APPLIED PHYSICS LETTERS VOLUME 72, NUMBER 12 23 MARCH 1998

A universal characterization of nonlinear self-oscillation and chaos
in various particle-wave-wall interactions
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The comprehensive parameter space of self-oscillation and its period-doubling route to chaos are
shown for bounded beam-plasma systems. In this parametrization, it is helpful to use a potentially
universal parameter in close analogy with free-electron-laser chaos. A common parameter, which is
related to the velocity slippage and the ratio of bounce to oscillation frequencies, is shown to have
similar significance for different physical systems. This single parameter replaces the dependences
on many input parameters, thus suitable for a simplifying and diagnostic measure of nonlinear
dynamical and chaotic phenomena for various systems of particle-wave interactions. The results of
independent kinetic simulations verify those of nonlinear fluid simulations.1998 American
Institute of Physicg.S0003-695(198)01012-2

The self-oscillation in an undriven physical system andwhich showed similar results. Our fluid simulations employ
its standard routes to chaos are the subject of intense studit®e equations of continuity and motion along with Poisson’s
for plasma systemisand for free-electron-lase(FEL) equation in one dimensioh!! The kinetic simulation has
systemg™* The previous plasma studies were mostlybeen carried out by using PDP2With a change to give the
experimentaP.® reporting the observation of various nonlin- initial perturbation.
ear dynamical and chaotic oscillations in such plasma sys- The overall parameter window in terms of control input
tems. The overall parameter window including all such os-~variables for various nonlinear dynamical phenomena lead-
cillations is particularly needed for designing the parameterég to chaos is useful and illuminating for the comparison
of future studies, experimental or theoretical. with other experiments and simulations. These parameter re-

The self-oscillations in undrivén(without external ac ~ gimes, shown in Fig. 1, are the results of our nonlinear fluid
driver) and drivefi plasma systems are observed in manysimulations extended to three-parameter space invol#ing
parallel-plate thermioniqwith an electron beam injected ¢. and . The regions for stable focushus no-oscillation
from the cathodedischarges, electron-cyclotron-resonanceself-oscillation, period-doubling, chaos, and unstable
plasma dischargand rf plasma&.Once excited, these self- regiori® are markedSF, 1P, 2P, C, andU, in Fig. 1, re-
oscillations follow one of the standard routes to chaos vieSPectively. The time series, power spectra, and phase spaces
period-doubling, intermittency, or quasiperiodic oscillation. ©f €ach case are shown in Fig. 2. The new results noted in
Some of these are shown in the present letter for the parallefi9- 1 are that the increase i at a constani can also
plate beam-plasma discharges. Despite the differences in the
plasma-formation mechanism of these various discharges, ¢
most discharges have some forms of interactions between
energetic beam and collective wave, which become nonlin-
early important at large wave amplitudes. The proposed di- (5| 11=0988
agnostic parametet contains the nonlinear wave-amplitude e
resulting from the particle-wave interaction and the velocity U
slippage between particle and wave. The chaos of driven o1l
system& can also be classified usipgin a similar fashion to )
the undriven plasma system in the present study. o =102

The physical model for the simulation is that of the ex-
tended Pierce diode systeh? where an electron beam of
velocity ug, densityng, and plasma frequenay,, is injected
to a collisionless plasma-diode system of lengthvith the
applied dc voltage/, and background ion density.. The Or
past simulations showed the significance of the Pierce
paramete’ = w,L/uy, the ion-electron rati™ »=n; /ny,
and the applied voltadé ¢=eV,/mu. -0.05 ' : : :

For the numerical simulations, we have employed two 28 285 29 o/n 295 3 305

different methods, nonlinear fluid and kinetic simulations,

FIG. 1. Phase diagram of the extended Pierce system with the fluid model.
The regions for stable focus, self-oscillation, period-doubling, chaos, and
¥Electronic mail: jkl@vision.postech.ac.kr unstable region are marke&¥F, 1P, 2P, C, andU.
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FIG. 3. Phase diagrams by fluid simulation in terms of the deterministic
parameteu vs. (8) @ and(b) ¢ for n=1.

equations along with the importance of the velocity slippage.
The significance of the slippage in determining the nonlinear
amplitude has also been recognized for a homogeneous
beam-plasma instability and for an FEL systertf

For a homogeneous beam-plasma instabtfitEq. (2)
can be expressed as

K R
| K==W 2= wWiK)?

FIG. 2. Time series, power spectra, and phase spaces of the normaliz%h _ _ _ ;
ereW=w,/wy,, K=kvp/w,,, andR=n,/n, with the
electric fields on the cathodEy=E/w,u, for various ¢'s with =1, @r! @pp Ub’@pp L

=2.887. (8 ¢=0, Self-oscillation,(b) ¢=0.025, period-doubledic) ¢ plasma denSity]P’ beam densityny,, plasma. frequency of
=0.0285, period-quadrupled, atd) ¢=0.04, chaotic. the bulk plasmaw,,, and cold beam velocity,. In this
system, the oscillation of saturated field energy of large
afase is more chaotic than that of smallcase because of
larger values ofr and that the increase in moves the peak small velocity slippage despite low saturation level. The sig-
of the parabola-like curve to the smalland ¢ regime nificance of the diagnostic quantityis that the degree of the
The phase diagram for various nonlinear dynamical pheponlinearity can be determined not only by the amplitude of
nomena can be classified in terms of the parametsimilar the electric field but also by the difference between the beam
to one used in describing the free-electron-lagEL) and wave velocities. This parameter is in a fashion similar to

chao<* In studying the FEL chaos, an empirical parameterthe other useful diagnostic quantities such as Lyapunov ex-

. Kolmogorov entropy.
was introduced as fr ponent and : -
K The regimes where various oscillations such Bs 2P,
Ls

4P, and chaos appear are indicated in Fig. 3 with specific
' (1) w's. The large values ofx exceeding approximately 2 are
o o associated with the chaotic oscillations. The transitions of the
whereLs(=Ny\) is slippage lengttithe effective interac-  Fg| chaod from 1P, to 2P, then toC occur atu~1.7 and
tion length between electrons and waveth the number of 2.0, which compare with the plasma caseuat 1.8 and 2.0.
wiggler periodsN,, and the radiation wavelength Ly, i The dependence of these transitiprvalues on the input
synchrotron slipp_age dista_nce,is the speed of lightyg is parameters such as, ¢, and 7 is weak as seen from the
the average axial velocity of electron beam, and  \yeak horizontal slopes in Fig. 3. The usefulness of a single
=VekE/m is the synchrotron bounce frequency with wave parametep, as a diagnostic measure of various types of non-
numberk and electric field intensiti. For the beam-plasma |jnear phenomena leading to chaos is pronounced especially

1/4

: ()

reveal the period-doubling route to chaos shown in Fig. 2
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case, when the physical systems have complex dependences on
Liw [ 270,4(Up—vy) 71_ oyl o, , many input parameters. _
M= I—syn_ K PN _2(1—v¢/u0)’ (2 These nonlinear dynamical and chaotic phenomena for

the beam-plasma system are analogous to the case of FEL.
where Liy(=wug/wp,=mlK) is the effective interaction The phase diagram of our FEL wofkig. 12 of Ref. 3 in
length andv ,= w, /K is the phase velocity of the wave with terms of the input parameters resembles the modest
oscillation frequencyw,. The numerator ofu is related to  regimes for the plasma of Fig. 1. Theclassification for the

the amount of the trapped particles in the wave, which iFEL chaos(Fig. 1 of Ref. 3, is qualitatively similar to that
proportional to the electric field intensity of the excited for the plasma chaos in Fig. 3. The intermittent chaos and the
wave. The denominator qgi, the velocity slippage between quasiperiodic oscillations are also observed in our plasma
the beam and wave, is associated with resonance and energystems.

delivery between beam and wave. Bonifdéipointed out The Feigenbaum constanty’ for these period-doubling

the similarity of the bounded FEL and the bounded plasma&equences up to P6for several typical cases of our fluid
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