Stabilization of the resistive wall mode using a fake rotating shell

Richard Fitzpatrick
Institute for Fusion Studies, The University of Texas at Austin, Austin, Texas 78712

Torkil H. Jensen
General Atomics, La Jolla, California 92186

(Received 5 December 1995; accepted 19 March 1996

Tokamak plasma performance can, in theory, be greatly improved if the so-called “resistive wall
mode” is stabilized. This can be achieved by spinning the plasma rapidly, but such a scheme would
be difficult to implement in a reactor setting. A more promising approach is to apply external
feedback in order to make a resistive shell placed around the plasma act like a perfect conductor. A
scheme is outlined by which a network of feedback controlled conductors surrounding the plasma
can be made to act like mtating shell. This fake rotating shell combined with a stationary
conventional shel(e.g., the vacuum vesgatan completely stabilize the resistive wall mode. The
gain, bandwidth, current, and power requirements of the feedback amplifiers are extremely modest.
A previously proposed stabilization schenfthe intelligent shejl is also investigated, and is
compared with the fake rotating shell concept. The main disadvantage of the former scheme is that
it requires a high gain. €1996 American Institute of Physid$§1070-664X96)00207-§

I. INTRODUCTION B. Preliminary analysis

Present day tokamak performance is often limited by Consider a fake shell, surrounding the plasma, which is

ressure driven external kink modeShe ideal external kink made up of a uniform two dimensional network of resistors
P . . and inductors(see Fig. 1L Let A@ and A¢ be the angular
mode can be completely stabilized by placing a perfect!

. . spacings of the network in the poloidal and toroidal direc-
conducting shell sufficiently close to the plasfidowever, tions, respectively.

the best that a resistive shell can do is to convert the fast Suppose that a curredy,(6,4) flows around the network
growing ideal mode into the much slower growing resistiveIoop centred or(6,¢). The cur’rents flowing in the network

shell (or resistive wall mode: The resistive shell mode is are approximated as a smoothed out distribution with radi-
dangerous because tokamak discharges typically last muc(;iiy integrated current densitgl.,(6,¢). Now
longer than itse-folding time. W

There are two possible approaches to stabilizing the re-

‘JW( 0!¢+A¢)_‘JW( 0!¢)

sistive shell mode.. Thg first is to modify the plasmg some-  51,.4(0,¢)= , (1a)
how; e.g. by making it rotate rapidfyUnfortunately, it is RoA¢

difficult to envisage a reactor possessing sufficient plasma

rotation to achieve stabilization, because of the large volume —Ju(0+A0,0)+3,(0,0)

of the plasma plus the fact that neutral beam injectide Slwy(0, )= Y ’ (1b)

most commonly used scheme for spinning plagmasst be
performed with high energyi.e., low momentum particles

in a large device. The second, more reactor relevant, ap-
proach is to modify the shell; e.g., by making it act like a
perfect conductot.In this paper we will investigate the sec-
ond approach.

Il. THE FAKE SHELL

A. Introduction

Consider a large aspect ratio, log tokamak plasma Ad

whose magnetic flux surfaces map datmos) concentric o
circles in the poloidal plane. Such a tokamak is well approxi-
mated as a periodic cylinder. Standard cylindrical polar COFIG. 1. Schematic diagram showing a single loop of a uniform two dimen-
ordinates (, 9,2) are adopted_ The system is assumed to beional network of resistors and inductors surrounding the plasma. The loop
periodic in thez direction, with periodicity Iength %RO, is centered on the poir{¥),¢). The res_lstances qf the poloidal and toro_|da|

. . . . . . legs of the loop ar®, andR ,, respectively. The inductances of the poloidal
where RO is the s'_mUIate_d major rad“j's of the device. It is and toroidal legs aré., and L4, respectively. The current which flows
convenient to define a simulated toroidal angtez/R,. around the loop is denotelj,(6,¢).
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wherer,, is the minor radius of the network. It is assumed

thatr,>a, wherea is the minor radius of the plasma. Ap-
proximatingJ,,(6,¢) as a continuous function gives

5 0 1 493, 1 4, 5
w ,R_()%, EW ] ( )

so that
S, =V, )=V, /NT. 3

Thus, J,,(6,¢) is the stream function for the effective con-
tinuous current distribution flowing in the fake shell.
The circuit equation for the loop centred 6 ¢) is

— ¥0B; plasmA A~ YL 4 (Jw(6,0) —In(0+A0,6))
— YL y(Jw(0,¢) = Ju(0—A0,9))
—vLo(Iw(0,¢) = (0,6 +A))
—Lo(Qu(0,¢) = Iu(6,0—A&))
=+Ry,(Ju(0,0)—Iu(0+A46,4))+R,(Iu(0,9)
—Jw(0—A40,¢))+Ry(Iw(0, )

—Jw(0,6+A6))+Ry(In(0,¢) = Ju(0,6—A)). (4)

Here, y is the growth rategB, asmd 0, ¢) is the (approxi-
mately uniform radial magnetic field at the loop due to
plasma currents, andA=r,R,A0A ¢ is the area of the
loop. Itis assumed thalB, ,.sm{ 0, ¢) varies poloidally and
toroidally on angular scales which are much longer th#n
and A ¢, respectively.

Let

SB=V/\(yp2)=V y/\Z, (5)

where ¢ir,6,¢) is the perturbed poloidal magnetic flux, and
V. (0,0)=i(r,,0,¢) is the flux in the shell. This expres-

sion for the perturbed magnetic field is appropriate when

B=pnop(0)/B5~0(a/Ry)* and a/R,—0, whereB, is the
toroidal magnetic field strength, ang(0) is the on-axis
plasma pressure. Consider thgén external kink mode, for
which

W(r,0,¢)=g(r)exi(mo—ne)], (68)
V,(0,4)=",, exdi(mi—ne)], (6b)
Ju(0,4)=3,, exdi(mo—ng)], (60)

where \ifwz fp(rw). The network currents can only be ap-

imuody=AwV, . 9)

The perturbed poloidal flux functio&r(r) can be written
in the form

N PN Ay ~ -
h(r)= q’w‘ﬂplasmér)_%q’w‘ﬂshelﬁr)i (10

Ay

outside the plasma, wheu}ap|asm4r) is that part of the flux
function which is maintained by plasma currents and
Ysnel(r) is that part which is maintained by currents flowing
in the fake shell. Both/jasma@nd gy are normalized to
unity at the network radius. Note thak,,smaiS continuous
across the network whereds,, has a gradient discontinu-
ity. It is easily demonstrated that

" r +m

dfshemr):(r—) , forr<ry, (119
w

“ r\—m

wshemr):(—) , forr=r,. (11b
rW

It follows from Egs.(5), and(6a), and(10) that

. m Ay -

OB plasma= | T 1+ om Wy, . 12

Equations(4), (6), and(12) yield

i yMR,A A &

Al s
1+ 50 | W= = (Ry+ 7L ) (MA6)2,,

—(Ry+yLg)(NA$)2],,.
(13)

Equations(9) and(13) combine to give

proximated as a smoothed out current distribution, provided

that
mA <2, (73

nA¢p<2m; (7b)

i.e., there is very little phase variation of the mode from loop

to loop.
The shell stability index for then/n mode is defined as

dy /-
w:ra/(p

Ampere’s law integrated across the network yields

Tw+

A 8

fw—
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B YioM?RoA A p(1+ A,,/2m) 14
Y (Ry+ yLg)(MA )"+ (Ryt+ yLg) (NA )"
which can also be written as
Ay
yTW_l_AW/Aca (15)
where
,LLOmZRoA BA(Z)
TWTR,(MA0)2+R,(NA $)2’ (16
¢ 0
and
[.LOmZRoA 0A¢
cTw > 5> (17)
Ls(MA6)“+Ly(nA @)
Here,
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Lo=Ls= Sm 15 (18 —ll r |J_
p~yd

Equation(15) can be written in the form power loop ——=>
’}”7\' _ A (19) sensor loop—————=
w W1
whereﬁW is the stability index for a shell located at radius —L ! —
R 2m)\ ¥ integrator and amplifier Ir
Mw=rw 1+A_ , (20) l/ A8
Cc
Y |

and 0 —T S, T—
1 2m 21 ¢ 4
+ A_c . (21 L

= T
. . . . FIG. 2. Schematic diagram showing a few loops of a uniform two dimen-
Equation (19) is obtained from Eq.(15) by noting that  sional network of resistors and inductors, surrounding the plasma, which is

V2¢:0 in the vacuum region outside the plasmaygo) is subject to feedback. The low impedance loops containing the resistors and

a linear combination of *™ andr ~™ solutions in this region inductors are denoted the power looftise resistors and inductors are not
. . . . .. shown for the sake of clarity The signals detected by the high impedance
Recall that the dispersion relation for a conventional resistiv@ensor 1oops are integrated, amplified, and then fed into the power loops, as

shell isyr,=A,,.° whereA,, is the shell stability indexsee  shown.
Eq. (8)], and 7, is the time constantor L/R time) of the

shell. It is clear that the network acts like a complete resistive
shell whose radius,, is somewhat larger than, (the actual
radius of the network The ideal Stab”'ty limit corresponds The modified circuit equation for the network loop centered
to A=A, (or A,—+=). Note that the ideal mode escapes (0.4 i

through the holes in the network, so it is not shielded from A R

the regionr>r,,, as would be the case for a complete shell.| . 7)) Z({t)explimA6)
In fact, the network acts very much like an incomplete shell. V() + -
[Equation(15) has the same form as the dispersion relation

factor 1/ and then fed back into the netwotkee Fig. 2.

exdi(mé—ng)]

for an incomplete resistive shell located at radiys®] =R,(MA 6)2,(Hexdi(md—ne)], (24
giving
. ~ _MA6G - -
C. The fake rotating shell V(t)—i - 7(1)=Ry,(MA )2,(1). (25)

Consider, for the sake of simplicity, the limit in which
the poloidal inductance and resistance of the network ar
negligible. This limit corresponds to?r,A p<m?RyA 6 if
the inductance and resistance per unit length are the same
the poloidal and toroidal directions. Suppose that each loo
in the network is accompanied by a high impedance sens P
loop of equal area which measures the local rate of change It of no feedback(i.e., ), Eq. (24) is consistent with

the magnetic flux escaping through the netw@&e Fig. 2 ) . .
The voltage generated in the sensor loop centered oer results of the previous section, provided that

glote, from Eq.(24) and Fig. 2, that the net feedback voltage
around a given network loop depends on tliferencebe-
tyeen the feedback voltages put out by the two amplifiers
ttached to the loop. This, in turn, depends on the difference
the integrated voltage signal detected in two poloidally
jacent loopgone of which is the loop in questignin the

< 2 i i
(6,6 is V(t)expli(M—n )], where n“r,A p<m“RyA 0. Equations(22) and (25) yield
. d Ay - i YMRyA A ¢ 1+ﬂ W, =—(Ry+ 7L 4,)(MA 0)2]
V() =— — [imRoA A | 1+ — | (1) Y 2m/ W $T Voo wr
dt 2m (26)
+Ly(mAB)2T (1) . (29 Where
. MA@
This signal can be integrated to give y=r-! T @7
- t. Ay - Equations(9) and (26) combine to give
W(t)=J V(t)dt=—|IimRyA A p| 1+ —|W,,(1)
0 2m m Ayl
=i — vyt ——— (28)
) YT T ISA L IA
+L4(MAG)2], (1) ], @3 here
assuming that the mode amplitude is negligibly small at ime moM?RoA 0A ¢ (204
t=0. Suppose that the integrated signal is amplified by a w R4(mMA 6)2
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LoM2RoA A & zero magnetic flux in shell 2. Likewis<E_2 is the shell §ta-
= (29b bility index for shell 2, calculated assuming that there is zero

C ~ l
L4(mA ) flux in shell 1. Also,
and 2
E
Y] Eio=E1— (Ex , (363
w! E2
V=T (30
: o (Epp)?
Equation(28) can be rewritten in the form Bon=Eo— —— (36b)
1
y=—| m Do ﬂ (31 &€ the shell stability indices for shells 1 and 2, respectively,
Fw | T calculated in the absence of the other shell.

A4 ~ S In the vacuum region outside the plasmér) is just a
Wherev ;=v, fw/Tw, Ay is the stability index calculated for linear combination ofr *™ and r ™ solutions. It is easily

a shell located at radius, [see Eq(20)], and7,, is given by
Eqg. (21). Equation(31) is the dispersion relation for a resis- demonstrated that

tive shell located at radius, , with time constant,,, which 2m
is rotating poloidally with velocityo,. Thus, the feedback E=- 1= (r /i)™ for ry<ry, (379
causes the network to act like a rotating shell. Note that the
effective rotation velocity is determined by the amplification 2m
factor 1f. Eo=-— 1—(r,/r,)%m
The dispersion relation for the fake rotating shell is con- )
veniently written as (ralry)="
X o= , forri=r,,
A('}/):AW, (32) 1+(1_(r2/r1) )Elw/2m (37b)
where and
~ 2m(rq/ry)m
_ YTw E,=———"-, for r;<r (38a
Aly)=—————, (33 12572 Zm 1<r2,
Y L 5l 1=(rafre)
The corresponding dispersion relation for a conventional _2m(rp/ry™
. . =77 —m, fOr r{=r,, (38b
shell of time constant,, is A(y)=A,,, whereA(y)= 1y, . 1—(rylry)
with
D. Stabilization of the resistive shell mode E1e

Eop= . 39
It is possible to stabilize the resistive shell mode using 2 Eq/Ex+ (Ep/Ey)? 39

just the fake rotating shell described above, but the effective Equations(34) and (35) yield

angular rotation frequency needs to be comparable to the

growth rate of the free boundary ideal external kink modey?7;7,(1—E,/E ) — Y[ 71 Eo+ 7E1(1— E.. [E )

(i.e., prohibitively largé.” A more promising approach is to .

combine the fake rotating shell with a conventional non- — 10,717 (1- B /By |

rotating s_helﬁ F[E2E 1 —1Q57E (1~ Ep.. /Ep) ]=0, (40)
Consider a plasma surrounded by a complete non-

rotating shell(shell 1) and a network(i.e., a fake rotating Wwhere Q,=—mA#/7 is the effective angular rotation fre-

shel) (shell 2. The external kink dispersion relation takes quency of the fake shell.

the form Suppose that the time constant of the conventional shell

is much greater than that of the fake shek., ;>7,). This

(A1-E1(A,~Ep)— (E) =0, B4 is a realistic ordering since the time constant of a network

where (which, by definition, is mostly thin ajiris likely to be com-

paratively short. Suppose, further, that the effective rotation

A1=77, (353 frequency of the fake shell is of order its inverse time con-
A Y7o (35 stant[i.e., |Q,|,~0(1)]. The two roots of Eq(40) are
2= T~ = -
1+ y7a/Ey Ep{1+(Qp7) X(LE,. — LEy) (LE,— LE,)}
This dispersion relation is, in fact, analogous to that for two 771~ 1+ Q1) 2(LE,— 1/E,)2

coupled tearing modesHere, 7; is the time constar{or L/R ) )
1Q,75(Eq2/Ep)

time) for the conventional shelk; is the effective time con- _ (419

stant of the fake sheli.e., the equivalent te,, in the previ- 1+(Q27) (LE,— 1/Ep)*’

ous analysis and E,, is the critical stability index for the E

fake shell(i.e., the equivalent ta in the previous analysis - 2 ~iQ 41b)
. S . 2= 1_E.JE 182,75, (41b)

E, is the shell stability index for shell 1, calculated assuming 21Ea¢
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The first root corresponds to a feebly rotating mode whichAccording to Eq.(44), the time constant of the network is
penetrates the stationary shell and may, or may not, penetrasg@proximately the same as that which would be obtained by
the fake rotating shell, depending on its rotation velocity.melting down the wires and recasting them as a uniform
The second root corresponds to a mode which penetrates astell (with the same minor radius as the network

co-rotates with the fake shell but does not penetrate the sta- The poloidal and toroidal inductances d&see Appendi-
tionary shell(i.e., the mode is a “vacuum mode” maintained ces A and B
by helical eddy currents flowing in the fake shell, and is

shielded from the plasma by the stationary shell. Of course, | ~r A@ Ko [ M + n( Rod¢ } (479
such a mode is stable and decays onLtHe time of the fake 2m |MRA ¢ d
shel). _ wo | 7 ryAd

Suppose that the/n free boundary external kink mode L,=RoA¢ py mﬂn = +0O(mA6)|, (47b

is only unstable if it can pass freely through both the real and

the fake shell. This implies th&,,.>0 andE;<O0. It follows  respectively. Thus, according to Ed.7),

from Eqgs.(37) that E,<<0. Thus, the second root of E¢L0) o

(i.e., the one which co-rotates with the fake shalluncon- A= .

ditionally stable. The first roofi.e., the feebly rotating one A In(ryA6/dm)

is stabilized given a sufficiently large rotation rate of the fakeNote thatO(nr,/mR,) is negligible (by definition in the

shell. This root can be identified as the “resistive shelllarge aspect ratio, low8 tokamak limit. Equation48) im-

mode.” According to Eq.(419), the resistive shell mode is plies that if the network is fingi.e., A6<2x) then it is dif-

stable, provided ficult for an external kink mode to escape between the wires

(i.e.,A;:>1). However, if the wires are very thifi.e.,d<7,,)

pe= 1 ’ (42) then it becomes easier for the mode to escage, A, is

TN (LE 5o — 1/E 50) (L/E 5. — 1/E,) reduced.

Note that stabilization is only possible if the fake shell is
located sufficiently close to the plasma to convert the ideaF. Summary
external kink mode into a resistive shell mode in the absence In Section IIB it is demonstrated that if a tokamak

Of, thg stationary she]l; €., 'E2°°<E2_C' The stabilization plasma is surrounded by a network of resistors and inductors
crlter_lon for th_e com_blnatlon of a statlor_1ary shell and a fal(ethen the network acts like an incomplete resistive shell as far
rotating shell is basically that the rotation frequency of theas its effect on external kink modes is concerned. In Section
fake shell should be larger than its inverse time constamt. Il C we show that a simple feedback scheme applied to such
general, this is a far smaller rotation frequerteither of the a network causes it to act like a fake rotating shell. It is

plasma or the shelthan that needed to stabilize the resistive yomonstrated in Section Il D that the combination of a sta-

shell mode in the presence of a single shell. tionary shell and a fake rotating shell is able to completely
stabilize the resistive shell mode. Some important parameters
are calculated in Section Il E for the specific case of a net-

work made up of uniform cylindrical wires.
As a simple example, suppose that the network of induc-

tors and reS|st_ors d|squssed |n_ previous sect|ons. is, in fact, Iﬁ. THE INTELLIGENT SHELL
network of uniform wires of diameted. The poloidal and

(48)

0,>0

E. The “chicken wire” shell

toroidal resistances are A. Introduction
4r A0 It is instructive to compare the stabilization scheme for
GZW' (433 the resistive shell mode which is outlined in Section Il to the

most promising scheme currently in the literature; namely,

4RyA “intelli 5
- 0 dﬁé" 43b the “intelligent shell.
o
respectively, wheres,, is the conductivity of the wire. It B. Preliminary analysis
follows from Eq.(16) that Consider a shell made up of a two dimensional array of
T ooy d? close fitting coils(see Fig. 3. Let A@ andA¢ be the angular
W=7 T Ap = 100w wow (44) spacings of the centres of the coils in the poloidal and toroi-
dal directions, respectively.
where Suppose that a curredt,(6,¢) flows around the coil, or
d? loop, centered oKé,¢). The currents flowing in the array are
Sw= Ar,A0 (450  approximated as a smoothed out distribution with radially

integrated current densit§l,(6,¢). It is easily demonstrated
is the thickness of the uniform shell which contains the samehat 8l,,~=V J,,/\f [see Eq.(3)].

volume of metal as the wires. Here, it is assumed that The circuit equation for the loop centered (o) is
n%r,A p<m?RyA 6. (46) — ¥6B, pasmdA— yLI,=RJ,, (49)
Phys. Plasmas, Vol. 3, No. 7, July 1996 R. Fitzpatrick and T. H. Jensen 2645
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coil —== 0+40 power 100 = amplifier 1\
A8
sensor loop \L \L
18,
E o ,| . 0 s
A9
L ¢
6- A6
8 FIG. 4. Schematic diagram showing the feedback scheme for a single ele-
‘f ment of the intelligent shell. The signal detected by the high impedance
o o- A0 9 o+a0 sensor loop is amplified and then fed into the low impedance power loop.

FIG. 3. Schematic diagram showing part of the intelligent shell, which is a

two dimensional array of close fitting coils surrounding the plasma. A cur- s ; : ;

rentJ, (6,6 circulates around the loop centered @) ;I’;;)ni]sodlﬂed circuit equation for the power loop centered on
(1+G)V=RJ,, (56)

ductance, an® is its resistance. Equatiofi) and(12) yield

. Ay
Ay - A YTw= T n A (57)
i YMRyA A | 1+ ﬁ V= —(R+yL)J,, (50) Y1-A A,
where
which can be combined with E¢9) to give .
A Tw=(1+G)7,. (58
yq-W:—W, (51))  Thus, the feedback increases the effective time constant of
1-Ay /A

the shell by a factor +G. Clearly, if the gainG is made
where sufficiently large then it is possible to make the effective
M2R,A A ¢ time constant longer than the pulse length of the tokamak
:’“0—0, (52) discharge. In this case, the shell acts, to all intents and pur-
R poses, like an ideal conductor and is, therefore, able to com-
and pletely stabilize the external kink mode. Note, however, that
stabilization is only possible if the array of coils is located

Tw

2
C:"Lom RoA 0A¢>. (53  sufficiently close to the plasma to convert the ideal external
L kink mode into a resistive shell mode; i.e. Af,<A..
Here,
D.E I
~ ILLOmZRoA 9A¢ Xamp €
L=l-—— (54) Suppose that the intelligent shell is made up of closely

_ _ interlocking cylindrical conductorésee Fig. 5. Letd be the
Note that Eq(51) has the same form as the dispersion relaragius of the outer conductor and- ¢ the radius of the inner
tion for an incomplete resistive shell of time constagt  conductor, where/d<1. Suppose that both conductors pos-

located at I’adiusw .6 The m/n external kink mode is |dea”y sess the same cross sectional amz Consider, for the
unstable wheneveX,,=A .. The ideal mode escapes through

the centres of the loops, so it is not shielded from the region

r>r,, as would be the case for a conventional shell. outer conductor inner conductor
amplifier T ~
il 0
C. Feedback T
Suppose that each loop in the arréiiese are termed

sensor loop AO

power loop$ is accompanied by a loop of equal area con-

nected to a high impedance voltage sensor which measures l
the local rate of change of the magnetic flux escaping 0 T 0
through the arraysee Fig. 4. Suppose, further, that the sig- < v

nal detected by the sensor loop is amplified by a faG@nd L o A

fed into the associated power loop. The voltage detected by

the sensor |00p centered Qﬂ,¢) is V exp[i (m0— n¢'>)], FIC_;. 5. Sche_matig diagram s_howing a single_ coil in a partjcular im_plemen—
where tation of the intelligent shell in which the coils consist of interlocking cy-

lindrical conductors(e.g., coaxial cables Those conductors which are

A shown unconnected in the diagram, in fact, form parts of the circuits of the

~ . w) ~ . - S ) .

V=—vimR,AHA 1+ — W, +LJ.|. 55 surrounding coils. Every coil in the array is connected up in an analogous
7| 1mRo ¢ 2m/ W W (59) manner.
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sake of simplicity, the limit in which the poloidal inductance shows that a simple feedback scheme applied to such an
and resistance of the network are negligible. This limit cor-array causes its effective time constant to increase. Accord-
responds ta,, A 9<<RyA ¢ if the inductance and resistance ing to Section Il D, the intrinsic time constant of an array of
per unit length are the same in the poloidal and toroidakoils is very much smaller than that of a similar network.

directions. Moreover, the inductance of an array is much larger than that
The resistance of a loop is given by of a similar network. Consequently, it is much easier for an
AR,A ideal mode to escape through an array of unconnected coils
R= (590  than through a network of interconnected conductors.

ou0A "’

where g,, is the conductivity of the conductors. It follows V. PRACTICAL CONSIDERATIONS
from Eq. (52) that

(mA 6)?
= 4 Mol wo (60)

A. Introduction

In any feedback scheme the four most important param-
eters are the gai® of the amplifiers, the bandwidth f of
where the signals to which they must respond, the curtewhich

they need to supply, and the powerwhich they must put
_ 5_A (61) out. In this section these parameters are estimated for both
rwl o the fake rotating shell and intelligent shell concepts.

Tw=

Sy

is the thickness of the uniform shell which contains the same

volume of metal as the conductors. Clearly, the time constar®. The fake rotating shell

of th_e array is s_ignificantly less than that which Wc_>uld be  The gain,G, is defined as the ratio of the voltage gen-
obtained by melting down the conductors and recasting thefgraeq in a sensor loop to that which is put out into the
as a uniform shelfwith the same minor radius as the away petwork by the associated amplifier. It is easily seen from

The inductance of a loop is given by Section Il C that
Mo C 1
L=RoA¢ =— = +(MAH)’RyA ¢ =
27 d [yl (64)
xﬂ ™ +In rwlAé 62) It follows from Section Il D that the critical gain needed to
27 [MA6O dm ||’ achieve stabilization of the resistive shell mode is
where use has been made of Appendix B. The first term on Ty E,\?( 1/E,.—1/E,
o ; ; . Gemr——— = | ==, (65)
the right-hand side of the above expression comes from mag MA 67y \Eqp) | 1/E ., — 1/E,.
netic fields trapped in the regions between the inner and
outer conductors. The second term comes from fields whick/nere
leak outside the conductors. According to E53), oM
) MA 6 7o=——o. (66)
A 27 (mA 6)“In(r A 6/dr) )
¢ A0 In(r,A6/dm) c/d+(mA6)%n(ryAdidm) Here,r , is the resistance per unit length of the toroidal legs

(63)  of the network. Recall that; is the time constant of the

It can be seen, by comparison with Ed8), that the fields stationary shellr, is the effective time constant of the fake
trapped between the inner and outer conductors significanti§hell produced by the network,.. is the shell stability index
increase the inductance of an array of independent coils confor the fake shell calculated in the absence of the stationary
pared to that of a similar network. The net result is that it isshell, andE is the critical value ofE,. above which the
easier for an ideal mode to escape through an array of urideal external kink mode becomes unstable. It follows from
connected conductors than through a network of interconEds. (37)—(39) that
nected conductors of similar dimensioﬁsa., Aq is _smgller 7 (1+E/2m)(rp/ry)?™"—E,./2m
in the former case Note that if the array is findi.e., GC:mAe - 1-E. JE .
mA#<1) then it is particularly easy for an ideal mode to 2 2mi=2e
escape into the regiar>r,, . However, if the inner and outer Here,r is the radius of the stationary shell and is the
conductors are extremely closely spaced., c/d—0) then radius of the network. It is assumed thge>7, in Section
the inductance of the array approaches that of a similar nett D so it follows from Eq. (67) that G.>1/mA4. It also
work. follows that the optimum position for the network is that it
should be placed as close as possible to the plasma. Note,
however, that if

Ep/2m \12m
1+ E,./2m

(67)

E. Summary

In Section Il B it is demonstrated that if a tokamak r2<rl( , (68
plasma is surrounded by an array of unconnected coils then
the array acts like an incomplete resistive shell as far as itthen a mode which co-rotates with the fake shell but does not

effect on external kink modes is concerned. Section Ill Cpenetrate the stationary shell, and grows on the relatively fast
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timescaler,, becomes unstablgee Section Il p The most  shell is E,.=6.5 [see Eq.(48)]. This implies that the fake
sensible position for the network is just outside the stationarghell acts like a conventional shell whose effective radius is
shell. In this configuration the critical gain is relatively small, r,=1.24a [see Eq(73)]. The critical gain needed to stabilize

ie. the resistive shell mode [see Eq(72)]
o T 1 - G 13(F/1.24)4—0.62 -
© mA® 7, 1-E,./Ey’ (69) ¢ (f11.24%-1 (76)

and the stationary shell shields the network sensor loopgherer is measured in meters. The bandwidth of the signal
from any extraneous high frequency signals generated by théetected by each amplifier &f ~100 Hz. The current which
plasma. Thus, the bandwidth of the signals detected by theach amplifier needs to providelis-14b, A [see Eq(74)],

feedback amplifiers is where b, is measured in gauss. Finally, the power drawn
1 from each amplifier i9~1.2(b,)?> W [see Eq(75)].
Af~—. (70) It can be seen that the gain, bandwidth, and power re-
71 quirements of the fake rotating shell concept are extremely
It is easily demonstrated that modest. The current requirement is more oner¢fos in-

stance, each amplifier must supply over 100 A in order to
(71) stabilize a modest 10 G perturbatjpand is likely to be the
limiting factor for this scheme.

2m ) 1/2m

whereft is the critical radius of a perfectly conducting shell
surrounding the plasma for which thra/n free boundary

ideal external kink mode is marginally stable. It is sometimesC. The intelligent shell
convenient to usg, instead ofE,,, to parameterize the sta-

bility of the plasma, Equatiof69) can be written as For the intelligent shell concept the gain needed to sta-

bilize the resistive shell mode G~ 7,/ 7, , wherer, is the

o (F)2M—(ry)2m effective time constant of the shell anglis the pulse length
Gc:mAg 7o (1) 21— (T ,)2™" (72 of the discharge. The bandwidth of the signals detected by
the feedback amplifiers can, in principle, be quite large un-
where less the intelligent shell is shielded from the plasma by a
om) 2m conventional shelli.e., the vacuum vesselAssuming that
Ta=rp 1+ By (73 the mode grows on the slowed down time constant of the

shell(i.e., yGt,~1), the current which each amplifier needs
is the effective radius of the fake shedlee Eq(20)]. to supply is
The voltage put out by a particular amplifier is

V~Db,AA/7, whereb, is the local radial magnetic field and [ ~ rwbr _12 (77)
AA is the area of a network loop. The current put out by the Mo M

rob, mAg rw(b)? AA

|~ —, (74) ~

Mo M P Mo M7y (78
where use has been made of £208 and (,7,~O(1). The Consider a specific example. Suppose that all of the pa-
power put out by the amplifier iB~V1, yielding rameters are the same as in the previous section, except that

ry(b)2 AA there is no stationary shelbr, equivalently, the time constant

~ o M1, (75 of the stationary shell is much less than the effective time
0 2

constant of the intelligent shglland the network is replaced
Consider a specific example. Suppose that the minor anldy an array of interlocking copper conductors whose total
major radii of the plasma ar@=1 m andR,=3 m. respec- cross sectional area is the same as that of a 2.5 mm wire.
tively. Suppose thain=2/n=1 free boundary external kink Suppose that the outer radius of the conductors is 5 mm and
mode is unstable. Suppose that the stationary shell and thkat the ratio of the spacing of the inner and outer conductors
network are both located 1.1 minor radii from the centre ofto the radius of the outer conductors is @i2., c/d=0.2).
the plasma(i.e., r;=r,=1.1a). Suppose that there are 20 Suppose, finally, that the pulse length of the discharge is 10
network loops in the poloidal direction and 10 in the toroidal seconds.
direction; i.e.,A0=27/20 andA$=2n/10. Suppose that the The effective time constant of the intelligent shell is
stationary shell is made of 5 mm thick stainless steel of res,=0.11 ms[see Eq(60)]. The critical shell stability index
sistivity 7.2x10" " Om.2° Finally, suppose that the network is for the array isA.=5.6 [see Eq(63)]. This implies that the
made of 2.5 mm diameter copper wires of resistivityarray acts like a conventional shell whose effective radius is
1.7x10 8 Om! 1.26a. The amplifier gain required to stabilize the resistive
The time constant of the stationary shell7ig=9.6 ms.  shell mode isG~9x10*. The bandwidth of the signal de-
The effective time constant of the fake shellis=1.2 ms tected by each amplifier is similar to that for the fake rotating
[see Eq.(44)]. The critical shell stability index for the fake shell provided that the intelligent shell lies outside the
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vacuum vessel. The current which each amplifier needs tmtegration could be completely avoided by using Hall
supply isl~22b, A. Finally, the power drawn from each probes rather than sensor loops for signal detection in the
amplifier isP~13(b,)? W. feedback circuits.

It can be seen that the current, bandwidth, and power There is an interesting difference in the basic stabiliza-
requirements of the intelligent shell are similar to those oftion strategy employed by the intelligent shell and the fake
the fake rotating shell. However, the intelligent shell conceptotating shell concepts. In the former scheme, the feedback
requires a large amplifier gain. This is likely to lead to con-circuits detect magnetic flux leaking through the vacuum
trol engineering problenflarge gain amplifiers are prone to vessel and attempt to push it back through the ve§sel
instabilitie and is certainly the limiting factor for this radially inwards$. In the latter scheme, the feedback circuits

scheme. detect flux leaking through the vacuum vessel and attempt to
push itsidewaydi.e., in the poloidal direction This has the
D. Summary effect of causing the mode leaking through the vessel to ro-

) ) ) tate. The mode is then suppressed by eddy currents excited in

The gain, bandwidth, current, and power requirements ofe yacuum vessel. Thus, in the fake rotating shell concept
the fake rotating shell concept lie well within the range of ,4st of the work is done by the vacuum vessel. Thus, in the
cheap, reliable, and readily availgble amplifi.ers. The in.telli-fake rotating shell concept most of the work is done by the
gent shell concept only works with expensitend unreli- \acuum. This is in marked contrast to the intelligent shell

ablg high gain amplifiers. concept, where all of the work is done by the feedback cir-
cuits. Hence, the low gain required by the former concept,
V. SUMMARY AND CONCLUSIONS and the very high gain required by the latter.

It is important to check that the feedback controlled net-

ductors surrounding a tokamak plasma acts very much Iikégvork described in Section Il, which is central to the fake

an incomplete resistive shell as far as its effect on the freéOtating.She” concept, is intrinsically_ stable. This is_done in
boundary external kink mode is concerned. It is furtherPPendix C. It is demonstrated that if the fake rotating shell

shown that a simple feedback scheme applied to such a neicheme is expected to stabilize resistive shell modes whose

work causes it to act like a rotating resistive shell. As is wel|maximum poloidal and toroidal mode numbers arandn,

known? the combination of a stationary and a rotating She”respectlvely, then the minimum number of network cells in

can very easily stabilize the resistive wall mode. In Sectionthe poloidal and toroidal d_irections req_uire<_j tq ach@e\_/e this is
[l it is demonstrated that an array of independent coils sur-z_erl and 2_1_+1’ respectively. Thus, in pr|nC|pI_e, Itis pos-
rounding a tokamak plasma also acts like an incomplete reible to stabilize the 1/1, 2/1 and 3/1 modes-3|multane(.)usly
sistive shell. A simple feedback scheme applied to such aﬂ.y using a net\.Nork. consisting of fqur c_eIIs n th? toroidal

array causes its effectiie/R time to increasé.In principle, Irection af‘d eight in the poloidal d”e.c“o’.‘- That is, a total

the L/R time could be made longer than the pulse length 01Qf 3|2 |nterI|r|1k§d feeﬁbafclli controI.Ied Clr:cﬁ'ts'

the plasma, but this requires extremely high gain feedback. It n conclusion, the fake rotating shell concept appears

is shown that a network of interconnected conductors has guite capable of stabilizing the resistive shell mode in a long

significantly longerL/R time than a similar array of uncon- pulse tokamak discharge at relatively low cost using existing

nected coils. Furthermore, a network is better able to contaiﬁeChmk_)gy' This scheme IS more reactor relevant thar_l the
an external kink mode than an array. In Section IV it iSalternatlve approach of forcing the plasma to rotate rapidly.

demonstrated that the fake rotating shell stabilization scheme
outlined in Section Il can be implemented with low gain, low
bandwidth, low current, low power amplifiers.

The feedback gain needed to stabilize the resistive wall e of the author€R. F) is indebted to General Atomics
mode in the fake rotating shell concept is so Iage Section  f | 5 jolla, CA, for the hospitality shown during his visit in
IV B) that the required amplification of the signals detectedne summer of 1995.
by the feedback circuits could, in principle, be achieved by  This research was funded by the U.S. Department of

using multi-turn sensor loops. In other words, the SensOEnergy under Contracts No. DE-FG05-80ET-53088 and No.
loops shown in Fig. 2 could consist of 28ay) turns of wire, pE.AC03-89ER-51114.

instead of a single turfas shown in the figupe This would

automatically amplify the detected signal by a factor 20,

whi_ch_ would probably be §ufficient for stabiliz_ation of the AppENDIX A: ESTIMATION OF L,

resistive shell mode. The signal could then be integrated and

then fed into the main network. The primary constraint on  Consider the network of wires described in Section Il E.
the fake rotating shell concept is the fact that the signal§he current flowing in poloidally directed wires is approxi-
detected by the feedback circuits have to be accurately intenately constant over a poloidal wavelengttr,,/m. Thus, a
grated over a long time period.e., the pulse length of the poloidally directed wire can be approximated as a wire car-
discharge If the integrated signals become inaccurate afterying a uniform current provided that the perpendicular dis-
some timeT, say, then one would expect the resistive shelltance from the wire is much less than the poloidal wave-
mode to reappear as a mode growing through both the re&ngth. This approximation breaks down at tNeh wire
and the fake shells on about the timescaleThe need for distant from the wire in question, where

In Section Il it is demonstrated that a network of con-
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FIG. 6. Schematic diagram showing the array of poloidal currents used to
estimatel ,. Here,l, 2I, etc. denote the currents flowing in each wire.

2r A0
v=—yR0A¢§—7‘;[|(9)|n< “
__™w ryoA6 2
N= mRAg (A1) —I(H—Aa)ln( w10+ a0)n

Assuming a uniform phase variation of the poloidal current
from wire to wire (since the poloidal wavelength is much —1(6=2A0)In 7 +1(6+2A6)In 5
less than the toroidal wavelengtthe currents flowing in

each wire are as indicated in Fig. 6. Thus, the poloidal in- 3
ductance of a given network loop can be crudely approxi- ~1(6=346)ln §+"' ' (B1)
mated as
where
2RpA 2 3 1(0+]A6)=J,(0+jAO) =, (0+(j+1)A6
Le~rWA05—O{In( g ¢)+2InI+3In§... (0F1A0)=Ju(6+]A0)=Ju(0+(1+1)A6)
™ 3y (0+(j+1/2)A0)
=—A0d T . (B2
+Nin N J, (A2)
N Thus,
which reduces to -
V=—yR,A0 5—7‘; 2mA 6 3, exp(im6)
r RoA
L0~rWA0ﬂ[ w +In( 24 | oin N)} | rAGl 2
2m [MRyA ¢ d x| sin(mA 6/2)In +sin(3mA 6/2)In —
(A3) d 1
In Eq. (A2) the contributions from wires whose perpendicu- +sin(5mA 6/2)In § +...1, (B3)
lar distances from the loop in question exceed the poloidal 2
wavelength are assumed to be negligible. A more exact calyhere use has been made of E6r). Now
culation of the poloidal inductance using the Biot-Savart law R .
yields essentially the same result that given above. V=—y(mA§)2J,expimo)L,,, (B4)
S0
Mo 1 ) ZrWAH
APPENDIX B: EVALUATION OF L L¢= RoA ¢ 5 a sina In a +.71, (B5)
T o
Consider the network of wires described in Section Il E.
In a large aspect ratio tokamak the toroidal wavelength of the
m/n mode is much greater than its poloidal wavelength, so . mA0<1 (B6)
any phase variation of the network currents in the toroidal 4T '
direction can be ignored. In fact, the system can be treated %Snd
a set of infinite toroidal wires each carrying a uniform cur-
rent whose phase varies slowly from wire to wire in the c 1
poloidal direction(see Fig. 7. 7=2, sin(2n+1)a)in| 1+ | (B7)
The toroidal inductance term in E¢4) actually repre- n=
sents It is easily demonstrated that
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FIG. 7. Schematic diagram showing the array of toroidal currents used to



ar
T= > aln27+0(a?). (B8)
Thus,
_ Mo | T WAL
L¢—ROA¢2W mA0+|n( o +0(mA0)}. (B9)

Note that this calculation neglects the curvature of the net-

work, so the result is only accurate for>1.

APPENDIX C: NETWORK STABILITY

It is important to verify that the feedback controlled net-
work discussed in Section Il is intrinsically stable. Consider

for the sake of simplicity, the liminr,,Ap<m?R,A ¢ in

which the poloidal inductance and resistance of the network

are negligible. In the absence of plastha., 6B, jjasma= 0)

the circuit equatiori4) for the network without any feedback

yields

(CD

A slight generalization of the analysis used in Appendix B, in
order to deal with modes of arbitrary poloidal wavelength

yields
IU,O ZFWA0

Ly(a)=RoA¢ o {In( d )+J(a) , (C2

where
mA 6

a= T, (C3)

and
“sin((2n+1)a) 1

J(a’):nZ:l T'n(]:F ﬁ) (C4)
Note that

J(a+km)=J(a), (C53

J(m—a)=I(a), (C5b)

wherek is an integer. It is easily demonstrated thé&t) is a
monotonically decreasing function ef in the range &«
<7/2. For a<1,

Ja)= %—m(zwwom). (C6)

The minimum value ofl(a) occurs whem=#/2; in fact,
J(7/2)=—In(7/2). (C7)

Note thatL ,(7/2)>0, sincer,,A 6>d (i.e., the poloidal spac-
ing between the wires always exceeds their diameiad
In 2>In(7/2). Thus,

L(@)=0, (C9
for all a. This demonstratdgrom Eq.(C1)] that the network

is never unstable in the absence of feedback. The network is

network. Such modes excite no eddy currents in the network,
by symmetry, hence their energy cannot be dissipated by
Joule heating in the wires making up the netw(tks is the
usual mechanism by which modes are damped

According to Section Il C, the feedback controlled net-
work satisfies the circuit equation

(1+expimAg)) Ry
yYt——————————=—1

- L, (C9Y
which reduces to the dispersion relation
Ry (sina)?  sin2a 10
‘Note that
y(a+km)=y(a), (C11)

wherek is an integer. According to EqC10), the feedback
controlled network is never unstable, but is marginally stable
to modes whose poloidal wavelength divided by an integer
equals the poloidal wavelength of the network. Such modes
satisfy

(C12

a=km,

'wherek is an integer. Feedback gives rise to enhanced damp-
ing of modes for whiche#k . The feedback also causes the
modes to propagate; i.e., it causes the network to act like it is
rotating. However, the network appears non-rotating to all
modes whose poloidal wavelength divided by an integer
equals twice the poloidal wavelength of the network. Such
modes satisfy

a
a=k =, (C13
2
wherek is an integer.
According to the main text, the network is only capable
of stabilizing a given resistive shell mode if it appears to
possess a positivé.e., non-zerpinductance and a non-zero

effective rotation velocity to a mode with that poloidal wave-
length. This is guaranteed to be the case if

i
a<_—.

5 (C14

Suppose that the network is required to suppress all re-
sistive shell modes whose poloidal wavenumbers lie in the
range 1 throughm. According to Eq.(C14), the minimum
number of network cells in the poloidal direction needed to
achieve this is

M=2m+1. (C15

Here, A6=2=/M. Likewise, if the network is required to
stabilize all resistive shell modes whose toroidal mode num-
bers lie in the range 1 throudk, then theminimumnumber

of network cells in the toroidal direction needed to achieve
this is

N=2n+1. (C16)

marginally stable to modes whose poloidal wavelength diHere, A¢p=2n/N. It is advantageous to hawel>2m+1
vided by an integer equals the poloidal wavelength of thesince this reduces the/R time of the network and, there-
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