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ABSTRACT

The triggering of disruptive instabilities by resonant helical
windings in large aspect—rétio tokamaks is associated to destruction af
'magnetic surfaces. The Chirikov condition is apﬁlied to estimate analytically
the helical winding current thresholds for ergodization of the magnetic

field lines.

1. INTRODUCTION

Disruptiye instabilities limit the tokamak epération and their
causes are still unclear. There are experimental evidences that in several
cases these instabilitigs are preceded by some plasma perturbation modes
To investigate it, disruptive instabilities can be triggered by resonant

(2)

magnetic fields created by helical windings In this paper, we suppose
that magnetic surface Ereak-up, caused by these resonances, triggers the
tokamak disruptions. We estimate analytically helical winding current
thresholds for these disruptions in a large aspect-ratio tokamak with

circular cross-section. As an example, we calculate these thresholds for

the brazilian TER tokamak'>).
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2. MAGNETIC SURFACES

Plasma equilibrium in fokamaks is'described by MHD equations.
The differential eguations for the magnetic field lines are
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where r, & and z are cylindrical coordinates. For helical symmetry
equilibria these lines lie on magnetic surfaces given by the equation

B.Vy = 0 . _ 3]

where ¢ = {r,u), uU=%-0z and o ='é%” is a constant. 1In this work n

and m are rational numbers.

We consider a large aspect-ratis tokamak with cifcular cross-
secfiun; represented by a periodical cylinder.with length 2=R; and. assume =
the tokamak scaling
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where R and a are respectively the major and_minpr plasma radii. The
unperturbed equilibrium is detezmined by B, and the plasma current
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density j:
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where j_ and y are constants. In this case-magnetic line helicities’
depend on r and are characterized by the safety factar §- giverby ™
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At r=a, q(a)-~ BZ/’Ip , where’ Ib is the plasma current. At Tatiohal

surfaces with q(rm n) = m/n, the magnetic field lines close on themselves
4

after m trips along the cylinder and n tTips-in the poloidal direction.

The unperturbed function wo 15(4)
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Tne magnetic field created by electrical currents I flowing in
m pairs of helical windings, equally spaced, with radius b wounded on a
circular cylinder {corresponding to a large aspect-ratio tokamak} exhibits
helical sym'etry.. This field depends on the coordinates r and u. The

constant o éhafécterizes the hélﬁéity of the windings. The stream function

- . . . P . (4,5
¢,{; for I flowing in opposite direstions in adjacent windings, IS( )
) : u, I m :
w1(r,u) = UT (-E) COs mu . ' (7

We consider |q)1/q;01 << 1 and the linear superpposition of an
unperturhed equilibrium described by \IJD(I)_ with a resonant helical pertur-

bation deseribed by llJT(l',U). Within this approximation, the stream function
Wir,u) = @0(::-) + 1IJ.I(I,.LI) (8)

‘satisfy the Eq.(2). This perturbation in reseonance with the heriod of the
equilibrium ﬁnagnetic lines creates- m islands arourd the raticnal magnetic
surface with q(rm,n) = m/n, This approximation is not valid for marginally
stable states when the plasma respense -should not be neglected.

Fig. 1 illustrates the structures of the-magnetic islands created
by m=2-. pairs of hel‘icai windings-(n=1).. The diagram shows the intersec-
tions of the magnetic surfaces. with a plane z:_cuqst_ . All magnitudes were

()

adjusted to fit TBR data Thus a=0,08m, b=0,11m e R=0,3m.

Expanding ¢ near I =T the radius of resonant magnetie

m,n?
surfaces, we obtain a formula for the small island half-width Am n
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" To obtain the island width, taking inte account the racial dependence of the

perturbation 11)1 and the change in the safety factor g over the island

width, we use the egquation for the island separatrix

\po(r) + ll)1(I‘,U) = wo(rm,n) + 1£J1(rm’n . uo) . (10}

The accuracy of the formula (9) is illustrated by the comparisons,
in Figs. (2], (3) and {§), of helical current thresholds calculated using
Egs. ($) and (10). The agreement is feund to be good, specially for smaller

islands.

3. THE BREAK-UP OF THE MAGNETIC SURFACES

There are experimental.evi&ences that hard disruptive instabili-
ties observed in tokamaks can be provocated by the interaction of the m=2
magnetic islands with the plasma edge {the limiter is ét r=a)(2). We cé;_
culated the current I in m=2 pairs of helical windings that causes the
cuntaet.between the magnetic islands and the limiter. The dependence of i
with qg(a) is shown in the Fig. 2. The perturbation due to this current
would trigger hard disruptions in the TBR tokamak.

We consider also the hypothesis that soft disruptive instabili-
ties observed in tokamaks are caused by the ergodic wandering_of magnetic
field lines. Magnetic surfaces break-up occurs due to the destruction of _
the system symmetry. 'ﬂs.é.symmetry_breaking perturbatiun.due to magnetib 
islands created by différent resdnant helical fields gr0ws, the magnetic
surfaces are destroyed amd a disruption may occur. The degree of ergodic
behaviour depend upon the strength of this perturbation. The helical winding
current threshold for ergodization of the magnetic field lines was estimatéd
applying the Chirikav candition(s). Two of magnetic islands with mode numbers

(m,n} and (m',n') are ergodized when

'Am,n + Am',n' > -irrn,n - rm',n' - (11}



This happens for I greater than the values plotted in the Fig, 2 as a function
of gla}. In this example m=2 and m'=3 (n=n'=1). The helical current
fhreshold increases with q(a) although the distance between the rational
Magnetic surfaces with g=2 and g=3 remain almost the same, as ore can see
in the Fig. 4. This happens because the width islands decrease when the
islands move.inward (see Fig. 5) , where the shear of the magnetic field lines,
represented by %;(rm,n) in Eq. (%), is smaller.

When a single helical perturbation is superimposed upon an equi-
1ibrium with toroidal symmetry both symmetries are broken, and therefore the
magnetic surfaces should be expected to disappear. However for a small
helica; pe;turbatian, i.e., I/Ip <<i, the major effect, on a large-aspect
ratio tokamak, is the appearance of secondary magnetic islands on the
rational magnetic surfaces with g=me1 .,

. We-calculated the helical current I on a single winding set
require& for ergodizafien of the magnetic field limes. The toroidal effect
was considered multiplying the unperturbed BZ in Eq. {1) by the factor
1 +T cus&) . Expanding the resulting expressions, neglecting terms of the
order (a/R) or higher and selecting the resonant terms at the magnetic

surfaces with g =m' = m1 we obtained

B.vx = 0 (12}
where
i : n'RB my L™
X = Jdr (I)m - [nBZ—- = 3] + ;'-m-m cosu' |, | (13}
2 a b
u! :9"Eg%i' This function was used, in the same manner as the stresm

function ¢, to caleulate the width of m' magnetic islands at the g=m'

surfaces. The ratio between the widths of the primary and secondary islands
i

is proportional te {(a/R)®. An example of winding currents required for

ergodization is plotted in the Fig. é as a function of g(a).

4, CONCLUSIONS

It was assumed that magnetic surface destruction cadsed by
resenant helical windings trigger the disruptive ihstahilities in tokamaks.
Within this hypothesis the helical current that causes the contact betﬁeén
fhe m=2 magnetic island and the limiter was calculated. The helical Qurfént

threshold for magnetic surface break-up caused by overlapping.of magnéti¢

islands with two_helicities was estimated anaiytically‘ Secondary'maghétic

" were also considered. The calculations can be applled to tokamak experlments

with resonant helical windings.®
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Eig- 1-Island structures produced by
two peirs of helical windings
(me2, =1, a{a)=3. T=Z,
Iy-lﬂka and I=1004).
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Fig. 3-Helical eurrent in two sets of

helical vindings for gverlap of- ... -

mlnz and m2-3 resonances. The
curves A and B were obtzined using.
respectively, the Eqs.{9) and (10).
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Fig. 2-Belf¢al winding current for lhg
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u=2 iglands touch the limiter.
The curves A and B were cobrained
using, respectively, the Egs.
(3} and (10) (q{0)=1, IPHIORA).
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" Fig. 4-Rays of the g=2'znd q=3 magnetic

surfaces as. a function of gla) for
© I=97A Ip' 10kA and q(0)=1,
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rig. 5-Island widths of the = =2 and m,=~3
' resonances (n=1Y a5 2 function of
q{a) -for the same numerical values

of Fig. & .
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ig. 6-Nelical curxent for overiap of
m=2 (primary) and w'a3{ secondary)
resonances. The curves & and B
were obtained using, respectively,
the Eqs. (%) sad (10). q(0)rl,
L 10kA) | :



