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Secondary-Electron-Emission Instability in a Plasma
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(Received 29 June 1998)

A 200-eV electron beam is incident on an electrode in a laboratory plasma. The emis
of secondary electrons produces a region of negative differential resistance in the current-vo
characteristic of the electrode. Spontaneous dynatron oscillations are driven by the negative differ
resistance when a resonant circuit is placed in series with the electrode. The instability is driven b
beam energy, produces large amplitudes comparable to the beam voltage, modulates beam and
parameters, and excites plasma eigenmodes such as ion acoustic waves. [S0031-9007(98)08228

PACS numbers: 52.40.Hf, 52.35.Qz, 52.40.Fd, 52.70.Ds
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The interaction of electron beams with plasmas has be
studied extensively. For example, in space plasmas
tention has been focused on natural electron beams
the aurora [1] and artificially injected beams from spac
craft [2], in the laboratory electron beams are used in
discharges [3], turbulent heating of fusion plasmas [4
generation of coherent radiation sources [5], and las
based particle accelerators [6]. Numerous instabilities c
be excited by beams in resonance with waves. The
may be supported by slow wave structures in free spa
[7], plasma eigenmodes such as Langmuir waves [8],
oblique whistler waves [9]. When the electron bea
interacts with boundaries, secondary electron emiss
occurs [10], which can produce a different class of inst
bilities. These are based on the negative differential
sistance of the current-voltage,I-V , characteristic of the
collecting-emitting electrode. Such dynatron oscillation
have been studied in vacuum tubes [11] but, to our know
edge, not in plasmas. Of course, the dc characteristic
Langmuir probes subject to secondary electron emiss
are well known [12,13]. In this Letter, we report exper
mental observations of the secondary-electron-emission
stability in an unmagnetized discharge plasma. The sali
features of the instability are as follows: (i) large-amplitud
oscillations bounded by the plasma potential and the be
potential; (ii) frequencies determined by the circuit induc
tance and the sheath capacitance; (iii) the beam provid
the free energy for the instability which can operate at ze
dc current to the electrode; (iv) that the instability can ari
between two floating electrodes connected by an induct
one of which is emitting secondary electrons; (v) that th
instability excites plasma eigenmodes, e.g., ion acous
waves or Langmuir wave sidebands. The instability is n
only of intrinsic interest in basic plasma physics but ma
arise on long spacecraft structures bombarded by energ
electrons [14] of Langmuir probes terminated by inducto
in electron beams [15] where the oscillations might be m
taken as a beam-plasma instability.

The experiments, performed as part of a univers
course in experimental plasma physics [16], are co
ducted in a 1.2 m long, 40 cm diameter cylindrica
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plasma device shown in Fig. 1. A discharge plasm
(ne ø 109 cm23, kTe ø 3 eV, pn  3 3 1024 Torr Ar)
is created by an electron beam (Vb  100 300 V, Ib 
20 500 mA) emitted from 2.5-cm-diameter oxide-coated
cathode. The plasma density is independently obtaine
from Langmuir probe traces and an rf probe measuring th
electron plasma frequencysv2

pe  nee2yme´0d, while the
electron temperature is found from both Langmuir probe
and the speed of ion acoustic wavessc2

s  kTeymid.
Various electrodes are placed in different location

both within and outside of the beam. These includ
plane wire grids (stainless steel,3 3 3 cm2 and 7.5 3

7.5 cm2, 50% transparent) and a plane Langmuir prob
(3.7-mm diameter Ta). Depending on the measuremen
performed, different electrical circuits are attached t
the electrodes. The dcI-V characteristics are obtained
by biasing the electrodes with respect to the grounde
chamber wall. To produce ac oscillations, a resonan
circuit is connected in series with the dc bias suppl
whose internal impedance is negligible. Oscillations ar
generated with either grids or Langmuir probes connecte
to ground or interconnected as double electrodes whic
float electrically with respect to ground.

The experimental results start with a brief review o
the dc I-V characteristics of an electrode in a beam
plasma system. Figure 2 shows a plot of2Igrid vs
Vgrid with a 197-eV beam normal to the grid. For grid

FIG. 1. Experimental setup.
© 1999 The American Physical Society
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voltages more negative than the beam voltage, only
ion saturation current is collected. As the grid voltag
is increased, the grid collects beam electrons. When
currents due to ions and beam electrons balance, the
is at its first floating potential,Vf,1. For grid voltages
more positive thanVf,1, the current is first dominated
by the flux of beam electrons, but then reduced d
to the emission of secondary electrons. Note that t
emission of secondaries produces a positive current, wh
the collection of beam electrons results in a negati
current. When the beam electron current is balanced
both the secondary electron current and the ion curre
the grid is at its second floating potential,Vf,2. Note
that the I-V characteristics have a negative differentia
resistance,s≠Iy≠V d21 , 0, hence Vf,2 is an unstable
floating potential. The negative resistance arises fro
the fact that, as the voltage on the grid is increased,
beam electrons strike the grid with a higher energy a
create a higher emission current of secondary electro
which reduces the net current. When the grid volta
is further raised, the thermal electrons of the dischar
plasma are collected. When the currents of the plas
electrons, beam electrons, secondary electrons, and
all balance, the grid is at its third floating potential,Vf,3.
For grid voltages larger thanVf,3, the plasma electron
current would exponentially grow and saturate at th
plasma potential as with the standard LangmuirI-V trace.

Spontaneous voltage oscillations are generated in
parallelLC resonant circuit connected in series with ele
trodes biased in the negative resistance range. The osc
tion frequency depends on the external circuit elements
well as the plasma parameters via the sheath capacita
Typical values range from 10 kHz to 10 MHz, compare
to typical plasma frequencies of ions,fpi  1.5 MHz, and
electrons,fpe  400 MHz. The highest frequency, ob-
tained without external capacitance, is determined by t
sheath capacitance. Because of sheath expansion, the
quency increases with dc bias voltage and decreases w

FIG. 2. dc current-voltage characteristic of a grid in a
electron beam subject to secondary electron emission.
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plasma density. The oscillation amplitude depends on
circuit losses, i.e., equivalent parallel resistance, compa
to the negative differential resistance which depends
amplitude. For larger beam currents, the negative diffe
ential resistance is smaller; hence, for given circuit loss
the instability amplitude increases until they are clippe
The oscillations are clipped by the steep rise of theI-V
curve near the plasma potential and, to a lesser degree
the positive differential resistance nearVf,1. There is also
a slight negative frequency shift for increasing oscillatio
amplitudesDfyDV ø 20.5 kHzyVd at a constant dc bias.

Plots of the voltage and current oscillations are show
in Fig. 3 which shows the voltage and current oscillation
on a wire grid connected to ground via a paralle
LC circuit, L  5.3 mH and C  23 pF (partly due
to the capacitive coupling between the grid and th
plasma) and a voltage bias. Figure 3 shows the volta
on the grid while it is swept from2220 V to 7 V
and being exposed to a 197 V, 100 mA electron bea
As the voltage sweeps though the negative resistan
region, voltage oscillations, with a frequency given b
1
2 p

p
LC  455 kHz, appear on the grid. Figure 3(b

FIG. 3. (a) Voltage sweep of a wire grid exposed to an ele
tron beam shown as a function of time. Spontaneous volta
oscillations appear over the negative differential resistance
gion of the wire grid and are clipped at the plasma potenti
Vplasma  7 V. (b) A detailed plot of the voltage vs time and
current vs time oscillations. The grid bias,Vbias  250 V, is
shown as a dashed line.
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shows an expanded view of Fig. 3(a) at a fixed gr
voltage Vbias  250 V. The voltage oscillates around
the dc bias and is clipped just above the plasma poten
Vplasma  7 V. Fourier analysis reveals a spectrum wit
many harmonics of the fundamental instability. Thes
could produce electromagnetic radiation for frequenci
larger than the electron plasma frequency.

These grid oscillations modulate the electron bea
current, causing slight charge imbalances. This crea
an oscillating electric field at the beam edge whic
launches ion acoustic waves that propagate radia
outward from the beam. Figure 4 shows the results
interferometry measurements taken between grid oscil
tions and fluctuations in the electron saturation curre
sJsat ø 2en

p
2kTeyme d measured by a movable Lang-

muir probe. Figure 4(a) shows the dispersion relatio
generated by measuring the wavelength correspond
to several grid instability frequencies. The straight lin
fit to the data yields a sound speed of2.5 3 105 cmys
which is in good agreement with the value calcu
lated from Langmuir probe temperature measuremen
2.7 3 105 cmys. Figure 4(b) presents a 2-dimensiona
plot that shows lines of density maxima and minim
(phase fronts) of 200 kHz ion acoustic waves. The pl
clearly shows propagation radially outward from th
electron beam. The apparent increase in wavelength
distances far from the beam is a result of the curve
path taken by the Langmuir probe.

In addition to launching ion acoustic waves, the se
ondary emission grid instability creates sidebands in t
beam-plasma instability resonance curve. Figure 5 sho
the spectrum analysis of rf probe data taken 17 cm fro
the primary beam source with a3 3 3 cm2 grid in be-
tween. Figure 5(a) was taken with zero bias, and hen
no oscillations, on the grid. A resonance peak is se
just above the plasma frequency that arises due to
beam-plasma instabilitysnbeam ø vpeykLandaud. When
a 275 V bias is placed on the grid, causing 8.6 MHz
oscillations due to the secondary emission instability, th
spectrum appears as in Fig. 5(b). Sidebands form ne
the beam-plasma instability resonance at the frequen
of the secondary emission instability above and belo
the plasma frequency,fpe 6 finst. These sidebands form
because of the density modulation of the electron bea
by the voltage oscillations on the grid. Note that th
plasma frequencyfpe is slightly reduced in Fig. 5(b) cor-
responding to a 2% reduction in the plasma densityne.
This is caused by the negative bias on the grid whic
lowers the plasma potential, the primary electron bea
current, and thereby the density.

The present set of experiments has shown how ele
trodes exposed to electron beams can exhibit a second
electron emission instability. In an unmagnetized plasm
the instability was shown to be able to couple to the io
acoustic mode and to modulate the frequency of the bea
plasma instability. In a magnetized plasma, the seconda
558
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FIG. 4. Interferometry measurements of ion acoustic wave
(a) Dispersion relation for ion acoustic waves yielding a sou
speed of2.5 3 105 cmys. (b) Phase fronts of 200 kHz ion
acoustic waves measured with inteferometry techniques wh
show propagation perpendicular to the beam.

electron emission instability could couple to the whistle
mode and the Alfvén mode.

The secondary electron emission instability can o
cur when the following conditions are met: First, tw
electrodes must be present in the plasma with at le
one being bombarded by primary electrons; second,
electrodes must be inductively coupled (the capaciti
coupling between the electrode and the plasma was eno



VOLUME 82, NUMBER 3 P H Y S I C A L R E V I E W L E T T E R S 18 JANUARY 1999

h

d

as
n-
d
s.

igh
d
ld
s-
se
r-
i-
gh
s-

ty.

,

,

FIG. 5. rf probe measurements showing the beam-plas
instability. (a) The beam plasma instability in the absen
of the secondary emission instability showing a resonan
just above the electron plasma frequency,fpe  375 MHz.
(b) The beam plasma instability in the presence of t
secondary electron emission instability showing sidebands
the secondary emission instability frequency above and bel
the plasma frequency,fpe 6 finst. The plasma frequency is
lower in this case because of the large bias on the grid
explained in the text.

for the highest frequency oscillations); third, the electro
being bombarded by the primary electrons must be initia
forced to a potential more negative than the other electro
(by about half the beam energy in volts). The last cond
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tion need not be met by using an external power supply (
was done in this set of experiments). An extended co
ducting structure moving through a magnetic field coul
become sufficiently charged to induce these oscillation
Note also that a large conducting structure can have a h
self-inductance. In light of this, it is possible for extende
satellite-tether systems moving through a magnetic fie
and being exposed to an electron beam to exhibit the o
cillations presented here. It would be easy to mistake the
oscillations or the effects of these oscillations on the su
rounding plasma for naturally occurring plasma instabil
ties. Plasma studies that use inductance to filter out hi
frequency signals received by Langmuir probes in the pre
ence of electron beams could also produce this instabili
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