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Synchronization of drift waves
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Based on a thorough experimental study of the equilibrium plasma state and the description of coherent drift
modes in the framework of a linear, nonlocal model, the response of drift modes to different external driver
signal is reported. Purely temporal perturbations as well as corotating and counter-rotating electric fields of
various mode numbers are applied to the system. Drift mode synchronization and periodic pulling, typical for
driven nonlinear oscillator systems, are investigated in detail. The full spatio-temporal behavior of periodic
pulling is observed with multiprobe arrays.

DOI: 10.1103/PhysReVvE.63.056401 PACS nunider52.35.Kt, 52.35.Mw

I. INTRODUCTION [25-27, ion sound wavef28,29, potential relaxation oscil-
lation [30-32, and grid sheath oscillatiohll]. Hitherto,

The nonlinear dynamics of p|asmas that leads to C[ﬂa;bs most inve_stigations have fOCl_Jsed on_the _te_mporal aspect of
has attracted great interest during the last decade. Much efynchronization, but now the interest is shifting towards spa-
fort has been spent to suppress chaotic states by simple fediftémporal - behavior, including wave phenomena. At
back techniquek2,3] or by more sophisticated control tech- present, the understanding is most advanced for metastable-

. BT B guided ionization waves in neon gas dischar{@3]. It
niques operating in phase spagé-7]. The successful o oy o that spatial and temporal periodic pulling is a

3lindamental feature of the transition between competing

future, even weakly turb_ulent states F’f plasmas can be sta igenmodes. Recent studies attacked the problem by applica-
lized by externally applied perturbations. However, the desjon of a controlled spatiotemporal driving forgg]. How-

velopment of such techniques requires a detailed understangdyer, the spatial component of spatiotemporal periodic pull-
ing of the interaction between the involved plasmaing has not been directly observed in the described
oscillations or waves and the applied signals. This is th%xperiment.
motivation for conducting model experiments, which ap-  The investigations presented in this paper deal with syn-
proach the goal step by step. chronization of drift waves. In the past, several attempts have
It is well known that the dynamics of a nonlinear, oscil- been made to apply control signals to drift waves mainly by
latory unstable dynamical system with a periodic drivingusing feedback techniqué84,35. Of central interest was
force exhibits peculiar features, e.g., quasiperiodi@lyand  the suppression of drift waves to achieve improved plasma
period-doubling bifurcations towards chaj@10]. Further-  confinement. The general nonlinear dynamics of the periodi-
more, complete and incomplete synchronizations have beegally driven system was paid less attention. One exception is
observed in various oscillatory unstable and periodicallythe work of Lashinsky[21], where drift waves have been
driven plasma experimen{d1-15 and computer simula- Synchronized by applying an external driver signal to an
tions [16,17. The general concept of synchronizatif@] electrode, placed inside th_e plasma. co]umn. The van der_ Pol
turned out to be useful for many technical applicatipt8— r_nodel[36] was shown to give a qualitatively correct descrip-
20]. In this context synchronization means, among otherslion of the observed dynamics. o
frequency entrainment, i.e., the oscillation frequency is, OUr experiments are based on application of a well-
shifted towards the frequency of the external driver. Duringdeflned spatiotemporal driving force to synchronize drift

incomplete synchronization the oscillation frequency is peri-Waves' A multipole arrangement of electrodes is used to gen-

odically pulled towards the external driver frequency but theS"ate @ propagating electric field structure. .
VP a Y The paper is organized as follows. We first discuss the

coupling is too weak or the frequency mismatch is too large o . ; X
to establish complete synchronization. This concept is alsh!@Sma equilibrium and describe drift modes in the frame

known as periodic pulling21] and is of great importance for work of a linear, nonloc.al mod¢B7,38. Next, we |nves_t|—

the correct understanding of the dynamical behavior of varigme_the response of drift modes to various external S|gqals,
ous devices, such as unijunction transistor oscilld2#], ranging from purely te_zmporal p_ertu_rbanon to (_:opropagatlng
microwave oscillator[18], neon bulb relaxation oscillator 2nd counterpropagating electric fields of different mode
[23], and fluctuations in the earth’s magnetospH@4y. In ~ NUMPers.

laboratory plasmas periodic pulling has been subject of sev-

. R . Il. SPATIOTEMPORAL STRUCTURE OF COHERENT
eral investigations in recent years, e.g., beam-plasma systems

DRIFT WAVES

To study the effect of externally applied spatiotemporal
*Electronic address: block@physik.uni-kiel.de electric fields on plasma dynamics, a careful description of
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TABLE I. Plasma and discharge parameters of the triple plasma g —2= 200mm z = 500mm z = 800mm
device KIWI.i-n stands for ion-neutral collisions;n for electron- w
neutral collisions. Values with a radial dependence are taken in § a b c
plasma centetL, is taken at the position of maximum gradient. g 2
=
Column length =2 m 2 1
Magnetic field B=0.07 T 3
Argon gas pressure P=8x10 * mbar O o 20 50 o S0 -0 o 2o
e-n mean-free path Nen=1 m r (mm) r (mm) r (mm)
i-n mean-free path \ip=0.3 m 50F 0, '
Electron density Ne=(1-2)x10% m3 d
Electron temperature T=12 eV 25?'-521\%1_\0‘5‘
lon temperature T;~0.03 eV P e ]
Density gradient length L,=0.02 m E o @ > |
Reduced gyroradius ps=0.01 m ° 257 15—
lon gyrofrequency wei=1.7x10° rad/s o5 T:z ;: 1 1—
. - 0.5
the unperturbed situation is essential. After discussing the 0 200 200 500 300 1000

experimental setup we go into the details of the equilibrium distance from grid (mm)
plasma state and its relationship to drift wave dynamics.

FIG. 1. (a)—(c) show radial density profiles at different axial
positions. The solid line is a least square fit of a Gaussian to the

. . . . measurement. The density contdqdy shows a 2D section through
The experiments were conducted in the linear triplegq center of the plasma column.

plasma device KIWI(Kiel Instrument for Wave Investiga-

tions) [39]. Two plasma source chambers are connected by fes and local density fluctuations in the magnetized midsec-
magnetized midsection where drift waves are observed. Thgsn [44]. Emissive probes are used to determine plasma po-
magnetic field in the midsection can be regarded as homoggantial profiles. Both probes are mounted on a two-
neous, except for the regions close to the grids, where thgimensional positioning system to perform axial and radial
limited number of field coils causes diverging field lines. Thegcgng through the plasma column. Langmuir probes are gen-
plasma in the source chambers is produced by a thermionig |1y operated at positive bias with respect to local plasma
hot-cathode discharge in steady-state operation Withyoiential and the current fluctuations are taken to be propor-
grounded anode. Confinement of primary electrons is eNgonal to density fluctuationsit is reasonable to assume a
hanced by a multidipole magnetic configuration in line cusppearly constant electron temperaturghe azimuthal wave
geometry[40]. Both source chambers are equipped Withp mper is obtained with a circular 64-probe arfag)].
magnetic compensation field coils to reduce magnetic map- Throughout the paper we use a cylindrical coordinate sys-
ping effects of primary electrorig1]. In the plasma column, o (r,z) with the z axis along the magnetic field a0

electrons are well thermalized without any significant beamy; the piased separation grid= 0 is the center of the plasma
component. The confinement parametgr is low (B8 column. '

~10 %) and the plasma is weakly ionizetd/ny<0.1%).
The most important parameters are summarized in Table I.
The plasma source chambers are separated from the mid-
section by stainless-steel mesh grids with a transparency of The radial pressure gradient is the driving mechanism for
68%. For the present study, only one source chamber is oflrift waves. Due to the fairly flat temperature profile we
erated. The separation grid at the active chamber is poshaveVp.=TcVn.. The plasma density profile is therefore
tively biased with respect to ground, while the other grid atof great importance and spatially resolved measurement of
the far end is always connected to ground. The grid bias actfie plasma density in andz direction are essential to char-
as control parameter for destabilizing drift waJd®]. De-  acterize the global drift wave dynamics. The contour plot in
pending on the grid voltage there are three distinct drift wave-ig. 1(d) shows a typical density profile(r,z) of the KIWI
regimes. For low grid voltagéapproximately 4 V, single  device. Due to fringing magnetic field lines, the radial den-
drift modes are observed. For intermediate grid voltdiges ~ sity profile is broadest near the grid and narrows within
V) drift modes establish nonlinear saturation. Weakly devel200-mm distance from the grid. We believe that due to the
oped drift wave turbulence is found for grid bias above 8 V.convergence of the confining magnetic field lines the density
The transition from stability to weak turbulence follows the maximum establishes at=100-200 mm rather than close
Ruelle-Takens-Newhouse scenafié3]. The subsequently to the grid. Integratingi(r,z) overr and 6 shows that the
described investigations are performed for intermediate grigplasma is injected at the grid and that the total number of
voltage, i.e., in the region of saturated drift modes. charged particles in a plane perpendicularztalecreases
Cylindrical Langmuir probes(diameter, 0.2 mm and along thez direction. The convergence of the magnetic
length, 5 mn are used to measure equilibrium density pro-field lines leads to a plasma density maximum =zt

A. Experiment KIWI

B. Plasma density
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FIG. 2. (a)—(c) show radial plasma potential profiles at different  FIG. 3. (a) Frequency wave number spectrum of the-2 drift
axial positions. The solid line is a least square fit of a parabola tanode. It has been calculated from the density fluctuation data
the measurement. The positions of maximum density gradient arshown in the gray-scale plgb). The density fluctuation profiléc)
marked with dotted lines. The potential contdigh shows a 2D is normalized with the the unperturbed density. The numbers at-
section through the center of the plasma column. tached to the contour lines are the density fluctuation amplitude in
percent.

=100-200 mm although the total number of charged par-

ticles is lower than close to the grid. The density gradient fordiscussion on the central part€40 mm) of the the plasma
z=200 mm is the result of axial and radial particle trans-column. This includes in particular the maximum density
port. The radial density profile at three different axial posi-gradient region that is also the location of maximum drift
tions is plotted in Figs. (B—0. A least squares fit to the wave amplitudg[37]. The radial position of the maximum
experimental data suggests that the radial density distributiodensity gradient is indicated in Figs(a2-9 by dotted lines.

is well approximated by a Gaussianr)ocexp(—rZ/ng). The  The potential profile in the central plasma region is fitted by

diamagnetic drift velocity is then given by a parabola, justified by a simple magnetohydrodynamics
(MHD) calculation that shows that a Gaussian density profile
VpeXB  kgTe 1 is self-consistent with a parabolic potential profile. Indeed, in

Vpe= T 5 = € D the restricted regiom, < 40 mm, a parabola fits the profile

qnB?  eB (27’ : AN ) . ; .
p quite well (solid ling). Using the parabolic potential profile,

b . )
. . . . . . = X
with e, being the azimuthal unit vector. With the experlmen-q)p art+c, we obtain arex B velocity

tally justified assumption of a radially constant electron tem- ExXB 2ar

perature we find that the electron diamagnetic drift velocity Vexp=——F5— = —5-6,. 2
is proportional tor only. The related drift frequencwp B2 B

=vpe/r is independent of, e.g., the drift is radially un-

sheared. Again, we find that the drift velocity is proportional to

Thus, the associatdd X B frequencywgyg=vexg/r is in-

C. Plasma potential dependent of.

Of similar importance is the plasma potential. Nonvanish-
ing radial potential gradients cause azimutkat B drifts,
which are known to be a destabilizing mechanism for drift Figure 3a) shows the power spectru®(m,f) of a drift
waves[45]. A typical potential profile for the KIWI device is mode (mode numbem=kr). The pronounced peak fan
shown in the contour plot in Fig.(&). While the region close =2 indicates a single drift mode. Its azimuthal structure and
to the grid <200 mm) is clearly dominated by fringing propagation is visualized by a contour plot of time series
magnetic field lines, the regiom>200 mm is fairly uni- recorded with the probe arrdyrig. 3b)]. Plasma densities
form. The radial potential at three different axial positions isfluctuations are gray-scale encoded. The phase velocity is in
shown in Figs. La—0. Close to the radial boundaries the reasonable agreement with the linear theory. We note that
plasma potential profiles are determined by sheath effectdere is an axial dependence of the electron diamagnetic drift
that are beyond the scope of the present study. We focus oand E X B drift. This introduces an axial shear of these drifts

D. Drift mode structure
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plasma column

AAAAA

octupole exciter

FIG. 4. Schematic drawing of the octupole exciter arrangement
of electrodes with respect to the plasma column.

’
’

that is not considered in our simple analysis. That a global ' ' f0.98 \f /1f
drift mode establishes despite of these axial inhomogeneities ex dw ¢ dw

is shown in the fluctuation profile Fig(&. The characteris-

tic radial single humped eigenmode structure is fol8l. 1 gaghed line denotes the linear beat frequetfgy— fou|.
The axial mode structure comprises a standing Wame- ¢ /¢, marks the threshold above which synchronization takes

chine lengthL =\ /2). Because this wave involves approxi- piace.(a) Modulation. Power spectrum fdi,, being smaller than
mately equal distributions of the forward and reflected waves . The driver frequency peak is marked bladk) Complete syn-

simple phase measurements cannot determine the axial wa¥gronization. Power spectrum fég, larger thanf .. (c) Incomplete
number. The slight difference in the absolute valuéofor  synchronization. Power spectrum fia~f ... The driver frequency
forward and reflected waves is introduced by axial inhomo-peak is marked black.

geneitieq 38,44|. o . )

In summary the spatial structure of the drift waves in the@CtUpole exciter is axially placed a&800 mm, i.e., close to
KIWI device is rather well understood and can be related tghe source chamber but within the region of homogeneous
the equilibrium profiles of the plasma. The presence of dnagnetic field. Each electrode is connected, via a power am-
global monochromatic drift mode makes it suitable for a sysPlifier, to one of the outputs of an eight-channel digital syn-
tematic study of the influence of external driver signals onthesizer that generatéfor each channgla sinusoidal signal

FIG. 6. Frequency dependence for a corotating exciter signal.

the drift wave dynamics. with an amplitude of a few volts peak to peak and frequen-
ciesf,,=0—30 kHz. The phase shift between each channel

IIl. SYNCHRONIZATION OF DRIET WAVES can be controlled by software. With eight electrodes, it is
possible to generate an azimuthal field structure with num-

A. Experimental setup bers mgc=1—-3. The propagation direction of the exciter

The basic idea of controlling drift wave dynamics is basedfi€ld can be chosen by the sign of the phase shift while the
on the experience from other instabilities in plasmas wher@ropagation velocity is determined iy, .
the electric field was found to be a good control parameter
[47,48. To apply rotating wave fields to the plasma, we use B. Temporal measurements

an octupole arrangement of electrod€sy. 4). Each elec- To investigate the interaction of the drift wave with the
trode is 20 cm long and 2.5 cm wide. The radial position ofyotating exciter field, driver signals with different amplitude,
the electrodes is carefully chosen to provide a reasonabl@equency’ sign of phase, and mode number have been ap
contact to the plasma without acting as a limiteig. 5. The  pjied. To simplify the presentation of the obtained results we
introduce the following:f,,, represents the drift wave fre-
quency observed without applied driver signal. The linear
beating frequency ig;,=|fq4,— fe,] While f,, denotes the
observednonlineaj beat frequency.
Figures 6 and 7 show the frequency dependence for co-
and counter-rotatingng=2 exciter signal applied to an
=2 drift mode, respectively. For smafl,,/fy, ratio the
power spectra show the signatures of simple amplitude
modulation despite of the propagation direction of the exciter
. signal[Figs. Ga) and 7a)]. For corotating exciter signal the
o 20 20 60 sideband structur.e. is already more prono'unceﬁe)gtfdw is
radial position (mm) greate_r than a critical valug,/fy,,, the drift mpde is syn-
chronized Figs. b) and 7b)], whereby the critical valué,
FIG. 5. Radial position of the exciter plates. For comparison thestrongly depends on the propagation direction. For co-
radial density profilgsolid line) and the relative density fluctuation rotating exciter signal/f g, is significantly smaller than for
profile (dashed dotted lineare shown. counter-rotating exciter signals. Fdg,/f4, being a little

norm. density
exciter plates
o2}

s
ro

A g g

S
density fluct. (percent)
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FIG. 7. Frequency dependence for a counter-rotating exciter sig- (©)
nal. The notations are similar to those in Fig.(6 Modulation. 50
Power spectrum fof, being smaller tharf,. (b) Complete syn- & -
chronization. Power spectrum fdg, larger thanf.. (c) Modula- )
tion. Power spectrum fof,,~f.. A region of incomplete synchro- ¢ —100
nization is not observed.
e 6 18 20
smaller thanf/f,, we find significantly different behavior frequency (kHz)

for the two propagation directions. Simple modulation is ob-
served for counter-rotating signglkig. 6(c)]. f,;, linearly FIG. 9. Time development g&) amplitude andb) phase for an
decreases with increasirig, asf, , indicated by the dashed exciter signal with the same propagation direction and mode struc-
line. For corotating exciter signal, however, we observe aure as the drift mode(c) shows the power spectrum calculated
nonlinear dependence &f, on f,. The furtherf,, deviates  from (a).
from the linear curveldashed ling the more the sideband
structure becomes asymmetric. Finally, we find a pro-cause similar behavior is observed for only one active exciter
nounced triangular shap€&ig. 7(c)]. plate.
To study the dependence between mode number and The triangular shape of the power spectrum shown in Fig.
propagation direction of the exciter signal and the efficiency7(c) is a typical signature of periodic pulling, periodically
of synchronizing a drift mode, the widtiL—f./fy,| [see repeated incomplete synchronizatid@1,22,49. This is
Eqg. (3)] is shown in Fig. 8 for an=2 drift mode. Clearly, caused by simultaneous amplitude and phase modulation that
the synchronization of them=2 drift mode is most efficient leads to a nonlinear evolution of phase between exciter sig-
for matching mode number and propagation direction, whichal and drift wave responsgig. 9). For many nonlinear
emphasizes the spatiotemporal character of our drift wavelasma oscillations the driven van der Pol oscillaf86]
synchronization. gives a reasonable qualitative description. The nonlinear
The observed synchronization for the other cases has tphase evolution with a fast and a slow time evolution is
be interpreted as pure temporal synchronization effect, betypical for a van der Pol-like behavior. The nonlinear depen-
dence off ,,, from f., (Fig. 7) is described by

0.03 m_=2 fo\12
E c
fnb:flb(l_f_) , ()
Ib
2002 _ _ o
=5 as derived from Adler’s equatigrb0] that describes incom-
. mE=1 mE=3 plete synchronization of nonlinear oscillat¢&2,32.
= o.01 ‘ 1
‘ C. Spatiotemporal measurements
i To study the spatiotemporal dynamics of incomplete drift
a +o - - S - s wave synchronization a probe array is uggd]. With the

signals from 15 probes distributed over half the circumfer-
FIG. 8. Dependence df, on spatial exciter signal structure and ence of the plasma column and taking the exciter signal ap-
propagation direction. The exciter signals have been applied to plied to one plate as reference the spatiotemporal structure of
m=2 drift mode. “+” denotes corotating exciter signal, " the exciter signal and the drift wave is observed. Figure 10
counter-rotating exciter signal, and “O” nonrotating exciter signal. shows the relative motion of m=2 drift mode with respect

056401-5



D. BLOCK, A. PIEL, CH. SCHR®ER, AND T. KLINGER PHYSICAL REVIEW E63 056401

relative phase shift (degree) slow-phase evolution occurs where the phase shift is ap-
90 180 270 -

proximately 180°. The density maximum is then located at
the potential minimum of the exciter signidig. 10h)]. The
fast-phase evolution occurs when the drift wave density
maximum is located at the potential maximum of the exciter
signal amplitudg Fig. 10d)]. As the density maximum of a
drift wave is related to a positive potential fluctuation and the
minimum of the exciter signal with negative potential, the
180° phase shift seems to be consistent within a electrostatic
picture.

IV. SUMMARY AND DISCUSSION

Measurements of the global equilibrium plasma state in
the KIWI device reveal axial inhomogeneities in density, po-
tential, and in the magnetic field. The density gradient paral-
lel to the magnetic field is just the signature of a source-sink
plasma system. Nevertheless much of the drift wave behav-
ior is unaffected by these inhomogeneities and the experi-
mental arrangement is suitable for achieving a detailed un-
derstanding of the interaction of drift waves with external
perturbation signals.

Temporal and spatiotemporal measurements demonstrate
the possibilities of drift mode synchronization using an oc-
tupole arrangement of electrodes placed in the edge region of
a magnetized plasma column. The efficiency depends on ex-
citer frequency, mode number, propagation direction, and
driver amplitude. Strongest interaction between drift mode
and exciter field occurs, when the modg of the exciter
field and its propagation direction match the drift mode. This
- 0 r finding is in accord with former investigations on ionization
norm. density fluctuation waves[33], where wave-wave interaction was found to be

much stronger than localized interaction. We find that reso-

FIG. 10. Visualization of spatiotemporal periodic pulling. The nant spatiotemporal excitation enhances interaction.
gray-scale plot shows the time evolution of the=2 drift mode For exciter signals with a frequency close to the critical
phase with respect to the exciter signal. Typical for the process ofalye, above which we find synchronization, periodic pulling
periodic pulling are the two time scales. The polar pl@s—(i) s opserved. Since periodic pulling is observed only with
depict the relative motion of the drift modélled markers. The matching exciter mode numbers we conclude that the ob-
exciter signal is indicated by the dashed line. The maximum eXCiteEerved phenomenon of periodic pulling also depends on the
signal belongs o positive _potential vyhile mi”‘m“”_‘ exciter s_ignal spatial structure of the interaction. Spatio temporal measure-
stands for negative potential. The drift mode maxmum/maxnmumments prove this. Observation of drift mode motion in the

is related to positive/negative density fluctuatiofis)—(e) corre- ame of the exciter sianal visualizes the space-time evolu-
spond to the fast-phase evolution and the drift mode maximum ang 9 P

exciter signal maximum have little phase shifi—(i) belong to the on of the incomplete synchronization. Complete synchroni-

slow-phase evolution and the drift mode maximum is close to th(.;ation of the_ drift mode Correspo_nds_to a 1800_ phase shift. In
exciter signal minimum. the case of incomplete synchronization the drift mode almost

locks to this phase. For a longer time interval it stays close to
to a corotatingmg=2 exciter signal structure withi.,/fy,  this favored state but, as the synchronization is not complete,
=f./fq,. In other words, Fig. 10 shows the drift wave in it leaves this state after a while. The following motion
the rotating frame of the exciter signal. The temporal evoluthrough the unfavorable phase regime is fast. These two time
tion of incomplete synchronization can be studied in thescales are typical of the nonlinear process of periodic pull-
gray-scale plot. The phase is taken between the maximurmg. That the favored position is located at 180° phase shift
density fluctuation relative to the position of the maximumsuggests a simple electrostatic picture. As the maximum of
exciter amplitude. Again we find time evolution on two dif- the drift mode is related to a positive potential fluctuation
ferent scales, a slow and a fast phase evolution, as alreaéynd the minimum of the exciter signal amplitude with nega-
observed in the temporal analysis. However, this time thdive potential, the 180° position seems to be energetically
full spatiotemporal nature of periodic pulling is directly ob- favored. On the other hand, recent simulatifs show that
served[Figs. 10(a—i)]. The dashed line is the exciter signal synchronization of drift waves can be obtained by assuming
amplitude and the solid line and dots mark the drift wave.a system of field-aligned ac currents.
Comparison of gray-scale and polar plots reveals that the With respect to the present goal of controlling turbulent

time (ms)
9+
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plasma states, the results mark an important step in this deontrol method is capable to synchronize selected drift
rection. It was possible to carefully investigate in detail themodes in a weakly turbulent plasma stfbé].

interaction of drift waves and external applied exciter sig-
nals. The width of the synchronization region is found to be
a valuable measure for the comparison of different scenarios.
Further investigations are required on the interaction mecha- This work was supported by Deutsche Forschungsge-
nism, its influence on anomalous transport, and basic prameinschaft under Contract No. Pi 185/14-1. The technical
cesses of nonlinear dynamics. It was recently shown that thiassistance of V. Rohwer is gratefully acknowledged.
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