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New aspects of whistler waves driven by an electron beam 
studied by a 3-D electromagnetic code 

Ken-Ichi Nishikawa l, Oscar Buneman 2'3, and Torsten Neubert 4 

Abstract. We have restudied electron beam driven 
whistler waves with a 3-D electromagnetic particle code. 
The simulation results show electromagnetic whistler 
wave emissions and electrostatic beam modes like those 

observed in the Spacelab 2 electron beam experiment. 
It has been suggested in the past that the spatial bunch- 
ing of beam electrons associated with the beam mode 
may directly generate whistler waves. However, the 
simulation results indicate several inconsistencies with 

this picture: (1) whistler waves continue to be gener- 
ated even after the beam mode space charge modula- 
tion looses its coherence, (2) the parallel (to the back- 
ground magnetic field) wavelength of the whistler wave 
is longer than that of the beam instability, and (3) the 
parallel phase velocity of the whistler wave is smaller 
than that of the beam mode. The complex structure of 
the whistler waves in the vicinity of the beam suggest 
that the transverse motion (gyration) of the beam and 
background electrons is also involved in the generation 
of whistler waves. 

1. Introduction 

During the Spacelab 2 flight, launched on July 29, 
1985, the Plasma Diagnostics Package (PDP) performed 
a fly-around of the shuttle at a distance of up to 300 m 
while an electron beam was being ejected from the shut- 
tle in a steady (dc) mode [Gurnett et al., 1986]. The 
plasma waves observed as the PDP approached and 
crossed through the beam took the appearance of a 
well-defined, funnel-shaped feature when displayed on 
frequency-time spectrograms. The waves were observed 
over a broad frequency range extending up to the elec- 
tron cyclotron frequency (fc • i MHz) with the center 
of the funnel coinciding with the passage through the 
beam. The mode was identified as the whistler mode, 

propagating with the wave normal close to the reso- 
nance cone. At even higher frequencies (3.1 MHz), in- 
tense narrowband emissions were observed inside the 
beam. These emissions are believed to be either at the 
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local electron plasma frequency fp or the upper hybrid 
resonance frequency, fwHn -- (f• + fp•)l/9. [Gurnett et 
al., 1986]. A review of recent beam experiments is given 
by Neubert and Banks [1992]. 

Omura and Matsumoto [1988a,b] performed the first 
simulation work related to the Spacelab 2 electron beam 
experiment, involving the initial transient response of 
the plasma to the injected electron beam. They pre- 
sented their results of a 2-D slab model and concluded 

that whistler waves can be generated directly by a finite- 
sized electron beam as a result of a beam instability 
itself independent of the electrostatic (ES) instability. 

Employing 1-D ES particle simulations, Farrell et al. 
[1989] found that Langmuir turbulence in the beam cre- 
ated a spatial modulation of the current structure, and 
therefore enhanced the the ability of the beam to radi- 
ate. Estimates of the radiation levels based on simula- 

tions were found to be in good agreement with observed 
levels of radiation. Electromagnetic simulations in 2-D 
supported this picture [Pritchett et al., 1989]. Even 
with no initial net current (a quiet start; background 
electrons drift opposite to beam electrons providing a 
return current to the spacecraft), ES beam-plasma in- 
stability is generated inside the beam creating a current 
structure due to the bunched beam electrons which al- 

lows for the radiation of whistler waves. 

Several studies have implied that the simple picture of 
an electron beam, space charge modulated by Langmuir 
turbulence, is not the means through which whistler ra- 
diation is generated, although it may be an important 
"seed" mechanism to get the process started. These 
works include Goerke el al. [1990] who, in a sounding- 
rocket experiment, found no evidence to support the hy- 
pothesis that ES bunching at the plasma frequency was 
responsible for the enhancement of the whistler mode 
radiation. Omura and Matsumoto [1987] studied on a 
general competing process of the ES and whistler in- 
stability analytically and using a 1-D electromagnetic 
code. They found that the whistler waves are unsta- 
ble enough even after the ES instability reaches its sat- 
uration, which will be discussed in this paper. Fur- 
thermore, simulation results have pointed out that the 
wavelength of the electrostatic beam turbulence differs 
from the wavelength of the whistler wave [Omura and 
Matsumoto, 1988a]. 

We attempt to establish more insight into the gen- 
eratio n mechanism of whistler waves using a 3-D, elec- 
tromagnetic, and relativistic particle code [Buneman, 
1991; Buneman et al, 1992; Neubert et al., 1992]. It ex- 
tends the 3-D simulations of Nishikawa et al. [1989] by 
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using a larger system and by including all components 
of the magnetic field as well as a self-consistent poloidal 
magnetic field as an initial condition. 

2. Simulation Results 

The system size used for the simulations is L• - Ly = 
85A,Lz -- 160A, where Lx, Ly, and Lz are the lengths 
of the system in 3-D and A(= 1) is the grid size. Pe- 
riodic boundary conditions are used along the ambient 
magnetic field (z-direction), while radiating boundary 
conditions [Lindman, 1975] are used in the x- and y- 
directions. 

The electron beam is initially in a column with radius 
feb - 4.47A, and the axis at the center of the domain 
(xc - yc - 43) oriented in the z-direction. The plasma 
density within the beam column is the same as outside, 
and the beam is initially charge neutral. The location 
of beam electrons within the column are randomly cho- 
sen and is about half of the total electron density. The 
total number of beam electrons is 4899. The beam drift 

velocity Vd - 3.5Vet, where Vet is the electron thermal 
velocity. The beam electron temperature T•o - 0.09T•, 
where T• is the temperature of the background elec- 
trons. In this study the ion drift velocity V/ is zero. 
To approximately simulate ionospheric conditions, we 
chose the following parameters' mi/me -- 64, Te/Ti - 
1, •e/wre - 0.4, c/vet - 10.67, wpeAt -- 0.10, /• -- 
0.111, ADe -- 0.469A, Pe -- 1.17A, Pi -- 9.38A, and 
c/wr• - 5.00A. 

As • new feature, quiet start conditions •re •chieved 
by including •n initiM poloidM m•gnetic field (IPMF) 
consistent with the current density J• carried by the 
beam electrons •t t - 0. (The maximum vMue of 
this poloidM m•gnetic is 17% of the •mbient m•gnetic 
field (B•o - 0.1)). The IPMF is cMcul•ted from the 
curl of the vector potential A, where A - (0,0, Az) 

given j) - > 
2 2 reb, Az(i,j) - Azo(log(1.0) + r /reo- 1.0);r < r•o, 

1. 2 where Azo - -•r e•Jz/(4•rc), r(= (i- x,) 2 + (j - y•)) 
is the radius from the beam column axis, and Jz is the 
current density in the column. 

The total electric and magnetic field energies as func- 
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Figure 1. The time history of the electric (solid curve) 
and magnetic (dashed curve) field energy. 
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Figure 2. The fields in the 2-dimensional planes with 
the initial poloidal magnetic field. (a) B• - By in the 
x- y plane (z = 80) at •0r,t = 25, and (b) B• - B, in 
the x - z plane (y = 43) at •0r,t = 25.6. 

tions of time are shown in Figure 1. The electric field 
energy (solid curve) saturates around •0r,t = 20, how- 
ever, the magnetic field energy (dashed curve includes 
the IPMF) increases even after •0r,t = 30, as first found 
by Omura and Matsumoto [1988a]. 

In Figure 2a, B•, By (With the IPMF subtracted) is 
shown in the center plane perpendicular to the beam 
axis at •0r,t = 25. Slightly before this time the elec- 
tric field energy becomes maximum. The length of the 
vectors have been scaled to enhance the weaker signals 
to better illustrate the field structure. A complicated 
wave pattern resembling a honeycomb structure is seen 
rather than simple concentric wave fronts. This struc- 
ture oscillates in time (not shown) constituting an out- 
ward propagating electromagnetic wave. This is one of 
the new results obtained only by a 3-D simulation. 

Figure 2b shows the magnetic field components B•, B, 
in the center (x, z) plane. The ambient magnetic field 
B,o has been subtracted. Waves are clearly created near 
the beam and propagating out in a complicated man- 
ner. If the parallel current is uniform, as in the initial 
conditions, the values of B•, B, should be zero. These 
components take on finite values in the center of the 
beam, which leads to the idea that a poloidal structure 
of the current is produced in addition to the current 
along the z-direction. A similar structure is seen in our 
previous paper discussing the polarization of a plasma 
cloud [Neubert et al, 1992]. Here, space charge layers 
formed at the edges of the cloud generate complex cur- 
rent structures carried by ambient electrons. It is likely 
that the time-varying space charge structures generated 
by the bunching of beam electrons, in a similar way, gen- 
erate currents in the ambient plasma that contribute to 
the generation of whistler waves. 

The beam electrons in phase space z- v• is shown in 
Figure 3a. The electrons are bunched, accelerated, and 
decelerated, fundamentally due to the excited ES waves. 
The background electrons, initially in the column, also 
show bunching and acceleration in and around the beam 
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•Jgu•e 3. S•p sho•s of ph•e sp•ce distributions of 
•he beam e]ec•o•s •a •he •o•] cu•e• • •t - 25. 
(a) The ph•e space in z- vz, (b) the total current 
by the beam and back•ound electrons initiafly in the 
column, and (c) the ph•e space in z- vr. 

column (not shown). As a result, a perturbed cur- 
rent structure is generated which acts like an antenna 
and emits whistler waves as suggested by Farrell et al. 
[1988, 1989], Pritchett et ai. [1989], and Wong and Lin 
[1990]. The Jz-component of the current averaged in 
the column is shown in Figure 3b. Our study found 
that although the beam initially was directed along the 
ambient magnetic field with no transverse component, 
transverse motions develop which are essential to the 
whistler wave generation. The beam electrons in phase 
space z- vr are plotted (Fig. 3c). The beam electrons 
have been accelerated significantly in the transverse di- 
rection. We will return to this point later. 

The evolution in time of the charge density and the 
magnetic field component B• along the beam axis are 
illustrated in Figure 4a,b. A closer inspection of Fig- 
ure 4a,b indicate that the space charge oscillations get 
randomized later while whistler waves continue to be 

generated. In fact, the different characteristics of the 
ES and whistler wave• in phase velocities, frequencies, 
and wavenumbers are clearly illustrated in Figure 5a,b. 
As shown in Figure 5b, the whistler waves are confined 
below 0.5wpe • •e and less than 3a•pe/c. On the other 
hand, the ES waves are complicated and extended at 

higher frequencies and larger wavenumbers (Fig. 5a). 
They look completely different as pointed out by Omura 
and Matsumoto [1988a,b]. This means that to generate 
whistler waves a more complicated (additional) mech- 
anism is required besides a parallel perturbed current 
due to the bunching of beam electrons which is con- 
sistent with the conclusion of Omura and Matsumoto 

[1988a. b]. It is also consistent with the idea that the 
self-quenching of the electrostatic instability by creation 
of an enhanced (turbulent) velocity spread may still al- 
low the whistler mode to take over eventually [Bell and 
Buneman, 1964]. It suggests that some current struc- 
ture still exists in the 3-D system (helically). 

3. Discussion 

We have attempted to establish a clearer picture of 
the generation mechanism of whistler waves. Results 
show an electrostatic mode contained within the beam 

column and whistler emissions propagating from the 
beam into the ambient plasma. These results agree 
qualitatively with observations obtained by PDP during 
the Spacelab 2 mission. The initial homogenous paral- 
lel current is perturbed through the beam mode, devel- 
oping spatial inhomogeneities, which stimulate whistler 
radiation [Farrell et al., 1988, 1989; Pritchett et al., 
1989]. On the other hand, we found that the beam 
mode is well separated from the whistler mode as also 
pointed out by 2-D simulations [Omura and Matsumoto, 
1988a,b] and sounding-rocket experiments [Goerke et 
al., 1990]. 

Because the beam mode must be instrumental in the 

perturbation of the beam current, we are faced with 
the challenge of unifying seemingly contradictory ev- 
idence as shown in Figure 5a,b. The correlation be- 
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Figure 4. The time evolutions of the wave patterns 
along the z direction at x - 43, y- 43. (a) the charge 
density, and (b) the magnetic field component (Bx). 
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Figure 5. The wave intensities of Figure 4 as func- 
tion of w and k• along 22 < z < 150 for the period 
11.3 < writ < 62.5. (a) the charge density, and (b) the 
magnetic field component (B•). 

tween the electrostatic and whistler waves at the center 

of the electron beam does not convince us that the par- 
allel perturbed current due to the bunching of the beam 
electron generates the whistler wave by itself. We sug- 
gest a solution along the lines first discussed by Bell and 
Buneman [1964]. A spread in the beam electron veloc- 
ity in the transverse direction leads to an instability of 
the stream-plasma system in the whistler mode, with 
the transverse electron motions serving as an energy 
source. As shown in Figure 2b, the magnetic compo- 
nent B, is produced by the transverse electron motion 
which is consistent with this finding. 
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