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control of chaos - idea W

HANDBOOK OF

CHAOS CONTROL
chaos = existence of unstable directions in phase space

control = stabilising unstable periodic orbits (UPOs)

H. G. Schuster (Ed)
Handbook of Chaos Control
(VCH-Wiley 1999)

~ %

Ott, Grebogi, Yorke, PRL 64, 1196 (1990)
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Pierce diode

— .
electron beam toy model for plasma diode
__—h—
;@4_? ion background * monoenergetic electron heam
"e(0.="e ;i (x.)=no
. L
—‘*Ve(o,t)% ® neutralising ion background
| * surface charges on electrodes
x:O X=L . .
« external circuit
1d electron fluid model 1d PIC simulation

One + 0z(neve) = 0
OsVe + 1.0,

* use XPDP1 (UC Berkeley)
* bounded plasmas code
* 0(10000) particles

ve = qF

0, F = ag(m — Ne)

Pierce parameter o =w,.L/v; control parameter
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chaos control

phase space contour

time series
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Krahnstover et al., PLA 239, 103 (1998)
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n,=5-10% m>3

T.=1leV

U, + T.= 0.025 eV
Pr= 102 Pa

n < 0.2%
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the MATILDA device PP

filamentary
cathode anode plate
probe [

X X X
i Lt .-;Lf.,u;//:?’/ ﬂ

stepping motor

< N X probe carrier

field coils
to pump
vacuum vessel

' 125 cm |

device located until recently at IEAP Kiel University
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dynamical response of plasma current to periodic voltage drive
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frequency / kHz

10 20
frequency / kHz

10 20 10 20 30
frequency / kHz frequency / kHz

phase space portraits

Poincaré sections —

bifurcation diagram

power spectra
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OPF control

150 iroepa:: """"" """""" ---------- ---------- R ---------- .......... .......... ..........
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control / %
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control / %
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OPF control - phase space I

control off control on

control
signals

U(t+1) U (t+7)

Mausbach, Klinger, Piel, Phys. Plasmas 6, 3816 (1999)
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wave chaos W

(a)

time-delayed
auto synchronisation (TDAS)
®)  14F .

0 20 40 60 80 100
t/ms . -||||

| mﬂ ghmmmmm
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Mausbach et al. PLA 228, 373 (1997)

. Ll'll s it el ol e

Fluctnmition Level
ars. umis -

Time (arb. units)

Gravier et al. PoP 6, 1670 (1999)
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Part 2

controlling noise in plasmas
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excited state
{interstadial)

basic state
(stadial)

Ganopolski and Rahmstorf, PRL 88, 038501 (2002)

I

explain the 100 000 yr
periodicity of glacial cycles

* stochastical systems theory

* optical systems

* electric and magnetic systems
* neuronal systems

e geoscience

Gammaitoni et al., RMP 70, 223 (1998)
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e=0 e>0 % e<0
> "\,I
E \ f
E II"\, .*'; I\"\.
40-)- \ / f
8_ \ B R ;f'! \ P ol . - /|
: . \/ .
o x X X
bistability,)double well potential V() = —ax? + Bz* + ex
IDEA

€ — Acoswzt +V20n(t

3 ingredients ?/

apparent paradox: increase noise level — improved signal-to-noise ratio
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some theory & simulation [}

d d . : :
ar _ _% + A cos(wgt) + V20 (t) Langevin stochastic ODE

dt d
X « valid for large damping

125

fo signal-to-noise ratio
I SNR = 10log;,(S/B)

110

,bona fide“
resonance

1
o

Kramer's time

1
oc “e /e gt A =0
«

SNR o (A/o)2e t0/o

Sw) = I’ iﬁwz

10 100
FREQUENCY (Hz) NOISE INTENSITY D

+ ¥6(w — wa)

TIME (sec)

McNamara and Wiesenfeld, PRA 39, 4854 (1989)
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hysteresis models I

heuristic pseudo potential equilibrium condition: potential minimum
V(i) = i* 4+ pi* + wi V(i) =0
v )
. \' double
! " wel
Knorr, PPCF 27, 949 (1984) )

energy balance equation (Ohmic heating vs. surface loss)
f(0) = o exp(—1/8)—(6—6y) =0 with 6 = kpT,/E;

similar conclusion! Matsunaga and Kato, JPSJ 66, 115 (1997)
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discharge modes I

AGM = anode glow mode TLM = temperature limited mode
LM = Langmuir mode

20

19 ¢ M-
< ¢ LM
- z t
c 10
o * bistability
3 5 * U~ -hysteresis

* |, oscillations
N . . ) | . * discharge modes
10 20 30 40 50

voltage / V

Greiner, Klinger, Klostermann, Piel, PRL 70, 3071 (1993)
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stochastic behaviour PP

time series

1, (MA)
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phase space structure

X(t+271)

sudden jump

attractor of attractor of
AGM oscillations LM oscillations
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weak periodic drive ﬂﬂ

undriven o Wegkly
g driven
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signal-to-noise Iﬁ]

o frequency tune
O 70 Hz
o
(7))
o 150 Hz
=
o
o
DZ: 20t o0 b | -%Dq:,
b saturation
n 10 L j‘ N m.m.m.um ...... !
(c) (d)
strong increase 0 50 100 0 100 200 300

driver voltage (mV) driver frequency (Hz)
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Part 3

controlling instabilities

and turbulence
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what is the problem? I

« drift waves are generic in the edge of magnetized plasmas
« drift waves and drift wave turbulence cause strong particle transport
e transport properties are determined by the power spectrum (Re and Im!)

e transport is not necessarily undesired but needs to be controlled

1

B MagnetiC SNear ........coovv v fairly static
» self-consistent radial electric shear fields ................ ITB‘s — difficult to establish
» active open-loop or closed-loop contro .................... not yet developed

1

 simple: open-loop control

* necessary: spatiotemporal control signal
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@)  magnetized triple plasma PP

filaments anode extractiongrid magnetic field coils  compensation coils

i — i
@ﬁﬁﬁ@@ﬁﬂ@ﬁ@ﬁ@ﬁ{h I
Uy = . _
. [l :
Uy -\ |jgﬁﬁﬁgﬁﬁ/ﬁﬁﬁﬁﬁﬁﬁi| i
LJ'Q" T I}-["H- probe array T 14 -L“QL
to pump to pump
+ 1m +
TUs | T e

- V. Rohde, Ph.D thesis Kiel University (1993) —

* thermionic discharges
* magnetized mid-section

~DLD (Darmouth), MIRABELLF (Nancy), KIWI (Kiel), MISTRAL (Marseille), VINETA (Greifswald)
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plasma parameters ﬂﬂ

= = magnetized plasma column

|
i

WA Ib. o _"'_“'_--..

A\ )“)W \\1\\\\\ ~ cL=15mandd=0.3m
L - | A | °n,<5-10"% m-3

' W T~ 1.5eV

‘ * B <0.1T (linear)
*<2.510F

quiescent plasma

* low-beta plasma * V,n#0 = 3d equilibrium
features

* p,~ other scales * collisions with neutrals
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an array of 64 probes

drift wave
v, poloidal

probe d=50n

plasma
Vn-region

Photo: D. Block
Dissertation
Kiel University
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space-time data I

probe array

unfold = space-time-diagram

siporiad

time.(ms)
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turbulence

-
standard deviation (c)

' V] |
0 0.1 0.2 0.4 0.5 0
time (ms)
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() syncronisation of turbulence

idea: suppression resp. synchronisation of drift wave turbulence
by externally applied electric rotation field

~. U=Asin(ot)
~o O~ T U,=Asin(wt+d)
S~o v U,=Asin(ot+20)
S~ U,=Asin(ot+30)

Schrader, Klinger, Block, Piel, Bonhomme, Naulin, Phys. Rev. Lett. 86, 5711 (2001)
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experimental result

time series f-spectrum space-time-diagram (k,f)-spectrum
T T T T T T T 2 ™, 1
0.5 . R b fmax=7.08 kHz 4
> % Or 1
;Q 0 ~ 25
0.5 " 50
, , , I f/kHz
1.0 . o5t |f=8.06 kHz
> | ] m=2
-‘-‘Q_ 0 |'| ] —
o w
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o5t f . =8.79kHz.
? Of -
—~ -25
@ 50t
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t/ms f/ kHz
* no external field
e co-rotating field
e counter-rotating field
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physical mechanism I

direct perturbation of the drift indirect perturbation of the drift
modes’‘s electric field? wave by poloidal current profile?
+ +

T. Klinger — HSCoPP 2004 Frejus



modelling I

extended HW-model (2d)

plasma potential current || B

1,V b

1, Vin

plasma density

* rotating electron current profile || B

* poloidal mode structure (m=2)

e radially localized
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simulation result ﬂﬂ

time series f-spectrum space-time-diagram (k,f)-spectrum
1} 50 |
- m
o 0
3 O >
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S 2 _
g S 0
m e
50
= | | @ 501

n/arb. u.

— ~100 : : ;
0 250 500 750 . i1y

normalized time F/ iy normalized time

no external field
* co-rotating field

e counter-rotating field
Schroder, T.K., Block, Piel, Bonhomme, Naulin, PRL 86, 5711 (2001)
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experimental result

time series f-spectrum space-time-diagram (k,f)-spectrum
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synchronisation dynamics

incomplete synchronisation - van-der-Pol behaviour

i —yf(z,2) % +ws x = Fycos(w;t)

max|

min

relative phase

max

time (ms)

temporal modulation > spatial modulation

T. Klinger —
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phase evolution

min

s e * m=2 exciter field
* moving frame
e drift mode response

* phase slippage

e periodic pulling

t=14
a0

[ —
- o 1
narm. density fluctuation Block, Piel, Schroder, Klinger, PRE 63, 056401 (2001)
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transport

[w) = =Chpw) with Cppw)=RS,e(w) and (I')=["T'(w)dw

1.051

1

0.95|™

0.9

0.85

0.8

<Is/< >
ref

0.75

0.7

0.65

0.6
0.9 0.95 1 1.05 1.1

mode transport reduced by
synchronisation!

I/ < 5
ref

Block, Piel, PPCF 45, 413 (2001), /bd. 427
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outlook PP

proof of priciple v

how about the big devices?
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Sl S

E (a) driver off

E (b) driver on

5 10

50 100

Frequency / kHz

driver frequency observed ~ weak impact ...

* ExB co-rotation = phase coupling

* ExB co-rotation = phase slippage

Thomsen et al., PPCF, to be published 2004

500 5

50 100 500

Frequency / kHz

"> Polidal Field Call

TF-Coils
P ised ol
' Vacum Tibe

y N
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Injction Port Coll -{ -G

Plasma—
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ASDEX Upgrade shot #6041

Heating Power (NBI)
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ASDEX Upgrade #8216 -

» befdre mode onset
[ s WithiNTM
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flattened p(r) produces helical ‘hole' in bootstrap current
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1.40

z[m]

0.70

0.00

-0.70

ECR O-mode deposition ~ width down to 2 cm
Can be used to replace the hole in the bootstrap current distribution
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@) NTMs — no control
_#E5_§§,—'_'_J—I_'_‘——x 115
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10.75

Minor radius of cold EC resonance
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H-Factor
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" n=1 amplitude ™

WIIMMMHINHMMMHM MIW HVM\NM‘WIMI\H\I\
n=2 amplitude

Minor radius of cold EC resonance

H-Factor
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" n=1 amplitude ™

itilld

MRy L

| | ‘ | ‘ ‘ n=2 amplitude "]

Minor radius of cold EC resonance
| | | | n | |

H-Factor

Zohm et al, Nuclear Fusion 39, 557 (1999)

perspective: feedback control
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conclusion PP

Noise ............ stochstic resonance |||/

65 70 75
time (ms)
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phase distributions I

1 Q
Wemr(9) = — |1 + sin(¢ + 5)]
2 1+ 43 Choi et al., PRE 57, 6335 (1998)
0.8 I
entrance exit

0.6 3 &
3 M |
£ 0.4 '
@
= {
/
.

0.2 }'M.-l{ . .
r"'h\ A, experiment and
a ol TG M, -"' ﬁ'l"‘r, o theory agree well ...
% 0 1
O/n
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AGM current oscillations W

g
electron O
phase space 2
)}
=
Q
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=
(43}
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potential
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£ 13
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(l@)] -
| —
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% .
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©
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potential
relaxation
oscillation

0.05
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0.20

Greiner et al., PRL 70, 3071 (1993)
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LM current oscillations ﬂﬂ

cathode regime

6 ' | 16
S 4| st
T = 12
8 2 - § 10
3 8 4

8_.
| 6
0 20
z/mm

Ding et al., PLA 222, 409 (1996)

Y% bulk regime

»
C——

- ion bunches

lonisation happens |
40 60 80 100 120
axial position z (mm)
» ion bunches created at ¢, — position

» travel along axial electric field

» eventually neutralize virtual cathode
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plasma potential —V Vexp VVi¢=6(¢—n)+p,Vig

plasma density Vg -V (No+n)=6(¢—n)+ u,Vin
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simple example I

_eperiodic drive

o
.
.
.
.
S
o
.

bistable - + Schmitt trigger «

.
‘e
.
0
.
‘e

“» superimposed white noise

[W Sine wave source )7
1 kHz I weak noise
fa n Mon-linear system
N ﬂ (Schmiit Trigger) P
‘N
c
[H MNoise source J— %
_ —
] ©
v, IS _
| (“%’_ optimum
> o noise level
w vln q)
5
V. T o
\,
Fauve and Heslot, PLA 97, 5 (1983) frequency
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Intrinsic noise

norm. amplitude (o)

psd (arb. units)
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period doubling cascade I

0, 5(t)

-04 -02 O 0.2
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control schemes W
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