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HIGH-FREQUENCY M1CR0INSTABILITIES IN HOT-ELECTRON PLASMAS 

Yu-Jiuan Chen, William M. Nevins, and Gary R. Smith 
Lawrence Livermore National Laboratory, University of California 

Livermore, California 94550 

Instabi l i t ies with frequencies in the neighborhood of the electron 

cyclotron frequency are of interest in determining stable operating 

regimes of hot-electron plasmas in E6T devices and in tandem mirrors. 

Previous work used model distributions signif icantly different than those 

suggested by recent Fokker-Planck studies. We use much more rea l is t ic 

model distributions in a computer code that solves the f u l l electro

magnetic dispersion relation governing longitudinal and transverse waves 

in a uniform plasma. We allow for an arbitrary direction of wave 

propagation. Results for the whistler and upper-hybrid loss-cone 

instabi l i t ies are presented. 

1. INTRODUCTION 

The hot-electron plasmas in EBT devices and in tandem mirrors may be 

unstable at frequencies comparable to the electron cyclotron frequency fl. 

By studying these instabi l i t ies we hope to prevent deleterious effects by 

learning how to operate experiments without strong instab i l i t ies . 

An early review of im'croinstabilities of ECRH plasmas was provided by 

Guest and Sigmar. The instabi l i t ies that led to the most stringent 

constraints on plasma parameters we>-e the electromagnetic whistler instabi l i ty 

and the electrostatic "upper-hybrid loss-cone" (UHLC) instabi l i ty . Later work 

on the whistler instabi l i ty has shown that re la t i v i s t i c effects are 

signif icantly stabil izing even for mean electron energies much less than the 
2-4 rest energy. The UHLC instabi l i ty was the subject of a detailed study 

5 
for plasma parameters appropriate to the earth's magnetosphere. 

1-5 In this previous work i t is found that the wavelengths associated 

with these high-frequency electron modes are short in comparison to typical 

macroscopic scale lengths of the plasma. Hence, requiring s tab i l i t y to these 

modes tends to constrain the electron distr ibut ion function rather than the 

configuration of an experimental plasma. 

In this paper we describe our present numerical study of instabi l i t ies 

of ECRH plasmas. Our work improves on earl ier work by modeling more 
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accurately the electron distribution functions suggested by recent 
Fokker-Planck studies of electron-cyclotron-resonance heating in a 
magnetic-mirror field. ' 

2. MODELING OF THE ELECTRON DISTRIBUTION 

7 
Fokker-Planck studies have found distributions like the one shown in 

Fig. 1. From the contour plot (Fig. la) we see, first, that the anisotropy 
(disparity between mean perpendicular and parallel energies) is moderate. 
Therefore, instabilities requiring extreme anisotropy are not expected; the 
v;histler and UHLC instabilities may occur, however, in a plasma with such a 
distribution. Also, we notice that the distribution is not separable in v 
and v | | f i.e., 

Separable distributions, like those used in Ref. 1, have constant-density 
contours in velocity space that are generally elliptical with the major and 
minor axes aligned with the v̂  and v axes. I t is clear from Fig. la that 
the Fokker-Planck distribution is not separable. Separable distributions nave 

been used in most previous studies; exceptions are the whistler-instability 
8 2 

studies of Scharer and Jacquinot and Leloup. 
Modeling our Fokker-Planck distribution by a separable distribution 

would lead to erroneous conclusions about microstability. This is apparent 
when we compare Figs, lb and lc with Fig. la. I f f (v,) is chosen to 
approximate the distribution shown in Fig. lb and f (v ) is chosen to model 
the distribution of Fig. lc, then the separable model distribution, 
f(y_) = f i (v i ) f,|(v|i) would not have a loss cone. Hence, only anisotropy-
rlrivpn mnries, like the whistler, would appear with positive growth rates in 
our stability analysis. Clearly such a model would greatly overestimate the 
stability of the actual electron distribution to modes, like the UHLC mode, 
that are driven by the loss cone. 

The Fokker-Planck distribution in Fig. la clearly has a loss cone. 
Since the average of f(y_) over parallel velocity is a monotonically decreasing 
function of perpendicular energy, W , this loss cone cannot drive modes with 
k = 0- However, modes w :th f inite k can be driven by this loss cone since 
the resonant particles [ i . e . those particles with v = (u - nn)/kN] can be 
localized at a parallel velocity where there is an inverted distribution in 
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distribution in perpendicular velocity. Hence, we expect that distr ibut ion 

functions l ike the Fokker-Planck distribution shown in Fig. la can drive the 

UHLC mode. 

We model Fokker-Planck distributions l ike that in Fig. 1 by superposing 

a number N of electron "species" with various parameters: 

(1) f(v) = £ f,(v) . 
s=l 

Each species has a separable distr ibution 

f s W = 3/2 2 . , l 0 | J e x p " 2 ' 

2* 

(2) 

By appropriate choices of the densities n , thermal speeds a. and 

a. , and indices I , we achieve a good reproduction of Fig. 1, as 

shown in Fig. 2. 

Superposing separable distributions to model a nonseparable distribution 
allows us to avoid numerical velocity-space integrations, a considerable 
computational advantage. Distribution (2) is precisely that used by Callen g and Guest, who provided all the formulae necessary for numerical 
calculation of the dielectric function D(u,k_) = det [D((ii,k)], whose roots 
describe the small ampliti,Je waves of a collisionless plasma in a uniform 
magnetic field, EL. 

We have written a code which solves this dispersion relation 
numerically. We allow for an electron distribution function in the form of 
Eq. (1), i.e., an arbitrary superposition of separable distributions as given 
by Eq. (2). Currently the index i is limited to the values 0 (a 
bi-Maxwellian) and 1 (a "loss-cone" distribution). We solve the full 
electromagnetic dispersion relation for waves that propagate in an arbitrary 
direction with respect to JL in a uniform, non-relativistic plasma. Some 
results from this code are described in Sec. 3. 

3. INSTABILITY GROWTH RATES 

For the model distribution shown in Fig. 2 we have plotted contours in 
the Ĵ  plane of the temporal growth rates, Im to, of the whistler and UHLC 
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instabilities. For the whistler (Fig. 3) the maximum growth rate occurs at 
ki = 0 and k̂ c/ft = 1.18, where u/51 = 0.57 + i 0.013. Doubling the 
total electron density without changing the shape of the distribution (Fig. 2) 
shifts the maximum growth rate to k c/Q = 1.45, where u/n = 0.55 + i 0.027. 
This increase in k is not unexpected since, in the T = 0 approximation, 
the whistler dispersion relation depends on k only through the combination 
k„c/u,„. 
II p C 

The temporal growth rates of the UHLC mode are shown in Fig. 4. We find 
that the maximum growth rate occurs at ̂ c/8 = 9.2 and k /k^ = 0.048, where 
oi/ft = 1.09 + i 0.0046. These values of k and k for the most unstable moae 1 are in line with estimates presented by Guest and Sigmar. Note that the 
growth rate of the UHLC mode goes to zero as k goes to zero. This behavior 
follows from our discussion of the Fokker-Planck distribution in Sec. 2. 

When we double the total electron density, we find that the wave vector 
that maximizes the growth rate shifts to ^c/Q = 10.04 and k /^ = 0.072, 
where the frequency is given by u/fl = 1.16 + i 0.0066. 

4. SUMMARY 

We are currently studying high-frequency instabilities in hot-electron 
plasmas. We have chosen model electron distribution functions that are 
numerically efficient and resemble the electron distributions obtained from 
Fokker-Planck studies ' of electron-cyclotron resonance heating. Both UHLC 
and whistler instaoilities occur with low growth rates. 
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FIGURE CAPTIONS 

Fig. 1 Electron distr ibut ion found in Fokker-Planck studies of the ECRH 

plasma in the TMX-Upgrade Experiment. The total electron density 
2 2 is given by w A r = 1.55. (a) Contours of constant distr ibut ion 

function. Contours are logarithmically spaced with a factor of 

two separating adjacent contours, (b) and (c) Distributions 

integrated over parallel and perpendicular velocity, respectively. 

The vertical scale i s logarithmic, covering f ive decades. 

Fig. 2 Model electron distr ibut ion formed by superposing f ive separable 

distributions (2) . The plasma frequencies w , perpendicular 
1 2 " l ? 

temperatures T x = -i-mc^ (J.+1), paral lel temperatures T = y iMf , 

and indices i are given by <//Q = 0.35, 0.5, -0.02, 0.025, anc 

-0.01, ^ = 3, 40, 12, 12, and 4 keV, T | / T i = 0.3, 0.35, 4, 2, 

and 6, and I = 0, 1, 1, 1, and 1.* 
Fig. 3 Temporal growth rate of the whistler instability for the electron 

distribution shown in Fig. 2. The interval between adjacent 
contours is 0.00063 il. 

Fig. 4 Temporal growth rate of the upper-hybrid loss-cone instability 
for the electron distribution shown in Fig. 2. Solid contours 
qive Im iii ̂  0, dotted contours give Im u < 0. The inter-al -4 between adjacent contours is 5.76 x 10 Pi. 

•Dotted contours give unphysical negative values of the distribution 
function. The spacing between adjacent contours is also a factor of 2, and 
the most negative value of the distribution function has magnitude < 1/2000 
of the most positive value. 
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Figure 3 
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