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Secondary-Electron-Emission Instability in a Plasma
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A 200-eV electron beam is incident on an electrode in a laboratory plasma. The emission
of secondary electrons produces a region of negative differential resistance in the current-voltage
characteristic of the electrode. Spontaneous dynatron oscillations are driven by the negative differential
resistance when a resonant circuit is placed in series with the electrode. The instability is driven by the
beam energy, produces large amplitudes comparable to the beam voltage, modulates beam and plasma
parameters, and excites plasma eigenmodes such as ion acoustic waves. [S0031-9007(98)08228-3]

PACS numbers: 52.40.Hf, 52.35.Qz, 52.40.Fd, 52.70.Ds

The interaction of electron beams with plasmas has beeplasma device shown in Fig. 1. A discharge plasma
studied extensively. For example, in space plasmas atn, =~ 10° cm™3, kT, = 3 eV, p, = 3 X 107* Torr Ar)
tention has been focused on natural electron beams is created by an electron beavi,(= 100-300 V, I, =
the aurora [1] and artificially injected beams from space20-500 mA) emitted from 2.5-cm-diameter oxide-coated
craft [2], in the laboratory electron beams are used in decathode. The plasma density is independently obtained
discharges [3], turbulent heating of fusion plasmas [4]from Langmuir probe traces and an rf probe measuring the
generation of coherent radiation sources [5], and laserlectron plasma frequenoﬁy)f,e = n.e’/m.go), While the
based particle accelerators [6]. Numerous instabilities caalectron temperature is found from both Langmuir probes
be excited by beams in resonance with waves. Thesand the speed of ion acoustic wave$ = kT,/m;).
may be supported by slow wave structures in free space Various electrodes are placed in different locations
[7], plasma eigenmodes such as Langmuir waves [8], oboth within and outside of the beam. These include
oblique whistler waves [9]. When the electron beamplane wire grids (stainless stedl,x 3 cn? and 7.5 X
interacts with boundaries, secondary electron emissiofi.5 cn?, 50% transparent) and a plane Langmuir probe
occurs [10], which can produce a different class of insta{3.7-mm diameter Ta). Depending on the measurements
bilities. These are based on the negative differential reperformed, different electrical circuits are attached to
sistance of the current-voltagg;V, characteristic of the the electrodes. The d&-V characteristics are obtained
collecting-emitting electrode. Such dynatron oscillationsby biasing the electrodes with respect to the grounded
have been studied in vacuum tubes [11] but, to our knowlehamber wall. To produce ac oscillations, a resonant
edge, not in plasmas. Of course, the dc characteristic dafircuit is connected in series with the dc bias supply
Langmuir probes subject to secondary electron emissiowhose internal impedance is negligible. Oscillations are
are well known [12,13]. In this Letter, we report experi- generated with either grids or Langmuir probes connected
mental observations of the secondary-electron-emission irte ground or interconnected as double electrodes which
stability in an unmagnetized discharge plasma. The salieriloat electrically with respect to ground.
features of the instability are as follows: (i) large-amplitude The experimental results start with a brief review of
oscillations bounded by the plasma potential and the beathe dc /-V characteristics of an electrode in a beam-
potential; (i) frequencies determined by the circuit induc-plasma system. Figure 2 shows a plot oflyiq Vs
tance and the sheath capacitance; (iii) the beam providing,;;q with a 197-eV beam normal to the grid. For grid
the free energy for the instability which can operate at zero
dc current to the electrode; (iv) that the instability can arise

between two floating electrodes connected by an inductol Vbeam G Vgrid ‘

one of which is emitting secondary electrons; (v) that the _|.—l _m—"_r

instability excites plasma eigenmodes, e.g., ion acousti " " L

waves or Langmuir wave sidebands. The instability is not rf-probe _'dl

only of intrinsic interest in basic plasma physics but may lgrid ______ gridy

arise on long spacecraft structures bombarded by energet :l — N = _l_e_beam

electrons [14] of Langmuir probes terminated by inductors cathode —|I—m —1I—m — — — — — _ _

in electron beams [15] where the oscillations might be mis- Bo=0 ne = 2X109 cm-3

taken as a beam-plasma instability. Langmuir{probe Ar:0.3 mTorr kTe=3 eV
The experiments, performed as part of a university | —

course in experimental plasma physics [16], are con-

ducted in a 1.2 m long, 40 cm diameter cylindrical FIG. 1. Experimental setup.
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voltages more negative than the beam voltage, only thplasma density. The oscillation amplitude depends on the
ion saturation current is collected. As the grid voltagecircuit losses, i.e., equivalent parallel resistance, compared
is increased, the grid collects beam electrons. When tht® the negative differential resistance which depends on
currents due to ions and beam electrons balance, the graimplitude. For larger beam currents, the negative differ-
is at its first floating potentialy,;. For grid voltages ential resistance is smaller; hence, for given circuit losses,
more positive thanV,;, the current is first dominated the instability amplitude increases until they are clipped.
by the flux of beam electrons, but then reduced duéhe oscillations are clipped by the steep rise of thg

to the emission of secondary electrons. Note that theurve near the plasma potential and, to a lesser degree, by
emission of secondaries produces a positive current, whilthe positive differential resistance ndar;. There is also

the collection of beam electrons results in a negativa slight negative frequency shift for increasing oscillation
current. When the beam electron current is balanced bgmplitude(Af/AV = —0.5 kHz/V) at a constant dc bias.
both the secondary electron current and the ion current, Plots of the voltage and current oscillations are shown
the grid is at its second floating potentiaf;,. Note in Fig. 3 which shows the voltage and current oscillations
that theI-V characteristics have a negative differentialon a wire grid connected to ground via a parallel
resistance,(91/0V)~! < 0, henceV;, is an unstable LC circuit, L = 53 mH and C = 23 pF (partly due
floating potential. The negative resistance arises fronto the capacitive coupling between the grid and the
the fact that, as the voltage on the grid is increased, thplasma) and a voltage bias. Figure 3 shows the voltage
beam electrons strike the grid with a higher energy andn the grid while it is swept from—220V to 7V
create a higher emission current of secondary electronand being exposed to a 197 V, 100 mA electron beam.
which reduces the net current. When the grid voltageAs the voltage sweeps though the negative resistance
is further raised, the thermal electrons of the dischargeegion, voltage oscillations, with a frequency given by
plasma are collected. When the currents of the plasméw\/ﬁ = 455 kHz, appear on the grid. Figure 3(b)
electrons, beam electrons, secondary electrons, and ions

all balance, the grid is at its third floating potenti&l; 3.

For grid voltages larger thai, 3, the plasma electron 50 (2)

current would exponentially grow and saturate at the

plasma potential as with the standard Langniui¥f trace. Of
Spontaneous voltage oscillations are generated in ¢

parallel LC resonant circuit connected in series with elec- 2 -50

trodes biased in the negative resistance range. The oscilla o

. o o-100t

tion frequency depends on the external circuit elements as ©

well as the plasma parameters via the sheath capacitanct '>6 -150}
Typical values range from 10 kHz to 10 MHz, compared
to typical plasma frequencies of ions, = 1.5 MHz, and -200
electrons,f,. = 400 MHz. The highest frequency, ob- ]
tained without external capacitance, is determined by the =230 70 55 EX0) 70 50
sheath capacitance. Because of sheath expansion, the fr
quency increases with dc bias voltage and decreases witl
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| Voeam i FIG. 3. (a) Voltage sweep of a wire grid exposed to an elec-
1 d . . ; tron beam shown as a function of time. Spontaneous voltage
-200 -100 0 oscillations appear over the negative differential resistance re-
Voltage (V) gion of the wire grid and are clipped at the plasma potential,
Vpiasma = 7 V. (b) A detailed plot of the voltage vs time and
FIG. 2. dc current-voltage characteristic of a grid in ancurrent vs time oscillations. The grid biagy;,, = —50 V, is
electron beam subject to secondary electron emission. shown as a dashed line.
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shows an expanded view of Fig. 3(a) at a fixed grid 350 (a)

voltage Vii.s = —50 V. The voltage oscillates around ' ' ‘e
the dc bias and is clipped just above the plasma potential
Voasma = 7 V. Fourier analysis reveals a spectrum with

many harmonics of the fundamental instability. These
could produce electromagnetic radiation for frequencies 300
larger than the electron plasma frequency.

These grid oscillations modulate the electron beam
current, causing slight charge imbalances. This creates
an oscillating electric field at the beam edge which
launches ion acoustic waves that propagate radially
outward from the beam. Figure 4 shows the results of Cs~ 2.5x10° cm/s
interferometry measurements taken between grid oscilla- (kTe = 3 eV)
tions and fluctuations in the electron saturation current oot . i
(Jsar = —en+/2kT./m.) measured by a movable Lang-
muir probe. Figure 4(a) shows the dispersion relation
generated by measuring the wavelength corresponding
to several grid instability frequencies. The straight line 150 ) ) )
fit to the data yields a sound speed Df X 10° cm/s 0.5 0.75 1 1.25 1.5
which is in good agreement with the value calcu- Inverse Wavelength (cm™)
lated from Langmuir probe temperature measurements,

2.7 X 10° cm/s. Figure 4(b) presents a 2-dimensional 5 _(b)

plot that shows lines of density maxima and minima
(phase fronts) of 200 kHz ion acoustic waves. The plot
clearly shows propagation radially outward from the
electron beam. The apparent increase in wavelength a
distances far from the beam is a result of the curved
path taken by the Langmuir probe.

Frequency (kHz)

n
o

In addition to launching ion acoustic waves, the sec- o e~ beam
ondary emission grid instability creates sidebands in the G
beam-plasma instability resonance curve. Figure 5 shows @ U N
the spectrum analysis of rf p_robe data taken_ 1_7 cm from § - max _
the primary beam source with & 3 cn? grid in be- g ;: min

tween. Figure 5(a) was taken with zero bias, and hence
no oscillations, on the grid. A resonance peak is seen

just above the plasma frequency that arises due to the ’\m'nv
beam-plasma instabilityvpeam = ®pe/kLandan). When w\
a —75 V bias is placed on the grid, causing 8.6 MHz i

oscillations due to the secondary emission instability, the -5 ; ; n
spectrum appears as in Fig. 5(b). Sidebands form neal 0 ) 5 10
the beam-plasma instability resonance at the frequency Distance (cm)

of the secondary emission instability above and below|G, 4. Interferometry measurements of ion acoustic waves.
the plasma frequency,,. = finsi. These sidebands form (a) Dispersion relation for ion acoustic waves yielding a sound
because of the density modulation of the electron bearapeed of2.5 X 10° cm/s. (b) Phase fronts of 200 kHz ion
by the voltage oscillations on the grid. Note that theacoustic waves measured with inteferometry techniques which
plasma frequency,, is slightly reduced in Fig. 5(b) cor- show propagation perpendicular to the beam.

responding to a 2% reduction in the plasma density

This is caused by the negative bias on the grid which

lowers the plasma potential, the primary electron beanelectron emission instability could couple to the whistler
current, and thereby the density. mode and the Alfvén mode.

The present set of experiments has shown how elec- The secondary electron emission instability can oc-
trodes exposed to electron beams can exhibit a secondacyr when the following conditions are met: First, two
electron emission instability. In an unmagnetized plasmaglectrodes must be present in the plasma with at least
the instability was shown to be able to couple to the ionone being bombarded by primary electrons; second, the
acoustic mode and to modulate the frequency of the beanglectrodes must be inductively coupled (the capacitive
plasma instability. In a magnetized plasma, the secondarmgoupling between the electrode and the plasma was enough
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tion need not be met by using an external power supply (as
was done in this set of experiments). An extended con-
ducting structure moving through a magnetic field could

become sufficiently charged to induce these oscillations.
Note also that a large conducting structure can have a high
self-inductance. In light of this, it is possible for extended

satellite-tether systems moving through a magnetic field
and being exposed to an electron beam to exhibit the os-
cillations presented here. It would be easy to mistake these
oscillations or the effects of these oscillations on the sur-
rounding plasma for naturally occurring plasma instabili-

ties. Plasma studies that use inductance to filter out high
frequency signals received by Langmuir probes in the pres-
ence of electron beams could also produce this instability.
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