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Magnetosonic-whistler waves may be destabilized by runaway electrons both in fusion and
astrophysical plasmas. A linear instability growth rate of these waves in the presence of a runaway
avalanche is calculated both perturbatively and by numerical solution of the full dispersion equation.
The local threshold of the instability depends on the fraction of runaways, the magnetic field, and
the temperature of the background plasma. The quasilinear analysis shows that the main result of the
instability is the scattering of the electrons in pitch-angle. It appears possible that this instability
could explain why the number of runaway electrons generated in tokamak disruptions depends on
the strength of the magnetic field. © 2006 American Institute of Physics. �DOI: 10.1063/1.2208327�

I. INTRODUCTION

During the current quench in a tokamak disruption, a
large toroidal electric field is induced, which sometimes gen-
erates a beam of highly relativistic runaway electrons with
energy of order 20 MeV. These energetic electrons can cause
damage to the wall, which is a potentially serious problem
for reactor-scale tokamaks with large currents. In such de-
vices, it is expected that the runaway beam may form par-
ticularly easily because of the efficacy of the so-called “run-
away avalanche” mechanism.1 In a runaway avalanche,
existing runaway electrons generate new �“secondary”� ones
in collisions at close range with thermal electrons. The
strength of the avalanche increases exponentially with the
plasma current, and will be the dominant mechanism in the
next generation of tokamaks.

In present experiments, up to about a half the predisrup-
tion current can be converted to runaways, and it is feared
that this fraction will rise in future devices because of
avalanching.2 However, it is observed the number of run-
away electrons generated varies widely between different
disruptions for reasons that are not understood. In particular,
several tokamaks have reported that no runaway generation
occurs unless the magnetic field exceeds 2.2 T.3–5 In the
present paper, we explore a possible reason for this observa-
tion.

The runaway beam has a strongly anisotropic velocity
distribution function and may excite various kinetic instabili-
ties. Previous work has analyzed a number of such possible
instabilities using simple models for the runaway distribution
function. Resonant interaction of runaways with lower-
hybrid waves was investigated in Refs. 6–8, and the insta-

bility threshold of the upper-hybrid wave driven unstable by
runaways was derived in Ref. 9, where it was concluded that
this wave is stable in collisional postdisruption plasmas.

We analyze the linear instability of magnetosonic-
whistler waves destabilized by secondary runaways at
Doppler-shifted harmonics of the cyclotron frequency. The
unstable wave frequency will be shown to be well below the
nonrelativistic electron cyclotron frequency �ce but above
the ion cyclotron frequency �ci. The most important resonant
interaction occurs when �−k�v� =−�ce /� �anomalous
Doppler resonance�, where � is the wave frequency, k� and v�

are the wave number and particle velocity parallel to the
magnetic field, respectively, and � is the relativistic factor.
The free-energy source driving the instability is the aniso-
tropy of the electron distribution caused by the electric field
accelerating the runaway electrons. When the degree of an-
isotropy exceeds a critical level, unstable waves are excited
at the anomalous Doppler resonance, and the interaction with
these waves leads to pitch-angle scattering of resonant elec-
trons. As in Ref. 9, we assume that the dominant damping
mechanism in the cold postdisruption plasma is collisional
damping, which then determines the instability threshold. In-
stability of the magnetosonic-whistler waves was also con-
sidered in Refs. 10–12, but these works assumed different
runaway distribution functions and different damping mecha-
nisms. Reference 10 considers nonrelativistic electrons, Ref.
11 considers a distribution function relevant to primary
�Dreicer� generation of runaways. Reference 12 considers a
relativistic bi-Maxwellian distribution with temperature an-
isotropy, both with and without drift velocity along the mag-
netic field. These runaway distributions are applicable for
magnetospheric plasmas, but not for tokamak disruptions.
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The structure of the paper is the following. In Sec. II the
kinetic equation and the secondary runaway electron distri-
bution are presented. Section III derives the instability
growth rate both perturbatively and numerically, and the
threshold of the instability is investigated. Section IV ana-
lyzes the quasilinear evolution of the instability. Finally, the
results are summarized in Sec. V.

II. RUNAWAY DISTRIBUTION FUNCTION

In this section we derive the velocity-space distribution
function for runaway electrons produced by avalanching. As
shown by Rosenbluth and Putvinski,1 the runaway density nr

increases according to

dnr

dt
=

nr�E − 1�
cZ�

�1�

during an avalanche. Here, �=4��0
2me0

2 c3 /nee
4 ln � is the

collision time for relativistic electrons, c the speed of light,
me0 the electron rest mass, ne the background electron den-
sity, E=e�E��� /me0c the normalized parallel electric field,
cZ=�3�Z+5� /� ln �, and Z the effective ion charge.

The distribution function is calculated from the kinetic
equation for relativistic electrons in a homogeneous mag-
netic field:

�
�f

�t
+ E

�f

�p�

�
1

p2

�

�p
�1 + p2�f +

1 + Z

p3
�1 + p2L�f� , �2�

where p=�v /c is the normalized relativistic momentum,
�=�1+ p2 the Lorentz factor, and

L =
1

2

�

��
�1 − �2�

�

��
�3�

the scattering operator, with �= p� / p the pitch-angle variable.
In a tokamak disruption E�1, and the runaway tail has the
character of a beam, so that the parallel momentum is much
larger than the perpendicular: p�	 p� � p. The kinetic equa-
tion then reduces to

�
�f

�t
+ �E − 1�

�f

�p�

=
1 + Z

2

1

p�

�

�p�

p�

�f

�p�

. �4�

Denoting the distribution function over p� by

F�p�,t� = 	
0




f�p�,p�,t�2�p�dp� �5�

and integrating Eq. �4� over p� gives

�
�F

�t
+ �E − 1�

�F

�p�

= 0. �6�

The solution to this equation that satisfies Eq. �1� is

F�p�,t� = exp
 �E − 1�t/� − p�

cZ
� , �7�

and the solution to Eq. �4� can be constructed as
f�p� , p� , t�=F�p� , t�g�p� , p��, where g satisfies the diffusion
equation

�E − 1�
�g

�p�

=
1 + Z

2p�

�

�p�

p�

�g

�p�

. �8�

Since runaways are generated in a beam at low p, the appro-
priate solution of this equation is the usual Gaussian, and the
distribution function becomes

f�p�,p�,t� =
C

p�

exp
 �E − 1�t/� − p�

cZ
−

�p�
2

2p�

� , �9�

where �= �E−1� / �1+Z� and C is related to the runaway den-
sity by

C =
nr�

2�cZ
exp� �E − 1�t

�cZ
 .

III. STABILITY ANALYSIS

The dispersion relation for the fast wave is

��11 − k�
2c2/�2���22 − k2c2/�2� + �12

2 = 0, �10�

where k is the wave number and �=1+� is the dielectric
tensor13 consisting of contributions from cold background
ions, electrons, and energetic runaway electrons. For the fre-
quency range �ci	�	�ce, the background ion and electron
contributions to � are

�11
i = −

�pi
2

�2 , �22
i = −

�pi
2

�2,
and �12

i = i
�pi

2 �ci

�3 , �11�

�11
e =

�pe
2

�ce
2 , �22

e =
�pe

2

�ce
2 ,

and �12
e = i

�pe
2

��ce
, �12�

where �pi and �pe are the ion and electron plasma frequen-
cies, respectively, and k� is the component of the wave vec-
tor perpendicular to the magnetic field, and we assumed
k�

2 vTe
2 	�2, where vTe is the electron thermal speed. Assum-

ing �k�� �k�� and �pi
2 	k2c2	�pe

2 , the dispersion relation can
be simplified to

k2vA
2
1 +

k�
2c2

�pi
2 � − �2

=
�ci

2 �2

�pi
2 �
1 +

k2vA
2

�ci
2 ��11

r + 
1 +
k�

2vA
2

�ci
2 ��22

r − 2i
�

�ci
�12

r  ,

�13�

where vA=c�ci /�pi is the Alfvén velocity and the superscript
“r” denotes the runaway contribution to the dielectric tensor.
Without runaways, this equation gives the magnetosonic-
whistler dispersion relation �0=kvA

�1+k�
2c2 /�pi

2 , which re-
duces to the magnetosonic wave �0=kvA for perpendicular
propagation �k� =0� and to the whistler wave �0=kk�vA

2 /�ci

for k�
2c2 /�pi

2 �1. In the frequency range of interest, the �22
r or

i�12
r terms can be neglected if k2vA

2 ���ci and the dispersion
relation then takes the following form:
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k2vA
2
1 +

k�
2c2

�pi
2 � − �2 = �2k2vA

2

�pi
2 �11

r . �14�

The remaining runaway contribution to the dielectric tensor
is

�11
r = 2�

�pr
2 �ce

2

k�
2 �c2

	
0




dp�	
−





dp� �
n=−




U

��� − k�cp�/� − n��
n2Jn

2�z� ,

�15�

where �pr=�nre
2 /me0�0 is the nonrelativistic runaway elec-

tron plasma frequency, Jn is the Bessel function of the first
kind and of order n, �=eB /me=�ce /�, z=k�cp� /�ce, and

U =
�fr

�p�

+
k�c

��

p�

�fr

�p�

− p�

�fr

�p�

� , �16�

where fr= f /nr is the normalized runaway distribution func-
tion. The instability growth rate can be calculated by solving
�14� for the runaway distribution �9�.

A. Perturbative analysis

The instability growth rate for a small perturbation
�=�0+��, where �i=Im ��, is given by

�i

�0
= −

k2vA
2

2�pi
2 Im �11

r =
�2�pr

2

�pi
2

k2vA
2

�0
2

�ce
2

k�
2 c2

1

k�c

	
0




dp�	
−





dp� �
n=−





n2Jn
2�z���p� + �n� − �0��/�k�c��

 
n�ce

�

�fr

�p�

+
k�cp�

�

�fr

�p�
� . �17�

For the ultrarelativistic runaway tail �� p�, and the reso-
nance condition gives p� = pres�−n�ce / �k�c−�0�, which al-
lows us to evaluate the p� integral and to obtain

�i

�0
= ��2�pr

2

�pi
2

k2vA
2

�0
2

�ce
2

k�
2 c2

1

1 − y

	
0




dp� �
n=−





n2Jn
2
 n�ce

k�cp�

�fr

�p�

+
p�

p�

�fr

�p�
��

p�=pres

, �18�

where y=�0 /k�c.

B. Secondary runaway instability

Substituting the runaway electron distribution from Eq.
�9� into the expression for �i and evaluating the derivatives,
we obtain

�i

�0
= Ĉ �

n=−



 	
0




p�dp�n2Jn
2�K�p��

exp�anp�
2 ��bn + an�1 − y�K�p�

2 /n� �19�

where K�=k�c /�ce, K� =k�c /�ce,

an =
�K��1 − y�

2n
, bn = ��1 − y� +

K��1 − y�
n

−
1

cZ
,

and

Ĉ = �1 − y�
���pr

2

2cZ�pi
2

k2vA
2

�0
2

k�
2

k�
2 exp�n/�K��1 − y��

cZ
� .

Note that the n=0, resonance will not contribute. For realis-
tic parameters and the frequency region of interest
��ci	�0	�ce�, only the anomalous Doppler resonance
�n=−1� has to be taken into account. Keeping only the
n=−1 resonance gives

�i

�0
=

Ĉ

4a−1
2 �K�

2 K��1 − y�I0���

+ �2a−1b−1 + K�
2 K��1 − y��I1����e�, �20�

where �=K�
2 / �2a−1�, In are modified Bessel functions of the

first kind and of order n. Assuming that �	1, we can expand
the Bessel and exponential functions for small parameters, so
that the growth rate becomes

�i

�0
=

�

4cZ

�pr
2

�pi
2

k2vA
2

�0
2

� + K�

�
exp� − �ce

�k�c − �0�cZ
 , �21�

and if we furthermore assume ��K�, it simplifies to

�i��0,k,k�� =
�

4cZ

�pr
2

�pi
2

k2vA
2

�0
exp� − �ce

�k�c − �0�cZ
 �22�

to the lowest order in �. At low frequencies, the growth
rate increases monotonically, and at higher frequencies
we can use the whistler branch of the dispersion relation
��0=kk�vAc /�pi�. The growth rate of the fastest growing
wave can be obtained using the condition ��i�k� ,k� /�k� =0,
leading to cZk�c�1−kvA /�pi�=�ce. This condition can be
used with �22� to derive the maximum growth rate:

�i�k�� =
�

4cZ

�pr
2

k�c

1 −

�ce

cZk�c
�exp�− 1� . �23�

The �i�k�� function has a maximum, determined by the
��i /�k� =0 condition, giving k�c=2�ce /cZ, so that

�i
max =

�

16

�pr
2

�ce
exp�− 1� = 1.3  10−9 nr

BT
�24�

�where BT denotes B in Tesla� is the growth rate of the most
unstable mode. Note that the dependence on electric field
is solely contained in the number of runaway electrons
nr derived in Sec. II. To obtain Eq. �24�, we have made
the following assumptions: �k�� �k��, �ci	�0	�ce, �	1,
k�

2c2 /�pi
2 �1, k�

2 vTe
2 	�2, ��ci	k2vA

2 	�ci�ce, and ��K�.
The most unstable wave has the wave number kvA /�pi

=1/2, the parallel wave number k�c=2�ce /cZ, and the wave
frequency �0=�ce /cZ, so that the assumptions above are
clearly satisfied.
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C. Instability threshold

To determine the instability threshold, we must compare
the growth rate with the damping due to electron-ion colli-
sions. Reference 14 shows that electron-electron collisions
do not contribute to the collisional damping and ion-electron
collisions can be accounted for by adding to the wave fre-
quency an imaginary part �→�− i1.5�ei

−1, corresponding to a
damping rate �d=−1.5�ei

−1, where the electron-ion collision
time is �ei=3�3/2me0

2 vTe
3 �0

2 /niZ
2e4 ln �. The threshold

�i��d can be written as

nr

ne
�

Z2BT

20TeV
3/2 , �25�

where TeV is the background plasma temperature in eV and
nr /ne is the fraction of the runaways. This inequality is the
local threshold for the instability of the magnetosonic-
whistler wave, where every quantity is to be understood at a
given location.

It is clear from �25� that collisional damping is less ef-
fective for high temperature plasmas, and therefore the run-
away density that is needed for driving the mode unstable is
smaller. This may indicate that this instability will arise quite
early in the thermal quench. However, this effect may be
counterbalanced by the fact that the nr /ne runaway fraction
grows exponentially with time. The temporal evolution of
the threshold depends sensitively on the evolution of the dif-
ferent plasma parameters, and it is not discussed further.

The threshold �25� does not depend on the plasma den-
sity, only the fraction of the runaways is important. The criti-
cal runaway fraction grows with magnetic field strength, so
that the magnetosonic-whistler wave is more easily destabi-

lized for low magnetic fields. Figure 1 illustrates the thresh-
old in plasma temperature as a function of the toroidal mag-
netic field strength for different runaway ratios. In this and
later figures, we show calculations for pure deuterium
plasma �mi=2mp, Z=1�.

D. Numerical analysis

The perturbative analysis described in the previous sub-
sections is complemented by a numerical analysis. First, the
runaway contribution to the susceptibility tensor was evalu-
ated for relevant plasma parameters by numerically integrat-
ing expression �15� �and similar expressions for �22

r and �12
r ,

which are not given here but can be found in Ref. 13�. As
expected, Re �11

r , Re �22
r , and Im �12

r have been found to be
negligible compared to the background electron and ion con-
tributions to the susceptibility tensor for all resonances and
for runaway fractions up to 10−2. The tensor elements are
largest for n= ±1, and in our case only the anomalous
Doppler resonance �n=−1� contributes to the growth rate.
Numerical integration of Im �11

r , Im �22
r , and Re �12

r confirms
that the assumptions leading to Eq. �14� are satisfied.

The results of the perturbative stability analysis are con-
firmed by the numerical solution of the full dispersion rela-
tion. To this end, Eq. �10� has been solved with a damped
Newton’s method, with the starting point derived from the
analytical solution. In cases when this method has conver-
gence problems, a variant of the secant method was used
with varying step lengths and linear extrapolation to deter-
mine the starting direction. The analytically derived
magnetosonic-whistler dispersion relation was checked
against the numerical solution of the dispersion relation ex-

FIG. 1. �Color online� Stability threshold from Eq. �25�
for different runaway fractions.

FIG. 2. �Color online� Comparison of numerical and
analytical dispersion relations for a fixed angle of
propagation �ne=51019 m−3, B=2 T, and T=10 eV
deuterium plasma�.
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cluding the runaway susceptibility term, but using the full
hot plasma susceptibility13 for both ions and electrons in-
stead of Eqs. �11� and �12�.

Figure 2 shows the results of the analytical and the nu-
merical dispersion relation together with the two approxima-
tions: the magnetosonic-wave dispersion for low frequency
limit and the whistler-wave dispersion for the high frequency
limit. The dispersion relations are plotted assuming a fixed
angle of propagation ��k=85°�. This angle will be shown to
be close to the propagation angle, giving the maximum
growth rate for the set of plasma parameters used. The de-
viation of the analytical and numerical values at higher wave
numbers is due to the neglect of the identity tensor and the
electron contributions �11

e and �22
e in the dielectric tensor.

Growth rates calculated from the perturbative analysis
�Eqs. �20� and �22�� were also compared to numerical results
by solving the dispersion relation, including the imaginary
part of the most important runaway susceptibility term
�Im �11

r � in the dielectric tensor and the full hot plasma
susceptibility.13 Figure 3 shows the numerical and analytical
growth rates as functions of the wave number. The growth
rate has a maximum for the propagation angle �=85°, and
the analytical and numerical values for the growth rate are in
reasonable agreement. The analytical growth rates calculated

from the perturbative analysis are in good agreement. The
discrepancy is caused by the deviation of the real part of the
frequency.

Next, we investigate the dependence of the growth rate
on plasma parameters. The scaling of growth rate with re-
spect to the magnetic field is the most interesting since ex-
perimental observations suggest that the number of runaways
generated in a disruption is dependent on the magnetic field
strength. Normalized growth rates as a function of propaga-
tion angle for different magnetic field strengths are presented
in Fig. 4, where the threshold corresponds to �i /�d−1=0.
Note that only waves with �k�� �k�� are unstable, as was as-
sumed in Sec. III. In the region of validity and for propaga-
tion angles close to perpendicular, the numerical results lie
close to the analytical ones.

As expected from the analytical expression for the
threshold �Eq. �25��, Fig. 5 shows that the maximum normal-
ized growth rates are not sensitive to the plasma density. For
lower densities, however, the maximum of the growth rate
shifts towards larger k�, making our assumption �k��	 �k� in-
valid. Therefore, at low density, our conclusions about the
maximum growth rate do not hold.

Figure 6 presents the scaling of growth rate with tem-
perature. As already discussed, the normalized growth rate
increases with temperature, indicating a decreasing thresh-
old. It can also be seen that the shape of the growth rate
curve does not change apart from a multiplication by a con-
stant. Numerical calculations show that finite temperature ef-
fects distort the curve at very high temperatures �around a
few keV depending on the density�.

IV. QUASILINEAR ANALYSIS

Beyond the linear phase of the instability, the dynamics
of the resonant interaction between the electrons and waves
can be described by quasilinear theory. The distribution func-
tion of the particles is then separated into a slowly and a
rapidly varying part, and only the average effect of the rap-
idly varying part on the slowly varying part is taken into
account. The slowly varying part of the distribution is then
described by a diffusion equation in phase space, and the rate
of growth of wave-energy is equal to the linear growth rate.
The quasilinear equation for the runaway distribution is15

FIG. 3. �Color online� Comparison of numerical and analytical growth rates
as a function of wave number �ne=51019 m−3, B=2 T, T=10 eV, and
nr /ne=510−3, deuterium plasma�. The solid line corresponds to Eq. �22�,
the dashed line is Eq. �20�, and the diamonds are the numerical result ob-
tained by solution of the dispersion relation.

FIG. 4. �Color online� Numerical and analytical growth
rates for deuterium plasma at different magnetic field
strength values �ne=51019 m−3, T=10 eV, and nr /ne

=510−3�.
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�f

�t
=

�e2

me
2 �

l=−



 	 d3k�̂
�Ek�2

k2 Jl�z�2��� − l� − k�p�c/���̂f ,

�26�

where

�̂ =
� − l�

v�

�

�v�

+
l�

v�

�

�v�

, �27�

and if we assume �f /�v�	�f /�v�, for l=−1 and z	1, Eq.
�26� simplifies to a diffusion equation

�f�p�,p�,t�
�t

=
1

p�

�

�p�


 D

p�

�f

�p�

� �28�

with the diffusion constant D
=2�2�ce

2 p�
2 c−2B−2�d3kWkk�

2 k−2���+�−k�p�c /��, where
Wk= �Ek�2 /8� is the spectral energy of the wave that is as-
sumed to have the time variation dWk /dt=2�kWk. Introduc-
ing a time-variable

� = 2�2�ce
2 c−2B−2	

0

t

dt�	 d3kWk�t��k�
2 k−2�

��k + � − k�p�c/�� , �29�

the solution of the diffusion equation �26� with the initial
value �9� is

f�p�,p�,t� =
f0

�2��/p� + 1�
exp
−

�p�
2

2�2�� + p��
� �30�

with

f0 =
C

p�

exp
 �E� − p�

cZ
� . �31�

Equation �30� indicates that the pitch-angle scattering
increases the mean perpendicular energy linearly with time.
Assuming a narrow spectrum of unstable waves cen-
tered around kc=�pi /2vA�3103n20/B �m−1� and
k���ce /c ln ��30B �m−1�, we can estimate the time
scale for the perpendicular energy to increase a few times.
Assuming that the time-evolution of the spectral energy is
Wk�t�= 1

2Tee
2�kt, we can solve Eq. �29� to give

� =
�3e2�kc

2vTe

2

2mec
3�k

e2�kt, �32�

so that the time scale for perpendicular energy increase is

t =
1

2�k
ln
 ��kme

2c3

�3e2Tekc
2� � 3  10−7 s �33�

for �k�108 s−1, �=40, Te=10 eV, and �� p� / �2���0.1.

V. CONCLUSIONS

We have analyzed the stability of magnetosonic-whistler
waves in the presence of a relativistic runaway electron
beam. A perturbative calculation of the growth rate agrees
well with that found by a full numerical solution of the dis-
persion relation. The analysis is local—no spatial variation
of magnetic field or plasma parameters is considered—which
is justified a posteriori by noting that the growth rate is
sufficiently large that the inequality

FIG. 5. �Color online� Analytical and numerical growth
rates for deuterium plasma just above the threshold
�B=2 T, T=10 eV, nr /ne=510−3�.

FIG. 6. �Color online� Analytical and numerical growth
rates for deuterium plasma at different temperatures
�B=2 T, ne=51019 m−3, and nr /ne=510−3�.
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a

��k/�k�

�k �
a�picZ

vA�ce
�k � 1, �34�

is well satisfied. Here, a denotes the radius of the runaway
beam �tens of centimeters� and the left-hand side measures
the number of e-foldings by which the wave is amplified as it
propagates the distance a. The threshold of the instability
depends on the fraction of runaways, the magnetic field, and
the temperature of the background plasma:

nr

ne
�

Z2BT

20TeV
3/2 , �35�

but is independent of other plasma parameters. Quasilinear
analysis suggests that the main result of the instability is
rapid pitch-angle scattering of the resonant electrons.

We speculate that the presence of a magnetosonic-
whistler wave instability may be the reason for the observa-
tion that the number of runaway electrons produced during
disruptions in large tokamaks depends sensitively on the
magnetic field strength. As mentioned in Sec. I, a critical
toroidal magnetic field of around 2.2 T,3–5 below which no
runaway production occurs, has been reported for several
devices. One reason for the absence of runaways could be
that the whistler instability scatters runaways and prevents
the beam from forming. The observed critical field is of the
same order of magnitude as our instability threshold. Taking,
for instance, a plasma density ne=31019 m−3 and a run-
away current density, jr=nrec=2 MA/m2, typical of JET,16

gives a threshold temperature Te=17 eV �for Z=1�. Experi-
mentally, the postdisruption temperature is highly uncertain,
but is commonly believed �on various grounds� to be around
10 eV. It is thus clear that the instability threshold is in the
right parameter range. In contrast, Rosenbluth et al.9 arrived
at the condition Zeff

�n20/ �TeV�3/2�0.01 for the destabiliza-
tion of the upper hybrid mode. Clearly, the upper-hybrid
mode is stable for JET and ITER parameters, while the whis-
tler wave may not be. However, in order to make a more
definite judgement about the importance of the latter, it
would be necessary to refine the analysis performed in the
present paper. In particular, a self-consistent simulation of
the runaway distribution function and electric field evolution,
as achieved, for instance, by the ARENA code,2 could be

coupled to an evaluation of the instability growth rate.
Another possible application could be to discharges of

the type described in Ref. 17, where it was suggested that
unstable whistler waves may be responsible for the observed
losses of runaway electrons. However, our theory is not im-
mediately applicable to these discharges since the runaways
are either of Dreicer origin �in so-called RAD-I discharges�
or are generated by weaker electric fields than we have as-
sumed �E�1�. A straightforward application of the criterion
�35� would suggest that the waves are stable because of the
low electron temperature in these plasmas.
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