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Resonant Cyclotron Emission of Whistler Waves by a Modulated Electron Beam
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The first observations of whistlers excited spontaneously by a modulated electron beam through
normal Doppler shifted resonance have been reported in a laboratory experiment. The excited waves
are propagating opposite to the beam direction and their phase and group velocities are characteristic
of beam-whistler resonant cyclotron coupling. These results should shed light on mechanisms of
whistler waves excitation in space plasmas, either by artificial beams injected from spacecraft in the
ionosphere and the magnetosphere or by fluxes of energetic particles present in many astrophysical and
space phenomena.
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The interaction of an electron beam with electromag-
netic waves in a magnetized plasma has been widely stud-
ied in laboratory. Waves were excited by beams through
various instability processes [1–4], in the whistler fre-
quency range (vlh , v , vc, where vlh and vc are the
lower hybrid and the electron cyclotron frequencies, re-
spectively) as well as near the harmonics of vc or around
the electron plasma frequency vp . On the other hand,
spontaneous emission of whistler waves by modulated
electron beams through Cherenkov resonant interaction
has been studied recently in laboratory [5–9]. Owing to
the modulation of the beam current, electron bunches can
spontaneously emit significative Cherenkov radiation as a
result of the coherence between the electrons [10–14].

Nevertheless, no laboratory observations of spon-
taneous whistler radiation by beams through normal
Doppler shifted resonance have been reported. This
resonant mechanism, which has been actively investi-
gated theoretically and owing to numerical simulations
[12–19], is thought to play an important role in space and
astrophysical plasmas. For example, cyclotron resonance
interactions of waves with energetic particles are namely
believed to create enhanced electron precipitation and
VLF emissions in planetary magnetospheres [20] or to be
involved in solar flares [21]. However, electromagnetic
waves radiated by electron beams injected from satellites
in the magnetospheric and ionospheric plasmas during
active space experiments have been shown to result
from Cherenkov resonant radiation only [22–25]; indeed,
higher beam energy is required for significative Doppler
resonant radiation under ionospheric conditions.

This Letter reports the first observation in laboratory
of whistler waves radiated spontaneously by modulated
beams through normal Doppler shifted resonance; the
resonant beam-wave coupling is described by the con-
dition kz�m� � �v 1 mvc��ybz , where kz and ybz are
the parallel wave number and the parallel beam velocity
�m � 0, 61, 62, . . .�. Two different whistler excitation
mechanisms have already been evidenced in our labora-
0031-9007�99�83(7)�1335(4)$15.00
tory experiment when injecting a thin modulated electron
beam into the plasma parallel to the ambient magnetic
field B0 [8,9]: the Cherenkov resonant process �m � 0�
and the nonresonant transition radiation from the beam
injection region. When the beam injection is oblique,
whistler radiation through normal Doppler shifted reso-
nance �m � 21� with the spiraling beam can also be ob-
served. As already mentioned above, the role of narrow
spectrum beam density modulation is of crucial impor-
tance in our experiment, as it allows one to avoid de-
structive interferences between whistlers radiated by beam
electrons and to reveal resonant whistler radiation well
above the noise level. On another hand, when the beam
is not modulated or when the imposed modulation has a
broadband spectrum, whistler noise is observed in a wide
range of frequencies and wavelengths (e.g., [8,9,26]).
However, above the whistler frequency range, significa-
tive electromagnetic emission could be detected at vc and
its harmonics, owing to a filtering of broadband magnetic
fluctuations by the ordered cyclotron motion of electrons
(constructive interference) [26].

Whistlers are right-polarized electromagnetic waves
with frequency v and wave number k�kz , k�� verifying
the dispersion relation [27],

c2k2

v2 � 2
v2

p

v�v 2 vc cos u�
,

in the cold plasma approximation and for a dense
plasma (1 , vp�vc , 30 in our experiment); u

is the whistler propagation angle with respect to
the magnetic field B0 directed along the z axis
(B0 � B0z). Figure 1 shows the whistler index
surface for v . vc�2 and for different plasma densities
np . The straight lines kCh

z � kz�m � 0� � v�ybz

and kD
z � jkz�m � 21�j � �vc 2 v��ybz represent

the Cherenkov and the Doppler resonance conditions
between the modulated electron beam and the wave,
respectively [let us point out that kz�m � 21� , 0].
In both cases, beam-whistler resonant coupling occurs
© 1999 The American Physical Society 1335
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FIG. 1. Schematic representation of whistler waves index
surfaces: variation of the parallel wave number kz as a
function of the perpendicular one, k�, for v . vc�2 and
for different plasma densities np1 . np2 . np3 �np2 � nCh

p �;
the magnetic field B0 � B0z is fixed; kCh

z � v�ybz and
kD

z � �vc 2 v��ybz represent the Cherenkov and the Doppler
resonance conditions between the modulated electron beam and
the wave, respectively [to simplify the picture, we represent
kD

z � jkz�m � 21�j instead of kz�m � 21� , 0]; u is the
wave propagation angle with respect to B0 and vg�ygz , yg��,
the whistler group velocity perpendicular to the index surfaces.

only for plasma densities lower than the plasma density
thresholds nCh

p (for m � 0) and nD
p (for m � 21);

nD
p � nCh

p �vc�v 2 1�2 for a dense plasma �vp ¿ vc�.
When v . vc�2, nCh

p is larger than nD
p : for the plasma

density domain nD
p , np , nCh

p , only Cherenkov
radiation can be observed; below the Doppler thresh-
old nD

p , both types of resonant emissions can occur. If
v , vc�2, nCh

p is smaller than nD
p , and Doppler radiation

can be observed in the domain nCh
p , np , nD

p , where
Cherenkov emission cannot appear. Whistlers excited
through Doppler resonance propagate opposite to the
beam direction: parallel group and phase velocities vec-
tors, vD

gz and vD
pz , verify vD

gz ? vbz , 0 and vD
pz ? vbz , 0,

with yD
pz � jvD

pzj � v�kD
z and vbz � ybzz. On the

contrary, Cherenkov radiation propagates in the beam

FIG. 2. Schematic view of the experimental setup.
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direction (vCh
gz ? vbz . 0 and vCh

pz ? vbz . 0, with
yCh

pz � jvCh
pz j � v�kCh

z ).
The experiment (see Fig. 2) is performed in a discharge

plasma (argon pressure between 1025 and 1023 Torr)
generated by a large negatively biased oxide cathode that
provides electrons accelerated by an adjacent grounded
grid, which ionize the gas. The plasma (length of 0.7 m,
radius of 0.3 m) is immersed in an axial and uniform
magnetic field B0 less than 300 G. Pulsed discharges
are used and the experiment is performed in the after-
glow Maxwellian plasma, where np and Tp (electronic
temperature) vary in the ranges �109, 1012� cm23 and
�0.1, 1� eV, respectively. The electron gun, which is a
commercial available triode, is located in a separate cham-
ber at the end of the main chamber opposite to the cath-
ode. It consists of an oxide coated cathode, a grid of
command used to modulate and regulate the electron
beam as well as an acceleration grid. The injection pitch
angle is fixed to up � 45±. The gun produces a beam of
radius rb � 5 mm with a modulated current Ib , an energy
Eb , and a modulation frequency fm below 5 mA, 300 eV,
and 150 MHz, respectively.

All wave measurements have been performed with
shielded moving loop antennas located far from the beam
injection and absorption regions (gun exit and back wall
of the chamber, respectively), so that transition radiation
phenomena do not perturb significantly resonant wave
emissions [8]. The measured whistler wave field will
be indicated by Aw throughout the text. As expected,
no resonant whistler radiation has been observed in a
dense plasma where np . max�nCh

p , nD
p �. In the ranges

of parameters used in our experiment, no significant
whistler radiation through Doppler resonance �m � 21�
has been observed at low modulation frequencies � fm ,

fc�2, fc � vc�2p�, even for densities nCh
p , np , nD

p ;
for np , nCh

p , nD
p , only Cherenkov whistler radiation

has been detected at low fm. Nevertheless, for fm .

fc�2, whistler resonant radiation at m � 21 has been
observed as well as Cherenkov radiation; thus, our study
is mainly devoted to this case.

Phase velocities �yCh
pz , yCh

p�� of whistlers radiated
through Cherenkov resonance have been obtained from
the measurements of wave fields �ACh

w �t�	 as a function of
time, registered for different longitudinal and radial posi-
tions z and r of the receiving loop antenna, in the domain
nD

p , np , nCh
p , where resonant beam-whistler inter-

action occurs only for m � 0 [see Figs. 3(a) and 3(b)].
Waves propagate in the beam direction, and the measured
phase velocity yCh

pz � 7.4 3 108 cm s21 is in good agree-
ment with the independently measured beam parallel ve-
locity ybz � 7.6 3 108 cm s21; the perpendicular phase
velocity y

Ch
p�, of the order of 109 cm s21 [see Fig. 3(b)],

is also close to the theoretical value. Figures 3(c)
and 3(d) show similar measurements performed in the
domain np , nD

p , nCh
p : one can see that whistlers

propagate opposite to the beam direction as it is the
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FIG. 3. Whistlers radiated through Cherenkov and Doppler
resonances by a beam modulated at frequency fm: (a) Vari-
ation of wave fields �ACh

w �t�	 as a function of the time t
(Cherenkov emission), for different values of the longitudi-
nal coordinate z along the ambient magnetic field (z � 0 is
the position of the gun chamber exit and 25 , z , 35 cm)
which allows one to measure the parallel phase velocity
yCh

pz � 7.4 3 108 cm s21; (b) �ACh
w �t�	 for different radial posi-

tions r (2.2 , r , 8.1 cm), showing that yCh
p� � 109 cm s21;

(c) variation of wave fields �AD
w �t�	 as a function of the

time t (Doppler emission), for different values of the longi-
tudinal coordinate z along the ambient magnetic field (45 ,
z , 55 cm); the measured parallel phase velocity is yD

pz �
2.1 3 109 cm s21; (d) �AD

w �t�	 for different radial positions r
(3.7 , r , 9.6 cm), showing that yD

p� � 2.7 3 109 cm s21.
Parameters are the following: B0 � 40 G, fm � 81 MHz,
ybz � 7.6 3 108 cm s21, up � 45±, nCh

p � 4.8 3 1010 cm23,
nD

p � 7 3 109 cm23; [(a), (b)] nD
p , np � 2 3 1010 cm23 ,

nCh
p ; [(c), (d)] np � 4 3 109 cm23 , nD

p , nCh
p .

case for resonant radiation at m � 21. Moreover, the
corresponding phase velocities yD

pz and y
D
p�, of the order

of 2.1 3 109 cm s21 and 2.7 3 109 cm s21, respectively,
are in accordance with phase velocities of whistlers
excited through Doppler resonance. Let us mention that
the resonant emission at m � 21 [Figs. 3(c) and 3(d)]
is not significantly perturbed by the Cherenkov radiation
which also occurs in this density domain, owing to an
adequate choice of working parameters.

Figure 4 shows interferometric measurements of
whistler waves radiated through resonant processes for
different plasma densities; the measuring loop antenna
was located at a radial distance r � 3 cm from the
beam axis and was moved along z, between z � 20 and
FIG. 4. Interferometric measurements of resonant whistler
radiation at different plasma densities: nCh

p . np � 3 3

1010 cm23 . nD
p (upper curve); np � 1.5 3 1010 cm23 & nD

p

(middle curve); np � 7 3 109cm23 , nD
p (lower curve);

lCh
z and lD

z are the parallel wavelengths of whistlers excited
through Cherenkov and Doppler resonances, respectively.
Parameters are the following: B0 � 211 G, fm � 500 MHz,
nD

p � 1.8 3 1010 cm23, nCh
p � 5.3 3 1011 cm23, ybz �

9.6 3 108 cm s21, up � 45±; lCh
z � 2 cm, and lD

z � 10.5 cm.

z � 50 cm (z � 0 is the position of the gun chamber
exit). In order to simplify the interpretation of the curves,
parameters have been chosen so that the parallel wave-
lengths lCh

z � 2p�kCh
z and lD

z � 2p�kD
z of whistlers

excited through Cherenkov and Doppler resonances are
very different. In the dense plasma �np . nD

p �, only
Cherenkov radiation is present (see upper curve of Fig. 4):
the measured wavelength lCh

z � 2 cm corresponds to
the calculated value. When the plasma density decreases
below nD

p , radiation through Doppler resonance appears,
characterized by a parallel wavelength lD

z � 10.5 cm, as
expected (see lower curves of Fig. 4); beating between
waves radiated by the beam through the different resonant
processes occurs at np , nD

p , nCh
p .

FIG. 5. Variation of the parallel wave number kD
z � jkz�m �

21�j (in cm21) of whistlers radiated through Doppler resonance
as a function of the ambient magnetic field B0, in gauss.
Parameters are the following: fm � 500 MHz, np � 5 3
109 cm23, ybz � 9.6 3 108 cm s21, and up � 45±.
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FIG. 6. Contours of constant phase (maxima and minima
of axial interferometer traces) of whistlers excited through
Cherenkov (dotted lines and crosses) and Doppler resonances
(straight lines and dots). The horizontal and vertical axes
represent the radial and the longitudinal coordinates r and
z, respectively; vCh

g and vCh
p (respectively, vD

g and vD
p ) are

the phase and group velocities of whistlers radiated at m �
0 (respectively, at m � 21). Parameters are the following:
B0 � 205 G, fm � 500 MHz, ybz � 9.6 3 108 cm s21, up �
45±, np � 8 3 109 cm23, nCh

p � 4.5 3 1011 cm23, and nD
p �

1010 cm23.

Figure 5 presents the variation of the parallel wave
number kD

z of whistlers radiated through Doppler reso-
nance as a function of the ambient magnetic field B0,
showing a linear dependence characteristic of resonant
radiation at m � 21. The measured slope, p � 0.015,
close to the calculated one �p � 0.018�, can be used to
measure the parallel beam velocity. Such a diagnostic
could also be used for precise calibration of B0.

Figure 6 shows contours of constant phase of whistlers
resonantly excited by the beam through Cherenkov and
Doppler resonances, in the plasma density domain np &

nD
p ø nCh

p . As np ø nCh
p , oblique whistlers are radiated

at m � 0 near the resonance cones direction (the resonance
cone angle is ures � 23±), as shown by measurements of
the propagation angle uCh � 25± (Fig. 6). Phase surfaces
of Doppler radiation are characterized by a propagation
angle uD � 13± , ures. Directions of phase velocities
vCh

p and vD
p (normal to the phase surfaces) as well as of

group velocities vCh
g and vD

g (see Fig. 6) are determined
taking into account that the perpendicular group velocity
is directed outward the beam axis (at position r � 0).

In conclusion, first observations of whistlers excited
spontaneously by a modulated electron beam through
normal Doppler shifted resonance have been reported
in a laboratory experiment. The excited waves are
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propagating opposite to the beam direction and their phase
and group velocities are characteristic of beam-whistler
resonant coupling at m � 21. These results should
shed light on mechanisms of whistler wave excitation in
space plasmas, either by artificial beams injected from
spacecraft in the ionosphere and the magnetosphere or by
fluxes of energetic particles present in many astrophysical
and space phenomena.
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