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Amplitude collapse of nonlinear double-layer oscillations

M. Wendt, |. Axna, and S. Torve
Division of Plasma Physics, AlfaeLaboratory, SE-100 44 Stockholm, Sweden
(Received 25 September 1997

The negative differential resistance of a double layer can give rise to large amplitude oscillations in the
potential drop over the double layer. Such oscillations are investigated in a triple-plasma machine for weak
nonlinearity, implying approximately harmonic oscillations at low frequencies ;). The amplitude of the
potential oscillations can approach the dc potential drop over the double layer. The oscillation exists within a
certain interval of dc drops and vanishes outside this interval. An interesting nonlinear phenomenon that we
call amplitude collapse is observed. The amplitude does not always decrease smoothly from its maximum
value to zero when the dc drop is increased, but there is a sudden jump to vanishing amplitudes. For a
decreasing dc voltage the corresponding sharp amplitude increase occurs at a lower voltage. This phenomenon,
which is not predicted by the classical van der Pol equation, is shown to follow from the generalized van der
Pol equation that describes the actual system, by using asymptotic solutions for weak nonlinearity.
[S1063-651%98)03804-3

PACS numbes): 52.40.Hf, 52.35.Fp

I. INTRODUCTION the current circuit, and they have low frequency so that the
static current-voltage characteristic is valid. The measure-

Oscillations at frequencies far below the ion plasma fre-ments were performed using a triple-plasma machine at the
quency often occur in bounded, current-carrying plasihas Royal Institute of Technology. We present potential profiles
5]. Usually all relevant plasma parameters oscillate and giv@f the oscillating double layer and amplitude characteristics,
rise to oscillations in the electric current and the potentiathat is, the oscillation amplitude as a function of the dc po-
drop over the plasma, and there may be a complicated intefential drop over the double layer. Some preliminary results
action between the plasma and the external electric circuit. IRave been published in a conference pdf&t. The oscilla-
particular, experiments in a triple-plasma machine havdions exist within a certain interval of dc drops; this is cor-
shown that such oscillations can be excited by the negativéelated with the interval of negative differential resistance in
differential resistance of strong electric double layiéisFor ~ the current-voltage characteristic, and they vanish outside
Strong non"nearity and a Sufﬁcienﬂy inductive current cir- this interval. The amplitude of the Stationary oscillation is
cuit, the oscillations assume the form of sharp current disvaried by changing the parameters of the external circuit. For
ruptions giving high inductive voltage drops that are Sup_small amplitudes there is a smooth amplitude variation in
ported by the double layg7]. In a more recent experiment, agree.ment with predictions from the cl_assical van der Pol
the system was investigated when a periodic driver signgduation[18]. However, for larger amplitudes a new phe-
was added to the self-excited oscillatiof8]. A simplified  homenon appeaf@mplitude collapse It is characterized by
model for the negative differential resistance of the doublesharp amplitude jumps and hysteresis at certain dc voltages.
layer in the triple-plasma machine was also presented. It ighis behavior is not predicted by the classical van der Pol
based on the existence of a current-limiting potential mini-quation. A similar collapse was noted in the behavior of an
mum at the low potential side of the double layer. This po-electronic circuit[16]. To interpret the results we consider
tential minimum decreases with increasing double-layer posolutions of the generalized van der Pol equation obtained
tential drop, which results in a decreasing current due to théor the measured static current-voltage characteristic. Solu-
reflection of the current-carrying electrons. A model equations given by an asymptotic method for weak nonlinearity
tion in the form of a generalized van der Pol equation wagi'e used19]. The theoretical amplitude characteristics show
proposed, based on the static current-voltage characteristig?0d agreement with the measured ones and, in particular,
The addition of a periodic driver signal results in an enrichecthe amplitude collapse and the hysteresis are predicted by
dynamical behavior including frequency entrainment, quasitheory. A condition for the existence of the hysteresis in
periodicity, periodic pulling, and period-doubling bifurca- terms _of the static differential conductance of the plasma is
tions, in agreement with the known bifurcation structure ofalso given.
the periodically driven van der Pol oscillatp—11]. The
van der Pol equation_has already been applied to related os- Il. EXPERIMENTAL DEVICE
C|Ila_tory_ phgnomena in bounded plasnmag-15 and elec- AND THE CURRENT CIRCUIT
tronic circuits[16].

In this paper we investigate self-oscillations of a double The triple-plasma machine and the electric circuit are
layer when the nonlinear perturbation is small during oneshown in Fig. 1. In the chambeS;, and S,, independent
oscillation period and the nonlinearity is accordingly weak.discharges between heated tungsten filaments and the cham-
The potential oscillations are then approximately harmonider walls take place. Their power supplies are fed from iso-
with a frequency determined by the resonance frequency dation transformers so that both sources can be operated with
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FIG. 1. Schematic picture of the triple-plasma machine and the
external circuit. The plasma column in the central chamber is main- T T T T T T T e
tained by plasma diffusing from the sourc®sandS,. A magnetic
fleld_ B=13 mT confines the plasma radialR.is the resistance of 0 20 20 %0 %0 100 120 1“10 160
the inductor. U, (V)

a high impedance to groun8; andS, connect to the central FIG. 2. (a) Experimental current-voltage characteristic of the
chamber through electrically isolated circular apertures in th&iple-plasma machinet). The solid curve is the least-squares fit to
end plates of the central chamber. The aperture dianggter ' derived in Sec. IV(b) Differential conductance(Uqc), accord-
cm) determines the diameter of the plasma column in thd"d 0 Eg. (14) with least-squares fit valuey,=14.6V, V,
central chamber. The plasma is confined radially by a homo= /-2 V. andUp,=38.7 V obtained for the experimental data. The
geneous magnetic field 13 mT). Since the aperture di- dashed line gives the zero levelgfUg) + D for D =0.220. Small-
ameter is small compared to the diffusion pump diaméasr amplitude fluctuations grow exponentially if 4 is in the interval
cm), it is possible to maintain sufficiently high neutral argon (U1,Uz), whereg(Ugd +D<0.

pressure in the sourc20 mPa to obtain low voltage dis-
charges while simultaneously the neutral gas density in th
central chamber is typically an order of magnitude smaller
In this manner, ionization by electron impacts is suppresse
in the central chamber. The particle injection from the
sources is electron rich, and electron-reflecting potentiai;l
drops of the order okgT./e develop at the apertures. The
discharge parameters used 8y are discharge voltage 35.0

whereL andC are the inductance and the capacitanceRnd

f§ the resistance of the inductor. The resistive voltage drops
gcrossr andR (~0.2 V) are neglected since they are much
maller thanU. However, the ternrRC(d/dt)U cannot be
eglected because it is essential for the understanding of the
mplitude collapse, as shown below. Introducing the static
current-voltage characteristi¢U) we have

V and discharge current 1.7 A, and f&, are discharge d

voltage 28.1 V and discharge current 1.7 A. In the plasma P G Rl 3
column we haven,=2x10"m=3, T,=8eV, wye=2.5

X 10° rad/s, andwy;=9.3x10° rad/s. where’ means the derivative with respect th. Figure 2

When a steady voltage drofJ,, exceeding about shows the static current-voltage characteristic valid for the
kgTe/e, is applied between source chamber walls, a doublgneasurements and the analytical fit described beldg)
layer forms in the central chamber. The potential dtbfy  js negative in a certain region and it assumes a minimum
over the double layer is determined by value forU=U,,. It is convenient to set’(U,)=—1/R,,
and work with the normalized conductancg(U)
=Ryl (U), so thatg(U,,)=—1 [Fig. 2b)]. IntroducingV
=U-Ug and normalizing the time by setting=t//LC,
we get the equation

UO:UDL+Up+U51 (1)

whereU,, is the small potential drop in the plasma column,

outside the double-layer region, abd is the potential drop

due to any difference between the two source plasmas. If d2 d

these were identical) would vanish. o V+V=—¢g(V+Uy)+D] ar V. 4
The currentl (t) between the sources is measured as the T T

voltage drop across the small resistor=10€), which  The coefficients andD are defined as

couplesS; to ground.l(t) is the current passing through the

right aperture and the double layer because the left end plate 1 L R RR,C

€= R_m E and D= =

and the central chamber are not grounded, but rather con- R L 5
nected to the chamber wall &; . m

The external circuit is a parallélC circuit according to  and represent the nonlinear coupling coefficient and the
Fig. 1. For the potential drop)(t) between the source an- damping coefficient of the external circuit. Although we

odes it holds that haveR<R,,, the dampind is important where<1 so that
P d q €2 is of the order oR/R,,. WhenV+ Uy is large, the damp-
o v v _ ing is also important for any value efsinceg vanishes for

LC dt? U+RC dt U+t dt I+U=Ug, @ large values of its argument.
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TABLE |. Experimental parameters: external capacitaGcand
measured oscillation frequency. f deviates only 1% from
1/(2m/LC), with L=60.8 mH.R is the resistance of the inductor
at frequencyf. The nonlinearity coefficiené and damping coeffi-
cientD follow from Eg. (5) with R,,=(1950+ 100)(). The error in
e andD is 5%.

C (uF) f (rad/s) R (Q) € D

1 646 6.87 0.126 0.220

2 457 5.18 0.089 0.333

3 374 4.62 0.073 0.445 al

4 326 4.34 0.063 0.557

5 290 4.17 0.057 0.669

6 266 4.06 0.052 0.781 2o 100 260 360 460 560 500
7 246 3.98 0.048 0.893 f(Hz)

8 230 3.92 0.045 1.005

FIG. 3. Resistanc® of the inductor usedR increases withf
due to eddy currents induced by the magnetic field in the Bdilas

E tion(4) i lized der Pol fi It been obtained from the resonance curve of a series RLC circuit for
b qga Iog( ) Iia glene_ra Ilze vgn erl ol equa lon'l C";]mdiﬂerent, well-known capacitances. The solid line is the parabolic
e reduced to the classical van der Pol equation only w eréast-squares fiR=(8.08x 10~ 612+ 2.71x 10 3f + 3.49)2, f in

Uge=Um andV is small so thag(V+U,,) can be approxi- ,
mated by a parabola M. In this case the amplitude charac-
teristic is given by Eq(16) below. One stationary solution of
Eq. (4) is V=0 (whereg”(Uy) is positiveg. WhenD>1 this
solution is stable for all values &f4.. WhenD <1, there is

Figure 4 shows the voltage drap between the sources,
the electric current passing the double layer, and the cor-
! responding time variation of the potential minimum or “vir-
an interval(U,, U,) aroundU, whereg(Uy)+D<0 and )

o4 . tual cathode,” that forms typically 5—10 cm from aperture
small fluctuations inv grow exponentially. FoD close to A,. In the case considere@=5 uF. Figure 4b) shows the

unity, this interval becomes small so that a parabolic ap- . o )
A : potential variation along the axis of the plasma column at
proximation forg(Uy.) becomes valid.

With a suitable choice of and C, high-resonance fre- four different times marked in Fig.(d). The profiles show

uencies and small nonlinearity can be reached Simultat_he small potential variation on the low-potential side of the
2eousl However. for hi her-o)gcillation frequencies thandouble layer that gives rise to the variation of the virtual

Y- ’ gher- q cathode potential. Figure(d includes the double layer in
those presented here, the static current-voltage approach s

not valid. For a comparison between experiment and theor e profiles. When the voltage drop is lowt,) the double

a model including the ion dynamics would be needed. )iaye_r doe; not form, except for=t,. Here, a weak potent|al_
minimum is also present at the foot of the double layer with

a level well above the virtual cathode potential. When the
ll. EXPERIMENTS double layer becomes strong, so tlediy >kgT, (t3 and
t,), the minimum at the foot of the double layer disappears.
To obtain weak nonlinearitye<1), low-oscillation fre-  This is in agreement with the prediction from the one-
quencies, and a well-defined resonance frequerigy dimensional Vlasow-Poisson system that strong double lay-
=1/(2m\/LC), we have choseh =60.8 mH and values of ers with foot-point minima do not exist. Such triple layers
the capacitanc€ according to Table I. To avoid any satu- exist only wheneUp, is of the order okgT, or lower[20].
ration effects, an inductor without an iron core is used. In a The current limitation is caused by the virtual cathode.
separate experiment the frequency dependence of the induthis forms because the plasma frd8; is injected under
tanceL and its resistanc® is determined. The inductor is *“electron-rich” conditions, that is, the potential drop of the
put in a serieRLC circuit and the admittancg/U| of this  order ofkgT,, which develops at the apertudg, acceler-
circuit is measured for different, well-known capacitancesates source ions into the central chamber and reflects some of
C; (*+0.5%). Least-squares fits of the theoretical form ofthe source electrons. In the plasma region between the virtual
the admittance give the resistariRend the inductanck of  cathode and the double layer, a weak electric field acceler-
the coil as a function of frequency. Wherdasemains con- ates the electrons. Such a pre-acceleration is expected be-
stant within 0.4% up to a frequency of 600 H?,shows a cause the generalized Bohm condition for the electrons must
parabolic increase due to eddy currents induced by the mage fulfilled at the double layef21]. In experiments in a
netic field in the coil(Fig. 3). At 600 HzR has increased to “double-ended” Q machine under electron-rich conditions,
160% of its dc value. FittingR to a second-order polynomial the virtual cathode associated with a dynamic double layer
in f gives R=(8.08<10 6f2+2.71x10 3f+3.49)2, has also been observed to form close to the low-potential
wheref is in Hz. In the following this approximation is used. electrode, and a plasma region, pre-accelerating the electrons
Table | shows next tdR the corresponding values efand as observed in our experiment, separated the double layer
the damping coefficiend. The variation ofR with the fre-  and the virtual cathodg22].
guency has to be taken into account for a quantitative com- According to a model proposed elsewhd&8], the
parison between measurement and theory. double layer controls the depth of the virtual cathode in the
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FIG. 5. Measured amplitudes at slowly varying dc volta$ig
(+, increasing;X, decreasing For high capacitances the amplitude
characteristics have approximately the same shape as predicted by
the classical van der Pol equation. The sudden collapses of the
double-layer oscillation and the hysteresis @4 uF can be un-
derstood from asymptotic solutions of the generalized van der Pol
equation used here.

ing to the Boltzmann relation. The corresponding contribu-
tion to the ion density decreases much more slowly, since its
decrease is only due to the velocity change when the source
ions are accelerated into the central chamber. In the present
case, this mechanism controls the virtual cathode level at
some timet>t, when the double layer becomes strong. As
long as the double layer is weak, the virtual cathode by itself
does not control the current, because the current also in-
5 25 ° 2(cm) creases due to an increasing reflection of electrons Bom

S The change of the virtual cathode potential betwieesndt,
t(ms) 1 is 2 V[Fig. 4@)]. For T,=8 eV the Boltzmann relation gives
a relative electron density decrease of 22%. The relative cur-
U4.=45 V. The oscillation of the voltage is closely harmonic with rent drop betwee, andt, is 31%. The measured current

f=574 Hz. Hysteresis effects in the current can be neglected sgec_re_ase is larger because the double layer St'”. may nqt be
that the static current-voltage characterigfiégg. 2) can be used. Sufficiently strong at, and a small electron-density contri-
The current across the double layer is limited by the virtual cath- bution fromS; may remain at the virtual cathode. _
ode ¢, Near aperturd, . (b) Potential profilesz is the coordinate The virtual cathode decreases very slowly with increasing
along the plasma column. The sheaths near the apertures are ddpL WhenUp, is higher than about 100 V, and its control by
shown. When the potential difference betw&nandS, is high, a  the double layer finally ceases. This corresponds to the van-
strong double layer forms near apertukg. For small potential ishing |’ in the static current-voltage characteristi€ig.
differences an additional potential dip exists near the foot of the2(a)]. It is likely that the ion-density contribution fror8,,
double layer, but has a level well above the virtual cathode ( compared to the contribution froi8, and the trapped ion
=t,). (c) Time- and space-resolved plasma potential profile. density, then becomes too small to control the virtual cath-
ode. A trapped ion population exists on the low-potential
following manner: During the phase whel,, is increasing side of the double layer, because the radial electric field is
and simultaneouslyg Up, >kgT,, the contribution fromS, inward there, in contrast to the plasma on the high-potential
to the electron density in the plasma on the low-potentiakide, where it is outward. The trapped ion density is main-
side is negligible. The contribution @&, to the ion number tained by a balance between radial ion losses and trapping
density there decreases, since the ions are accelerated in thge to charge-exchange collisions and electron-impact ion-
increasing double-layer drop and enter the plasma regioization.
with increasing velocity. To maintain quasineutrality in the Figure 5 shows the voltage oscillation amplitudesak
plasma region, the particle fluxes froBq must accordingly values averaged over ten trigger everits different capaci-
change so that the ion number density contribution increaseancesC at slowly varying dc voltagé) 4.. The power sup-
relative to the electron number density contribution. This ocplies for flament heating and discharge current and the sec-
curs when the virtual cathode potential decreases. Then thlendary winding of the isolation transformer § give rise to
contribution to the electron density decreases strongly sinca stray capacitance of approximately 1.5[8F In compari-
the electron flux fron§, is attenuated approximately accord- son to the external capacitancE€sused here, this can be

potential / V

05 1 15

FIG. 4. (@) Voltage and current oscillation a€=5 uF,
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neglected. As seen from Table I, the conditions required for 1 (2=
weak nonlinearity are reasonably fulfiled. The measured Ai(8)=—5— | [g(a cosy+Uq)+D]a S

voltage oscillation is approximately harmorfeig. 4a)] and 0 (11)
its frequency agrees with the resonance frequency

1/(2mLC) within 1%, as required by the asymptotic solu- Stationary solutions§=0) are determined by the roots of

tion used below. Fo€=7 uF (D=0.89), the maximum os- A, (a). Expandingg(a cosy+Ugy) aroundUy, it follows
cillation amplitude is of the order okgT./e. SinceD is  that

close to unity, this characteristic has approximately the same

shape as known from the van der Pol oscillator. With de- a a® ;

creasing capacitance the amplitudes get higher and the Al(@)=5|9(Ug) +D+ o " (Vg +---|. (12
shapes of the characteristics become more asymmetric. For

capacitances smaller than gF (D<0.75) the amplitude The expression foA; can qualitatively be derived from

characteristic shows a hysteresis phenomenon. With increakq. (4) in the following way. Multiplying Eq.(4) with V the

ing Uy the oscillation suddenly disappears shortly after havieft-hand side can be written adr(V2+\V?2). This is the

ing gone through its maximum value. &=1 uF the maxi-  rate of change of the total energy Vf is considered the
mum amplitude becomes 74% of the dc voltddg. With  coordinate of a particle in the harmonic potenti&. It is
decreasingUq., the dc voltage at which the double layer small as long as is small. Here it represents the rate of
becomes unstable and the voltage oscillation appears agaithange of the energy stored in the capacitance and the induc-
occurs at lower values, so that the amplitude undergoes @ ce. WithV=a(T)COSTandV=a(T)sin r+acosT, we av-

hysteresis. Its width increases with decreasingndD. erage the equation over one period assuming ahand its
derivative are constant over the period. Then higher-order
IV. THEORY derivates ofa are neglected, sinca is assumed to vary

. o ) slowly, and we get
To clarify the dependency of the oscillation amplitude on

the dc voltagel 4., and especially the hysteresis, we apply d a2 e€a? (2w _

the method of Bogoliubov and MitropolsKyL9]. With their ar 2 27 o [g(a cos ¢+ Ugo) +DIsin® ¢ dys

method it is possible to derive approximate solutions for dif- (13)

ferential equations of the form

which givesa=eA; with A; given by Eq.(11).
A kinetic model of the current-voltage characteristic

based on the existence of a current-limiting-potential mini-

mum between the double layer a8¢l has been presented in

where e is small (e<1). The solutionV(t) is expanded in Ref. [8]. To get a good agreement between the measured

2 d
WV+wZV=eh(V, &V)' (6)

the form amplitude characteristics and those predicted by the above
theory, the normalized conductance of the plasma column is
V=a(t)cos s(t) + euy(a, )+ e2uy(a, i) + - @ approximated here by a least-squares fit of the form
) 1 U-Up,
where the momentary amplitude(t) and phasey(t) are g(U)%V v V, exp — v
determined by the differential equations 172 2
U-up,
d -V, exp — v . (14
G = eAs(a)+e*Ax(a)+- -+, (8 1
For V,>V,, g(U) has a minimum atJ=U,, as required
d andg(U,,) = — 1 for any value of the constant§ andV,. It
at Y=w+eBi(a)+ eBy(a)+-- . (9) follows that
2 Vb a
All functions An(a), By(a), andun(a,#) can successively Ai(a)=— Viy Vs expg — v, Iy v,
be determined. In the first-order approximation, considered 2
here,u; and all terms containing? and higher orders o& ) A a D
are neglectedB;(a) equals zero in our case, because —Vi EXI{ A Iy v,|” 2 a, (15

h(V,dV/dt) has the form of a nonlinear damping, so that

dy/dt=o. It follows that the frequency 0¥ (t) is given by \herel, is a modified Bessel function of the first kind and
1/(2yLC), which is in close agreement with the experi- v, is defined byV,=U4—U,,. From the static current-

ment. Applied to Eq(4), we get voltage characteristi®,, has been determined to be 1980
. with a maximum error of 10d). The uncertainty iR, is
V=a(7)cosy, a=eA(a), (100 due to the fact that the time-averaged curdeshows a stan-

dard deviation of approximately 1 mA because of fluctua-
where the dot denotes derivative with respect.té;(a) is  tions in the plasma. Fittingg(U)dU/R,+1, to the mea-
given by sured static current-voltage characteristic, whdgy,
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FIG. 6. A, (a)=ale for D=0.220 evaluated according to Eq. ) ) )
(11) for different dc voltages)4.. ForUq<U,=29.5V, the only FIG. 7. Comparison between measured amplitudesU q in-

stationary oscillation amplitude, given by the rootsqf, isa=0  Créasing:x, Uqc decreasingand amplitudes given by the roots of
(Fig. 2). ForU,<U4<U,=87.4 V a stable stationary amplitudg ~ ~1(2) =0 (solid ling) with Ry, =195002 andg(UJ), according to

exists. AtU 4= U,=69.8 V an additional rooa, corresponding to  Fig- 2 forC=1, 4, and 7uF. The dashed lines give the uncertainty
an unstable oscillation appears. The intervdl, (Us), wherea, according to the 5% error iR,. The theoretical amplitudes repro-

exists, is the width of the hysteresis. At its upper end the oscillatiorluc€ the transition from continuous to asymmetric characteristics
amplitude collapses from=a= a, to zero. The hysteresis appears containing hysteresis. The difference between them and the experi-

only for D<0.75 because,, exists only if the curvature (U 40 menta_ll amplitudgs at:_7 uF is due to the overestimation o_f the
is negative in an interval arourd, . g)amplng by the fit function fog(U 4o for small values ofJ 4 (Fig.
=1950Q) andl, is the plasma current at high dc voltages,
we getV,;=14.6 V,V,=7.2 V, andU,,=38.7 V[Fig. 2b)]. Since A,(a) is negative in (0a,), the oscillation can
therefore no longer be self-excited from small valuesof
However, if the oscillation that is already excited, it will
persist becausé,(a)>0 in (a,,as). As Uy is increased
The behavior ofA; can be understood from the shape of aboveU,, the interval @,,as) gets smaller unti,=a, at
g(Ugd +D. Figure 6 showsA; according to Eq(11) with Uy4=Ujz. ThenA,(a) is negative for any value af and the
D=0.220 for some values dfl4.. For thisD value, the oscillation suddenly disappears. If instedd; is decreased
interval (U,,U,), whereg(Uy)+D<0, is given by(29.5 from large values, for whicla=0, oscillations are not ex-
V, 69.8 V). ForUy.<U,, the only root ofA, is zero. Small cited until they become self-excited df,.=U,. The ampli-
fluctuations inV are damped, becausel/fla)A;(a)|,—0)  tude characteristic therefore undergoes a hysteresis When
=—[g(Ugo +D]/2 is negative[Eq. (12)]. Oscillations are is changed slowly. This is in agreement with the experi-
not excited and the double layer is stable. Whép<U,.  ments.
<U,, any small deviation froma=0 will grow until the For increasind the interval U,,U3) gets smaller. Hys-
oscillation resides long enough in the region whg(& 40 teresis is obtained as long ag, exists. WherJ 4. is close to
+D>0 to balance energy production and energy dissipationU,, that is, wheng(UyJ)+D is close to zero, a small am-
A; then has one extra roat, (Fig. 6,U4=60 V). The nega- plitude expansion, given by the first two terms of ELp), is
tive slope ofA; ata=ag shows thagg is a stable oscillation valid, and we get
amplitude becausa>0 for a<a,, so thata grows, anda
<0 for a>ag, so that the oscillation is damped unél

reachesas. o4/ 2[g(Ugo) +D] 16
For theD value considered in Fig. 6, this stable oscilla- A=  g'(Ug) (16)

tion amplitudea, still exists in the intervall,<Uy.<U;

with U;=87.4V. A; now has an additional ro@=a, in

this interval[Fig. 6, Uy4.=74 V]. Clearlya, does not corre- ForU4>U, andg”(UyJ) <0, this root corresponds to a sta-
spond to a stable oscillation amplitude. For amplitudes belowionary but unstable oscillation with small amplitude. Hys-
a,, damping will bringa to zero and amplitudes aboeg , teresis will accordingly appear only @' (U4 <0. The tran-
will grow up to the stable amplituda;. As discussed below, sition from amplitude characteristics containing the
the appearance @, at Uy .=U, is connected with the fact amplitude collapse to continuous ones takes place when
that the curvature ofj(Uq.) is negative in a region around g(U,)=0. For the experimental data it follows thgt<O0
U4=U,. With increasinga, the negative curvature causes for Uy>48.7V, so that we must hav®<0.75 andC
the energy production to increase faster than the dissipation4.6+0.5uF for the hysteresis to occur. This result fits
and it can balance the latter ata,,. well with the observation(Fig. 5. The collapse of the

V. DISCUSSION
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double-layer oscillation dt) .= U3 is caused by the fact that WhenL/C is large, the oscillation appears as sharp current

for Uyg=>U5 the dissipation in the outer circuit cannot be disruptions. These give rise to high inductive overvoltages

balanced any longer by the limited region of energy producsupported by the double layer. In this manner, the magnetic

tion. Without external dissipationR=0), the oscillation energy, stored in the inductance, is released as particle en-

amplitude would grow approximately linearly with,., and  €rgy in the double lay€i7]. A similar mechanism for energy

an amplitude collapse would not be observed. release and particle acceleration by double layers in cosmic
Figure 7 shows the amplitude characteristics@or1, 4, Plasmasie.g., solar flargshas been discussed in Rg23].

and 7uF, and the roots of\; with e andD values according

to Table 1. The 5% error in the estimation Bf, causes an VI. SUMMARY

uncertainty in the values of and D, as indicated by the

dashed lines. The theoretical amplitudes show good agree..

ment with the measured ones. They are, in general, small

We have shown experimentally that the amplitude char-
teristics of double-layer oscillations go through a transition

than th d b the fit szcording to B %om continuous shapes, as seen with the classical van der
an the measured ones because the fit &zcording to Eq. Pol oscillator, to asymmetric shapes, including sudden am-

(14) overestima’;es the differential conductance of the pl.asmBIitude jumps and hysteresis. The latter are not predicted by
fordsmaII”Udc [F'g' 23)]. Th:IS r'esults |r|1. toc?-large damping ¢ classical van der Pol equation. A generalized van der Pol
anTﬁma er s]:cgnon%r_?_/ oscl Zt'on _a;)mp ltudes. d .. ._equation, based on the static current-voltage characteristic of
e type of instability we describe Is expected 1o exist, Ny, e goyple layer in the experiment, is derived for the system.
general, in current-carrying P'as.mas with strong QOupIe Iay7Solutions are obtained by an asymptotic method for weak
ers and r)ot-:]oo—larglg éjampmg Iln dthe extgrr;}al gll’Cléllt. ﬁnynonlinearity developed by Mitropolsky and Bogoliubov. The
INCcrease in the appiie potentia rop an the OUbIE-IaYEL 4 ytion fully explains the observed transition of the ampli-
potential drop will lead to a decrease in the density and th 4o ~haracteristics and the amplitude jumps, which may be

electric current in the_pla_sma on the Iow-potenti_al side.as large as 70% of the dc voltage drop across the double
Through the external circuit, the current decrease increasgs

. L yer. The collapse of the oscillation is caused by damping,
the applied voItagg drop, thereby .resultlng Ina f!”th.er de'resulting from resistive power consumption in the external
crease of the electric current. Only if the external circuit Onlycircuit.
consists of an electromotive force, the instability is not ac-
tive, since the feedback will then vanish. The nonlinear evo-
lution of the instability may be different in different types of
plasmas. In our case it leads to virtual cathode oscillations, This work was supported by the Swedish National Sci-

which are controlled by the double-layer potential drop.ence Research Council.

ACKNOWLEDGMENT

[1] P. Burger, J. Phys. 36, 1938(1965. [13] T. Gyergyek, M. Cercek, N. Jelic, and M. Stanojevic, Contrib.
[2] W. Otta, Z. Naturforsch22, 1057 (1967). Plasma Phys33, 53 (1993. _ _
[3] S. lizuka, P. Michelsen, J. J. Rasmussen, R. Schrittwieser, and-4] M. Koepke, M. J. Alport, T. E. Sheridan, W. E. Amatucci, and

R. Hatakeyama, Phys. Rev. Let8, 145 (1982 J. J. Caroll lll, Geophys. Res. Lef1, 1011(1994.
' ' ’ o j [15] T. Klinger, F. Greiner, A. Rohde, and M. Koepke, Phys. Rev.
[4] F. Bauer and H. Schamel, Physicasd, 235(1992. E 52, 4316(1995.

[5] F. Greiner, T. Klinger, H. Klostermann, and A. Piel, Phys. [16] M. Koepke and D. M. Hartley, Phys. Rev. 44, 6877(1997.
Rev. Lett.70, 3071(1993. [17] I. Axnas, S. Torve, T. Klinger, and A. Piel, irProceedings of

[6] R. T. Carpenter and S. TomelEEE Trans. Plasma Sci5, the International Conference on Plasma Physics, Nagoya, Ja-
434(1987). pan, 1996 edited by H. Sugai and T. Hayaslirhe Japan

[7] S. Torve, L. Lindberg, and R. T. Carpenter, Plasma Phys. Society of Plasma Science and Nuclear Research, Nagoya,
Controlled Fusior27, 143(1985. 1997).

[8] T. Klinger, A. Piel, I. Axn, and S. Torue, Phys. Scr56, 70 [18] B. van der Pol, Philos. Magi3, 700(1922.
(1997. [19] N. N. Bogoliubov and Y. A. MitropolskyAsymptotic Methods

[9] U. Parliz and W. Lauterborn, Phys. Rev. Le86, 1428 in the Theory of Non-Linear Oscillationglindustan Publish-

ing Corp., Delhi, 1961
[10] R. Mettin, U. Purlitz, and W. Lauterborn, Int. J. Bifurcation [20] ZA3 (Al.glggadu and J. J. Rasmussen, Astrophys. Space &¢i.

Chaos Appl. Sci. Eng?, 1529(1993. _ [21] M. A. Raadu, Phys. Ref.78 25 (1989.
[11] H. Lashinsky,Symposium on Turbulence of Fluids and Plas- [22] s. |izuka, P. Michelsen, J. J. Rasmussen, R. Schrittwieser, R.

mas(Polytechnic Press, Brooklyn, NY, 1958 Hatakeyama, K. Saeki, and N. Sato, J. Phys. Soc. 3gn.
[12] P. Michelson, H. L. Peseli, J. J. Rasmussen, and R. Schrit- 2516(1985.

twieser, Plasma Phys. Controlled Fusi2h 61 (1979. [23] P. Carqvist, IEEE Trans. Plasma SeiS-14 794 (1986.

(1987).



