low density regime, the WKB can break down relatively easily and the EPW group 
velocity is particularly large in the axial direction. The quantity of interest is the ratio of this 
toroidal leakage power to the useful radially inward rf power, Pjn/Pleak- This factor can be 
estimated for EPW region as 

pleak Aep V g | i A^ ( m i /m e )0-5 
= 2AwKfl = 2AWXB (4-7) 

Pin ^ant v g j . L a n t 
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where AwKfl « (standing wave ratio)2 is a factor comes about due to the radial reflections, L ^ 
is the antenna toroidal length and A e p is the thickness of the electron plasma wave region. 
Noting that (mj / m e ) a 5 is about 50, L ^ is about 100 cm, and [ 1 - (fflpj / to )2] W might be 
about 1/2 in average, one obtains a condition that Pi e a k / Pj n = 2 A W K B <lep (cm). This 
indicates that it is quite important to minimize both A W K B and A ^ to obtain efficient IBWH 
launching. If the edge densitv is too low such that both quantities to be greater than one, a large 
fraction of the if power might be lost through this if leakage process. A numerical code has 
been developed to calculate the ACL power loss a multi-slab model.56 The power efficiency 
factor defined as (P j n - Pieak) / **in ' s pl° n e d in P'f • 22 for the typical experimental parameters 
for the low frequency experiment such as PBX-M / DIIID and for the high frequency 
experiment such as FT-U for various density profiles. As can be seen from the figure, the 
ACL loss is generally greater for the low frequency IBWH experiment. The low n^ spectrum 
range also suffers larger ACL loss since WKB breaks down more easily for lower n^ 
component which would suggests the importance of antenna phasing to reduce the low n (| 
spectrum range. 

4.3.6 Antenna Misalignment and Limiter Interference 

Another potential problem for IBWH in the low frequency regime is the effect of antenna 
misalignment and limiter interference.^6 In addition to the plasma sheath problem described in 
Sec.4.3.3, the antenna misalignment could cause the nj| spectrum of the launched wave to 
change, launching waves with shorter parallel wavelength than the value expected from the 
antenna geometry. One can estimate the maximum parallel wavelength to be X | |(max) = X± i 
8 m where 6 m is die angle of misalignment.' This effect is particularly strong for the case of the 
direct launching of short perpendicular wavelength EBW (Regime IB). As we recall that in early 
IBW excitation experiment,^ a very careful antenna alignment was essential for a successful 
EBW wave excitation. The problem tends to be more serious for a low frequency IBWH since 
die required minimum A. \ \ for a good central heating tends to be larger and the alignment of the 

relatively long IBWH antenna is somewhat more difficult The alignment problem is less severe 
for the electron plasma wave launching scheme due to die longer Xj_ (Regime I or H) and for die 
future higher frequency waveguide IBWH experiments57-58. Another potential problem might 
be the interference by the antenna protective limiters if they protrude significantly into the 
plasma since the relatively shallow initial propagation angle of the launched wave packet could 
cause it to hit the side limiters. If the limiters are made out of a resistive material such as 
graphite, significant fractions of the power might be absorbed by the limiter and such a 
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reflection may also introduce a change in the wave number spectrum. Calculations indicate that 
the protrusion length also should be no more than 1 cm, preferably only a few millimeters 
beyond the Faraday shield surface, 

4.4 TRW Coupling Physics Summary 

In this section, three coupling regimes I, II, and III have been discussed. The Regime III 
(direct IB W launching regime) may not be a good operating regime for high power experiment 
due the stronger antenna-plasma interaction as discussed in Sec. 4.3.1-4.3.3 which could cause 
anomalous antenna loading and impurity generation. In addition, launching IBW directly might 
be hampered by the generally low ion temperature expected at the antenna surface where the 
IBW excitation takes place. The Regime I would be quite acceptable for the high frequency 
waveguide experiment where the experience of lower hybrid waveguide coupling could be 
used. For the low frequency IB WH experiments with loop antenna, in order to avoid excessive 
reflection .'-id the axial-convective-loss (ACL), the desired edge density might be that of Regime 
II where <o = (0p,_ Also due to the arge ponderomotive force for the low frequency 
experiments, the edge plasma density might require some fine adjustment for a given rf power 
level. The antenna phasing appears to be important to reduce the ACL effect. The recent 
utilization of boron nitride antenna places around the fastwave ICRF antenna has successfully 
reduced the rf induced edge currents and related edge rf power dissipation and impurity 
production.101 This technique might provide a solution for reducing the edge sheath related 
problems even for the EBW Bg-loop antenna. 
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V. "NON-HEATINC," APPLICATIONS OF IBWH 

In addition to plasma heating, the radio-frequency power might be used in some situations 
to enhance the performance of tokamak reactor. The rf current drive is a very good example 
(though strictly speaking, the rf current drive is a type of rf heating). l 0 2 The feasibility of 
current drive by IBWH is discussed in Sec. 5.1. Application of large rf power inevitably leads 
to a major perturbation to tokamak plasmas that, in some cases, the effects may serve a useful 
function such as the plasma confinement improvements. In this section, we discuss the 
following possible "non-heating" applications of IBWHP: 1. Driving tokamak core currents; 2. 
Plasma confinement improvements as already observed in many of the IBWH experiments; 3. 
Stabilization of potentially deleterious external MHD modes such as the external kinks by the 
antenna ponderotnotive force; and 4. Control of the plasma edge by the ponderomotive force to 
reduce, for example, the divenor plate heat load density and to modify the plasma potential for 
confinement improvement. 

5.1 IBW Current Drive 

Thus far, IBW has not been an obvious choice for driving the tokamak current for two 
reasons. The electron Landau interaction is much weaker than LHH as discussed in Sec. 3.3.1, 
although it is sml large compared to the ICRF fastwaves. The oscillatory ray trajectory of IBW 
(Sec. 3.4) also makes it unsuitable for creating an asymmetric velocity distribution required for 
current drive. However, IBW may serve a useful function for driving tokamak currents in the 
high temperature burning reactor plasma situation. The wave penetration to the plasma core is 
quite excelhnt. As shown in Fig. 14, at the high temperature burning phase, it is still possible 
to put much of the rf power into the electrons in the plasma core. The enhanced electron Landau 
damping near the resonance [since Imkx(ELD) « n x

3 , see Sec. 3.3.1] could give the desired 
current drive localization. The a-absorption which is deleterious for current drive should be 
avoidable (.Sec. 3.2.6). For reactor size devices, a phased waveguide should be easily 
constructed for IBWH as in the case for the lower-hybrid current drive (LHCD). In Fig.23, the 
ray tracing calculation is shown for a reactor grade plasma at a relatively high central electron 
temperature of 20 keV. In this case, the election absorption is central (near the plasma 
resonance). Moreover, the absorption in one direction is about 90 % indicating that the 
unidirecbonality of absorption can be achieved for IBWH in a very high temperature plasmas. 
For lower temperature plasmas, what one would need is a target plasma with an asymmetric 
velocity distribution for IBW to damp preferentially in one direction. This might be achieved, 
for example, by using LHCD to produce a target plasma with an asymmetric velocity 
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distribution and such a distribution then might be maintained by IBWH. This synergy with 
LHCD might be investigated in FT-U and PBX-M where the sufficient amount of LHCD 
power will be available along with the IBWH power. 

.v2 Plflsrnn CnnfinpniMir improvements 

During [BWH, the plasma confinement has shown a significant improvements (e.g., 
PLT3 1, Alcator-C36, and JIPPT-II-U60). "the observed improvements usually are in the plasma 
core in contrast to the H-mode related edge improvements. On PLT, the microwave scattering 
diagnostic has measured a strong modification in the turbulence spectrum in the half-radius 
region.30 These results suggest that IBW might be effective in reducing the low-frequency 
turbulences. This might be related to the fact that the IBW wavelength is similar to that of the 
turbulences or due to its strong non-linear ponderomotive force. Two theoretical models one 
based on a four-wave-mixing process and one based on the poloidal velocity shear generation 
are proposed for the turbulence suppression. 

5.2.1 Stabilization of Micromrbulences through Four-Wave-Mixing 

In Sec. 3.4.3, we discussed the interaction of IBW with die low-frequency turbulences. 
With a finite amount of if power, the side-bands (cog ± co, k 0 ± kj are generated by the bearing 
of the incident IBW (co0, k 0 ) and die ambient low-frequency turbulences (co, k). The side
band disturbances then in turn beat with the primary IBW to produce low-freqjency currents 
Uiat can modify the stability of the low-frequency mode. This is a four wave mixing problem 
and in a weak turbulence condition, a nonlinear dispersion relation for the low-frequency mode 
has been derived yielding the frequency shift and the growth rate change of the low-frequency 
modes.3 2 For IBWH, the stabilization of the tokamak dissipative trapped electron modes 
(DTEM) has been investigated. The analysis shows that the IBW with k± pj >1, k 0 > k could 
stabilize DTEM giving a relatively large stabilization parameter space. Relatively low required 
power for the stability is encouraging, e.g. the estimate of 100 kW for the PLT exptrimental 
parameters and S MW for the BPX parameters for the stabilization. 

•12.2_Turbulence Suppression bv Non-Linear Velocity Shear 

The suppression of edge turbulence by sheared plasma flow has been proposed to explain 
the improvement of confinement in die L- to H-mode transition.103 The recent observations of 
locally reduced turbulence in the vicinity of shear layer even in non-H-mode discharges104 
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suggest that this mechanisms is not limited to the H-mode discharges. For IBWH, the 
nonlineariy-generated, ponderomotive ion potoidal flow was calculated ard shown that the 
sufficient poloidal flow shear layer required for turbulence suppression can be created near the 
wave absorption layer. 3 3 The calculated required power for the PLT parameter is order of 100 
kW which is consistent with the experimentally observed value. Since, this IBWH generated 
flow shear layer has a very good radial localization (order of the power absorption width), it 
might provide an active knob to control tokamak transport. 

5.3 Utilisation of Antenna Ponderomotive Force 

As discussed in Sec. 4.3.4, the strong E|| fields of high power IBWH antenna could create 
a region of large ponderomotive potential. Although, such large ponderomotive potential can 
cause difficulties for wave launching, some theoretical predictions were made to use the 
potential for tokamak performance improvements. One recalls that in the early days of fusion 
research, the ponderomorive potential was considered as a tool for providing plasma 
confinement (e.g. rf-plugging). This idea was largely abandoned due to the excessively large 
required power. However, the use of ponderomotive force niight still be useful for aiding the 
plasma stability or for modifying the plasma edge region where the required power may be more 
reasonable. In a typical IBWH antenna situation, the near fields of the IBWH B6-loop antenna 
En is maximum at the antenna surface and decays radially away from the antenna (into the 
plasma). This electric field gradient can give a rise to the ponderomorive force, F™^ = 1/lfjn 
(tope

2/<B2)9lE||P/9r, where F p ^ exerts a radially inward force onto the plasma electrons. The 
force could in fact become quite large that it might be used to stabilize the plasma external modes 
and to modify the plasma edge. 

5.3.1 Stabilization of External MHD Modes 

The stabilization of external modes have its root in the mirror experiments. 1 0 5 The 
theoretical analyses for tokamak plasmas suggest that the ponderomotive stabilization may be 
effective in stabilizing the external modes which causes the plasma boundary to move such as 
the external kink and the edge localized ballooning modes . 6 1 ' 6 2 As the instability moves the 
plasma boundary closer to the antenna, it encounters a repelling force of the ponderomotive 
potential from the antenna fields. The analysis for the mode stability uses the modified energy 
principle, 6 1 ' 6 2 

SW = 5 W M H D + 5W r f (5.1) 
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where the term SWjf which describes the change in plasma potential energy due to the work 
done against the ponderomotive force of the applied rf fields, was added to the usual energy 
principle for a tokamafc plasma. The result suggests for PBX-M type experiments, the relatively 
low required power of 2 MW for stabilizing the edge localized ballooning modes with n > 8. 6 1 

For the external kink, the required power would be larger, in the 10 MW range for the PBX-M 
parameters.62 If the merit of stabilization is demonstrated, since the required power for the kink 
stabilization goes up with f^B2, the efficiency of the method must be improved considerably to 
extend this technique toward larger and higher field devices. To reduce the power requirement, 
it is advantageous to go down in frequency as much as possible. A suitable frequency appears 
to be near the lowest ion cyclotron frequency and for fusion plasmas, the frequency would be 
that of the tritium. One interesting possibility for reducing the power requirement significantly 
may be to modulate the rf power to 'feed-back stabilize' the modes. A simple estimate suggests 
that the rf modulation could reduce the required power by a factor of 10_1 to li) - 2 from the 
steady-state value which would make the technique attractive even for the ITER size devices.106 

5.3.2 RFLimiter Concept 

The strong ponderomotive force of the IBWH antenna could also be used to modify the 
plasma edge region.63 If it is possible to control the edge scrape-off layer distances, it can be 
used to connol the power density of plasma impinging upon divertor plates. This is a critical 
technical issue for designing long pulse and/or steady-state reactor grade devices such as 
ITER. 1 0 7 The ability to repel most of the electrons in the antenna surface region and to form a 
positive ambipolar potential could be used to control the plasma transport near the edge such as 
in the case of H-mode study. This rf limiter concept was demonstrated in PISCES, a small 
scale test linear device. 6 3 In the experiment, the ponderomotive potential barrier, 
ponderomotive density depletion, positive edge potential formation and the F p ^ x B drift 
velocity were measured. Some reduction in the edge turbulences has been also observed. 
Extension of this experimental technique to tokamak experiments such as on PBX-M is of the 
near term interest. If proven successful, the power scaling toward ITER siie device win be the 
key issue. 
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VI ION BERNSTEIN WAVE HEATINC, EXPERIMENTS 

Ion Bernstein wave heating experiments have been performed in the ACT-1 toroidal device 
and subsequently in several fusion devices in the past years. By utilizing already available 
ICRF transmitters and other rf hardwares, a series of high power IBWH experiments have 
been performed with a relatively modest investment of building the IBWH antennas. Many of 
the IBWH experiments were in fact performed as an extension of the ICRF heating program. 
In this section, the IBWH heating experiments which are concluded at the present time are 
reviewed in an approximately chronological order. On-going and planned experiments are 
reviewed in Sec. VII. Interested readers are referred to the original published papers for more 
detail. 

6.1 ACT-1 (12-18 MHx\ 

The first IBW healing experiment was conducted in the ACT-1 toroidal device.22 In this 
device, with an advantage of probe diagnostic, the physics of IBWH was investigated for all 
phases of the wave heating; IBW launching, propagation, absorption and heating. l9-22 ] n a 

hydrogen plasma (T c = 2.5 eV, T; = 1.5 eV, and Tig 5 10 1 ] cm - 3), detailed measurements of 
wave absorption and of the ion temperature profiles have identified the heating layers near the 
ion-cyloiron harmonics of deuterium-like (H2+) and tritum-Iike ions (H2+) where die dominant 
absorption resonances were 5i2p and 5£2T. In Fig. 24, the ion temperature increase is shown 
as a function of frequency, confirming that die heating peaks near die heating layer. In this 
experiment, the antenna phase was chosen to avoid the electron Landau damping of the wave. 
Interestingly, as shown in Fig. 25, the central ion heating efficiency actually improves with the 
rf power as the higher ion temperature resulting from heating further improves the wave 
penetration. In the lower temperature range, the IBW power was initially absorbed partially 
near the plasma edge by the collisional absorption. As the ions are heated, the higher ion 
temperature increases the wave group velocity (since Vg « V J J , Eq. 3-3) and reduces the 
collisional absorptions (Lm kjj>= V-pf4, Eq. 3-6). In the best case, the power balance estimates 
suggest that the ion heating is quite efficient (nearly 100%) foi IBWH. Moreover, the ion 
heating was very much bulk ion heating without any significant ion tail production as 
monitored by the ion energy analyzer. This bulk ion heating nature of the IBWH could be 
explained by the quasilinear diffusion theory + collisions as described in Sec.4.3.3. The BQ-
loop was also tested on ACT-1 where the physics of IBWH wave loop-excitation and die 
antenna loading has been investigated in a considerable detail as discussed in Sec. 4.I.3. 5 0- 9 5 
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The first tokamak IBWH heating experiments were carried out in the JIPPT-II-U tokamak 
device (R = 9 l-93cm, a = 21-23 cm, a circular plasma, B T < 3T, r p < 100-200 kA, and "nj = 
1 - 3 x lO^cnr 3 ). 2 3 The IBW was launched by the Be-loop Nagoya Type III antenna.24 The 
transmitter frequency was 40 MHz. Two important heating regimes, Modc-1 2 3

 a n d Mode
lled w e r e identified. 

6.2.1 ton Heating Regime: Model 

An efficient central ion hearing regime was observed near 1.8 T in a majority hydrogen 
plasma (H-He or H-D) which corresponds to 3QJJ (or 3/2 Q.^) layer located near the cenier of 
the plasma (Fig. 12). 2 3- 2 5 Due to the relatively high aspect-ratio nature of JIPFT-Q-U ( R/a = 
4) , other major resonances such as Qy{, 2I2D, 2ilg and 4f2D layers are outside of die plasma 
in this experiment. In a hydrogen-deuterium mixture plasma, both hydrogen and deuterium ion 
hearing was observed. The observed ion heating has a strong magnetic field dependence as 
shown in Fig. 26. The maximum hearing was observed when die resonance layer is placed 
near the center of the plasma, axis. This central heating of hydrogen ions was also measured 
directly by a spectroscopic technique.25 From the measured T_L >T||, it was concluded that the 
hydrogen ions are directly heated by a non-linear headng process at the 3/2 £2H resonance in 
addition to die 3 QQ deuterium ion heating. The experimental data was analyzed by a tokamak 
IBW heating modelling code.1 5 This code was developed by combining a tokamak transport 
code9 1 widi an ion Bernstein wave tokamak ray tracing code.2 This modelling code was able 
to reproduce many of the observed heating features such as the temporal ion temperature 
evolution as well as the strong heating dependence on the magnetic field (the curve in Fig. 26) 
which comes about due to die relatively well localized power deposition profile of IBWF (Fig 
12d). Qualitatively speaking, nj(r) AT(r) - (P/V) X{ (r) where P/V is dte deposited power 
density and tj (r) is the local ion energy confinement time. The central ion heating is effective 
due mainly to the reduced heating volume or larger heating powei density. 

6.2.2 Electron Heating Regime : Mode-II 

An interesting electron heating regime (termed 'Mode-fT in contrast to the ion heating 
regime of previous Mode-I) was observed at 2.76 T with 40 MHz. This experiment was 
carried out in a mosdy deuterium plasma. It is a third harmonic QQ launching and second Qp 
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or fundamental £JH heating regime, quite similar to the fastwave hydrogen minoricy 
experiment The electron temperature increases rapidly after the rf turn-on in the central region 
of the plasma (r/a < 0.5). While ion temperature increases more gradually with the time 
constant of about 10 ms which is roughly equal to the collision time between electrons and 
ions. The charge-exchange spectra show that the velocity distribution functions for both 
hydrogen and deuterium are nearly Maxwellian with a slight high-energy tail for the hydrogen 
(this might be due to a presence of small amount of fastwave component launched by the 
antenna29). This hearing regime is clearly differem from the Mode-I IBWH ion heating regime 
and also from the fastwave hydrogen-minority healing regime. The power balance analysis 
retaining electron ohmic confinement indicates that the best agreement with the experimental 
observation is obtained assuming most of the if power = 80% is absorbed by the electrons. 
The bulk ion temperature rise is consistent with the collisionai heating from electrons in terms 
of its magnitude and temporal behavior. The main physics reason for the electron heating can 
be understood from the wave accessibility point of view. The hearing resonance in this case is 
majority deuterium second harmonic and the minority hydrogen fundamental. From IBW 
wave dispersion relation, one should note that as the wave approaches this major resonance 
layer, the wave number increases and the group velocity slows down considerably both of 
which contribute to the enhanced electron Landau damping. In the experiment, the higher 
ohmic central electron temperatures (resulting from the 2.7 T operation for Mode H compared 
to the 1.8T operation for Mode-I) are also expected to aid the election absorption. Therefore, 
most of the IBW power could be expected to be absorbed through electron Landau damping 
before it reaches the ion cyclotron absorption layer. This result is a meaningful demonstration 
of the electron Landau absorption by IBWH which might lead for example to the utilization of 
IBWH for the rf current drive (Sec. 5.1). 

<i.3 P I T ran, on lvfH^ 

Following the JIPPT-II-U IBWH experiment, IBWH was investigated in the Princeton 
Large Torus (PLT), R = 132cm, a = 40cm, B T < 3T, Ip < 400 kA, n^ < 5 x l O ^ c m ^ O i 

Two new heating regimes were investigated: 5£2[j-minority heating with a 90MHz source and 
3/2 £2D majority heating with a high power 30 MHz source. The 3/2 £2D heating has heated 
deuterium bulk ions to 2 keV from 500 eV and the IBWH power in excess of the ohmic power 
was applied to the plasma for the first time. 
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6.3.1 Fifth-Harmonic Q^ Minority Heating 

Utilizing the 90 MHz transmitter, the fifth harmonic £2D minority heating was investigated 
in a hydrogen majority plasma.27 In Fig. 27, the heating configuration and IBW wave 
trajectories are shown. Due to the off-axis antenna configuration, the ray-tracing was 
performed starting from the antenna current maxima for various launched n||. In this 
experiment, most of the wave power is expected to be absorbed by the deuterium ions at the 
5 S3D layer. In Fig. 28, the observed ion temperature evolution for P,f = 100 kW at a line 
average density rig = 1.5 x 10 1 3 c m 3 at Bj = 27 kG is shown. The perpendicular 

component of the deuterium velocity distribution is heated rapidly to = IS keV which then 
comes down as the plasma density increases. The parallel component of the deuterium 
temperature as well as the bulk hydrogen temperature increases at slower rate as expected from 
the collisional power transfer from the heated component. It is interesting to note that the even 
the heated ion species retains near Maxwcllian energy distribution function as might be 
expected from the quasi-linear rf diffusion characteristics of IBWH. 

6.3.2 3/2 % and 3He-minoritv Heating Regime 

The 3/2S2D heating was investigated since the high power 30 MHz ICRF rf transmitter 
was already available on PLT. From the wave launching physics point of view, this regime is 
somewhat unique in tiiat the IBW frequency is now operating below the hydrogen fundamental 
frequency which can modify the wave launching physics (as discussed in Sec. 2.2). In Fig. 
29(a), the temporal evolution of the charge-exchange deuterium ion temperature during 3/2 i J D 

hearing at 150 kW level is shown. The ion temperature goes up relatively quickly in the time 
scale of the ion energy confinement time. The measured perpendicular energy distribution is 
near Maxwellian without noticeable ion tail as expected. The parallel ion temperature is similar 
to the perpendicular temperature which is consistent with the fusion neutron based ion 
temperature. In PLT, due to the longer ion energy confinement compared to the JIPPT-n-U 
case, the ion temperature isotropization is expected. The heating was observed to peak near 28 
kG which corresponds to the heating layer being near the plasma axis as in the case of the 
JIPPT-II-U case. 

High Power Heating - The 3/2f2D heating was extended toward higher power level utilizing the 
30 MHz high power transmitters for the ICRF fastwave hearing experiment.27 This is me 3/2 
£lr_> heating regime with optional 3He resonance. The temporal evolution of the ion temperature 



- 51 -

is shown in F:g. 30(a) •-•-•ish the power level of 500 kW at n e = 3 x 10'3cm-3. The central 

Doppler broadening ion temperature reaches 2 keV exceeding that of the TVTS central electron 
temperature (= 1,6 keV). In Fig. 30(b), the measured ion temperature profile from the Doppler 
broadening measurements of various ion lines are shown indicating that the heating is central. 
No strong ion tail was observed by the charge-exchange diagnostic as expected for the majority 
bulk ion heating. '• his measured ion temperature profile is similar to the calculated profiles 
assuming ohmic like ion transport [the curves in Fig. 30(b)], an indication of no ion transport 
deterioration during IBWH. The ion heating efficiency was found to be nearly constant up to a 
650 kW level, with a heating quality factor of ATj(0) ^ / Pjf = 6-7 x 10 1 3eV cnr^/kW 

which is comparable to the PLT fastwave 5He-minority heating results. The global energy 
confinement shcvs a gradual degradation with increase if power. The degradation could be 
attributed solely to the enhanced radiative losses in the electron channel during IBWH. 

Panicle Confinement Improvement - With application of IBWH, the plasma density was 
observed to increase by more than a factor of three as shown in Fig. 31(a). This occurs 
wiihout active gas puffing and without increasing panicle recycling, as indicated by the drop in 
the D a emission particularly near the antenna. From the D a emission measurements around 

the device, it was concluded that the density rise was due mainly to the particle confinement 
improvement. From fusion neutron, spectroscopic, Bremsstrahlung, and bolometric 
measurements, it was concluded that the incremental density rise is due in most part to the 
increase of deuterium ions. Similar factor of 2-3 confinement improvements were observed for 
helium (low Z) by a helium gas-puff and selenium (high Z) by the impurity injection technique. 
This Z-independent confinement improvement suggests non-classical particle transport 
behavior. 

I.ov-Freauencv Turbulence Modification - An interesting change in the low-frequency 
turbulence activity was observed during PLT EBWH. Microwave scattering technique was 
used to detect the waves in the half radius region of the plasma.1 0 8 As shown in Fig. 32, me 
scattered turbulence signal amplitude has gone down by an order of magnitude (from the ohmic 
disciii'-ge with similar densit>) and the frequency has up-shifted indicating an increasing 
poloidal plasma rotation in the electron diamagnetic drift direction. This observed poloidal drift 
velocity of 5 x 104 cm/sec corresponds ti> an effective increase of the radial electric field of 15 
volt/cm in the radially inward direction. The relationship berween microturbulence (and plasma 
transport) and IBWH is a very interesting p.izzle, 'upgeiiing that the processes such us the 
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ones proposed in Refs. 32,33 might be indeed occuring. An understanding of this probfem 
could lead to a development of an active technique for improving tofcamak plasma confinement. 

Impurity Generation - During high power IBWH, an increase in the influx of metallic 
impurities (predominantly iron) was observed. This high-Z impurity influx could result in 
non-negligible central radiative losses during high power (high density) IBWH and could limit 
the rf power which CCA be applied to the plasma. By using carbon coated Faraday shields, it 
was possible to reduce the ion flux which lead us to conclude that the much of the iron influx 
has originated from the antenna Baaday shields in this experiment.109 The carbon coating has 
allowed die IBWH experiment io go toward higher power. This finding demonstrates that the 
Faraday shield design is an important element for die future IBWH antenna development 

6.4 Akatnr-C HrHMrfc) 

Paralleling the PLT IBWH experiments, IBWH heating in the high density regime was 
investigated in Alcator C under the following conditions: R = 64cm; a = 11.5 - 12.5 cm; f = 
183.6 MHz; B T = 4.8 T - L IT; Ip = 160 - 260 kA; rig = 0.5 - 4.0 x 10 i 4 cm"3; Prf < 180 kW; 

hydrogen majority plasma with deuterium minority, np/ne = 0.1% - 20% ; and Zef{=2~3. 
Three heating regimes were investigated: GI= 5/2 Q H (5. IT); o) = 3/2 i2g (7.6T); to = 5/2 
QD(9.3T). AS shown in Fig. 33, the observed heating efficiency improves with the magnetic 
field and the best heating efficiency is observed at 9.3T. At itg = 1 0 1 4 cm*3, an excellent ion 

hearing of ATj = 350 eV has been observed at 5/2 £irj with the IBWH power of 100 kW. In 
terms of usual heating quality factor ATj r^ /Prf, this heating represents a phenomenal = 40 x 

I0"e V cm'3/kW. Scanning charge-exchange analyzer measurements show that the observed 
ion heating is central with a supenhermal deuterium component at T D = 2 keV which is 
expected for the 5/2flrj heating. The heating exhibited a non-linear behavior with a threshold 
power of - 30 kW which is similar to the value expected for the non-linear absorption.78 In 
this heating regime, the (0= 3 £1Q layer is located at 2 cm in front of the antenna. From the 
linear theory (Sec. 3.2.3), the DBW absorption acioss the (o= 3 Q D layer she-old be complete 
that the central heating should not be possible. There are several possible explanations. First, 
die field ripple of 2-4% expected near the Alcator C access port could move the 3o)rj resonance 
layer behind the antenna surface at the both ends of the antenna allowing the wave to penetrate 
there. Second, since the deuterium is a minority species ( = 2%), the rf power deposited to the 
deuterium minority ions in the ripple region could deplete (pump out) the deuterium 
concentration sufficiently to allow for the power penetration. In this case, the power threshold 
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should also exists. Thirdly, the density at the 3 £l& deuterium layer might be depleted (perhaps 
by the pondeiomonve force) sufficiently to be in the EPW regime (which is not expected have 
much interaction with the ion cyclotron harmonic resonances ) to allow the power 
transmission. In addition, it was also suggested that the parametric instability could cause the 
decay waves to penetrate funher into the plasma.107 

Improved Panicle Confinement Regimes - Improvements in the particle confinement time Tp, 
of up to 3 rimes tiiat of the ohmically heated plasma was observed for tig < 2 x 10 1 4 cnr 3 . 

The hydrogenic species confinement improvement was estimated from the increased density 
and the HQ measurements. The improvements were also seen for the impurity ions by 
injection of trace amounts of silicon using the laser blow-off technique. Under the best 
condition, die decay rate was slowed by a factor of 3. The Zgff is typically constant or 
decreasing during the if injection. Those particle confinement improvements are quite similar 
to the PLT IBWH results. 

CCh Laser Scanering - In the Alcator C IBWH experiment, the CCb laser scattering was used 
successfully to directly detect the launched IBW for k x = 10 - 140 cm - 1 . ^ The IBW was 
identified from the wave dispersion relation obtained from the measured kĵ  spectrum as shown 
in Fig. 34. The optimum detected IBW signal was obtained when the ion cyclotron harmonic 
layer is located just behind the antenna as expected from the IBW launching theory. The 
absorption at 3/2 &H was observed by monitoring the IBW signal across the absorption layer. 
In relation to the 5/2iiD heating, a strong radial attenuation of the scattered signal was observed 
across the 3iijy layer suggesting a strong absorption of IBW at die layer. The observed 
scattered signal also had the inverse relationship to the low-frequency plasma turbulence level 
that the detected signal decreased with the plasma density. 

High Density Regime - As the plasma density was raised above 1.1 x 10 l 4 cnr 3 , the heating 
and particle confinement improvements show a rapid drop, and for the target density above 2.5 
x 10 1 4 cm - 3, no observable heating (Fig. 35) nor the confinement improvements (Fig. 36) 
were seen. A suggestive explanation is that the increasing low-frequency turbulence in the 
high density regime could scattered die wave power to prevent the wave penetration to the 
plasma core. The CCh scattering experiment appears to support this mechanism. However, 
the detailed analysis of the ray-tracing code with Monte Carlo calculation (to include the 
scattering effect) indicates that the actual power scattering may not be large enough to account 
for the observed lack of heating. It should be mentioned that the C02 layer scanering (which 
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has very little vertical resolution) is rather sensitive to the phase coherence of IBW that the 
detected signal could drop significandy just due to the wave coherence destruction (not power 
dissipation) by die scattering. The lack of heating may also come from the enhanced plasma 
transport behavior observed in the high density regime. A detailed power balance analyses of 
the Alcator-C discharge indicate that the increased ion thermal conduction from the Chang-
Hinton neoclassical value at r^ = 10 1 4 cm - 3 to 5-8 time the value at rig = 2 x 10 1 4 cm - 3 is 

sufficient to explain the lack of observable heating.37 The future test of IBWH in this regime 
may require higher rf power and/or other tools to improve the transport in this regime. 

6.5 TNT f.S-SMH^ 

Physics of tokamak ion Bernstein wave coupling, propagation, and heating was 
investigated in the TNT-A tokamak, a small research tokamak with R = 40 cm, a = 8.8cm, 
elongation of 1,2. and Ip = 4-6 kA. 3 8 - 4 0 The TNT experiment has shown in detail the loading 
characteristics of me IBWH antenna.39 In this experiment, T-shaped rotatable antenna was 
used for comparison between Bg (IBW-rype) and B z (fastwave-type) couplings. The 
frequency of 5 • 8 MHz used in the experiment means that the mode-transformation density is 
near 104 cnr 3 (Sec. 4.2.4). Since the tokamak plasma density is still quite high (rigo = 10 1 3 

cm - 3), the coupling physics in this experiment can be considered to be fully in Regime I where 
IBW is directly launched. The small antenna (7 cm) and the low wave frequency (5.6 MHz) 
makes the antenna n|j spectrum rather wide (extending up to a few hundred). The antenna 
loading decreases for the phased case ( high nn phasing where <o/k|j = 1 x 10* cm/sec « 
V T e ) . Therefore, a considerable fraction of the wave spectrum might be heavily electron 
Landau damped near the antenna in this experiment. The loading only weakly depends on the 
magnetic field The loading generally increases with the rf frequency and also with the plasma 
density. This loading behavior is consistent with die high tin loading case. 9 5 The loading 
decreases with the rf power which is likely to be attributable to the density drop expected due to 
the ponderomotive potential. In addition to the antenna loading, the wave propagation was also 
studies in TNT where the magnetic probe has detected the magnetic field dependent features as 
expected from the ray tracing calculations. During the IBWH experiment, the electron heating38 

as well as ion heating40 was observed. 
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6.6 IFT.I1.M /27MH7.1 

The IBWH was first attempted in a diverted plasma in the JFT-D-M tokamak. In this 
experiment, the antenna was installed significantly off the mid-plane (placed about 45° 
poloidally from the mid-plane). The rf frequency was 27 MHz and the 3£2Q or 3/2QH heating 
was investigated around 1.2T magnetic field. The stored energy increase has a magnetic field 
dependence which appeared to be optimized around 1.2T where the heating layer is near the 
plasma center. However, the application of if power produced significant impurity generation 
(the large radiative loss up to three times the applied rf power) that the maximum rf power 
injected was only about 150kW. Strong metallic impurity influx, Ti (Faraday shield material) 
and Fe (the vacuum vessel material) was observed. The radiative loss caused the electron 
temperature to decrease and together with the impurity contamination, the loop-voltage likewise 
increased. With the NBl heating(570 kW), this radiative collapse could be avoided up to the rf 
power of 300 kW. However, due to the strong edge cooling, the IBWH quenched the H-mode 
even wiui a relatively low power. The wall impurity influx in addition to that from the Faraday 
shield suggests a significant power deposition in the plasma surface region. The off-axis 
placement of the IBWH antenna may be causing the edge heating and subsequent impurity 
generation in the JFT-II-M ffiWH experiment as described in Sec. 3.4.2. 

t,.7 nm.n no-iiOMH/i 

The IBWH research was carried out in the DDI-D tokamak, which is a large size D-shaped 
tokamak with a divertor. 4 2- 4 5 , 5 1 The DITI-D EBWH experiment had two phases. The first 
phase of experiment concentrated on a systematic search for central ion heating in the 0) = 
3/2iiH (3QD) regime in hydrogen plasmas with a deuterium minority species. An extensive 
search for the central IBW hearing under a wide range of plasma conditions failed to produced 
evidence of significant increases in the core ion temperature. For this reason, the second pan 
of the effort was devoted to evaluate a large number of possible explanations for the 
phenomena observed during high-power IBWH injection. The edge ion heating which is well-
correlated with parametric decay activity was observed. Other effects not predicted by the 
standard linear theory of IBWH were also observed and studies: power dependence of the 
antenna loading, particularly of the reactive component, the magnetic field independent antenna 
loading, and electron heating in the plasma scrape-off layer. Toward the end of the 
investigation, a possible explanation for many of the observed phenomena was developed, 
centered around the importance of the ponderomodve force near the antenna. 
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Plasma Impurity Control - The high-Z impurity influx problem was observed during IBWH in 
most conditions studies in DIII-D, resulted in a substantial increase in radiated power. The 
increment in radiated power was usually observed to be between 50 to 100 % of the injected rf 
power. From the sheath physics point of view, the antenna surfaces particularly the Faraday 
shields would be subjected to severe ion bombardment causing severe impurity problem. 
However, the radiation increase was shown to be predominantly from the nickel line; this 
finding is significant since the IBW antenna has no exposed Ni-bearing surfaces, while the 
vacuum vessel walls and protective dies near the outer midplane are composed of stainless steel 
and inconel. This observation suggests die sheath r-'ated problem on the antenna Faraday 
shield may not be the dominant process, and this observation may be consistent with the 
ponderomotive density depletion near the antenna surfaces, reducing the antenna-sheath 
interaction. The Ni levels were reduced by more than two orders of magnitude just after the 
carbonization compared to just before. The radiated power was reduced to only one-third of 
the rf power, essentially solving the impurity problem during IBWH. Under freshly 
carbonized wall conditions, IMW of net rf power was coupled for 0.1 second, a world record 
for the BQ-type antenna 

Antenna ladings - An extensive antenna loading measurements were taken during IBWH. 
The measurements have clearly shown that the antenna loading has no strong magnetic field 
dependence for all die edge conditions looked. For die diverted discharge, die edge density is 
expected to be small that the antenna loading is dominated by die electron plasma wave 
(Regime I or D) and thus, the weak dependence is not surprising. On die otiier hand, in limiter 
discharges, the measured edge density is sufficiently high that ft) < CDpj condition should be 

satisfied at the antenna surface. Under these high edge density conditions, the antenna loading 
is predicted to be highly toroidal magnetic field dependent. The measured loading however 
showed no hint of the expected resonant dependence on By. A very informative finding came 
from die power dependence of the reactive component of the antenna loading. It was found 
that raising the rf power level has die same effect as moving die plasma away from die antenna; 
the reactive loading cu Teases in both cases, as shown in Fig.37. This may be interpreted as an 
evidence of ponderomorive density depletion in front of die antenna. This ponderomotive force 
which is quite strong for die low frequency experiment (as discussed in Sec. 4.3.4) may be 
always strong enough to reduce die density in front of die antenna to bring it into Regime I or 
II. If the strong density hall is developed in front of the antenna, the axial-convective-loss 
(ACL) may prevent the coupling into IBW. This would results in the wall impurity influx as 
well as the electron headng in the scrape-off region as observed in the experiment. 
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Parametric Instabilities - The DIII-D IBWH experiments provided the first clear evidence of 
parametric activities during 1BWH. Under conditions where efficient coupling to IBW was 
theoretically predicted, heating of ions in the edge plasma was observed. The edge ion heating 
was well-correlated with parametric decay activity, detected with rf probes in the scrape-off 
layer. The decay waves were identified as an ion cyclotron quasimode (<a\ ) and an IBW ( 
CO2). From the qasimode frequency where <£>i is expected to be near iij, the location of the 
decay was identified to be near the low-field side of the plasma, i.e., near the antenna. A 
typical parametric decay spectrum is shown in Fig. 38v'a), along with the hydrogen neutral 
particle charge exchange spectrum observed during the same discharge. Both hydrogen and 
deuterium ions showed high-energy perpendicular tail fonnation [shown in Fig. 38(b)]; no 
parallel heating was observed. The time behavior of of the charge exchange signal indicates 
that the confinement time of the high-energy ions is much less than 1 msec, indicating that the 
high energy ions were generated near the plasma edge. In some cases, estimates of the fraction 
of the applied if power which is required to account for the observed edge heating suggest that 
the parametric decay channel could indeed drain a significant fraction of the applied rf power. 
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VII ON-GOING AND FUTURE IBWH EXPERIMENTS 

As described in Sec. V, there are a number of possible utilization of the high power IBWH in 
addition to the conventional plasma heating. Those applications of high power rf aim to improve 
the tokamak performances; the rf current drive, the plasma confinement improvements, the plasma 
external mode-stabilization, and plasma scrape-off layer (SOL) control. The on-going and future 
iBWH experiments are addressing some of those research topics. On JIPPT-II-U, the physics of 
plasma confinement improvement by IBWH is being investigated. On PBX-M, using the variable 
frequency high power transmitters (40-80 MHz), the pressure profile control to aid the access to the 
second stability region will be investigated. Use of the non-linear effects to improve plasma 
confinements, mode stability and control of SOL will be also considered. With the FT-U 
waveguide IBWH experiment, the IBWH is moving for the first time into an exciting regime where 
one can test the reactor relevant waveguide launchers which can demonstrate die viability of IBWH 
for future ignition and/or steady-state experiments. Possible synergistic effects current drive with 
LHCD can be also explored on PBX-M & FT-U. 

7,1 .MTPT-II-U <m MH?i) 

The IBWH experiment was conducted with the 130 MHz RF system in J1PPT-II-U at 3T field.59-60 

The JIPPT-II-U 130 MHz experiment has some features which are significant for the IBWH 
research. First, the three element center-fed antenna design has permitted the launching of a 
relatively well defined n^ spectrum for the first time. In terms of the power handling capability, the 
radiated antenna power of 400 kW was achieved limited only by the transmitter output power. The 
relatively high frequency of 130 MHz increased the mode-transformation density to 4 x 101 'cnr^ ( 
an order of magnitude increase from the previous JIPPT-II-U 40 MHz experiments) which is more 
consistent with the JIPPT-II-U edge plasma density. Lastly, this frequency has permitted for the 
first time (at a reasonable magnetic field of 3T), the investigation of 3£2JJ heating (with 4J2H 

launching which is the highest hydrogen harmonic frequency thus far). This mode of heating is 
similar to the one being planned for FT-U. 

Hearing Results - During IBWH, the ion heating has been observed by both the charge exchange 
diagnostic as well as the Doppler spectroscopy. With neutral beam heating, the ion temperature 
profile has been also measured using the charge-exchange recombination spectroscopy (CXRS).59 

The ion heating result is shown in Fig. 39. With about 350 kW of injected IBWH power, the 
central ion temperature increased from about 600 eV with 350 kW of NBI alone at the central 
density of 4 x 10 i 3 c m 3 to about 900 eV at the central density of 8 x lO^cnr^ which is a quite 
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respectable heating efficiency. The central electron temperature increased from the ohmic values of 
the sirr 'lar density plasmas. Due to the central density rise, the net energy increase in the centra: 
region oi'the plasma is quite significant. 

Observation of the Peaked Density Profile during IBWH - During the JIPPT-II-U IBWH 
experiment, the peaking of the density profile was observed by the multi-channel FIR laser 
interferometer system. In Fig. 40, time evolution of the density profile peaking factor k defined as 
rig = ngo (1 - (r/a)2)k and the central density is shown. The density peaking during IBWH is quite 
evident. The steepening of a strong density gradient at about the half-radius region during IEWH 
can be seen. This observation may be related to the previous panicle confinement improvements 
observed in PLT and Alcator-C. 

Plasma Transport Analysis During IBWH - Uring the measured density and temperature profiles, 
some plasma transport analyses have been performed.^ The particle confinement during NBI 
alone deteriorates roughly by a factor of two from the ohmic value. With an addition of IBWH, the 
confinement improves to the level of the OH alone case. The panicle confinement improves further 
by a factor of two when the NBI is turned off. The electron and ion energy diffusivirjes were 
calculated using the measured profiles and the calculated energy deposition profiles. As si own in 
Fig. 41, compared to the NBI alone case, the ton energy diffusivity decreases in the plasma core 
region where the IBW power is deposited. On the other hand, the electron energy diffusivity 
appears to decrease more broadly with the addition of IBWH. This is an encouraging result since in 
this experiment, the total hearing power is already roughly three times the ohmic power. 

Future JIPPT-II-U IBWH Topics - Due to the importance of tokamak transport for the future fusion 
program, it would be of interest to investigate the cause of the plasma transport improvement during 
IBWH. Several profile diagnostics on JIPPT-II-U including the multi-channel FIR laser scanning 
system, and the 0.5 McV-Heavy-Ion-Beam for the fluctuation and potential diagnostics arc being 
prepared. Also the present stainless steel Faraday shields are being coated with a thin carbon layer 
to reduce the metallic impurity influx as in PLT which should further reduce the radiative losses 
during IBWH. 

7.3 PSX.M (40-SOMMz^ 

A multi-megawatt level IBWH experiment is under preparation on PBX-M.5- The goal of the 
experiment is to contribute to the attainment of the high beta, second regime of stability. The high 
power DBWH will be used as an additional heating power source (up to 6 MW) to supplement the 
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existing 6 MW of NBI power to achieve higher [J values in PBX-M. Bulk ion healing with 
localized, off-axis IBWH power deposition may provide a tool to uiodify the pressure profile for 
improved plasma stability at high p. The high power off-axis heating in principle can generate a 
significant bootstrap current (= 30 %) in the high (Jpoj PBX-M plasma, complementing LHCD for 
broadening the current profiles (reducing the central q) which is desired for the access to the second 
stability. The confinement improvements of the strongly NBI heated plasmas (as observed in the 
JIPPT-II-U 130 MHz experiment) would be of a practical interest to PBX-M. It is also worthwhile 
to note that the available if power (multi-megawatt) is comparable to die predicted power levels 
required to slow down the growth rate of pressure driven modes (such as the high-n ballooning61) 
and the external kink modes62 in die presence of the closely fitted stabilizing shell configuration of 
PBX-M. The high power IBWH antenna could be also used as an rf limiter. The localized 
electron heating capability of IBWH may be used in conjunction with LHCD to yield a desirable 
synergistic effects on current drive and current profile control. In addition, the PBX-M IBWH 
experiments could provide important reactor relevant information on IBWH performance in the 
diverted high-p* plasmas. 

Prototype High Power IBWH Antenna Test A prototype 1 MW IBWH antenna was tested on 
PBX-M.52 The IBWH antennas is placed in the PBX-M outer midplane region at R = 200 cm. 
The antenna is a center-fed design to eliminate the low-ng| spectrum. The magnetic field was 
around 13 tG putting the 4 Up layer near the center of the plasma for die 41 MHz rf frequency. In 
a relatively short time, the applied power was increased to 660 kW steady-state and( 900 kW 
transiently which was near the arc-limit of the transmission line). The power was limited only by 
the transmitter output power. 

Some Observed Features - Throughout the experiment, parametric instability activities were 
monitored by an rf probe placed a few port away from the antenna, placed poloidally near the outer 
mid-plane. Both electrostatic and magnetic signals showed no sign of parametric instability 
activities for 50 db down from the pump. During 1BHW, no sign of serious impurity problem was 
observed with the plasma Z-effective remain relatively unchanged. There is some indication of 
increased titanium level during IBWH suggesting an influx from the Faraday shield rods which are 
TiC coated. A second antenna with a carbon coated Faraday shield has been installed for a 
comparison test. IBWH was also added to a significantly (2 MW) NBI heated plasma. The 
incremental stored energy increase was similar to that of the NBI hearing. The main stored energy 
increase could be accounted by the electrons. In this regime with 2QJJ (and 4£2D) heating, with ins 
phased antenna (nu = 8), most of the rf power is expected to flow into electrons. The application 
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of [BWH also had a moderating influence on the sawioothing behavior in a strongly NBI heated 
discharge. 

7.4 FT-rf WW MHz) 

The FT-U experiment is the first IBWH experiment to tes' the IBWH waveguide launcher.57 

A schematic of the launcher is shown in Fig 20. It is a two waveguide system capable of being 
phased. There will be three waveguide launchers of this type for the 1.5 MW experiment. The 
430 MHz frequency was chosen for the 4J1H heating at 70 kG field. At this frequency, a simple 
vacuum waveguide could fit within the 40 cm high port on FT-U. The waveguide width is 2 cm 
each. As discussed in Sec. 4, the FT-U IBWH frequency of 430 MHz is approaching that of the 
lower-hybrid wave frequency (e.g. earlier LH heating experiments has been in the 600-800 MHz 
frequency range). For this reason, the coupling physics should be considerably simplified 
compared to the antenna with Faraday shields. The ponderomonve force is also greatly reduced 
which could simply the waveguide placement. Widi the large available lower hybrid power on FT-
U, synergistic effects of IBWH and LHCD could also be explored. 

7.4 Heating of Burning Plasmas (20(1250 MHz) 

If the FT-U waveguide IBWH experiments works well for heating plasmas in high density 
regime, similar waveguide launcher could be used in the high field burning plasmas such as 
BPX.58 Possible heating regimes are shown in Fig. 42. The preferred frequency is 5Q T forD-T 
operation at the full field and 4£2D or 5£2rj for the lower field deuterium or hydrogen operation. The 
rf frequency of 200-275 MHz should permit the waveguide launcher with = lm height which 
should fit nicely in the BPX size port space. Sine the available port width is relatively wide, a four-
element phased waveguide launcher could be used to control the wave nM spectrum. As discussed 
in Sec.3.3.6, IBWH is attractive for directly heating the tritium without being affected by the 
fusion ct-particles. In addition, the shorter wavelength of IBWH could be used to directly hear the 
tritium ions without producing high energy tail ions, perhaps Optimizing the fusion reactivity by 
keeping the heated tritium population in the range of 40 -100 keV where the fusion cross section 
assumes maximum. 
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VIII. CONCLUSIONS 

As we look toward future IBWH experiments, it is clearly important to develop and establish 
reliable and efficient IBW launching techniques. This would involve identification of the root cause 
of power draining parasitic channels and coming up with acceptable remedial measures. This may 
involve antenna improvements as well as identifying die acceptable operational parameter range for 
IBWH. The on-going efforts on PBX-M, JIPPT-II-U and FT-U should provide additional 
important experimental data for the large plasma and operational parameter space. If this can be 

' accomplished, IBWH offers many interesting possibilities due to its unique wave characteristics. 
For reactor situation, it could offer an option for heating fusion ions direcdy (5£ly or 2QT) without 
being affected by the fusion cc-s (Sec. 3.3.6). The quasilinear diffusions of ions in the intense 
IBWH fields is certainly of interest for maximizing the fusion yields. The tendency for the ion 
acceleration to stop at some reasonable energy (Ej = 15 T c) is a potentially useful property of 
IBWH. This suppression of run away ion acceleration should be a meaningful experimental and 
theoretical research topic. Furthermore, it should be of considerable interest to investigate IBWH in 
a plasma with a significant a-population (or high energy ions) to verify the theoretical prediction o: 
negligible a-damping for the direct tritium heating scenarios. The current drive possibility might be 
also explored due to the potential importance for driving current in burning plasmas. 

The IBWH heating experiments are moving toward high frequency range in order to expand 
the data base toward ignition experiments. The JIPPT-II-U 130 MHz and FT-U 430 MHz 
experiments are excellent forerunners of this trend The FT-U experiment offers for the first time. 
the capability to launch ion Bernstein waves via a reactor relevant waveguide launcher. As 
demonstrated by die LHH experiments, the coupling physics of phased waveguide launcher is 
considerably more well understood than that of the B 9 loop antenna with Faraday shields. The 
higher frequency also should make the IBWH much less susceptible to the non-linear effects such 
as die ponderomotive potential. Assessment of the waveguide laurcher compared to a B e loop 
antenna with Faraday shields is an important future topic for die IBWH. 

At present, it is not clear what process is causing die confinement improvements during IBWH 
as observed in PLT, Alcator-C and JIPPT-II-U. This process (or processes) does not appear to be a 
simple edge potential modification as caused by the ponderomotive potential since the changes are 
talcing place well inside the plasma interior. Also since mis improvement was observed in the high 
density and high frequency experiments such as in Alcator-C and JEPPT-II-U, the prospect of 
confinement improvement may still be good for FT-U and high field ignition experiments. If the 
improvement is due to the micromrbulence suppression such as the ones proposed in Refs. 32-33. 
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the power required mi^ht still be acceptable. The high power IBWH experiments should yield 
further data particularly with high power NBI heating in the high beta regime. 

For heating non-tokamak helical plasmas such as LHS, IBWH might be attractive since it does 
not produce run-away ion tails. However, some fundamental conditions might need to be satisfied. 
One of the important requirement is to launch sufficiently fast wave so as to avoid electron Landau 
damping. The parallel phase velocity, f Xj| must be large compare to electron thermal velocity, 
V T e . For a helical plasma, due to a relatively large magnetic field variation the toroidal direction, the 
maximum effective ^|| which could be excited might be some fraction of the helical distance (here 
one can no longer assume the toroidal wavenumber conservation). For LHS, if A.[| = 100 cm « 
2jtR/10 = 250cmandf=130MHz(3QH a t 3 T )> t h e n f *!l= 1 3 x H) 1 0 cm/sec (nM = 2.5) which 
could be fast enough for headng high temperature plasmas. Therefore, as in tokamak, the IBWH 
tends to become more attractive as the device size and magnetic field value increase, and it might 
become quite feasible for hearing large size helical devices such as LHS. The larger size also would 
make the ray-tracing calculations to be more valid even in die helical geometry. 

As for the ponderomotive force application of IBWH, if the experiments on PBX-M are 
successful, the crucial question would be the required power scaling toward future devices. A 
simple estimate might suggest prohibitively high required power for the high field, large devices. 
Therefore, it would be imponant to work on the required power optimization. Since the 
poLideromotive effects tend to increase with the lowering of rf-frequency, die power optimization 
might lead to lower frequency regimes. Naturally, the antenna design and placement must also be 
considered with such applications in mind. Both the mode-stabilization and the plasma edge control 
are certainly extremely important areas of fusion research for tokamak improvements. Therefore the 
future ponderomotive based concept development might take an independent path from the EBW 
heating experiments (which tend to move toward higher frequency antenna/waveguide direction). 
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Figure Captions 

Fig. 1. Comparison of wave number as a function of plasma density for LHH, IBW, and 
ICRF fastwave. 

Fig. 2. IBW healing configuration in a typical tokamak parameters. 

Fig. 3. Wave number as a function of plasma density for various values of uViij, as labeled. 

Fig. 4. Ion Bemsiein wave identification, (a) Wave interferometer traces for various '.aluesof 
oyQH (r=2cm), as labeled, (b) Interferometer traces for various phase delays, (oAt fin. 
(c) Wave dispersion relation. Dots are experimental points and solid curves are the 
theoretical values. 

Fig. 5. A complete IBW dispersion relation in ACT-1 hydrogen plasma. Solid triangles are 
probe values, open circles are tne CO? laser points and lines are theoretical curves. The 
corresponding wave imerferometry data ate shown in the right. Deuterium-like and 
tritium-like resonances are due to the H2 + and H3 + ions. 

Fig. 6. EPW-IBW mode-transformation, (a) Wave number vs radid position in a hydrogen 
plasma with a linear rise in density for a cold (Tj = 0) case and a finite ion temperar^re 
(T, = 1.5 eV) case, f = 12 MKz, <a/QH(r=0) = 1.9, Xn = 34 cm, ne(res) s 2.5 A 10' 
cm"3, (b) Wave trajectories for the case shown in (a). 

Fig. 7. Observation of EPW-IBW mode-transformation, (a) Interferometer traces for various 
neutral pressures. (b) Wave number vs radial position. Dots are experimental points 
and curves are theoretical values. oVi2jj(r=0) = 1.92; ppj = 7 x 10 - 6 Torr. 

Fig. 8. Wave packet trajectory vs. plasma density, (a) Radial wave packet amplitude profiles 
(thickce'1 curves) and interferogram traces (finer curves) for various central densities (as 
labeled), (b) Corresponding wave packet positions as predicted from ray-tracing 
calculation for various X\\. The dashed line, ca = tOpj, separates IBW and JVW 
regions. 
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Fig. 9. Third harmonic launching of IBW. (a) IBW dispersion relation, (b) Wave number vs. 
radial distance from the antenna. Dots are measured and solid curves are theoretical 
values. Lower-hybrid resonance is indicated by the dashed lines. 

Fig. 10. IBW wave propagation characteristics in particle simulation, (a) Wave potential 
contours, (b) E^ vs. x. (c) kj_ vs. x. Solid and dashed curves are the real and 
imaginary parts of k 1 calculated from the linear dispersion relation. 

Fig. 11. IBW heating in particle simulation, (a) Radial power deposition into hydrogen. The 
arrow indicates the location of 3/212^ resonance, (b) Time evolution of perpendicular 
velocity distribution at the resonance, (c) H phase space (v_|_2, V||2) in the resonance 
region. The arrows indicate the jpper and lower limits of the parallel resonant 
velocities, vj| = [ (0 - 3/2QH(x)J / k||. The dashed curve indicates the boundary of the 
initial Maxwellian distribution function. 

Fig. 12. Typicai example of tokamak ray tracing calculation (JIPPT-II-U 40 MHz parameters). 
(a) Wave number vs. radial position, (b) Wave phase amplitude vs. radial position, (c) 
Poloidal and toroidal rays for various values of launched ri||. (d) Normalized power vs 
radial position for various values of launched n(1 and minority species concentration. 

Fig. 13. IBW hearing simulation of INTOR like parameters, (a) Input power to the plasma. 
(b) Volume averaged density and ohmic current evolution, (c) Volume-averaged T e 

and Tj evolution, (d) Volume-averaged (J evolution. 

Fig. 14. IBW power deposition profiles for the case shown in Fig. 13. (a) at t = 1.625 sec 
representing the beginning of the discharge, <b) at t = 2.593 sec when die a-heating is 
becoming significant, and (c) at t = 3.815 sec er.d of the rf heating phase. Note that 
the heating shifts from ions to electrons as T c increases toward ignition temperature. 

Fig. 15. EPW-IBW mode-transformation density for various IBWH experimental parameters. 
The dominant plasma species are indicated in the parenthesis. 

Fig. 16. Ponderomorive potential for the antenna E j( = 1 stat-volt/cm for various IBWH 
experimental parameters. 
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Fig. 17. A schematic view of the JIPPT-II-U 40 MHz IBWH experiment, (a) Top view of the 
device, (b) An enlarged view of the EBWH antenna region. 

Fig. 18. Two dimensional interferometry traces of IBW excited by a B^-loop antenna in 
ACT-1. 

Fig. 19. Power reflection coefficient vs. the density gradient scale length L for s 
two-waveguide phased launcher. A£ i«. ~& relative phase between the guide. L is an 
exponentiating distance in which the density increases by a factor of 10. 

Fig. 20. A schematic view of the waveguide launcher for the 430 MHz FT-U IBWH 
experiment. 

Fig. 21. A simplified model for the axial connective loss (ACL). 

Fig. 22. Power efficiency factor as a function of n(i for various values of den. ity steepness 
factor y as labeled!where ng(x) •* x v ]. (a) for the DIII-D, PBX-M type parameters with 
f = 43 MHz. (b) for the FT-U rype parameters with f = 430 MHz. 

Fig. 23. Ray tracing calculation for a reactor-grade plasma, (a) Poloidil ray trajectory for die 
launched n^ = 2. (b) Variation in nu along the trajectory, (c) Wave parallel phase 
velocity normalized to the local electron thermal velocity, (d) Normalized wave 
power. 

Fig. 24. Ion temperature vs. if frequency in the ACT-1 IBW heating, (a) 0)/ilH = 1.6 - 1.9; 
(b) to /% = 2.4 - 2.75. Prf = 10W, r = 3 cm, B 0 = 4.75 kG, and tin = 2.5 x 101" 
cm'3. 

Fig. 25. ACT-1 IBWH. (a) Ion temperature profiles for various rf power levels (as labeled), 
(b) Peak ion temperature vs. rf power, f = 11.6 MHz, B 0 = 4.75 kG, UQ = 2.5 x 10 1 0 

cm'3. 

Fig. 26. J1PPT-11-U 40 MHz IBWH. (a) Dependence of ion heating quality factor on magnetic 
field strength, BQ (R = 9lcm). He minority (as labeled) in a predominantly hydrogen 
plasma, f = 40 MHz, "nj = 1.5 x 10'3 cnr3, and P r f (loaded) = 60-80 kW. 
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The points are experimental measurements. The solid line is the calculation result, (b) 
Dependence of AT, en Pjf. The solid line is the calculated value with a Shafranov shift 
As= 1.3 cm. Broken line is for A5 = 0. 

Fig. 27. PLT 90 MHz 5 Q D minority (hydrogen majority) heating configuration. Lines are 
IBW ray trijectories for nn. = ± 1,3, and 5. 

Fig. 28. PLT 5 i i D hearing experiment, (a) Ion temperature evolution for various temperature 
components, (b) Energy distributions for perpendicular and parallel components. 
Prf = 100 kW, f = 90 MHz, B T = 2.4T, and [̂  = 1.5 x 1013cm-3. 

Fig. 29. PLT 3/2 £2D hearing in pure deuterium plasma, (a) Deuterium temperature evolution for 
with and without rf. (b) Deuterium energy distribution, Tj_ = Tn. Prf = 150 kW, f = 
30 MHz, B T = 2.8T, and "nj = 1.7 x 10 , 3cm-3. 

Fig. 30. PLT high power IBWH experiment, (a) A typical time evolution of ion temperatures in 
3/2 £2D heatir.g. P r f = 500 kW, f = 30 MHz, B T = 2.9T, and ~r± = 3 x 
10 , 3cm3. (b) Temperature profiles at t = 600 msec. Open circles are Doppler T; with 
rf and solid circles are without rf for a simulated density rise. The curves are calculated 
values. 

Fig. 31. PLT IBWH particle confinement behavior, (a) Density time evolution for IBWH case 
(solid curve) shown in Fig. 30 and an ohmic case (dashed curve), in which the gas 
puffing was used to simulate the density rise with IBWH. <Zeff> evolution during 
IBWH is shown by the broken curve, (b) Time evolution of D a emission for IBWH 
and otunic cases taken near the antcnna-limiter region. 

Fig. 32. PLT IBWH particle transport physics, (a) Time evolution of the selenium XXV 
resonance line intensity for the IBWH case and the simulated ohmic case. The 
selenium was injected at t = 550 ms. (b) Time evolution of the integrated low 
frequency turbulence level at 100 kHz for the two cases; k (scan) = 6-8 cm -1 at r = 25 
± 10 cm. Inset: Frequency spectrum of the scattered signal at t = 700 ms for the two 
cases. 
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Fig. 33. ATj versus P^ for three values of magnetic fields for f = 184 MHz in Alcator-C. At B 
= 9.3T, u>/£2H(0) = 1.25; at B=7.5T, co/iiH (0) = 1.5; at B = 5T, a)/QH (0) = 2.5. 
"n7= (0.7-1.1) x 1020cm-3. 

Fig. 34. IBW dispersion relation determined from CCo laser scattering data in Alcator-C. 

Fig. 35. Normalized AT, versus n^ for B = 7.6 T in Alcator C; hydrogen ions. 

Fig. 36. Particle confinement improvement in Alcator C with and without IBW injection versus 
density. B = 9.4T. 

Fig. 37. Measured reactive component of IBW antenna loading in DIIID. 

Fig. 38. (a) Parametric decay spectrum observed during 0.8 MW power applied to the DIHD 
IBW antenna. The peak at 36 MHZ generator frequency is saturated to facilitate display 
of the decay wave peaks, (b) Charge exchange H spectrum showing perpendicular tai' 
formation during IBW. (I p = 0.9MA, r̂ , = 2 x 10 l3 cm-*). 

Fig. 39. J1PPT-II-U ion temperature profiles as measured by the charge-exchange 
recombination spectroscopy. Central ion temperature measured by the FNA is shown. 
The central density with NBI is 4 x lO'^cm"3 and with NBI + IBWH is 8 x 10 1 3 cnv^ 
due to improved confinement. 

Fig. 40. Parocle confinement during JIPPT-Il-U IBWH. (a) Temporal evolution of the central 
density and the profile peaking factor k. (similar discharges to Fig. 39). 

Fig. 41. Calculated ion and electron energy diffusivity profiles for NBI + IBWH coir.yared to 
NBI alone. 

Fig. 42. IBW heating resonance frequency as a function of the magnetic field in the BPX type 
operating regimes. 
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