
VOLUME 77, NUMBER 25 P H Y S I C A L R E V I E W L E T T E R S 16 DECEMBER1996

den

density
m) in
tanding
lasma
without
ndency
Formation of Electric Field Spikes in Electron-Beam–Plasma Interaction
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High-frequency waves, which are driven by a strong electron beam and propagate along a
gradient, can form spatially concentrated “HF spikes” which extend typically one wavelength (1 c
the direction along the beam. Experiments and computer simulations show that the spike is a s
wave with nodes at boundaries to regions with propagating waves. The spikes only form in a p
density gradient, and attempts to produce them in homogeneous plasma have failed. They form
trapping of the waves in density cavities and remain stable after the formation, i.e., there is no te
towards collapse of the structure. [S0031-9007(96)01902-3]

PACS numbers: 52.40.Mj, 52.35.Qz
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In previous papers we have reported investigations o
high-frequency (HF) oscillations driven by electron bea
injected into the plasma at an electric double layer.
this case the beam density is in general much higher
in the classical beam-plasma experiments, and the w
propagates along the density gradient that surrounds
double layer [1,2]. It was found that the amplitude of t
HF waves had a sharp maximum and formed a spike w
width of 1–2 cm (about one wavelength) within the reg
with density gradient. The growth length and the am
tude were found to agree fairly well with theoretical exp
tations from linear growth [3,4] and beam trapping [4,
However, the limited extent in the beam direction h
remained unexplained. Proposed explanations which
have investigated, but cannot match our data, are Lang
collapse, the formation of wave packets moving with
slow group velocitydvydk, and rapid thermal Landa
damping after the wave growth is saturated. In these
periments two innovations in HF probe design mad
possible to achieve both an absolute amplitude cali
tion of electric fields up to 600 MHz and single-swe
multiple probe measurements without severe mutual p
disturbance, both features which had never been achi
before.

In this paper we report experimental observations
this HF spike in the plasma density gradient in front
a plane cathode and in computer simulations, and for
first time a physical picture, supported by both experime
and simulations, is presented of such HF spikes. The
spikes can form for electric fields well below the thresh
field for modulational instability, and the spikes form
early times long before a density cavity has formed
the simulations. A conditional sampling technique is u
to obtain space-time graphs of the wave structure in
turbulent plasma, showing that the HF spike consist
a narrow standing wave with nodes at the boundarie
the neighboring regions with lower-amplitude, propagat
waves. The computer simulations reproduce this w
pattern in detail, and the spike forms only when a den
gradient is introduced but not when the beam is injec
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into homogeneous plasma. The simulations also show
the electron beam is strongly scattered in the vicinity of
stationary HF spike.

The experimental device was a large cylindrical sta
less steel tank (Fig. 1). The coil on the right-hand s
of the chamber produces a magnetic mirror field wh
is approximately constant over the interaction region
gives an electron gyro radius of about 1 mm there. T
plasma was produced by a discharge between a hot
thanum hexaboride cathode (diameter 35 mm), and a r
shaped anode (inner diameter 100 mm, and outer diam
330 mm). The cathode was heated to about 1500±C. By
applying a negative voltage to the cathode we inject
electron beam through the plasma. Most of the app
voltage falls across a sheath close to the cathode.
voltage drop in the sheath is 35 V. The plasma is p
duced via ionization of the background gas by the e
tron beam. The background gas is argon at a pressu
1 3 1024 mbar. Electrons from the cathode must mo
across the magnetic field to reach the anode ring.

FIG. 1. The Green tank in which the experiments were p
formed. The electrons are accelerated in the cathode sh
and travel to the left in the figure.
© 1996 The American Physical Society 5059
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beam density is about 25% of the total electron num
density. The beam density was calculated from the m
sured current and the velocity gained from the accele
tion in the cathode sheath.

The plasma potential and the plasma density as a fu
tion of the axial coordinatez are shown in Fig. 2. The
plasma potential measurements were made using elec
emitting probes. The density and temperature were fo
from analysis of Langmuir probe characteristics. So
discharge parameters are shown in Table I. The elec
field of the high-frequency plasma waves was measu
with double probes matched to50 V [6]. To minimize
the disturbance on the plasma we used naked thin sp
as probe shafts, as described in [2,7].

The maximum amplitude of the HF electric field, a
measured by a probe that was moved to different po
tions along the beam, is shown by the solid curve in Fig.
Within this region the HF spike has an irregular motio
back and forth with a velocity of the order of the ion acou
tic velocity due to fluctuations in the turbulent plasma. T
obtain the shape of the spike by simultaneous meas
ments we use the technique described in [1]. We h
three probes, A, B, and C, where probe A is closest
the cathode, probe B is in the middle, and probe C is f
ther out. The recordings were triggered by a high level
probe B which was kept stationary while probes A and
were moved to different positions. The maximum amp
tudes on probes A and C, within610 ns (larger than the
travel time of the wave between the probes) from the tr
gering time, were recorded. Four recordings were tak
for each value of the probe separation. The crosses
rings below the solid curve in Fig. 3 shows the averag
of these four. The diagram shows that the HF spike
tends typically 1 cm, about one wavelength, in the be
direction. The field is axially directed over most of th
plasma column cross section which is determined by
diameter of the cathode. At the radial boundary the m
nitude of the field drops to very small levels.

Detailed measurements of the growth rate, amplitu
damping rate, and motion of such HF spikes were
ported in [1] in a different experimental configuration wit
a smaller beam density. The space and time evolution
the wave form within a spike is here reported for the fi
time. For this purpose we have used a conditional sa

FIG. 2. Plasma potential (3) and density (s) measured along
the axis of the experimental device. The dashed curve sh
the initial plasma density profile in the simulation.
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TABLE I. Some parameters from the experiment and
simulation.

Experiment Simulation

Plasma densityne 2 3 1015 m23 2 3 1015 m23

Relative densitynbeamyne 20%–30% 5%
Electron temperatureTe 5–10 eV 5 eV
Beam energyWbeam 35 V 35 eV
Magnetic fieldB 7 mT 0

pling technique. A large amount of data were collected
the turbulent plasma with three probes at various distan
from each other. The data were then processed in a c
puter to select subsets of data satisfying various selec
criteria which all were based on the signal from the tr
gering probe B alone. A successful combination, wh
picks out the same frequency and wavelength, was tha
wave amplitude at the position of probe B should be
tween 1000 and 1500 Vym, and constant within 1% ove
at least two wave periods. From our full data set, we u
all the data that satisfied this condition. In cases where
got several “hits” for the same probe distance we used
average field from these. The result can be visualized
a plot such as is displayed in Fig. 4. It shows the el
tric field of the wave as a function of time and space. T
standing wave atz ­ 45 mm is clearly seen. Outside th
standing wave the dominating feature is a forward m
ing wave with a phase velocity slightly below the bea
velocity, as expected by a beam-driven plasma oscillat
This wave is amplitude modulated so that an interfere
pattern is created, suggestive of interference with a ba
wards traveling wave with a lower amplitude. A line wi
a slope corresponding to the phase velocity of such a b
wards traveling wave should trace the amplitude maxi
created by the constructive interference between the
waves. The slope of such a line shows that the backw
traveling wave has a phase velocity about equal to tha
the forward wave.

The HF spike is found approximately betweenz ­
40 mm andz ­ 50 mm in Fig. 4, where the amplitude i
largest. We interpret this part as a purely standing wa

FIG. 3. The maximum electric field amplitude as a function
the axial coordinatez (solid curve). Also shown are the resul
of simultaneous three probe measurements. Measurem
made with probe A, which is closest to the cathode, are mar
“3,” probe B “1,” and probe C “s.” There is clearly an HF
spike, as in the double layer case.
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FIG. 4. Space-time diagram of the electric field, given by
gray scale with white as maximum. Dark and light strip
pointing in a direction corresponding to the phase velocity
seen, and the field spike atz ­ 45 mm is clearly seen. There
are also less pronounced stripes going towards decreasiz
values with increasingt values, thus indicating that a fraction o
the wave is traveling backwards. The total wave pattern out
the field spike region can be considered as a superposition
traveling and a standing wave.

This hypothesis is tested using the particle-in-cell co
PDP1[8].

The simulation parameters are compared to the exp
mental parameters in Table I. We simulated a 200 m
long plasma, whose temperature was 5 eV. The initial d
sity was increasing linearly from zero atz ­ 0 to 2 3

1015 m23 at z ­ 100 mm, and was constant and equal
2 3 1015 m23 from z ­ 100 mm to z ­ 200 mm. For
reference, this profile is shown as a dashed curve
Fig. 2. The beam was not injected at the boundary
self-consistently accelerated in a cathode sheath. A h
Maxwellian distribution of electrons (current density
20 Aym2) was injected atz ­ 0, with a temperature of
0.15 eV. The left (z ­ 0) electrode was biased to220 V.
The voltage drop across the sheath then became a
35 V, that is, equal to the voltage drop accelerating
beam in the experiment. The plasma potential and den
profiles are similar to the experimental ones shown
Fig. 2. A sheath, corresponding to the cathode she
forms close to the left boundary of the simulated plasm

A grey scale plot of the electric field in the simulatio
as a function of time and space is shown in Fig. 5. T
electric field was recorded betweent ­ 3.0 ms andt ­
3.01 ms. The similarity with Fig. 4, which shows th
electric field in the experiment, is conspicuous. In bo
cases there is, outside the central HF spike, an interfere
pattern where the forward traveling wave dominates. T
HF spike in both cases is a standing wave with ab
one wavelength extension. The simulated HF spike is c
tered at close to the same position as in the experim
z ­ 40 mm. Figure 6 shows the instantaneous E field
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FIG. 5. The electric field of the wave as a function of tim
and space in the simulation. The similarity with the expe
mental data shown in Fig. 4 is conspicuous. Also in the sim
lation the total wave can be considered as a superposition
traveling and a standing wave.

the simulation fort ­ 3.0 ms. The dominating amplitude
of the HF spike is more evident than in the grey scale p
of Fig. 5. Thus the simulation has reproduced the HF sp
that was discovered experimentally [1].

The strong scattering of the beam electrons in
vicinity of the HF spike is shown in Fig. 7. After a
sufficiently long time, a small depletion in the plasm
density can be seen in the simulation at the same p
as the peak in the electric field showing the effect
the ponderomotive force. However, the field spike
seen before the density depletion appears, and when
simulation is run for several microseconds, the peak d
not change size or move. Hence we conclude that
density depletion has little or no influence on the wa
itself in this case.

We have investigated the importance of a density g
dient for the HF spike to appear. When running the sim
lation with a constant plasma density of2 3 1015 m23

without any density gradient, the waves were purely f
ward traveling, and were present at large amplitude in
whole plasma to the right ofz ­ 40 mm where they had

FIG. 6. The simulated electric field at timet ­ 3.002 89 ms.
The field spike is at aboutz ­ 35 mm. The position remains
stationary, and the field oscillates between about64 kVym.
5061
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FIG. 7. Velocity phase space for beam and plasma electr
at time t ­ 3.002 89 ms. The plot displays 80 mm of the
200 mm diode to emphasize the HF region. The position
the HF spike is aboutz ­ 35 mm, and the beam is strongly
dispersed after passing the spike.

grown to full amplitude, and no spike appeared even
very long simulation times.

An HF spike in a density gradient was also found in
experiment where the beam was generated by accelera
of electrons in an electric double layer [1]. The similari
of the waves in the two discharges were found in spite
the very different experimental conditions. In the doub
layer (DL) case the electron beam was going into t
magnetic mirror, whereas in the case here it goes ou
it. The beam emitted from the cathode is much cold
than the beam of the DL case. The relative beam den
h ­ nbyn0 was 3% in the DL case, and 20%–30%
the cathode case. The main similarity was the voltage
which the beam electrons were accelerated. It was 3
in the simulation and the cathode experiment, which is
too far from the 27 V double layer voltage.
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In summary, we have shown that the field spike
formed both in two different experiments and in th
simulations, and we conclude that it represents a gen
phenomenon, not peculiar to the experimental configu
tion used in this paper. In all three configurations we ha
observed the HF spikes only in regions with a density g
dient. The HF spike represents a standing wave.
simulations show that the HF spike strongly scatters
electron beam, and accordingly it offers a new type of be
scattering mechanism which can dominate over amplit
saturation by electron trapping in a propagating wave.
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