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Introduction

The T-10 tokamak experimental observations of the m =2 mode rotation irregularity is
analysed in the course of development of a method of the error field identification. It is
supposed that the observed variations of the tearing mode rotation velocity [1 — 3], which
take place along with the magnetic island rotation, can be attributed to the effect of the
External Helical Magnetic Perturbation (EHMP) of the same helicity. The experimental
results are simulated using a rotation model for the non-linear Rutherford tearing mode
[4, 5]. The rotation velocity of the mode is represented by a superposition of the velocity of
the mode with respect to the plasma that arises as a characteristic of an externally driven
non-linear tearing mode and the plasma rotation velocity affected by the plasma interaction
with the external magnetic perturbation.

Experimental Arrangement and Processing of the MHD Data

T-10 is a tokamak with a circular plasma cross-section. The major and minor radii of the
vacuum vessel are R = 1.5 m and b = 0.42 m, the radius of the permanent circular limiter is
0.33 m. The experiments were carried out at the discharge parameters: toroidal magnetic
field Br=24T, discharge current Ip=240KkA, line-average plasma density
n. = (7-8)-10" m™. The plasma minor radius determined by the position of a movable rail
limiter was a =0.27 m. In our experiment the EHMP consisted of a superposition of the
permanent error field, artificially applied magnetic field of the halo-current introduced into
the SOL plasma as described in [6, 7] and a magnetic field of eddy currents in the vacuum
vessel wall. The m =2, n =1 harmonic of EHMP produced by the 100 A halo-current can
be estimated as 10™ T at the plasma boundary.

The space structure of the MHD mode is measured with a set of poloidal magnetic field
sensors located at the inner side of the vacuum vessel wall. The observed m =2 mode
rotation irregularity has a time-scale comparable with the period of the oscillations. In this
case instead of the standard spectral processing of the MHD signals we calculate the
instantaneous value of the mode frequency as the time derivative of the spatial phase of the
magnetic perturbation. The procedure includes a decomposition of the measured magnetic
perturbation to a set of spatial Fourier harmonics with different poloidal and toroidal
numbers. For each harmonic with certain m and » numbers the poloidal magnetic field
perturbation at the radial position of the magnetic sensors is

Bo(6, ¢ t)=Bgc(H)cos(mB+ np) +Bgs (t)sin(m+ np), where ¢ and 6 are the toroidal and
poloidal angles, By ¢ (f) and By s (¢) are the cosine and sine components of the measured
harmonic of the magnetic perturbation. The space amplitude of the harmonic is

Ampl B, (t)=+/B2.(1)+ B2,(t). The space phase of this harmonic is defined as
cD(t)zarctg[Bgs(t)/Bgc(t)J and the instantaneous value of the mode frequency is

QW)=dd/dt.
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Experimental Observations

The experimental
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the mode rotation frequency. The mode rotation stops in cases of high amplitude halo-
current pulses. This effect has different threshold values at the negative and positive halo-
current directions. In cases of moderate halo-current amplitude, the effect on the mode
rotation depends on the halo-current direction. The negative halo-current causes an increase
of the mode oscillation frequency, the oscillations become more regular. In case of the
positive halo-current pulse, the application of the halo-current is followed by a decrease of
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Numerical Modelling

As in [6, 7], the non-linear tearing mode rotation in presence of the EHMP of the same
poloidal, m, and toroidal, n, numbers is simulated in cylindrical approximation using the
Rutherford model [4, 5]. We assume that the external magnetic field is produced by three
current layers at radii » = r; outside the plasma. The equations

o( ov 2 R 72i/od -
(r C,Sj_(m+ﬂo i/or Jﬁ”c,szﬂozr]lcﬁé‘(r_rl) (1), (2)

or or r B, pu(ry-nim 7
are used for the calculation of the radial distribution of the cosine, ¥ , and sine, ¥,
components of the poloidal magnetic flux perturbation,
Y =Y. (r,t)cos (m@+np)+¥,(r,t)sin(mé+ne), satisfying B,=—-0¥/or,

B. =(1/r)d¥ /660 and the boundary conditions ¥ (0) = ¥es(c0)=0. In (1) and (2), i(r)
is the plasma current density, u () = 1/q(r), up=4n 10" [H/m], jc and js are the cosine
and sine components of the external helical current surface densities at radii » =r;:
Ji=Jc@)cos(mO+np)+ j,¢(t)sin(mb +ne), including the current which produces the
error field, the halo-current at »r=a and the current with the surface density,
d¥ (1)

dt
magnetic flux variations in time. In the j,. ¢ formula, ¢ is the thickness of the vacuum

Jres=—60O , generated in the resistive vacuum vessel wall at =5 due to

vessel wall and o i1s the wall conductivity. The time evolution of the cosine and sine
components of the magnetic flux perturbation at » = r; is described by the equations:
d¥e _ o 4(0)
—=raw

dt R Ve -Qs, 3)
d¥ As(W
— tS =rwd’w, —SV(V )alfs + Q. (4)

In 3) and (4), @, =1/7,, T, =4, a’ / n is the resistive time. The right-hand sides of the

equations (3) and (4) are expressed through stability parameters for cosine and sine
components of the magnetic flux perturbation:
e slrs +W2)=¥, (rg =W /2 R\P.+V;
Al = s 1y £/ 2) o =W ), where W =4,|~Y"CTES |56 the width of the
’ s (rs) ro B, duldr

s

magnetic island. In (3) and (4), the natural frequency, 2, = mYe ¢ n%’ , 1s a free parameter
Ts

depending on the toroidal, v, , and poloidal, vy, rotation velocities of the resonant plasma

layer in the vicinity of the resonant magnetic surface. Similar to [8-10], we use the

equations of angular motion in the toroidal and poloidal directions to calculate the time

variations of these velocities. We assume that the plasma inertia in the resonant plasma

layer, r, =W /2 <r <rg +W/2, is balanced by the sum of the electromagnetic and viscous

friction forces. The electromagnetic force is calculated as a reaction to the force applied to
the conductors with the external helical currents from the magnetic field perturbation
originated by the tearing mode. The toroidal and poloidal components of the force moment

applied to the resonant plasma layer are: M, :_%Z’/}J‘jl B.dS. M, :_2’7,[]1 B.dS,
i S,

l S,
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where the integration is performed over the surfaces, S;, corresponding to the external
current layers at radii, » = r;, we assume that R >> a, m > n. The angular motion equations
for the resonant layer in the toroidal and poloidal directions are:

I dv v —v dl
M M, - (5)
R dt 7 v R dt
1 — [
Lo oy My =00 Sl ©)
re dt re dt

In the equations (5) and (6), /, and Iy are the toroidal and poloidal inertial moments of the
resonant plasma layer which can be evaluated as 7, =47’ RrWp, 1,=41Rr.Wp,
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specific mass, Mprrp o BEZMP 0 o
are the toroidal and [10 T] .5

poloidal moments of 5. TYyyn |\ pma NI AL )
the viscous _friction oy A YV YV
i

fOI'CC ) Wthh are 10— BEEEEREE R LI B o o e L B e o

supposed  to  be B oAl MAMALLLLAAMAMALLLLL Mhﬂﬂﬂ il ﬂﬂﬂﬂ MMMMM
proportional to the [10” T]_1 LK WUWWUUUUWWUUWUUUUUUUWWUWWW UWUW R LAY —

L A B LR IR LS IR L IR R IR
differences  between 10
Ampl B,
Vo6 and  the (0™ 1] 54
components of the 0 e P e e e e e

2

plasma intrinsic (2727 °] | )
. . [kHz] 14 "\/W\Mf W
rotation velocity, vo e, 0 .
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

outside the resonant 10 20 30 40 50 60 70 80
plasma layer. t [ms]

Fig.3. The calculated effect of the EHMP on the mode rotation

The result of the

simulation is shown in Fig.3. Similar to the experiment, the irregularity of the mode
rotation takes place at EHMP of both directions in case of the EHMP absolute value lower
than necessary for the complete mode locking.
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