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Abstract

A theory on the spiral structure observed experimentally in ECR plasmas has been formulated
to show that the characteristic features observed in the experiments are reproduced.

1. Introduction

Organized motions in plasmas have been a topic since they may give a deep insight into
how self-organized structures are formed and contribute to transport phenomena. Recently
coherent structures have been observed in laboratory and are subject to theoretical analysis for
understanding underlying physics.

Spiral structures observed in ECR plasmas by one of the present authors [1] are those
coherent entities. Fluctuations in stationary ECR plasmas under special conditions are self-
organized into spiral structures which can be observed by a CCD camera. The characteristic
features of the observed spiral structures are (1) the pattern changesits scrolling direction when
the magnetic field is reversed, (2) the stationary structure is observed only in a narrow range of
the background pressure, and (3) the spatial extent of the structure in the axial directionisof the
order of the plasmaradius.

In this article we have developed a theory to explain the formation of spiral structuresin
ECR plasmas.

2. Structure of ECR plasmas

The potential in the plasma produced by e ectron cyclotron resonance is determined by the bal-
ance betweenion crossfield diffusion and electron axial transport since el ectrons are magneti zed
almost completely whileions can diffusein radia direction. Thusthe ion drift is expressed in
term of cylindrical coordinate vo=(u, vo, wp) as
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where Cy = T./M and Q2 = eB/Mec. Substituting them into the equation of continuity with
normalizations¢ = r/ry and n = z/ry wherer, isthe plasmaradius, we have
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For electrontransportintheaxial direction Wehave (qbo Inn.) = 0, whichgives g —Inn, =
f(&) with an arbitrary function f(£) Assuming quas charge neutrality n. = n; = ng, we have
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Since we have only one equation for two unknown rn, and f, either one has to be fixed. In the
followingwechoose f (&) so asfor the density and potential to be coincidewiththoseobservedin
theexperiment. The background density observed intheexperiment ismonotonically decreasing
function of 7, and is amost Gaussian, we may assume ng(€,7) = e~ =", Then the above
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equation is solved to give
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The potential has an extremum for such parametersasa = 1 and 6 = 5.6. The ion azimuthal
drift velocity is given by
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which is compared with the observed drift velocity.

3. Fluctuationsand stationary spiral structures

For low frequency fluctuations el ectrons can respond instantaneously to cancel space charge due
to ion motion and therefore may be assumed to obey the Boltsmann distribution n. , ~ ng¢oy.
For ions the velocity fluctuations (wu,, vy, wy) in cylindrical coordinate are given by

w = o R 0 5)
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where
D(w) = (= 20)(2 = 20— €50) + TP, w220 D

I j(w) = v —i(w — lw)
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Invoking again quasi charge neutrality n; , ~ n., = ny, assuming the axial dependence of the
potential as ¢.(&,n) = ¢u(&)e™"", and using the experimental conditions v, /) ~ 1/20, and
k ~ 1, we have

dQQ/Jg 1 di/)g 52 /@292 .
where ¢,(€) = () exp[—(1/2) [ Inno (£)d€] and T(w)? = I, ()T (w). Then the solution is

approximated by

€) o< IE ). (9
Since I'(w) is complex, this solution gives a spiral structure. For w = w, + iy, the magnitude
of the imaginary part of 1/I'(w) responsible for a spiral structure is proportional to w, — fwy.
Therefore a stationary spiral structure can be formed only when w,. ~ 0. In addition, since wy
is proportional to €2, the spiral patterns change their direction of scroll when the magnetic field

isreversed.

4. Stability of spiral structure

Multiplying ; to Eq. (8) and integrate from the center to the edge of the plasma under the
boundary condition v,(0) = ¢,(1) = 0, we have

2/ |p |2 (e[ + [Jen [ d€ — / Twy? €| Je?dE = 0, (10)

whose imaginary part is given by
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Therefore an instability is possible only when
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Thus when the potential is not amonotonic function of » but has at |east one extremum, the
condition w, =< wy >= 0 is satisfied, implying that the stationary spiral structure is formed.
The growth rate is given from the real part of Eq. (10) forv, = vy = v as
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The stationary spiral structure for the observed density and potential profile is shown in
Fig. 1 which reproduces the observed spiral. Nonstationary structures are certainly obtained for

other choices of density profiles.
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Figure 1. The spiral structure (a) density profile and (b) radial eigenfunction

5. Discussion

The energy stored in a velocity shear is released to give an instability which drives spiral
structures. When a potential is not monotonically decreasing but has at least one extremum,
a stationary spiral structure is obtained. Beside stationary spiral structures there can also be
excited rotating spiral structures for monotonically decreasing potential structures. The spiral
structures we obtained are shown to have al the features observed in the experiments.
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