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Resonant magnetic surfaces in a tokamak can amplify the spatial harmonics of external perturbations, which may
come from other resonant surfaces, from error fields, or from a feedback system. The behavior of this active resonant
media can be roughly approximated with a system of coupled Van der Pole oscillators. The effect of frequency injection
locking (or spatial harmonics injection locking in the plasma frame) is typical for these nonlinear systems. It happens
when the amplitude of one modes increases and this mode becomes a dominant mode. Transition into synchronized
condition can occur in a time scale of ~ 50 -100 psec. For a tokamak it means that the stability of a large scale MHD
perturbation can change jumpily, because frequency (phase) lock may create a positive feedback between resonant
surfaces (or between resonant surfaces and the external feedback system). This effect probably determines the explosive
dynamic of the disruptive instability.

PACS: 52.55.Fa; 52.27.Gr; 52.35.Mw

We use the following definitions: when the active primary mode m/n=1 excites the set of

* Active mode is the tearing or kink mode which has passive secondary modes 2/1, 3/1, 4/1, 5/1.

positive or close to 0 positive growth. The behavior of
this mode depends on main plasma parameters such as
shear, pressure profile, etc

® Passive mode is the mode which has negative growth or
close to 0 negative growth. The behavior of this mode a
depends on amplitude and phase of the external
perturbations.

* Dominant mode is the mode, which determines the
global phase synchronization of the secondary
active or passive modes.

Perturbations in a torus are coupled so that the
development of an active mode at a resonance surface
may excite a cascade of secondary passive (slave) modes
at other appropriate m/n resonance surfaces q(r)=(m/n),

Experimentally ~16 Active or
Passive coupled modes could
J| be observed in tokamak at

q(a)=m/n<5
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where r- m is the poloidal, and n is the toroidal number of N I ] I P N S i
the helical perturbation (Fig.1a). Real excitation of these a 3 o S b
modes depends on the spatial structure of the driving C E dS
perturbation (which comes from the active mode or from o i NI & ﬁ
an external error field) and depends on conditions of the 1"'Onemme 41 N ] -
mode excitation, such as the geometry of the plasma, the e L N
current and pressure density profile, the values of toroidal % 02 04 06 | o8 p
magnetic field and plasma current, electromagnetic Fig. 1b (]
conditions of the vacuum wall and also depends on the
relative velocity of the resonance surfaces and external B ecive modes could b
perturbations. In the laboratory frame these phenomena abserved at rational
can be described in frequency terms as resonance, :::7::?1.:;%3;;%

frequency capture or mode locking. Destruction of
resonances between different resonance surfaces and
between resonance surfaces and error fields may greatly
improve high-performance tokamak operation.

Experiments show the number of different m/n resonant
perturbations, measured in different discharges at <5, do not
exceed 16. This particular case is shown in Fig. 1b.

Usually, total amount of active and passive modes,
which are developing in one shot simultaneously do not
exceed 4-6 (for the case Fig. 1a). In Fig. 1b the circus Fig.1
show possible modes excitation in the case, for example,

a(p)
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The secondary modes interact with each other on the
tertiary basis and interact with space harmonics of error

fields - A’"" and feedback systems - Ajie‘;”dback . In

error
such a way the complicated system of resonant
interactions is realized [1, 2, 3]. At each resonance
surface the sum of these external perturbations are

sum .
injected > which

determines the dynamics of this magnetic surface (for
example 2/1 at Fig. 1b).

Experimentally it is possible to observe 3 forms of the
mode excitation: First, the passive eigenmode excitation
by corresponding harmonic of the external perturbation.
Second, the triggering of the active eigenmode (this
excitation is similar to hard excitation of the generator by
external perturbation or, for example, an excitation of
pendulum clock). In this case at the resonant surface, in
laboratory frame, it is possible to observe two identical
m/n modes with different frequencies. For example at q=2
(Fig. 1b), we can measure the free running 2/1eigenmode
and injected 2/1 mode with the frequency equals to 1/1 at
g=1. Third, it is possible to observe all modes
synchronization or frequency locking under the influence
of dominant mode. It happens when amplitude one of the
modes reaches the level of ~ 5 Gauss (data were corrected
according [4]). Synchronization (mode-locked mode) is
accompanied by sharp increase in amplitude. Mode-locked
mode, as a rule is observing directly before disruptive
instability. To all appearance, the sharp modes amplitude
growth is possible to explain by onset of positive feedback
between active modes. One possible feedback channels is
shown by dashed curve in Fig. 1b.Previously described
MHD-perturbation dynamics in coupled system of resonant
magnetic surfaces is similar to dynamics of coupled
nonlinear oscillators. For the first time it was mentioned by
Huygens [5] for the coupled pendulum system. This
phenomenon is well known in modern engineering and
describes by system of coupled quadrupoles (see Fig. 2)
based on Van der Pole generators [6, 7, 8].

forming the resultant perturbation A
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Fig.2
Van der Pole equations set for coupled magnetic
surfaces is possible to write as:

A —a(1= A% AT + @At = A

wl= I free  runnin frequenc at
0 199 g quency
g=k=mln ; .Qk, o , luk - injected frequency, phase
and coupling coefficient between other resonant surfaces
atq#k=mln ;

a,p, R?, RqL - Van der Pole generator parameters

As is known, the

sum _ qlocking
Airy’ected _Ainjecled

ratio[9]:
dd* (1)
dt

where Q is the resonant quality of the system.

Application of the Adler ratio to resonant magnetic
surfaces is the subject of the next article. Note if the
coupled system has high Q and small frequency
difference, the locking maybe happen under very small
Alocking

injected

The fact of modes slippage and sharp transformation
into condition when dominant mode guides all other
modes is very important for feedback control studies
because the perturbation from feedback system in some
cases could play the role of dominant mode and excite
local positive feedback between internal modes, which
could lead to disruptive instability. Analytical model of
resonant field amplification in tokamaks is considered by
V. Pustovitov [10] and A. Boozer [11].

Simulation of the frequency locking dynamics as a

A sum

injected
was carried out by Dr. Yu. Mitrishkin. Fig. 3 shows the
sharp suppression of the free running perturbation and
transition into locking condition for the case of high

locking  amplitude

describes for this system by Adler

—9(1/2Q)Im (4™ 149 )

injected” * " out

amplitude.

function of injected perturbation amplitude

frequency difference @, a,=2(x)0 )
S16] Simulation ’/
é’ L
12| @o AJ
a8 4
£8 .
4 7N
3 0 ~——
2 4 3 8 10
Injected perturbation amplitude at (= 2Wo
Fig. 3

Fig3

Note that the external error field can play an important
role as dominant mode with w=0. Fig. 4 shows that case
(TFTR). As amplitude of stationary perturbation n=I
increases (Fig. 4a) the abrupt changes in mode structure

out out out out injected are happened (Flg 4¢).
TFTR #76778
where 5 Stationary Magjietic (@) 3 a
kok k k sum sum g u: Perturbation n=1 =
sum  __ = E
Ainjected - Z U Aout COS ( Q t+o ( t ) ) + Aerror + A feedback _5E ; has_e_‘lg_ds_le_v < b
k#q gr E. (0)]
— the sum amplitude of the injected perturbations at g E PTEASMA zl E
resonant surface q; 9, o I 5h7

12

y— 360
(©)

Locked mode| 180

@
k
3
£

Fig. 4




Fig 4

In the moment (t=3.9516 s) the stationary dominant
mode m=3/n=1 changes the rotational dominant mode
m=4/n=1 or “rotational Locked mode” m=4/n=1
transforms into stationary locked mode m=3/n=I.
Transition is accompanied by minor disruption and lasts
150-200 ps. (Toroidal rotation of the plasma column
apparently lasts out.). The dynamics of minor disruption
was described in details in [12] but it was not clear the
reason of stationary Locked mode. Above discussed
mechanism of phase velocities alignment (similarly to
Adler ratio) by dominant mode fills this gap.

Note, in the case of a stationary error field it is
difficult to observe the amplification of error field directly
using magnetic probes which produces a false impression
of precursor absence in some disruptions. Amplification
of a pulsed error field is easily observed in RWM
stabilization experiments [13]. The modes
synchronization  with  externally  applied active
perturbation and amplification of this perturbation was
observed in T-10 [14], [15].
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3®PEKTbI OGPATHOM CBS3U MEXJY PE3OHAHCHBIMM MOBEPXHOCTSIMHU U
MPOCTPAHCTBEHHBIMU 'APMOHWKAMM BHEIITHAX BO3MYIIIEHUI B TOKAMAKE

HU.b. Cemenos, C.B. Mupnos, E./]. ®pedpukcon, B.A. Bo3necenckuii

Pe3onaHcHasi MarHuMTHas NOBEPXHOCTh B TOKaMaKe MOXKET YCWIMBaTh NPOCTPAHCTBEHHbIE TApMOHUKU BO3MYIIEHUH
JpYyTUX PE30HAHCHBIX IIOBEPXHOCTEH, BO3MYILEHHsS IPOCTPAHCTBEHHBIX T'apMOHHUK 00OMOTOK MOJIOMJAIBHOTO U
topounanbaoro moineit (Error field) mnim  o6motok oOpatHbix cBsseit (Feedback field). IToBemeHue 3To# aKTHBHOM
PE30HaHCHO# cpefibl Tpy00 MOYKHO aIlMpOKCHMUPOBATh CHCTEMOH CBs3aHHBIX reHepaTopoB Ban nmep Ilois. DddexT 3axpara
YacTOTHI (WIK 3aXBaTa IPOCTPAHCTBEHHBIX TAPMOHHUK BO3MYILIEHHH B CUCTEME KOOPAUHAT, CBA3aHHOM C IIa3Moi), sIBISETCS
TUIUYHBIM IS0 TTOJOOHBIX HeJIMHEeWHBIX cucteM. OH TPOUCXOAWT B TOM CIydae, KOrJa aMIUITYIa OIHOW W3 MOJ
YBEIMYMBACTCSl U 3Ta MOJa CTAaHOBUTCS JOMMHAHTHOM Momoi. Ilepexon B cocTosiHHME 3axBaTa (CHHXPOHHM3ALUM) YaCTOTHI
IIpoOUCXOIUT 3a BpeMeHa ~ 50 -100 psec. B 3ToT MOMEHT ycroifuuBoe cocTosHHe KpynHoMacmtaOHbIX MI'/I-Bo3MyieHui
MOXET CKAa4YKOM CTaThb HeyCTOﬁqHBbIM BCJIICACTBUC ITOABJICHUS [TOJIOKUTEJILHOM O6paTHOﬁ CBA3U MECXKIY PC30HAHCHBIMH
HOBEPXHOCTAMHU (MM MEXIY PE30HAHCHBIMH IIOBEPXHOCTSAMM M CUCTEMOH 0OpaTHBIX cBszeil). DToT 3¢hdexT BO3MOMKHO
ompesielisieT B3phIBHOM XapaKkTep pa3BUTHSA HEYCTOMYMBOCTH CPbIBA.

E®EKTH 3BOPOTHOI'O 3B'SI3KY MI’K PESOHAHCHMMMU ITOBEPXHSIMHU I TIPOCTOPOBUMH
TI'APMOHIKAMMJ 30BHIIINHIX 35YPIOBAHBb Y TOKAMAII

Lb. Cemenos, C.B. Mupnos, E./l. @pedpikcon, B.A. Boznecencokuii

Pe3oHaHCHAa MarHiTHa MOBEPXHS B TOKamalli MOXKE MiJICHIIFOBATH MPOCTOPOBI TapMOHIKKM 30ypIOBaHb IHIIMX PE30HAHCHUX
TIOBEPXOHb, 30ypIOBaHHS MPOCTOPOBUX TAPMOHIK OOMOTOK MOJIOiAainbHOTO i TopoigansHoro noiis (Error field) abo o6moTok
3poporHux 3B's3KiB (Feedback field). IloBomKeHHS LBHOrO aKTHBHOTO PE30HAHCHOTO CEpeloBUINA TIpybO MOXKHA
alpOKCHMYBAaTH CHCTEMOI0 3B'si3aHuX reHeparopiB Baun gnep Iloms. Edexrt 3axomieHHs dvacTtoTd (200 3axOIUICHHS
MIPOCTOPOBHMX TapMOHIK 30YpIOBaHb Y CHCTEMi KOOpJAMHAT, 3B'3aHOI 3 IJIa3MOIO), € THIIOBHM ISl MTOMIOHUX HENiHIHHKUX
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cucreM. BiH BifOyBaeThCsi B TOMY BHIIQJIKY, KOJIHM aMILIITYAa OJHI€I 3 MOJ 30UIBIIYEThCS 1 Il MOJAA CTAa€ JOMiHAHTHOKO
moor. Ilepexin y craH 3axorieHHs: (CHHXPOHI3aIliT) 4acTOTH BinOyBa€eThes 3a yacu ~ 50 -100 pysec. V 1ieii MOMEHT CTIHKHI
cTaH BenukomacmTabHux MI'J[-30yproBaHb MOXe CTPHOKOM CTaTH HECTIMKMM YHACJiIOK MOSBH MO3UTHBHOTO 3BOPOTHOTO
3B'SI3KYy MiX PE30HaHCHUMH TIOBEPXHIMH (200 MK pe30HAHCHHMH ITOBEPXHIMH 1 CHCTEMOIO 3BOPOTHHX 3B's3KiB). Leit eekr
MOJKJIMBO BH3Ha4Ya€e BUOYXOBUI XapaKTep PO3BUTKY HECTIHKOCTI 3pUBY.
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