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1. Introduction. Experimentally observed effects osomant field amplification (RFA) and
Resistive Wall Mode (RWM) instability are coemed with theory predictions based on the
model [1] comprising the Maxwell equatior@hm’s law for the conducting wall, boundary
conditions and assumption of linear plasmaoese to the external magnetic perturbations.
The analysis includes the feedback rotatioRWM in the RFX-mod revwsed field pinch [2],
dependence of the RWM growthte on the plasma-wall separation [3] and appearance of the
slowly growing RWM precursors [4] in JBBU tokamak. We show that the mentioned
effects, seemingly different in differenbreditions, can be described on a common basis.

2. Themodel. To describe the magnetic perturbatioroutside the plasma we use equation

t,0B |0t=T, B —TB™" (1)

obtained in cylindrical geometry by integragi with proper boundary conditions, the radial

component ofu,cob /ot = Vb through the wall considerexs a thin shell. Here, = u o7, d

with o, r, andd the conductivity, minor radius and thickness of the wa|l=5, (», is)

mn

the amplitude of(m,n) harmonic ofb,zb.Vr:Zb @ 2)expimb —in) in cylindrical

coordinates-, 8,z = R¢ , 2zR is the length of the systen®” =57 (r,) with b2’ being the

mn

part of b, created by the currents behind the wall (the error field and the control field), and
I, =—-2M with M =|m|+0 or T, =2 for m=0. See details in [1, 5]. Experents [6, 7]

have shown that the linear model based oms(@jpod in describing the observed RFA effects.
Its derivation from the first-principle equatiomstoroidal geometry is given in [5].
Assuming the time dependence (with reahnd Q)
B, = B? exp( +inQt) 2)
we obtain from (1) forB® = constl, =z, (y, +inQ,) with y, and Q,, the “natwal”
instantaneous growthéday rate of the mode and the angédaquency of itdoroidal rotation.

These are the measurable quantities[5e@, 7]. In the cylindrical model;, is determined

by b, /b, atthe plasma surface, , since in the plasma-wall vacuum gap [1, 5]
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' 2M
rbﬂ:—(M+1)— 2MT x

b 2M +T, (1—x*")

, ©)
the prime means the radial derivative and x =r/r, . The plasma properties enter the problem
when rb,, /b, at S, is given in terms of the plasma parameters.

If the perturbation in the plasma is described by the linearized equations and the inertia

(dependence of rb) /b, on the growth rate) can be neglected, the left hand side of (3) must
be determined by the plasma equilibrium only. Accordingly, with I', a constant in a fixed

equilibrium state independent of B, , B:" and the (complex) growth rate, equation (1)

becomes linear, which is the main assumption here.

3. Excitation of the rotating mode in the RFX-mod [2]. In these experiments the mode
with (m,n) = (1,-6) was sustained by the feedback system producing such a harmonic with
amplitude at the wall prescribed by [2]

OB/
Ot
Here K is a complex quantity and z, is the characteristic time of the feedback circuit.

;
B + 7,

- KB, 4)

m

Replacing B in (1) by B/ from (4) we obtain
2

0’B OB . or
T,T ~+(r, -, 7,)——-(,+[,K+7,—*)B, =0. 5

With ', =const and B,, in the form (2), this reduces to a dispersion relation similar to that

in [2], though expressed in other parameters. In the thin-wall approximation, we have to

disregard the terms with 7, since 7, <<z, in the RFX-mod [2]. Then equation (5) becomes

T agtm =, +T°K)B,,. (6)

For B, (¢) inthe form (2) this yields
nQr, =Im(, +T°K), (7
which shows (since T is real by definition) that the mode rotation frequency Q can be

controlled by the imaginary component of K . Similar dependence of Q on ImK in the
RFX-mod experiments [2] proves that the model discussed here is adequate.

In [2] this frequency was presented as a function of the phase shift Ap between the
mode and the external perturbations. The feedback algorithm (4) implies that K = |K|eiA“’, if

the term with z, can be disregarded. Then (7) gives
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0
Lo Klsinag. (8)
nt,

To obtain an observable rotating mode, the feedback gain K must be selected so that y

Q=Q,+

would be close to zero. According to (6) and (2), yz, =Re(T, +T°K). With T°, T, and K

defined above, we obtain y =0 at I’y |K|cosAg = —y,z, . Then (8) reduces to

n(Q-9Q,)=-7,19A¢. (9)
This well agrees with the RFX-mod results [2]. In [2] the model was more complicated,
though it was based on an equation equivalent to (5). In [2] the model included the
Newcomb’s equation solving by a stability code, while we obtain the result analytically using

equation (6) only, assuming the plasma response linear or I', independent of b.

4. Dependence of the RWM growth rate on the plasma-wall separation. In the
experiments on JT-60U the growth rates of the current-driven RWMs have been measured in
similar discharges, but with different plasma-wall separation [3]. From shot to shot the

plasma-wall gap at the high-field side was changed from 40 to 30 and 20 cm. All this is

!
mn

equivalent to changing x, =r, /r, in (3) while keeping rb /b, at §,, unchanged (r, is the
plasma radius). With smaller plasma-wall separation the growth times of the m/n=3/1

instabilities (being of the order of 7, ) became longer, which means smaller » [3].
If we assume linear plasma response, rb!, /b, in the plasma must be determined by

the equilibrium only. With rb’

mn

/b,, at x=x, the same in discharges with different plasma
radius, but similar equilibrium profiles, the quantities I', must satisfy the equation

2M
Lx;

2M +T, (1-x2")

m

= const, (10)

where the constant depends on the unchanged equilibrium pressure and current profiles. Then

2M
1—‘m = 2M !
D(r,lay)™" -1

(11)

where D=2M/T'+1 and I'=T, (a =1) is a reference quantity for the plasma with minor
radius r, = a,. Since D must be a constant determined by the equilibrium profiles only,
equation (11) gives an explicit dependence of I, on the plasma radius 7, .

The data in [3] correspond to real T', = yz,. Then D=2M [(y,z,)+1, where y, is the

growth rate of the mode in the plasma with r, = a, . In this case equation (11) shows that the
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plasma unstable with r, = a,, with y, >0, becomes less unstable with larger 7,. In other

words, the growth rate » becomes smaller than y, when the plasma-wall gap is narrowed.

This is exactly the effect observed in similar discharges with different », in the JT-60U [3].

5. RWM precursors. Recently an n=1 slowly growing kink-like rotating mode was

observed just before the RWM onset in the JT-60U [4]. Let us try to explain the observations.
With static B =0 and constant ', a general solution to (1) is

B, = B exp(r,7) - oy R (12)

m

where r=¢/7, and B =B, (t=0). Consider (12) at the stability boundary, y =0 . At

[, —0itgives B, =B —T Bz, which is a nonrotating precursor of RWM. This solution
was discussed in [1] and earlier papers cited there. Such linear growth of the weakly stable
low-» modes was indeed found in the EXTRAP T2R reversed field pinch [7].

With Q, =0, we have I', =inQ,z, at y =0, and Eq. (12) gives us oscillating solution
with the same time dependence and appearance at the same conditions (at y —0) as the
RWM precursor observed in the JT-60U [4]. With y =0 solution (12) is either decaying or
growing. For a stable plasma, » <0, it gives a stationary state B = BT /T, .

In JT-60U the precursor appeared spontaneously, without deliberate external excitation.
A natural trigger must be the error field, which can be seen from our equations. By definition,

B? is the amplitude of b, at t=0. If =0 is the start of the discharge, when the plasma
does not contribute to B, , we have I', =I". and B = B°". Then for ¢ >0 we obtain from (1)
B, =B A(t). Therefore, B? oc B for arbitrary choice of =0, so that the both terms in
(12) contain B:". This means that the oscillating part of (12) is proportional to the static error

field amplitude B:". This can be called error-field induced rotating precursor of RWM.
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