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MAGNETOACOUSTIC WAVES IN CURRENT-CARRYING PLASMAS 

M.H. BRENNAN 

School of Physical Sciences 

The Flinders University of South Australia 
S.A. 5042, Australia 

Abstract: This paper reviews the results of theoretical and experimental 

investigations of the characteristics of magnetoacoustic waves in non-uniform, 

current-carrying plasmas. Dissipative MHD and collisionless theories are 

considered. Also discussed is the use of magnetoacoustic waves in plasma 

diagnostics and plasma heating. 

1. Introduction 

The simplest form of magnetoacoustic wave occurs when a cylindrical plasma 

column, embedded in a steady axial magnetic field, supports a radially 

propagating, axially symmetric perturbation of the steady axial magnetic 

field. Magnetoacoustic waves of this type (m = o, k = o) were first observed 

by Lindberg and Danielsson [1] and Cantieni and Schneider [2] and have been 

extensively studied by a number of workers [3-7], 

The presence of a steady current in the plasma modifies the nature of the 

magnetoacoustic wave. This case, which is of particular relevance to plasma 

diagnostics and heating of 6- and z-pinches, has also been studied theoreti

cally [8-10] and experimentally [10,11]. 

Axially propagating (k + o) magnetoacoustic waves (mere frequently referred 
it 

to as fast, or compressional, Alfven waves) have also been studied extensively. 

In particular, the effects of plasma non-uniformity [12] and steady plasma 

current [9,13,14] have been the subject of theoretical and experimental 

investigation. 
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It is beyond the scope of this paper to consider the effects of toroidal 

geometry on the characteristics of inagnetoacoustic waves. However, it should 

be noted that the existence of toroidal eigenmodes, and of the ion-ion hybrid 

resonance layer, are of considerable importance in the use of inagnetoacoustic 

waves for supplementary heating of tokamak plasmas [see, for example refs. 

15-173. 

In §2 the theory of magnetoacoustic waves is reviewed. Using dissipative 

MHD theory, the case of m = o, k = o oscillations is first considered for 

non-uniform, current-free plasmas. The effects of plasma currents and of 

finite k are then considered. A brief review is also given of theoretical 

treatments appropriate to high temperature, essentially collisionless plasmas. 

In §3 the application of magnetoacoustic waves to plasma diagnostics is con

sidered and, in §4, a brief review is given of the use of magnetoacoustic waves 

in plasma heating. 

2. Theory 

(a) m = o, k = o oscillations in current-free plasmas 

Consider a cylindrical plasma column of radius a embedded in a steady axial 

magnetic field, B , and surrounded by a long solenoid carrying an oscillating 

current of frequency u. The r.f. magnetic field produced by the solenoid at 

the surface of the plasma will excite a radially-propagating magnetoacousiic 

wave. If the plasma density, p , is assumed to be uniform and dissipation is 

neglected, and if we assume that B is sufficiently large so that the sound 

speed may be neglected, the wave will propagate at the Alfven speed and a 

radial standing wave will result, with the amplitude of the oscillating axial 

magnetic field given by the expression (1) 
Ja(kr) 

l b z^l • ;yk7)-IVa>l • 
where J (r) is a Bessel function of the f i r s t kind of zero order and 
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k = •£_ V 
VA / A 

B 2 

y P 
Clearly, resonances in the b field occur whenever ka is a root of J . 

The ideal MHD treatment referred to above is easily extended [4,6] to in

clude the effects of plasma non-uniformity and collisions. The oscillating 

magnetic field still has only an axial component, b (z). However, it is now 

a complex quantity and the radial and frequency dependence, both of its 

amplitude and of its phase, are influenced by radial variations in plasma 

density and temperature. As will be discussed in §3, this dependence may be 

exploited to enable magnetoacoustic waves to be used to determine density and, 

to a lesser degree, temperature profiles. 

The presence of plasma non-uniformities and dissipation result in lb (r)| 

profiles and resonant frequencies which are no longer eigenfunctions and eigen-

frequencies of the freely oscillating system. This point has been explored in 

some detail by the Stuttgart group [103-

(b) The effects of a steady plasma current 

Various authors have considered the effects of a steady plasma current on 

the characteristics of magnetoacoustic waves. In this section, we treat the 

problem using dissipative MHD theory. 

Vaclavik and Weise [13] considered the case of low frequency, axisymmetric 

waves propagating along a radially non-uniform, magnetized plasma column 

carrying a steady axial current. For the equilibrium quantities, they assumed 

a uniform axial field 8 and related the plasma pressure and the steady 

azimuthal field B g through the assumption of pressure balance. Dissipative 

effects were not included. They found that the presence of a steady equili

brium current and a density gradient causes a coupling between the torsional 

and compressional waves even in the axisymmetric case. This coupling is 
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similar to that found for non-axisymmetric waves propagating in a non-uniform, 

current-free plasm? [18], 

The case of forced m = o, k = o oscillations in a diffuse pinch, with arbi

trary equilibrium magnetic field and current configurations, finite equili

brium gas pressure, and including finite resistivity and viscosity, has been 

considered by Sawley [8]. The analysis yields a set of three coupled complex 

second order differential equations in the three perturbation quantities, 

b«, b , and v (the radial component of the fluid velocity). The illustrative 

examples of solutions to these equations presented by Sawley, for three 

Jiffuse pinch configurations, exhibit substantial perturbation azimuthal 

magnetic fields and greatly enhanced axial fields deep inside the plasma at 

frequencies close to the first (lowest frequency) resonance This latter 

characteristic suggests that the coupling of r.f. power to a diffuse pinch for 

plasma heating should be very efficient. It is also of interest to note that 

the first magnetoacoustic resonance occurs at a frequency substantial1) higher 

than for a uniform, current-free plasma column with the same average values 

of equilibrium density and axial magnetic field, 

(c) High temperature plasmae 

Two theoretical investigations of magnetoacoustjc waves in high temperature 

plasmas are of interest in the context of this review. 

Cayton and Lewis [9] considered the case of free and forced m = o 

oscillations of a sharp boundary screw pinch. They used the Vlasov-fluid 

model which is appropriate to high-B plasmas. In this model the ions are 

assumed to be collisionless and the electrons are treated as a massless fluid. 

The adoption of fast-gyration, small gyroradius ordering for the ions allows 

analytic solutions of the dispersion equation to be obtained. 

The analysis shows that finite ion gyroradius effects greatly modify the 

plasma displacement associated with the oscillations: it exhibits an aiimuthal 
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component and microscopic structure ir the radial component. The major damping 

mechanism is ion transit-time damping. In the case of forced oscillations, 

maximum power absorption in the plasma occurs when the exciting coil structure 

surrounding the plasma column has a large axial wavelength and the driving 

frequency is below the first magnetoacoustic resonance. 

Sy and Cotsaftis [14] have considered the effect of the rotational tans form 

in a tokamak plasma on the propagation of magnetoacoustic waves with k / o. 

In their treatment the Vlasov model is used (for both ions and electrons). 

With the simplifying assumptions of uniform plasma density, uniform tem

perature, and uniform current density, they confirm the prediction of earlier 

numerical computations [19] that there is a splitting of each m i o dispersion 

curve. For large values of k the asymptotic splitting, |Ak |, is directly 

proportional to the azimuthal mode number m and to the magnitude of the plasma 

current. 

3. Plasma diagnostics 

The use of magnetoacoustic waves in plasma diagnostics has been demon

strated in a number of papers [4,5,7,20,21]. As an example, Brennan and 

Sawley [20] used magnetoacoustic waves to investigate the re-ionization of a 

partially ionized helium plasma by a torsional Alfven wave. Excitation of 

magnetoacoustic oscillations by a solenoidal current, and their detection by 

a single turn loop surrounding the plasma, enabled accurate plasma density 

profiles to be determined with, and without, the Alfven wave. A typical 

result is shown in Fig. 1. 

One notes, first, the excellent agreement between the profiles obtained 

from the magnetoacoustic data and the laser interferometer in the absence of 

the Alfven wave. The discrepancy when the Alfven wave is present is ascribed 

to the presence of doubly-charged ions. This aspect of the result emphasizes 
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FIG. 1. Density profiles of a helium afterglow plasma 
(a) without, and (b) with, Alfven wave excitation. 
Magnetoacoustic wave data ( ) ; laser inter-
ferometry (*) [from ref. 20]. 

one important feature of magnetoacoustic waves: since they are sensitive to 

mass density, they can be used, in conjunction with an independent measurement 

of electron density, to determine the composition of a plasma with two types 

of ions. 

The possibility of using magnetoacoustic waves to determine the equilibrium 

magnetic field profiles in a diffuse pinch has also been considered [21]. 

Unfortunately, the readily measurable perturbation quantities (those obtained 

from probes, or coils, entirely external to the plasma) do not seem to be 

sufficiently sensitive to changes in the radial profiles of the equilibrium 

fields. However, it may be possible to employ one of the higher-order radial 

modes of the osciJlations [T.E. Cayton, private communication], 

4. Plasma heating 

Several investigations have demonstrated the efficacy of plasma heating 

using magnetoacoustic waves. We have already referred to the use of this tech

nique for tokamak plasmas [15-17], It is of interest to mention the use of 

magnetoacoustic waves in heating high-6 plasmas. 
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Auxiliary heating of a 6-pinch plasma by magnetoacoustic oscillations has 
been demonstrated by Jacobson et al. [223. A 20% modulation of the main 
magnetic field at the magnetoacoustic resonance frequency increased the plasma 
temperature (T + T.) from 60 eV to 90 eV. The damping mechanism was not 
identified. However, since the plasma was not highly collisional, it if 
probable that ion transit-time damping identified in the theoretical trt atment 
of Cayton and Lewis [9] was more important than viscous damping, which has 
been identified as the dominant mechanism in lower temperature, collisional 
pinches [10,11]. 

5. Conclusion 
Plasma non-uniformities and equilibrium plasma currents significantly 

affect the characteristics of magnetoacoustic waves. Much work remains to be 
done, at both low and high power levels, before the full potential of the 
waves - in plasma diagnostics and in plasma heating - can be realized. 
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