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An electron distribution with a long tail can be driven unstable by the resonant transfer of tail particle
energy to electron cyclotron waves. The implications of this instability are examined by following its
nonlinear evolution. The growth of wave energy can result in the formation of a positively sloped region of
the electron distribution function. This positive slope causes a second mode to go unstable which
subsequently results in large pitch angle diffusion of the tail particles.

. INTRODUCTION

Plasma configurations involving a tenuous group of
energetic electrons streaming along the ambient mag-
netic field abound both in laboratory experiments and
in space, Such distributions have been experimentally
measured in the auroral zones! while x-ray spectra in-
dicate their presence in toroidal fusion machines? and
solar flares,® The case where the distribution function
of the field aligned energetic electrons has a positive
slope is now a textbook matter.* In this case the col-
lective effects quasi-linearly stabilize the beam plasma
instability by flattening the positive slope,* although
under some circumstances nonlinear effects prevent
plateau formation,® In this paper we discuss the dy-
namics of the opposite effect, Namely, that in some
parameter ranges, a monotonic-field aligned distribu-
tion of energetic electrons can be transformed by col-
lective effects into one with a positive slope. Since the
positive slope which is formed can then drive numerous
plasma instabilities, this process can be the key in ex-
plaining several of the mysteries observed in the opera-
tion of toroidal machines in the low density regimes® %
as well as a host of auroral® and solar flare phenomena, 3
The emphasis of this paper is understanding the funda-
mental physical phenomena, while the various applica-
tions will be discussed elsewhere,

Il. THEORETICAL CONSIDERATIONS

Consider a model electron distribution function of the
type

fe(v) =fM(vz) + an(vJZ.)F(Un) ’ (1)

where fy is a Maxwellian with thermal velocity V,, o is
the relative tail density (¢ <<1), and F(p,) is given by

I/Um 0<v,<vy,

F(v”)={ (2)

0, otherwise,
with vy> V,. The energy anisotropy of the long tail can
drive electron cyclotron plasma waves unstable through
a transfer of energy from particles to waves at the

anomalous Doppler resonance, 1o (w, + Q‘)/k“ =v,, where
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Q= | elB/mec is the electron cyclotron frequency. For
the case ,> w,, the frequency of these waves is given
by

Wy =w,(ky/ k) (3)
while the growth rate is
wyIm D(k, w)
e

e w’ [ 1 Wy Wy +
5 20,k o ey, ) ( o ) @

_ ky Vag F,(wk + Qe) _ F(wk - Qg)]
ZQG k” k" ’

t/2 ;

where w, =(4mne?/m,)!/? is the electron plasma fre-

quency.

It is worth noting the physical significance of the

terms involved in Eq. (4). While the derivation was
for a distribution function as shown in Eq, (2}, it isim-
portant to note that this result is valid for any distribu-
tion function with a long flat tail. The first term is the
usual Landau damping term., The second iswave growth
due to energy transfer at the anomalous Doppler reso-
nance (n=-1), while the fourth is wave damping due to
particles at the normal Doppler resonance (n=+1). The
third term is the n =—1 Doppler shifted Landau damp-
ing. It is not significant initially, but can become im-
portant in later stages of the instability, It is easy to
see that for the w,<Q, and the distribution given by Eqgs.
(1) and (2),

F(&ﬂ) - F(u)

kll kll

so that the instability condition becomes

Wy + Qe> 1 ( w )
F(——=)>= s l—+ 5
(52 a nG%; ®
subject to the constraint that there are particles at the
velocities (w, +9,)/k,, i.e.,

(wp+Q,)/ ky<vg. (6)

Exact stability criteria can be numerically computed
from inequalities (5) and (6). For our purposes it is
worth noting that for w, « Q,, inequality (6) implies &,
> Q,/vy, while inequality (5) implies &, < w,/v, where v,
satisfies the equation
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therefore, we have
Qe/Uo<k"<we/7}1- (7)

Condition (7) gives the range of wavelengths for which
the growth rate is positive. It follows that the instability
will exist only for

Vo/v,7 R/ W, . (8)
Note that for most reasonable parameters v,=3V,.

Before proceeding to the simulations we comment on
the expected nonlinear evolution, It can be shown by
considering the detailed particle orbits that the interac-
tion leads to pitch angle scattering for particles in reso-
nance with the n = -1 Doppler shifted resonance, Since
these particles are pitch angle scattered with a resulting
decrease in their v, they also lose energy to the wave
fields., However, only those particles in resonance with
the unstable waves, i.e., with v, =(Q,+w,)/k, are af-
fected. Forthe range of unstable %, in Eq. (8) this implies

U”>(Qe/w1)vlzvzo (9)

As a consequence of the lack of diffusion for parallel
velocities less than v, there is a tendency of particles
to pile-up around v, and form a positive slope in F(v,).

An additional effect is worth mentioning, The pre-
dominance of pitch angle scattering is only for particles
which are Doppler resonant with the waves, For par-
ticles resonant at the phase velocity v, =w,/k, the pre-
dominant effect is a change in the parallel component
of v, with the perpendicular component largely unaf-
fected., Thus, particles which are pitch angle scattered
then diffuse in velocity space due to a second wave
driven unstable by the positive slope. The total effect
will be pitch angle scattering over large angles. This
effect is illustrated by the simulations,

Itl. COMPUTER SIMULATIONS

In order to determine the nonlinear evolution of the
instability and check some of the conclusions of the

5
Saags @&
/ [T9l7 71 fe)
Vo
v
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preceding section and of Refs, 11 and 12 we carried out
a series of numerical particle simulations. The simu-
lations were run on an electrostatic particle code with
one spatial direction and three velocity components., In
order to have good statistics in the tail region, approxi-
mately 350 tail particles per cell were used in the simu-
lation, This was four times as many as were used to
simulate the main body Maxwellian, The simulations
were performed along the linearly most unstable direc-
tion which was at an angle 55° to the magnetic field,
k,/k.=v2/2, The parameters used were n,/ny=0.3,
9,/w,=2. The particles at the end of the tail had a
velocity of 10 cells/w,,e and the time step chosen was

At :O,Zw;;. The reason for using rather large values
of n,/ny and w,/§, was computational efficiency since
the growth rate is proportional to n,/n,. A very low
thermal velocity of V,=0,02 V , was also chosen for
efficiency of computation.

The initial velocity distribution f(v,) = f(v)dv, of the
tail particles for the first simulation is shown in Fig,
1(a) along with a plot of number density in », - v, space
[Fig, 1(b)]. Note that % is along the x axis so that the
parallel direction is at an angle of 55° from x in Fig,
1(b). The numerical system used was 32 cells long.
This was chosen so that the system would evolve in two
separate stages to illustrate the physical processes
responsible for the evolution of the distribution func-
tion,

The wavenumbers allowed in such a system are given

as
k=(2mn/32), n=1,..., 16 (10)

The tick marks along the x axis in Fig, 1(a) represent
the resonant velocities corresponding to various mode
numbers and cyclotron harmonics, For example, the
(~ 1, 3) mode corresponds to a ¥ of 67/32 and the anoma-
lous Doppler shifted cyclotron resonance, The (-1,2)
and (- 1,1) modes are in regions of no particles as are
the (1,n) modes. The system was chosen so that the
(0,1) mode is not too close to the fastest growing un-
stable mode, n=3.

FIG. 1. Initial distribution of
tail particles. (a) Distribution
function parallel to B of tail
particles only. Marks on the
horizontal axis show the reso-
nant velocities of various
modes. The first index is the
cyclotron harmonic number,
the second is the wave number
in units of the reciprocal length
of the numerical system. (b)
Distribution of tail particles in
S . V,~V, space.
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FIG. 2. Distribution of tail
particles after 600 !, (a)
Parallel distribution function

of tail particles showing the
formation of a positively sloped
region near the (-1, 3) resonant
velocity, (b) V.-V, distribution
function of tail particle showing
the pitch angle scattering in
the resonant region,

The growth rate is proportional to 1/k, and there-
fore to 1/n so that the behavior of the system is initially
dominated by a single mode,

Figure 2(a) shows the parallel velocity distribution
after 600 w;;. The formation of a positively sloped re-
gion is clearly evident in the region of the (-1, 3) reso-
nant velocity.

Figure 3(a) shows the time history of mode 3 indicat-
ing it has reached saturation, Inthisparticularinstance,
saturation is primarily due to a decrease in the F(w,
+§,/k,) term in Eq. (4) (to about 20% of its initial val-
ue) and the Doppler shifted Landau damping caused by
the large negative slope generated by the pitch angle

scattered particles. Some decrease in the growth rate
is also likely because of a flattening of 8F/3v, and finite
Larmor radius effects, but these are not as significant
for the parameters used,

It should be noted in Fig. 2(a) that the positively
sloped region generated by pitch angle scattering at
the (- 1, 4) resonance is approaching the (0, 1) resonant
velocity and the n» =1 mode should then go unstable,
This is indeed seen to be the case in Fig, 3(b) which
shows that the » =1 mode has started to grow. A no-
ticeable effect is that the new nonlinearly generated
instability has a growth faster than the original Doppler
resonance one,
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FIG. 3. Time evolution of n =1 and n =3 nodes. (a) Time evolution of the » =3 mode energy showing exponential growth and then
saturation around 700 ug‘. (b) Time evolution of the n =1 mode energy showing the growth of the Landau mode driven unstable

because of the positive slope in the distribution function.
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FIG. 4. Distribution of tail
particles after 900 wgi. (a)
Parallel distribution of the
tail particles showing the
quasi-linear flattening of the
distribution function by the
n=1 mode. () V,-V, distri-
bution of tail particles show-
ing the large angle scattering
caused by the n =1 mode
growth,

+——0,2)

B (o)

Figure 4(a) shows the distribution function at ¢ =900
wjs after the n =1 mode has saturated, The quasi-linear
flattening of the distribution function is evident, More
important, Fig. 4(b) shows the distribution function at
the same time in V,-V, space. Note how the parallel
velocities of the resonant particles have been decreased
resulting in some particles with large »,/v,. Since these
particles started with large v,/v,, they have been pitch
angled scattered close to 90°,

An actual physical system is likely to exhibit a com-
plicated competition amongst the various effects out-
lined. In particular, the competition between the ten-
dency of pitch angle scattering to form a positively
sloped region and the quasi-linear flattening of this re-
gion by modes driven unstable will be much less clearly
defined, To illustrate this a computer run on a system
four times as long and containing four times as many
particles was run, The same tendency toward isotropi-
zation of the distribution function by a combination of
pitch angle scattering and quasi-linear flattening can be
identified, However, the isolation of the two effects is
somewhat more difficult. This will be especially true
in two and three dimensions. However, thebasicphysics
is still unchanged.

IV. CONCLUSION

We have iliustrated how it is possible for a long
tailed distribution function, of the type which can be
formed by large electric fields, to relax toward isotropy
via a two stage process, First, a positively sloped
region is formed by energy exchange at the anomalous
Doppler resonance and second, this slope drives other
instabilities, The actual occurrence of this scenario
should be accompanied by radiation from the instability
fields and from the pitch angle scattered particles,
Radiation should also occur asa result of any subsequent
instabilities driven by the positive slope, and it has
been shown that these instabilities can form tails in the
ion distribution function with large perpendicular veloc-
ities. In addition, the particles can be trapped in local
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variations of the ambient magnetic field. There is con-
siderable experimental evidence for the actual existence
of these effects and they have recently been discussed by
Liu et al.®
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