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Abstract. Electron-acoustic waves have strong linear Landau dampimgare observed as non-
linear BGK modes in experiments with pure electron plasriag waves have phase velocity
Ve ~ 1.3V, in agreement with theory, and the longest wavelengti Bates exhibit only rela-
tively weak damping. Shorter wavelength modes exhibit angtrdecay instability which can be
experimentally controlled.
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INTRODUCTION

Electron-acoustic wave (EAW) solutions of the linearizegt&ostatic Vlasov equations
have usually been ignored due to their huge Landau dan{gjifg> 1) on Maxwellian
distributions. This strong linear damping follows from tivave phase velocity being
comparable to the electron thermal velocity, that jg=v2rtf /k, ~ v. However, recent
nonlinear theory and simulations [1, 2] found that electrapping in the EAW electro-
static potential can result in undamped solutions, i.egdlived BGK modes. In essence,
population of trapped particles makes the electron vejatigtribution flat at the wave
phase velocity, effectively turning off Landau damping.

The definitive feature of the EAW is that the density perttidraof “slow” electrons
(with v < vg) is almostcancelled by an opposite-sign density perturbation oft*fas
electrons (with v> vg). Thus, there is negligible electric restoring force. Hoamrthe
corresponding pressure perturbations from fast and sloticlgs are vastly different;
the restoring forces come mainly from the pressure of theefastrons, and the mass of
slow electrons provides the inertia. Note that this “sélkkling” feature of the density
perturbations greatly reduces the wave electric coupbngall antennas, making the
EAW both hard to excite and to detect.

Experimentally, the required flat trapped-particle vepdistribution is obtained
when a resonant driving electric field of moderate amplitisd@pplied to the wall for
many trapping periods, i.e. hundreds of wave cycles. Howéwethe longest standing
wave fn, = 1, withA = L,/2) this drive is also resonant with axial bounce motion since
feaw = 1.3V2Lp = 1.3fpne. Thus, such drive causes significant bulk plasma heating
due to bounce resonances [3], which continuously changésthe electron thermal
velocity and the EAW phase velocity.

In fact, it is possible to excite the EAWSs at any of a broad eaofifrequencies above
the minimal fgaw by keeping the drive at frequendy= feaw + &f for a long enough
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FIGURE 1. Schematic of cylindrical Penning-Malmberg trap with eleatplasma andy, = 1,2 plasma
waves.

time. Plasma heating then adjusts the thermal velocity al [phase velocity to be

in resonance with the drive. To minimize the bulk plasmaingabne can excite first
them, = 2 orm, = 4 modes, since much less heating occurs from applied vatage

f ~ 2.6fpnc0r f =~ 5.2f,nc. The rapid EAW decay instability predicted theoreticaly [
and observed here then producesrthe- 1 EAW unless the phase-space vortex merging
is deliberately suppressed.

EXPERIMENTAL SETUP

In our experiments we use a cylindrical Penning-Malmbeag {#], shown schemati-
cally in Fig. 1. The electron column of length, < 50 cm is contained inside a stack
of hollow conducting cylinders of radiuR, = 3.5 cm, which reside in an ultrahigh
vacuum with residual pressure 10~ Torr. The end cylinders are negatively biased
(Vc = —100 V) with respect to the central plasma potentiglo ~ —30 V) to axially
confine electrons. A strong axial magnetic fi¢ll < 20 kG) ensures radial confine-
ment. These pure electron plasmas have exceptional cord@imeroperties and can be
maintained for hours [5].

In equilibrium, typical electron columns have central dgngg ~ 1.5- 10" cm™
over a bell-shaped radial profile with a characteristicua®, ~ 1.2 cm, giving line
density N_ = nomiR3 ~ 7- 10" cmL. The typical electron temperature Ts ~ 1 eV
which gives w 40 cmfs, fpnc &~ 0.4 MHz, and a Debye lengthp ~ 0.2 cm. The
unneutralized electron charge results inEan B rotation of the column at frequency
fr ~ 0.1 MHz(B/2 kG) ..

The “evaporative” temperatur& represents the high energy t&it > 4\ of the
electron velocity distribution, since it is obtained freml% of the electrons near=0
which escape past a ramped confinement potential. A new tamope diagnostic which
measuresll escaping particles suggests significantly lower bulk tenaipees, which
also depend on radius. Thus, quantitative predictiorfg &y and \ are not yet possible.

We excite themg = 0 waves by applying a sinusoidally oscillating voltagg. to
the last inner cylinders (next to the confinement cylinders)both electron column
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FIGURE 2. EAW's energy density as function of frequency (verticalfldime (horizontal) aftem, = 2
wave excitationm, = 2 decay (merging of the phase space vortices)nmte- 1 starts about 11(s after
the beginning of excitation.

ends. This voltage causes the end sheaths to oscillaeVithen the voltages on the
two cylinders have opposite phase, the plasma length segdynconstant while its
center of mass oscillates mso the EAW with oddn, = 1, 3... is excited if the driving
frequency hits the resonance. In contrast, when the vatagehe two cylinders are in
phase, both ends are compressed at the same time, and the EA&enmM, = 2,4...

is excited. This double-end in-phase excitation of even EAWfther minimizes the
bounce-resonant heating [3].

The temporal evolutions and damping raggét) of themg =0,m, = 1,2 3... EAWs
are measured by digitizing the wall voltaghg(t) induced on the cylinders just inside
the driving cylinders. They are connected in-phase for dite of evenm, modes,
and opposite-phase for the odg modes. For simultaneous detection of odd and even
modes, a single cylinder at one side of the electron columrbeaused.

The received waveform&,(t) are analyzed with fourier transforms giving spectral
amplitudesA¢ (tj) during separate time slicés and by direct fits ofA, to the sums of
2 growing or damping sinusoids. Moreover, the= 1 amplitudeA;(t) is calibrated in
terms ofén/n by comparison to images from a CCD camera diagnostic [6]e Hée
plasmais first cut in half by a negative voltadgg applied to the central cylinder, so that
only one-halfof the plasma is dumped onto the phosphor screen. Of cohieseyt must
be done rapidly compared to a wave period to avoid phaseagvey.

The same techniques are used to excite and detect the veegab 0,m, = 1,2,3
Trivelpiece-Gould (TG) plasma modes [7]. Long wavelengt modes also have an



acoustic dispersion relation, but with much higher phasecity, given by

2N., R\ [, 3/ V\? _
TG~ L Y — | — ~2- m/sec~
Vel ~ ( In Rp> 143 <v<p) 2.10° cm/secx 5V (1)

The measured TG mode frequencies correspond closely tdéweyt prediction, and
only weakly depend on the plasma temperature or wavenumpsince (vy/ V)2 > 1.
In our experiments on the EAWSs, these TG modes serve as apendent reference
point for the “finger-like” plasma wave dispersion curvettimeludes both the TG mode
(upper) and the EAW (lower) branches [2].

EXPERIMENTAL RESULTS

Figure 2 shows the received spectré(tj) of the EAWs after 150 cycles of resonant
m, = 2 mode excitation (during & t < 13Qus). Even before then, = 2 excitation stops
(~ 130psec), then, = 1 mode § ~ 550 kHz) at half then, = 2 frequency starts to grow.
This 2— 1 decay causes fast damping of the= 2 mode after the drive stops, and the
m, = 1 mode then damps due to collisions. Note that the displawst®decades in
spectral poweA% (from IogloA% = —1.5— —3.5), and no other waves are significant
at intervening frequencies.

Figure 3 shows the waveform,(t) during this decay instability that effectively
transfers energy from mode, = 2 to modem, = 1. At maximum amplitude the, =1
EAW has peak-to-peak density variatiob®P/n ~ 0.07, which translates to pressure
fluctuations of more than 50% (from fast electrons). Laterrth = 1 EAW exhibits
an exponential decay with a rafe ~ 30- 10° sec’!. This damping is significantly
decreased at higher electron temperatures. We specuddtéhth damping is due to
electron-electron collisional restoration of the Maxwaeildistribution function.

This m, = 2 tom; = 1 mode decay corresponds to a transitiorz-wy phase space
from 2 vortices to 1 vortex. The phase-space vortex mergymguhics can be controlled
by applying small potential barriers (or wells) to the wallinders between the higim,
wavelengths. Here smallness is in comparison to typicapépotentiadppo ~ —30 V.

We observe experimentally that a (negative) potentialidawith amplitude—Vsq ~
2 V placed on the wall significantly slows the EAW decay to lengavelengths, and a
barrier with amplitude-Vsq > 3 V completely stops the decay. This squeeze is applied
100ups after the beginning of excitation, right before the highmode has reached its
maximum.

Figure 4 shows the received spectrdm(tj) when the squeeze inhibits the decay.
Instead of the original fast decay into the = 1 EAW (as in Fig. 2), then, = 2 mode
now exhibits only collisional damping. Figure 5 shows exguaiml decay withy, ~
30x 10%s~1, which is the same ag for them, = 1 mode. Here further measurements
are needed to characterize the full velocity distributie@nsus radius, since the EAW
mode frequencies scale with v and incorporate severaésgtcellations.

In contrast, applying positive potential perturbationtiréating wells) to the wall
cylinders between the higm, standing wavelengths, the vortex merging cascade has
been significantly accelerated.
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FIGURE 3. Decay instability of than, = 2 EAW. The merger to a single vortex occurs at a time scale
much shorter than the collisional damping of the EAWSs.
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FIGURE 4. EAW's energy density as function of frequency (verticalfldime (horizontal) aftem, = 2
wave excitation. Small potential barri@fsq= —3V) applied at 10Qus after the beginning of excitation
prevents merging of the phase space vortices, thus onigicolal decay ofn, = 2 is observed.

CONCLUSIONS

Nonlinear electron-acoustic waves and their decay indtalaire readily observed in
nonneutral plasmas. The waves have acoustic dispersiatiorelwith phase velocity
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FIGURE 5. Collisional damping of then, = 2 EAW when its decay to a single vortex is prohibited by

near the predictedgs 1.3 v. Quantitative predictions of vequire knowledge of the full
distribution function versus radius, which is not yet meadu The longest wavelength
mode (m, = 1) exhibits only a relatively weak damping due to electrtecton colli-
sional diffusion of wave-trapped particles. Modes withHggm, wavenumbers show
the predicted fast decay to longer wavelengths. This phaeseesvortex merger can be
suppressed by applying small potential barriers to the betiveen the highn, vortices.
Being prevented from the decay instability, the highmodes exhibit the same rate of
collisional damping as ther, = 1 mode.

Note added in press: A similar decay instability of Trivelpe-Gould modes in pure
electron plasmas has been well characterized experirhebyaH. Higaki [8].
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