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- ABSTRACT

Helical winding current thresheids for the destruction
of'magneeic-surfaees in lerge aspect-ratio.tokemaks are estimated,
The influence of megnetic istands created by external windings
and by tearing instabilitiesraﬂ the disruptive instability is
considered. The radial depeéndence of the perturbaticns and the
change in the shear over the island widths .are taken infel
account. Ergodization due to secondary islands ceused'by the
eoupling between the resonant helical fieles‘and the toroidal

curvature are also. considered.
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INTROGUCTICN

DlSIuptlvE 1nstab111t1es llmxt the tokamak operatlon

~and their caguses ares st111 unclear There are experlmental

~evidences that in several cases these 1nstab111t1es .are’ preeeded

by some tearlng modes (Pulsator Team 1985 Cheetham 1985) Also;

dzsrupt;ve 1nstab111t1es can be trlggered by resonant magnetlc

fields” created by helical wlndlngs (Karger et al 1975 Ellis

et al 1981, Yoshlda et .al 1983). The effect of hellcal w1nd1ng

'perturbatlons for a tokamak plasma ‘were alsc 1nvest1gated in

the brazilian TBR-1 tokemak (Bender et al 1986)

' ‘In thls artlcle, we suppose that magnetlc surface'
break- up caused by these resonarices trlggers the tokamak
dlsruptlons. we consider the,plasma 1nteraet10n with the
iimiterlas observed in the Pulsator to?amak (Kerger et 34.1975)Q

and the overlapping of magnetic islahds'cfeafed'by external
& : 4 _

windings and'by helical su:face‘currents on rational magnefic

surfaces as observed in the Toriut-4 tokamak (Yoshida et al

'1983). The magnitudes of these surface currents can be deduced

Ffom experimental measurements of the poloidal magnetic field

csc111at10ns in tokamaks (Alladio et al 1985)

To ealculate the size OF the 1slands we con51der

the magnetlc surfaces obtained from the dlfferentlal equatlen
B.vy = 0o |, _ {1)

where 1 Is the stream function correspending to a linear

superposition of the unperturbed fields described by wé(r)f

with the resgnant perturbation described by wi(r,u) (Morozov
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and Solovev 1966). Applying the Chirikcv condition (Chirikov
1979} we estimate analytically helical winding current thresholds
Fof disruptiohs in trarge aspect—rafio tokamaks with circular
cross—section#. We calchate these thresholds taking into
account %he r—depeﬁdenée of equilibrium-and perturbed magnetic
fieldé over the island widths. WE.cﬁﬁsider also sateliite
ﬁagnefic islands due to toroidal eprrections (Feneberg 1977).

In tﬁélsection 2 we describe the eqdilibriﬁm-and'in
sebtion 3 tﬁe résohant helical perturbations.. In section a‘wg
discuss the magﬁetic surface destruction due.te overlapping‘of
'magnefic islahds'with'differeﬁt helicitieél' In éection 5 we
consider the magnetic'field line ergodization.dﬁe to.toroidal
co;reétions. As an'example, we apply our calcqlétion to estiméte
the helical'curfent thresholds for the brazilian TBR-1 tokamak

(Tan &t al 1986, Bender et al 1986).

'2._MAGNETIC SURFACES INTLARGE ASPECT - RATIO TOKAMAKS

Plasma equilibrium in tokamaks is described by MHD
equatigns., The differential equations for the maghetic field

lines are
. @
where r, & and z are cylindrica; coordinates.' A-cylindrically -

- symmetric system with an helical perturbatinn,(descfibéd in

terms of the variables .r. and .u) édhe:imposed.upon it possesses

magnetic surfaces giyén by the equatibn (1) where

b _;f-w(r,u} {3)
U = w8 + k2 ' (4}

and m and k are constants. The heligél magnetic field can be -

‘obtained from the stream function ¢ by (Morazov and Solovev

1966)
I8, = -4, (5).
_aw .
mBs + krBZ = . (&)

We consider a large aspect-ratio tokamék with
circular cross-section, represented by a periodical cylinder

with length 2tR, and assume the tokamak scaling
e N ; ko= - & o

where R and a ‘are respectively the major and minor plasma
radii‘anpd m and n are rational numbers, The unperturbed
MHDwegquilibrium with cylindrical symmetry is determined by

BO and the plasma current density 34
z ;

vB, = 0 (8)

AR L
J = 30[1 - EE} FA (%)

where JD and’ ¥ are constants. . . In this case the unperturbed



magnetic surfaces Qdmprise a system of nested concentric
cylinders, while the linas of force ars helices with pitch
" characterized by the safety factor given by

rs
9 = 7g . o (o)

At rational surfaces with

-om. . }
q(rm’n) = 5 BEGRD]

" the magnetic field limes close on themselves after m trips
.alogn tHe cylindér énd n trips in the pololdal dlrectlan
Toroidal COIIeCtIOﬁS to this cyllndrlcal equlllbrlum are
discusssed in'sectiqn 5.

The equilibrium fiéld can be ekpressed in terms-of

@ zeroth-order streanm function obtained from Egs. {5) and (8),

v () = J dr' {m BO& + k! BDZ) y E . '(12)

where the component BO can be obtained by applying Ampere's
. 9 ' .

S law.

The helical perturbation on equ1llbr1um is assumed
to be created by resonant helical windings (Moruzov and Solovev
1966) ar due to a saturated tearing 1nstab111ty simulated by a
perturbed current at raticnal surfaces (Fusmann et al 1981,
flledio et al 1983). The stream functions which describes the

magnetic surfaces of these fields are

wi(r,u) = fm(r)cosu . : (13)

The ratio m/k - caraCtErizes the perturbation ﬁelicities.
In this érticle we consider the linear superposition
of the unperturbed equilibrium described by ¢D(IJ with a

resonant helical perturbafion,déscribed,by P {r,u)., Within

" this approximatian, the ‘stream function

Plr,u) = Polr) + ¢1(r;u)-- N f(ia)

_satisfies Eq.'(1)f(Morozov and Sdfbvev 1963) Thls approxlmatlon

is not valid for marglnally stable states when. the plasma
resgonse should not be neglected,

Mégnetic field lines are confihed to surfaces.of

"constant - v, This perturbatlon in resonance with the period of

the equilib#ium magnetlc,llne creates m .1sland5 around the

magnetic surface with q=m/n.

3. RESONANT HELICAL PERTURBATIONS

-The magnetic field created by electrical currents

"I flowing in m ﬁairs of helical windings, equally spaced, with.

radius b__Wounded of a circulsdr cylinder (correspoending to a
latge aspect-ratio. tokamak) exhibits helical symmetry. This

field depends on the coordinates t ard u. The ratio m/k

characterizes the winding helicity.

ﬁe consider currents I flowing in opposite direction
in adjacent windings.. The irrotational helical field is
coﬁveniently.deéqzibed by means of a scalar potentia;-expanded
in a ﬁarmo%it series in u

w luy = Ne+kz, N = (2pe1)m and
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p =0,i,... ). MNear the axis (r=<< R) the field can be approximated

by a single harmonlc in u: (p=0) .: From this we obtain, by

u51ng Egs. (5) and (6); the stream function by - In this tase

the function " f = is given by (Morozov and"Selovev 1966,
Fernandes et al 1986)

. ©oomyu I m‘. : '
. __o” I : .
fm({) = - (=) - S F15)

Fig. 1 illustrates the structures of the magnetic Islands created

" by m=2 pairs of helical windings (n=1} with -I=100A. The

'dlagram shows the 1ntersect10ns of the magnetlc surfaces with a

plane. z='const. All magnltudes ‘were adjusted to Flt T8R- 1

da{a. Thus &=0.08m, b=0.11m and R=0.3m. In this
example we_considef (o) =1 ,Vq{a) =3 and y=é.

The resonant boloidal_magnetic field Dscillafinns
5bserved in tékamak plasmas, khown as Mirnav qscillations, may
be praduced from heiical current perturbatlons in the plasma
(Fussmann et al 81). . The exact dlstrlbutlon of these current

perturpations is not kpown. Based on the experimental results

.and theoretical models of the resistive tearing mode instabilities,

we cbnsidér_a_pgrturbatian of the plasma cprrent distributed

polpidaliy and_toroidaily acqprding to the measureg. m and D
numbers of the relative phases of the Mirnov oscillatiaons. The
current perturbation is aséumed to lie on the unperturbed l

rationai‘magnetic surface with ;ﬁk;m/n. It correspénds to an
hélicél'sheetgcurrentafollowing-tﬁe,%ield lihes mwthisratkmal;

surface:

8.
- . . .
Jm,n = Jp.n ﬁ(r-rm’n) cosu(§cosy+2seny) , (16}
where
nr. H : . ’ o
dotgy = o L Q LG

‘mR

'y is the pitch angle of field lines on the uhpe:turbed rational

sUrFace and depen¢5 on the amplitude of the measured

In,n

Mirnov oscillaticn. The magnetic field produced by such a

perturbation can be calculated and the stream fuﬁption ¢1 can

be obtained from Egs. (5) and (6); the functidn . f_ for

m

T/R << 1 1is

J T - +m . T Lo
N avm,n. . m,n T . .
falrl = - ) : [r }-- 18)
: . m,n ‘

for r/rm < (>1) we take +m (-m) in the exponent,

Expanding ¢ near r©=r

‘ in ‘
m,n we obtain a formu;a

far small island half-widths Am N
)

. ) ‘
: f(r : o
Am . _Q[J_ZE_E_} . . (19}
' . " T .

{the prime 1nd1cates a derlvatlve wlth respect to r ). To

obtain half island widths Ah‘n’
B ' ?

taklng into account the. radlal
dependence of the perturbation ¥, and the change in the safety -
factor o over the island width, we use the equation for the

island separatrix

B (r) + Y lr,ud = (ty nl +-¢1(rm,n,u0). ) L (20)



where ug' is .the value-ot ¢ at the x—point for which T =T o

The accuracy of the formula {19) is illustrated by the comparison,
in Figs. 2, 3 and 5 of helical current thresholds calculated
using Egs. (19) and (2G). The agreeement is found to be good,

specially for smaller islands.

‘MAGNETIC SURFACE DESTRUCTIDN

In thls sectlon.we assume that the dlsruptlve
'1nstab111ty in tckamaks ‘is caused by the dEStrUCtlDH of magnetic
surfaces. and con51der twa d15t1ncts causes. of - dlsruptluns hardr
tdxsruptlons caueed by plasma 1nteract10n w1th the llmiter and-
,'soft dlsruptlons due to lnteractlcns af magnetlc 1slands w1th
_'dlfferent h611CltlESf In the first .case the plasma is destroyed
:.and in the secand case 1t could. recover '

" There are experlmental ev1dences that hard disruptive
1nstab111t1e5 observed in tokamak dlscharges can be trlggered
by the 1nteract10n of m=2 .magnetic 1slands created by. resonant
1 hellcal w1nd1ngs with the limiter at r-a (Karger et al"1975).
© From Egs. (19) or (20) we can calculate the hellcal windlng
ncurrent I in m:é palrs of helical w1nd1ngs that ‘causes the’

contact between . the magnetlc 1slands created at r=rT, and

2,1
the limiter. As an example, we show in the Fig.:2 the dependence
-of this current with q(a) in the TBR-1 -tokamak for discharges
with. q(0) =1. This perturbation would trigger-hard'disrupticns

in this tokamak. With increasing qfa) the resonance surface

moves inward: therefore the width of the islands (approximately

10

proportional tdltﬁeﬂduahtity-(Ihel/Bi)é)_hae to ihcrease,in-
order to gct'into ccntact with the iimiter- This behavior
agrees qualltatlvely wlth the Pulsator experlmental data
reporteg. in Karger et al (1975)

We ccn51der now the hypcthe51s that sth dlSIUpthE-

'1nstab111t1es cbserved in tokamaks are caused by . ergcdic

wanderlng cf-magnetic-tield lines;- Magnet;c,surfaces break ~Lp
occurs due .to the destructlon of the system symmetry As a;"
symmetry breaklng perturbatlon due to magnetlc 1slands created
by dlfferent resanant hellcal flelds grows, .magnetic surfaces

are destruyed and a dlsruptlcn may cccur (Fussmann et al 1981).

'The degree of ergodlc hehav1dr depends upon the- strength of

perturbatlons created by external windings and by hellcal
surface currents - We apply the ChlrlkOV candltlon (Chlrlkov

1973}, to estlmate the helical w1nd1ng current threshold for

‘ergodzzatlcn cf the- magnetlc field llnes. .Twg ef magnetlc

1slands with mcde numbers (m n) and (m',n') ace ergodized when

5 e ot > 1 ) o oof2m)
m,n rm‘,n'J '

where S  is known as stochastic parameter.

fis an illustraticn we consider the ergodization due

to equal currents Iim two different palrs of (2 1) and (3,1)

hellcal w1nd1ngs in Flg 3 we- show the dependence of I wlth
ala) For the TBR-1,

In Fig. 4 {curve A) we show the dependence of the
m=3 helical.ﬁinding'current I with g(a) for the overlap of

m=3 induced islands and m=2 islands observed in TBR-1. The




coefficiént ‘was obtained from- the expérimental Mirnov

32,1
GSC1llatlon amplltude measured in. thls tokamak (Tan et al 1986) .
Adaptlng the - model for tearlng 1nstab111t1es groposed by Miiler
(Mlllerr1985) to descrlbe the magnetlc oscillations observed in
the.TBR.1 we.obtained the curve : B in Fig.(&). The curves A
énd 8 were chtained for the same fq(O) and d(a)' values and
tﬁe-same values of the-magﬁetic_Field in the magnetic axis. In
the . two models-used1We considered- the-same value for the
perturhed magﬁetic ﬁield'cbmponent.“Bi (rz
wldthS are different because. 80 - is ;ot“uniform‘in-Miller's

), but the island

'_ mudel The m=3 hellcal Fleld (n 1) has. been- applied in the
Toriut-4.tokamak (Yoshida et al 1983} to remove the critical
m=2 _island'from-the plasma periphery by'the ergodization effect
of the externally épplied helical field. In such a way, the
hard dlsruptlve instability provocated by the increasing of

the m=2 ~islands was avoided and & mild path ,into the q(a)< 2
, regime was realized.

7 The helical current th;esholds'inctease with ‘g(a}
qlthough the distance between the rational magnetic surféces
with q:é and g=3 remain almost the same.‘ This happens
because the island width deéreasé'whén‘the iélands moverinward,
where the shear of magnetlc fleld llnes, representeﬁ by wg(ﬁnn)

in eq. (19) is smaller

5. TOROIDAL EFFECT

when a szngie hellcal perturbatlon (m n 1s super-

‘imposed upon an equ111br1um Wlth toroldal symmetry both symmetries

12,

are breoken, and therefore the magnetic surfaces should be

expected to disappear .(Morozov and Solovev 1966). However for.
a small helicalrperturbatioh the major effect,'oﬂ a large
aspect ratio tékamak; is the ﬁbbéarénce ot (m:ﬁ) satellite:
magnetic 1slands on the ratignal-.magnetic surféces with
q = (mt1)/n {Fusmann et al 1981). The outward dlsplacement
of the magnetic surfaces broportiqnal ta r/R causes the
magnetic islands tc overlap for points on the outside of the
.magneticlaxis for slightly smaller perturbation strengths and
has z negligible effect on the threshold helical cqrrent
amplitudes (Finn 1975}.

In this section we take fnto account satellite
iélandg due to the_toroidal cﬁ;;ectionfby multipglying the.-

constant B by'the'facxor (J-u%'cc;&)'1 . "Substituting
X , _ g a ;

the correpted term’

B, . .
B, - —F—— ' (21)
cos % i :

A

:

into £gs. {2) we.obtain the coupling of the (m,n) terms with

the m=1, n=0 terms of BO . The Egs. (2) become '
N : : a4 ) .
rfé !
. B . AN ] senu
dr _ _ 1r S m? +k r2
dz B (1+£cmsf1+8 B'(1+£cmsr1+-—ﬁ15-—wsu
o] R 1 o R 2 2_2
z - z z - +k°r
' - (22)
and g
) mf’
B +8B B + ———5—5 COSU
L 0y Ty _ % @ kPr? o o
dz =8 8, - ) kT TT " (23)
Yz s B, (1+g cos$)” +~?—~?3-msu' ’ '
z : +k°r
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" We consider the Form that £gs.- (22) and (23) take

near q={mt1)/n . Expanding these expressions, neglecting terms

of the order (r/R)2 or -higher and considering onlytheresmmnt

terms we obtain

. (e}’ : : o
g_z = _21,...,.. sepu' ., (24)
: 2m RBD : :
E z
and
- 1 . - . . -
e T _
Tgr = §ETT§;~ cosu' . _ . {25)
) z
where
at = (m:1)9% + kz A . (28)

From Eqs. (24}, {25) and (26) we can find an integral

‘of motion ¥ satisfying

me

This function ¥ is used in the same manner as the stream

function ¢ to calgulate the width of the mz1 islands at the

magnetic surfaces with g=(m£1)/n.. We obtain
r,t e Coa p et :
x(r,u') = [ (3 (mfaosaAkr‘BOZ}drf-eEﬁ E) ﬂ“r)mﬁu'
' (28)
where & = -2 for the surface currents while for the helical

winding currents

=0 (-2) for T ~r {r ~r )

m+1,n m-1,n

WX o= 0 L L (27)

4

The ratio between the widths of the prlmary dnd secondary 1slands
is greportlonel to- (a/R)% An example of w1nd1ng currm&s remnred

for ergodlzatlon due to the overlapplng of m=2 and 'm}=3

islands is plotted in the Flg ( 5)" as a Functlon ef qla) ; 'In

F1g 6 we present ‘the- dependence of the stochestlc parameter -8

w1th q{a) , in the TBR 1 dlseharges, obtained. con51dering the

"lnteractxon between the m=2 ‘islands created by .a current

density J2 1 and the m=3. satelllte islands due to ‘the -
N ¥ . -

toroidal eerrection{ Three dlfferent values,fer q(O) have -

been chosen.

. CONCLUSIONS

We consider that the magneticZsurfeceidestruetien-

“caused by rescnant helical windings triggers-ghe_dlsruptidn

linstebilities in tokamaks. Wifhin this hypothesis the m=2-

helical winding current that causes the ‘contaet between the -~

‘m=2 magretic island and the tokamek limiter was calculated..

The helical current threshold For magnetic surface break-up

- caused by overlapplng of magnetlc islands with two different

hellc1t1es created by external w1nd1ngs and by tearing
lnstabllltles was estimated analytlcally Ergodlzatlon ‘caused
by satellite magnetic islands on neignboring ratienal surfaces,
due the action-of toroidicity WETE also-considered. The cal-
eulatione presented can be applied to tokamak_experiments elth
resonant helical windings. As an illustration the numerical

applications were done for the brazilian TBR-1. tokamak.
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Fig. 2 - Helical winding current’ for the m=2 islands touch . Fig. 3 - Helical current in two sets of helical windings for
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X over the island wiﬂth.
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