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Frequency modulation of the ion-acoustic instability
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In a double-plasma device with a negatively biased grid separating source and target chamber, the ion-
acoustic instability is recorded during the injection of an ion beam whose velocity is chosen between the
ion-acoustic velocity and twice this value. The observed broad power spectra of the density fluctuations are
found to be related to a strong modulation of the frequency inside the bursts of unstable waves. This modu-
lation is interpreted as being a consequence of the existence of propagating strongly nonlinear coherent
structures that arise in the course of the nonlinear spatiotemporal evolution of the ion-acoustic instability.

PACS numbgs): 52.35.Fp, 52.35.Qz, 52.35.Sb, 52.40.Hf

[. INTRODUCTION related to the strong spatiotemporal modulation of the beam-
plasma system.

The detailed study of plasma instabilities was an impor- The instability under consideration here is of a convective
tant part of plasma physics research during the two decade®mture. As a consequence, the fluctuations arising in the
1960-1980. For instance, theoretical and numerical study ajrowth region are amplified by the unstable system. This
the electron-electron two-stream instability has demonstratesituation has been studied by Deisdlé} in hydrodynamics
the existence of vortices in the phase spitg] that are in the case of unstable open flow systems. In our situation,
manifested as long-lived coherent spatial structures in corthis means that the spatiotemporal evolution of the instability
figuration space. in the ion-beam—plasma system on the target side is also

The counterpart in the case of ion-ion two-stream instaclosely related to the triggering mechanism in the sheath and
bilities was then investigated by several authi8s5). In  Presheath region next to the negatively biased @]dit was
that case, an ion beam of relative density varying from zer@bserved in an earlier numerical study that the evolution of

to unity is injected into a stationary plasma. A kinetic de-he beam-plasma system strongly depends on the imposed

scription of the system leads to the determination of the ininitial conditions[9]. Correspondingly, in our experimental

stability conditiong(positive temporal or spatial growth rate  SYStém theboundaryconditions play an important role for

. . . _ the dynamics of the entire system.
The dispersion relation depends on four parameTgrd;, The exact origin of the fluctuations inside the sheath of
Tp/Ti, wpel wpi, anda, whereT, is the electron tempera-

. ; the grid separating the source plasma from the target plasma
ture, T, the ion beam temperaturg; the stationary plasma g b g P get p

. d=n/n th lative b densi is not yet fully understood. Space charge oscillations that
lon temperature, anar=n,/n; the relative beam density, 4ise que to the accumulation of ions at the sheath edge are a
i.e., the ratio between the density of the beagpand the

- ) possible mechanisii8,10,11. In contrast to thermal noise,
density of the plasma ions; . w,e and wy,; are the electron  these can account for some characteristic scaling properties
and ion plasma angular frequencies. of the frequency as they are observed.

In typical situations with a moderate beam density, this  On the other hand, it is of prime importance to understand
system is unstable for beam velocities larger than the ionthe final stage of the instability. It has been shown by several
acoustic velocitycs in the target plasma, where the Doppler- authors[12,13 that, during the spatiotemporal evolution,
shifted slow ion-acoustic mode has positive growth f&le  strong wave-particle interaction leads to the formation of
The threshold velocity is related to the beam density andelatively long-lived ion phase-space vortices, the so-called
temperaturg5]. The system is classical in plasma physicsion holes. In an extended three-dimensional system, continu-
laboratory experiments and is known to exhibit turbulent dy-ous growth, interaction, and decay of these structures is be-
namics. A global analysis of the density fluctuations wadieved to govern the turbulent dynamis4].
performed in the early studies, including measurement of the Up to now, the main experimental evidence for these co-
spatiotemporal correlation and of the power spectrum. Howherent structures in unmagnetized laboratory plasmas comes
ever, no detailed study of the time series was available at thdtom measurements where conditional averaging has been
time. applied [15]. This technique guarantees a high signal-to-

In this paper, we intend to show that the instability is noise ratio due to averaging. However, it does not allow the
subject to a considerable frequency modulation and that thiglentification and analysis of single structures in the ion-
spectral broadening observed in previous experiments shoulseam—plasma system, but gives information about the aver-
not be interpreted as the signature of fully developed turbuage evolution of the system in a statistical sense. Another
lence. We show here that the broad power spectrum is in facgirawback is the smearing out that is inherent to averaging

techniques.
We report here the results of probe array measurements
*Electronic address: tpierre@newsup.univ-mrs.fr that give direct access to the spatiotemporal dynamics of the
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beam-plasma system. Close to the instability threshold, -30
propagating density depressions are observed in accordance
with the previous observation of ion holg$4,15. The ex- 3‘40
istence of these structures accounts for the strong modulation z5’*_50
of the frequency inside the bursts of self-excited waves. o
-60
Il. EXPERIMENTAL SETUP -70
0 500 1000

The double-plasma device consists of a stainless steel frequency (kHz)

vacuum chamber, 35 cm in diameter and 70 cm in length. A £ 1 Typical frequency spectrum of the electron saturation
grid of 80% transparency with 20 lines per cm separates thgyrent fluctuations with a plane Langmuir probe when a beam with
source and target chambers, where plasmas can be producgdelocity slightly above the ion-acoustic velocity is injected. The
independently by thermionic discharges. Argon is introducegyrope is situated at 3 cm from the grid in the target plasma.
at a pressurgp=2x10"% mbar. Primary electrons emitted
from the heated tungsten filament cathodes are acceleratgdh _ g 5 |n this case, when the bias of the source anode is
through a discharge voltadéy (Uy=40 V) toward the re- jncreased beyond a threshold value, unstable waves propa-
spective anodes and ionize neutral argon atoms. Thgéte as density fluctuations in the target plasma. They are
grounded vessel wall represents the target chamber anodgtected as oscillations in the electron saturation current of a
whereas the cylindrical source chamber anode is '50|at99angmuir probe located behind the grid with a phase de-
from the latter and can be biased with respect to grounghending on the probe position. The threshold value of the
through a bias voltaglg. _ otential differenceA ¢ between source and target plasma
The outer \_/valls of the device are covered_wnh perm?‘”engotentials is approximatelisTo/2. This corresponds to an
magnets in line-cusp arrangement to confine the primarkcceleration of the injected beam ions to ion-acoustic veloc-
electrons. The separation grid is biased negatively. The bigg, The density fluctuations reach a maximum relative fluc-
voltage Ug exceeds the discharge voltagk in absolute  {5tion level of about 10% at a distance of 2 cm from the
value and is chosen typically close Wg=—65 V. This  target side sheath edge and their amplitude decreases with
guarantees that all primary electrons are repelled at the SPafgther increasing distance. The power spectrum of the insta-
charge sheath that forms around the grid and that only iongjjity is always broad and the frequency of the most unstable
can escape from the source chamber. mode is about one-half the ion plasma frequency of the tar-
Plane Langmuir probes of 5 mm diameter are used t‘bet plasma.
determine plasma parameters and to pick up fluctuation sig- Figyre 1 shows a typical spectrum of the saturation cur-
nals. The beam is detected by use of a.two_—grld electrostatigant fluctuations to a Langmuir probe situated at a few cen-
energy analyzer whose energy resolution is 0.2 eV. Moregimeters from the grid on the target side. Although the spec-
over, a linear array of eight cylindrical probes of 0.5 MMycg| gistribution is very broad, it has a clear maximum at
diameter and 4 mm length each, equally spaced 5 mm frompout 400 kHz. Furthermore, we note a contribution at fre-
one another, is installed. The array is inclined by an angle ofencies below 50 kHz. We briefly summarize hereafter
15° with respect to the axis of the device to reduce shadowgome characteristic scaling properties of the instability fre-
Ing effects. guency.

The plasmas created in both chambers have densities ' | Fig. 2 is depicted the dependence of the frequency on
=10°-10F cm 2 and electron temperaturég,~3 eV, as

determined from plane Langmuir probe characteristics. The 800 800
ion temperature is inferred from laser-induced fluorescence de Cc
measurements in a similar device. It is of the orderTof S T01%0 %, 7
~0.1 eV [16]. Fluctuation signals are recorded with the £ 600 "... ZTeof ®, ceese®
Langmuir probes biased slightly positively with respect to 555 ‘0.. ™ i e
the plasma potential to detect perturbations in the electron
saturation current. 0 100 150 200 ‘0 100 200 300 400

The application of a positive biddg to the source anode -Us ) lys (MA)
leads to the injection of an ion beam from the source plasma 800 b 00 d -
into the target plasma. The relative beam density is deter- °® ..o""
mined by the plasma density in each chamber. After electro- geoo .." Eeoo ."
static acceleration, the ion beam temperature is lower than %‘:400 .Oo. ?:500 .o.
the plasma ion temperature. However, this beam cooling ef- L ®
fect remains small for the moderate beam energies that we 200 400
consider. 40 60 80 100120140 0 5 10 15 20

17 (MA) U, (V)
IIl. EXPERIMENTAL RESULTS FIG. 2. Dependence of the instability frequency (@nthe grid

bias voltagdJ s, (b) the target plasma discharge currégt which
The experiment is conducted with plasmas of comparablg proportional to the target plasma density, (c) the source
densities on either side of the grid. The electrostatic energglasma discharge curremf s which is proportional to the beam
analyzer shows relative beam density to be in the rangeéensityn,, and(d) the biasUg of the source anode.
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different discharge parameters. The frequency decreases with 5
increasing negative grid biads [Fig. 2@]. This clearly 9
indicates that the excitation mechanism is related to the ion =0
dynamics in the grid sheath region where the boundary con- =

ditions of the ion-beam—plasma system are determined. In- -5
deed,U affects the density of ions injected from the grid T
plane into the sheath in either direction, according to flux o B ) 1Ll ‘l
conservation. This quantity determines the frequency of 3 PPN e ‘|
space charge oscillations in the grid sheath region as they 2
have been studied in a similar configuration with plasma 0.7

19]

production restricted to the source chamia0,11. The Ty o 38% 3
scaling behavior found here is an indication that such pro- s PR S 2 %@?ﬁ%&g@
cesses also play a role in the excitation of the ion-acoustic E 05 @ % o °

o

instability in the ion-beam—plasma system with stationary

beam injection. _ . _ %40 0.05 0.1 015 02
The frequency of the instability increases with target time (ms)
plasma densityFig. 2b)] reflecting a proportionality to the 0.3
ion plasma frequency of the target plasma. On the other d
hand, it does not vary much with beam density. The latter is 3 6.2
proportional to the source plasma density whose variation 201
has little influence on the frequenglyig. 2(c)], at least in the \
range of beam densities compatible with the instability con- 0 * . . :
i . 0 0.2 0.4 0.6 0.8 1
dition. We observe tha& must be neither too small nor too frequency (MHz)

large for the instability to appear. Finally, Figd illustrates
the increase of the instability frequency with source bias for FIG. 3. (a) Time series of the probe electron saturation current
low values of Ug which turns over into a saturation for signal, (b) the bandpass filtere¢400-750 kHz and low-pass-
higher bias voltages. filtered (100 kH2 signal, (c) the inverse instantaneous oscillation
The broad power spectra that the system exhibits havageriod, and(d) the spectrum of the raw signal for comparison.
formerly been attributed to the existence of a turbulent re-
gime expected under strongly unstable conditiptis How-  with the main spectral contribution to the power spectral
ever, a detailed analysis of the time series using fast sandensity[Fig. 3d)], as expected.
pling digital oscilloscopes reveals that the fluctuating signal The temporal evolution of the oscillation period of the
is subject not only to amplitude modulation but also to abandpass-filtered signal exhibits a strong correlation with the
considerable frequency modulation and it is this fast fretime series of the low-pass-filtered signal. Based on the
quency modulation that leads to the recorded broad powenodel for the instability mechanism of the ion-beam—plasma
spectra. system, we can interpret this finding as follows.
Figure 3 shows a time series of the probe sigr&g. For our experimental parameter§.(T;~20, T,<T;, «
3(a)] and the results of time-resolved and time-averaged fre=0.5, v,>cs), the system is unstable toward the ion-
quency analysis. We find that a significant change of fre-acoustic instability, i.e., perturbations are growing during the
quency happens within a few oscillation periods so that gropagatiori6]. For beam velocities close to the ion-acoustic
short-time Fourier transform does not provide sufficient resospeed, the most unstable ion-acoustic mode grows along the
lution for the analysis. We therefore take the inverse of thebeam axis. For beam velocities higher thar, 2the direc-
instantaneous oscillation period that is determined from thé¢ion of the most unstable ion-acoustic mode is oblife
zero crossings of the bandpass-filtered sigRra. 3b)] as a  Since the condition for instability is fulfilled everywhere in
measure for the fluctuations of the frequefElg. 3(c)]. Fil-  the target plasma, the whole volume is unstable as long as
tering is necessary, since high- and low-frequency compaothe velocity spread of the beam is not too important, so as to
nents obscure the evolution of the instantaneous oscillatiorestabilize the system.
period of the instability in the main frequency range. The From previous investigations it is inferred that ion phase-
upper and lower cutoff filter frequencies are chosen such thatpace vortices form in the course of the nonlinear evolution
the main peak of the time-averaged spectfling. 3(d)] lies  of the instability [9,14,15. These coherent structures are
in the bandpass. They afg,,=450 kHz andf,,=750 kHz ~ composed of free-streaming and trapped particles forming a
in the case shown. ring-shaped vortexlike structure in phase space. When the
For consistency, the spectrum in FigdBhas been cal- physical system under consideration is a counterstreaming
culated from the relatively short time series Figa)3and  beam-plasma system, the ion holes propagate with a velocity
therefore has limited spectral resolution. In Figb)3is close to the ion thermal velocit18]. On the other hand,
shown the low-frequency component of the signal obtainedvhen an ion beam is injected into a stationary plasma of the
by filtering with a cutoff frequency of 100 kHz. same density, these coherent structures propagate in the labo-
From Fig. 3c) one reads that the frequency modulationratory frame at a velocity close to half the beam velocity
attains a level of up to 25%, which on average leads to conwhen the ion beam density equals the density of the ions at
siderable spectral broadening. The values of the inverse imrest. In that particular case, the relative beam density is
stantaneous oscillation period cover the frequency interva&1.
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probes of the array. The first probe is at a distance of 1 cm

WWWWWWWA/%WW from the grid, the eighth is at 4.5 cm. The source bias is
, , Lo , Ug=2 V, which corresponds to a beam velocity close to the

1 ion acoustic speed. The probe signal has been inverted so
WNWWWWWWA that it directly reflects the evolution of the plasma density. At

time t=0.1 ms, a burst of unstable waves starts to grow at

‘. the grid sheath edge, as can be seen in the time series of

probe 1. It reaches large amplitude but its growth is accom-

' ' — panied by a local decrease of the plasma density. This “hole
WVWWWWWWWM digging” limits further growth, and a strongly nonlinear state

. . —_— is obtained. The emerging density depression proves to be a
| long-lived structure and can be followed as it propagates
MWWMWWW along the arraydashed line in Fig. ¥ The propagation ve-
locity is v =2150 m/s, which is close to both the ion-acoustic
speed and the slow ion beam velocity.
From the temporal duration at a fixed position and the
! propagation velocity of the density depression we can esti-
mate its size. The full width at half minimum is approxi-
mately 2 cm, i.e., of the order of Q.
| On the other hand, from its passage through the array a
WWWN’WW minimum lifetime of 20us can be deduced, corresponding to
0 0or 008 o012  oie 0.0 10 oscn_latllon periods. Holes of smaller expansion anq
time (ms) shorter lifetime are observed more frequently but the width is
not lower than 1 cm. This value agrees with observations of
FIG. 4. Simultaneously recorded signals of the eight probes otoherent structures in the ion-beam—plasma system by other
the probe array. The first probe is at 1 cm from the grid. Theauthors[9,15,17. However, it is greater than the predicted
distance between probes is 0.5 cm. The density fluctuations argidth of ion holes in the case of counterstreaming ion popu-
plotted in arbitrary units but the scale is the same for all probes. Th¢ations[18]. For a deeper understanding of this discrepancy,
dashed line highlights the propagation of the density depressiop theoretical study of the stability of coherent structures in
with velocity v =2150 m/s. the case of the ion-beam—plasma system is needed.
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In real space, the ion phase-space vortices are manifested
as negative potential dips and they are associated with local-
ized plasma density rarefactions. These localizeshlineaj We have reported here the existence of a large frequency
long-lived coherent structures constitute substantial perturbanodulation of the unstable wave packets of the ion-acoustic
tions of the system parameters. In particular, the local deninstability observed in an ion-beam—plasma system. This fre-
sity and velocity of the ion beam fluctuate. At its passagequency modulation leads to broad power spectra, as have
through the dips, the ion beam is accelerated and the densifieen observed by several authors. To the best of our knowl-
is reduced. It has been shown in earlier work that thisedge, we have also reported the first direct observation of
strongly affects the spatiotemporal evolution of the systenmpropagating coherent structures in nonaveraged time series in
[17]. The observed frequency modulation is one manifestathe ion-beam—plasma system.
tion of the existence of such strongly nonlinear coherent Comparing our findings to earlier experimental and nu-
structures. merical studies[14,15,17,19 we have identified the ob-

The evolution of the three-dimensional system in the unserved structures as ion phase-space vortices, which in real
stable regime implies the interaction of phase-space vorticespace are manifested as density depressions and associated
that originate from different points in real space. Their con-negative potential dips. They result from strong wave-
tinuous growth, interaction, coalescence, and destructioparticle interaction in the course of the nonlinear evolution of
make the identification of single ion holes impossible. Tothe ion-acoustic instability. The width of these structures,
overcome this difficulty, we have chosen a state close to théheir propagation velocity, and the order of their lifetime are
instability threshold, where it is possible to follow isolated consistent with previous findings in a similar system, where
structures. For this purpose, we have performed measureonditional averaging was appli¢di5]. These investigations
ments of the plasma density fluctuations using a probe arrayvere supported by numerical simulatidrsgt]. Similar struc-

The simultaneous recording of the electron saturation currentires have been observed in ion beam—plasma systems with
signals of the probes gives a direct picture of the spatiotemapplication of a steplike perturbation to the beam velocity
poral evolution of the plasma density. For our experimenta[17,19. In these previous studies, as well as in our investi-
parameters and on the relevant time scales of er;IéT the  gations, the coherent structures are found to have widths of
electrons can be assumed to be in local Boltzmann equilibthe order of (20—30) and to propagate with a velocity of
rium. Therefore, the potential perturbation associated withthe order of the slow beam velocity.

the density rarefaction can be estimated according¢o Schamel and co-workers have derived analytically local-
=(kgTe/€)(On/N). ized solutions of the one-dimensional Vlasov-Poisson system

Figure 4 shows the time series of the eight cylindricalto describe such ion holes in a plasma with counterstreaming

IV. DISCUSSION AND CONCLUSION
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ion populations. In that case, the holes move with a velocityconditions. They show that the existing fluctuations inside
of the order of the ion thermal velocity and their width is the grid sheath play an important role in the excitation of
typically a few electron Debye lengtH42,18. However, unstable ion-acoustic waves that propagate in the ion-beam—
numerical and experimental investigations show that in explasma system on the target side. Time-resolved frequency
periments with ion beam injection into a plasma at rest, holeanalysis reveals that the broad frequency spectra of the un-
of larger extent can develop and that these propagate with stable waves are due to frequency modulation that is related
velocity that is rather of the order of the ion-acoustic velocityto the local modulation of the ion-beam—plasma system in-
than of the ion thermal velocity in the laboratory frame of side the bursts. This nonlinear behavior is ascribed to the
reference. interaction with ion phase-space vortices that originate from
To identify isolated coherent structures, we have chosen the strong wave-particle interaction in this unstable system.
state close to the instability threshold for the probe array In addition, spatiotemporal probe array measurements
measurements. In this case, it can be expected that structureave allowed direct observation of these structures in the
forming at a certain location in space can evolve free fronform of propagating density depressions. These investiga-
competition with neighboring ones. tions present experimental confirmation of the current model
In the fully unstable three-dimensional system, interactiordescribing the wave-particle interaction in the unstable ion-
of competing ion phase-space vortices that originate fronbeam—plasma system.
different locations prohibits the identification of single holes.
Neverthele:?‘s, th.ey constitute a low-frequency component in ACKNOWLEDGMENTS
the fluctuation signals that propagates at the slow ion beam
velocity, which is typically close to the ion-acoustic velocity ~ One of the author$H.K.) gratefully acknowledges sup-
in the case of unstable waves. port from the Alexander von Humboldt Foundati¢Ger-
In summary, our investigations help to clarify the evolu- many. We thank Dr. G. Leclert for a critical reading of the
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