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Abstract . Ponderomotive forces at fast wave launching lead in the vicinity of the 

launching structuie in tokamaks at lower hybrid frequencies typically to a boundary 

plasma density increase. This results in a decrease of the reflection coefficient, and 

in cases of detached plasmas, to an appearance of a local electric field maximum in 

a several centimeters distance from the launching grill structure; this electric field 

maximum is connected to the reversal of the plasma density gradient near the grill 

mouth because of ponderomotive force effects. 
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I. Introduction 

The fast wave in the lower hybrid range of frequencies is a possible candidate for 

plasma heating and current drive in reactor grade plasmas. Waveguide arrays may 

be used to launch fast wave suitable for current drive in large tokamaks (Theilhaber 

and Bers, 1980; Mc Williams and Mok, 19S5; Pinskcr et al., 1986; Olson ct al., 1984). 

As the wavelength along the magnetostatic field has to be shortened with respect to 

the vacuum wavelength for obtaining the corresponding index of refraction greater 

than one, the waveguides with their longer side parallel to the magnetostatic field 

are filled with a dielectric (Theilhaber and Bers, 19S0). Another possibility is to 

launch waves by a folded waveguide (Owens, 19S6) and thus avoid the presence of a 

dielectric in the tokamak environment. A proposal of a fast wave experiment at 433 

MHz on the FTU tokamak by a folded waveguide launcher is described in (Barbato 

et al., 1992). 

According to Wong and Ono (19S3), the optimum fiequency is about 1 GHz. 

It has been shown by Wong and Ono (1984) that energetic alpha particles tend to 

absorb fast waves. However, because of the spatial peakiness of the alpha particles 

pioduction and because of the fact that a significant amount of the wave power 

may be absorbed by the electrons before the wave reaches the centre of the device, 

the actual power absoibed by the alpha particles population may be appreciably 

smaller than that absorbed by the electrons (Andrews and Bhadra, 1986). Further, 

fast waves require the lowest frequency for best coupling and strongest tunneling 

through the cut ofF layer (Moieau, 1986). As we show in the following, this drawback 

may be at least partially overcome by ponderomotive force effects of the wave near 

the antenna structure. 

For the slow wave in the LH range of frequencies, ponderomotive force effects 
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on wave coupling have been studied, e.g., by Fukuyama et al. (19S0), Theilhabcr 

(1982), Petržilka ct al. (19S3), Leuterer et al. (1991), Pericoli-Ridolfini (1991) and 

Petržilka et al. (1991a). Ponderomotive forces of the slow wave lead to a decrease 

of the plasma density in front of the grill and to corresponding changes in the 

reflection coefficient. It has been observed on ASDEX, that the nonlinear growth of 

the reflection coefficient has been saturated due to the local plasma heating in front 

of waveguides (Petržilka ct al., 1991a). 

On the contrary, for the fast wave we find typically a growth of the plasma 

density in front of the grill clue to ponderomotive force effects. According to the 

author's knowledge, this effect has been in this context first time recognized and 

described by Petržilka (1991b); however, as early as in 1966, Klíma (1966) noted 

that charged particles may be in some cases pushed by time aveiaged ponderomotive 

forces in regions of high electric oscillating fields. 

The purpose of this work are estimates of ponderomotive force effects in the 

vicinity of launching structures in tokamaks at fast wave launching at lower hybiid 

frequencies. For the case of a simple model of a launching grill with waveguides 

filled by dielectric, in addition to estimates of the value of ponderomotive force 

potential and wave electric field profile in the boundary region, also dependence 

of the reflection coefficient on the launched power is dciived. The effect of the 

boundary density growth because of ponderomotive forces may lead for initially, 

RF unpeiturbed, small plasma density gradients to a considerable inciease of the 

electric field at the plasma edge. 

In Section 2, the basic nonlinear equation for the wave propagation is derived 

and the method of the solution is discussed. Numerical results are presented in 

Section 3. Finally, Section 4 contains conclusions of this study. 
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II. Basic Equations and Assumptions 

We assume that the waveguide grill is oriented with the waveguide - induced vacuum 

electric field in the у direction when the confining magnetic field is in the z direction 

and plasma density increases in the x direction. An approximate dispersion relation 

for the fast wave in the lower hybrid range of frequencies may be found, e. g., in 

(Mc Williams and Mok, 19S5) Our basic equation describing the wave propagation 

formally coincides with that of [2]; Ey is the electric field of the wave, Лг
у,г = fcy,zc/w, 

к is the wave vector and / = ш/2тг is the wave frequency. However, g = бху/г, 

where exy is the component of the dielectric permittivity tensor, depends on the 

wave electric field due to the plasma density changes arising by the ponderomotive 

force effects. Further, due to the opposite sign of ш introduced in the present 

contribution, our Ny corresponds to — Ny of [2]. For the initial plasma density 

no profiles, unperturbed by RF fields, we assume step and ramp profiles, 

n0{x) = ?гь + nc — , (2) 

or, alternatively, an exponential profile for x < xi , 

n0(x) = ??ь exp(x/\n), (3) 

and step and ramp piofile for .г- > x\, 

n0(x) = n b exp(xx/Xn) -f nc ' - ' -• (4) 

For the initial plasma temperature, unperturbed by RF fields, we assume step and 

lamp profile, 

Го = Г ь (1 + ~ ) , (5) 
by 
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or, alternatively, an exponential profile, 

Т0 = Тъехр(х/\г). (6) 

In the above equations, 7гь, 1\ «ire the unperturbed boundary density and tempe

rature, nc is the density for which the electron plasma frequency equals the wave 

frequency, £ n , Z T , An and AT are some characteristic lengths, x\ is constant. Pon-

deromotive forces lead to changes in the plasma density n (Klíma, 1966) 

W 
7г = 7г0ехр(-<5), 8 = у , (7) 

с = счх. We note that the plasma temperature may grow due to the plasma heating 

in front of the grill by the RF field (Leuterer et al., 1991; Petržilka, 1991b), i. 

е., the temperature may depend on the Ey. As this eíFect leads to weakening of 

ponderomotive effects, we will not study it here. 

The equation (1) is solved with the plasma density changed due to ponderomotive 

forces according to (7); the pertuibed density n is contained also in the expression for 

the ponderomotive force potential W, equation (8). Rungc-Kutta method is used 

in solving equation (1); the boundary conditions are imposed in accordance with 

the linear solution (Golant, 1971) in the plasma inteiioi, wheic the temperature is 

higher and the wave propagation is linear, cf. also the reference (Petržilka et al., 

19S3). Due to the piesence of the term g in equation (1), this equation is solved 

by subsequent iterations. In every step, the electric fields values of the preceding 

step are used in the evaluation of the term containing g . Three or four steps are 

usually enough for obtaining the electric fields and the reflection coefficient values 
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differing to one percent or less from the value obtained after eight to ten steps. In 

further iteration steps, the values of the electric field and of the reflection coefficient 

almost do not vary. The value of the reflection coefficient is estimated assuming a 

simple model of a grill infinite in both toroidal, z, and poloidal, т/, directions. Only 

the basic waveguide mode is considered in the waveguides. 

III. Ponderomotive Potentials, Reflection 

Coefficients and Electric Fields 

The edge density and temperature profiles (unperturbed by RF fields) in tokamaks 

may be typically approximated by an exponential profile ехр(ж/Ап) for the edge 

plasma density and ехр(.т/Ат) for the edge plasma temperatme. The constants An 

and AT aie of the order of one to several cm. 

For the characteristic length Ln of the plasma density variation used alterna

tively, we have Ln = \пПс/пъ-

However, it has been observed in some experiments (El Shaer, 19S6) using gulls 

as the RF antenna that the plasma density gradient is very low or even reverses 

its sign in front of the grill mouth. Low plasma density gradients on a distance 

of several centimeteis in the plasma boundary legion may also occur in cases of 

detached plasmas and/or antennas farther away from the plasma boundary, as e.g., 

in an experiment with distant coupling of the LH grill on JT-60U (Seki et al., 1992). 

Namely for such low density gradients (i.e., high values of Ln), we observe peaking 

of the electric fields near the plasma boundary. 

Some typical computational results are presented on Figures 1 • 3, assuming step 

and ramp profile of the RF unperturbed plasma density, Equation (2). On Figures 
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1 - 2, small plasma density gradients are assumed; on Figure 3, typical edge plasma 

density profiles are taken. For small wave power density flux 5" (small Poynting 

vector) of the wave, the wave does not penetrate into the plasma, cf. Fig. la for 

jVy = 1 and Fig. 2 for JVy = — 1. With growing 5, the wave begins to penetrate and 

the reflection coefficient decreases; S is negative in all cases studied here, so that 

the plasma edge density increases due to ponderomotive force effects. Due to this 

edge plasma density increase, the evanescent layer is not so wide or even ceases for 

5 high enough. It means that the wave more easily overcomes the evanescent layer 

and the reflection coefficient decreases. Ai very high wave powers (not depicted on 

the Figuies) the reflection coefficient again begins to grow, as now the edge plasma 

density for such high wave powers is higher than the optimum coupling density. In 

accordance with results of Mc Williams and Mok (1985) for the case of linear wave 

propagation, the wave more easily penetrates into the plasma for JVy = —1 than for 

jVy = 1 , cf. Figures lc and Id; let us again remind that negative Ny of the reference 

(Mc Williams and Mok, 19S5) corresponds to the positive value of Ny used here due 

to the reverse sign of w. 

On Figure 3, low S (the linear case) values and values of Ln corresponding to 

typical edge plasma density gradients are used. For the case of Fig. 3a and S = 4 

kW/cm , R changes from the value 0.5731 (the linear case) to 0.5576, 8 being smaller 

than 0.O25; for the case of Fig. 3b and again for 5 = 4 kW/cm , R changes from 

0-5976 (the linear case) to 0.5956, 6 being smaller than 0.054. We may conclude that 

for such plasma density gradients pondciomotive force effects may be neglected for 

the wave propage' 'on, as 5 is very small for frequency 1.2 GHz, corresponding to the 

optimum frequency according to Wong and Ono (1983), and also for the frequency 

433 MHz, corresponding to the proposal of Barbato et al. (1992) of the fast wave 

experiment on FTU. 
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VVc do not present herc a case of low plasma density gradient for frequency 433 

Mtlz; the pondcroniotive forces are still higher than in the case of low edge plasma 

density gradient and frequency 1.2 GHz, Figures 1-2. 

For the exponential profile of the RF unperturbed initial plasma density gra

dient near the launching structm-e, Equation (3), and values of A„ and Ln typical 

for tokamaks, We obtain changes of the reflection coefficient only several percents 

due to ponderomotive force effects. It means that at typical tokamak operating 

conditions, ponderomotive force effects on the value of the reflection coefficient at 

fast wave launching at lower hybrid frequencies may be neglected. In other words, 

the absolute value of the ponderomotivc potential is small when compared to the 

boundary plasma temperature. 

IV. Conclusion 

The main difference of the ponderomotive effects for the slow wave and the fast wave 

in the lower hybrid range of frequencies is in the opposite sign of the ponderomotive 

potential for these two cases: for the slow wave, it is always positive. Further, for 

typical tokamak boundaries, the absolute value of the ponderomotive potential at 

lower hybiid fiequencies is greater for the slow wave than for the fast wave. It means, 

that for the slow wave we have a density decrease in front of the grill due to the 

action of ponderomotive forces. On the contraiy, the ponderomotive potential of the 

fast wave is negative for typical edge plasma parameteis in tokamak experiments, 

so that we have an incicase of the edge plasma density in front of the grill due to 

the pondeiomotive force effects. This circumstance may lead for small values of the 

plasma density gradient to the penetration of the wave into the plasma even in the 

case in which the wave is evanescent in the linear case and the reflection coefficient 
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equals one. This may happen at wave power flux densities of several kilowatts per 

centimeter square, which is quite realistic value. 

For the proposed fast wave experiment-at the FTU tokamak (Barbato et al., 

1992), strong ponderomotive effects might occur only for plasma density gradient 

much lower than the typical value for tokamak experiments. This can not be ex

cluded, as such low density gradients have been observed in fiont of the RF grill 

(El Shaer, 1986). However, the ponderomotive effects on wave coupling should be 

beneficial. 

The edge plasma heating by the RF wave will reduce eventual beneficial effects 

on the wave coupling, as the magnitude of ponderomotive effects decreases with the 

growing temperature (cf. Eq. 7). This effect may be of importance only in some 

cases of detached plasmas and/or antennas at a greater distance fiom the plasma 

boundary, as for typical tokamak boundary conditions ponderomotive effects are 

small even without considering the effect of the temperature growth because of 

wave heating. 
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VI. Figure Captions 

Fig. 1: Curves of Ey and 6 for low edge plasma density gradient, Ln = 0.3cm, 

Ly = 3cm, N7, = 2, ncutoir = 404, nb/nc = 299, f = 1.2GIIz, В = 5T, Г0 = 7.5eV: 

a) S = 10_7kW/cm2, Ny = 1, Я very near to RVln = 1; b) S = 4kW/cm2, iVy = 1, 

Я = 0.7415; с) S = 4kW/cm2, iVy = - 1 , Л = 0.4006; d) S = 2kW/cma, iVy = - 1 , 

Я = 0.5454. 

Fig. 2: Dependence of the reflection coefficient on the wave power, low edge plasma 

density gradient, Ln = 0.3cm, I T = 3cm, iVz = 2, iVy = — 1, ncut0fr = 404, 

пь/?гс = 299, / = 1.2GHz, В = 5T, Г0 = 7.5eV. 

Fig. 3: Curves of Ey and 5 for typical tokamak edge density gradients: a) Ln = 

0.00689cm, i. e. A„ = 1, LT = 3cm, Nz = 2, JVy = - 1 , ?zcutoir = 404, ?гь/?гс = 299, 

/ = 1.2GHz, В = 5T, Го = 7.5eV, S = 10-3kW/cm2, Я very near to RVm = 0.5731; 

b) La = 0.00076cm, i. e. A„ = 1, L? = 3cm, Nt = 2, yVy = - 1 , ?гсиЫГ = 1566, 

пь/íic = S62, / = 0.433GHz, В = 7T, Г0 = 7.5eV, S = 10-6kW/cm2,./2 very near 

to Я]!п = 0.5976. 
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