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Instituto de Ffisica, Universidade de $3o Paulc
C.P. 20516, 01498 S3o Paulo, S.P., Brazil

Abstract - The main characteristics of Mirnov oscillations, sawtooth
oscillations and disruptions on the small brazilian tokamak TBR-1 are ]
presented. The aTteration of these characteristics caused by helical
fields created by external resonant helical windings are alsc reported.
Helicai winding current thresholds for the destruction of the magnetic
surfaces in TBR-1 caused by the interaction of different resonant fields
are estimated. The radial dependence of the perturbations and the
charnge in the shear over the island widths are taken into account. The
toroidal corrections are discussed and the exact solution of the Laplace's
equation for the magnetic scalar potential due to toroidal helical =~
currents is presented. -

1. INTRODUCTION

After the work on the Pu1sator[1], resonant helical windings
have been used in other tckamaks to generate he]ica].perturbations,
Experiments with these external coils showed that Macroscepic oscil-
lations could be controlled and the nature of %he disruptive instability
could be investigatedgz?a] . '

In this paper we report some experimental and theoretical
investigations which have been done on resonant helical fields in order
to interpret and improve the plasma confinement in the tokamak TBR-1.

A short description of the TBR-1 and of thé main experimental
results obtained with this tokamak can be found in Ref, 4,

2. MACROSCOPIC OSCILLATIONS
Investigations of Mirnov csciliations, sawtooth oscillations
and djsruptions have been made on the TBR-1 dévice by using magnetic
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*Presented at the Energy Independence Conference/Fusion Energy and Plasma
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-separated 902 in. the toroidal direction at a ijed poioidal -position
The coils signals were recorded in two -eight-channel ABC modules, and

-probes, internal ﬂOi?SES] and ‘soft x-rays[6] diagnostics.

For the investigated discharges, the toroidal magnetic field
was {0,37-0,45) 7, the plasma current (6-13) kA, the mean electron density
~5x10" m-3 and the central electron temperature about 200 eV. - The
equitibrium was maintained by an externally applied vertical fig!dﬂ
Without feedback control of the plasma position, equiTibrium was .obtained
when the plasma column was displaced to the outside and to.the bottom
of the tokamak as indicated by the horizontal and . vertical position
coiTs{7] and by the sHape of the plasma boundary 8

Low-frequency .magnetic oscillations were observed after the
equilibrium state was set. up. ~ They were measured by 16 coils equally

spaced in the po1oida1 direction at a fixed position and four coi1%5]

the usual phase correlation method was -used to analyse the.data; :
Fig.1 is a plot of fhe.typical dependerice of the . Mirnov ..
bscf1lation amplitudes dn the poloidai_poéition of the 60115[5]_ The
ratio Eamax/@smin _is in general around §;f This asymmetry indicates
that the magnetic islands which created the measured perturbations were,
as so the entire plasma column, dfsp]aced.downwardS'to the outside pf:
the -geometrical axis of the torus. i
The investigated discharges can be:.characterized, jn terms of

the MHD activity, according the.qL (the safety factor at the limiter)
values. _ :
' The discharges with higher_qL,'which were sustained for
&7 ms, exhibit lower MHD activity that ceased after (2-3)ms, when hard
x-rays signals (measured with an Nai_crystalgtoup1ed 10 a photomultiplier
and an active integrator) showed the apbearaﬁce-bf runaway. etectrons.
The discharges with smailer qL"had a:much stronger ‘MHD activity an@ a
shorter duration.. The modes grew, rotated and’ saturated at-ieve]s-pf
Es/Bs .of about 2%, which gave rise to magnetic islands with widths of
about {1-2)em for m=2.or 3. :

- The fluctuation amplitude was the only oscillation parameter
noticeably dependent on qL.' The main detected modes had- poloidal




numbers m=2 and m=3, always with n=1. Modes with m=4 are occasionaily
detected during high q, discharges. The oscillation frequencies varied
in time and were between 10 and 60 kHz. The modes rotated in the di-

rection of the electron diamagnetic drift.

Sawtooth oscillations were also observed in several TBR-1
discharges through surface barrier detectors [Ortec Rg-019-50-100) that
are sensitive to soft x-rays in the photon energy range betiween 0,% and
30 keV. Five detectors were used in a pin-hole camera viewing the
plasma volume.

Typical soft x~-rays. signals obizined for a a =3,2 d1scharge
are. shown. in £ig. 2 6 .- The sawtooth .period was (100-150) us and this
oscillation had a modulation superimposed on it with a frequency of-.
50 kHz. This modulation was idehtified, by placing two x-rays detectdrs
which are viewing two different positicns 180¢ apart in the paloidal
directions, as an m=1. The inversion of the sawtooth oscillation was
used to.estimate the g=1 surface localization.

3. RESONANT HELICAL WINDINGS

Resonant helical windings [rhw} were used to generate.helical
perturbations on TBR-1. Experiments with external m/n {(m=2, 3,4 and
n=1) coils showed attenuation of the MHD activity for values of the
helical currents such that I]lp-2% and also for two different pulse
shapes,

As mentioned before, the egquilibrium was maintained by an
externally applied vertical field without feedback control of the plasma
position. Thus, before discharge termination, the plasma column moved
inwards. This displacement was usually antec1pated when the coils were
activated. {see Fig. 3){ ]

The experimental results obtaired w1th m=3 coil current of .
185 A (with radius b=0.11m) are showed in Fig. 3[ ]. In this case the
coil was activated .3ms before the beginning of the plasma discharge:
The main noticeable effect of the coil was to reduce MHD activity mainly
in the first 1.5 ms before the inward displacement'of the plasma column
started. Besides. the dominant m=3 a sideband m=2 mode was also reduced

{the m=3 coil had also a-secondary m=2 component}.

The oscillation freguency increased with the coil activation
and the consequent oscillation amplitude reduction (Fig.d)[g]. This
agrees with the Mirnov oscillation property observed in Text _

The effect of a m=2 rhw connected to a power supply which
gives a square wave-like current pulse is shown in the fig. 5 -. The
coil was activated. (during G.8ms) 0.4ms after the plasma discharge
was initiated. After the helical coil pulse ended the Mirnov oscil-
lations increased again and some changes in the sawfooth parameters
were observed. '

4 MAGNETIC SURFACE BREAK up

We supposed that the magnetic surface break-up, caused by the
interaction of magretic isiands with the Timiter or the overlapp1ng of
magnetic islands, triggers the disruptions observed in, TBR-1. We con-
sidered islands created by external windings and by heiical surface
currents on rational magnetic surfaces. The magnitude: of these surface
currents were obtained from experimental measurements of the poioidal
magnetic field oscillations.

Applying the Chirikov's condition[11], we estimated helica?
winding current thresholds for the break-ﬁg of the. magnetic surfaces.
We calculated these thresholds taking into account the r-dependence of
equﬁ]ibrium and perturbed magnetic fields over the isiands widths.

Te calculate the size of the islands we considered the large
aspect-ratio approximation to obtain the magnetic surfaces from the
differential equation.

B.w o= o0, _ e
where ¢ is the stream function corresponding to a. lipear superposition
of the unperturbed fields de;cribed by wo(r) with the resonant pertur;
bation described by ¢,(r,u), where u= $-oz. and a=n/{mR). This
approximation is not valid for marginally stable states when the plasmé
response should not be neglected.

Y, was related to the perturbations created by currents 1
flowirg (with oppos1te‘dzrect10n5 in adjacent conductors} in m pairs



of ‘helical windings, equally spaced, with radius b£12]. Y, could aiso -

correspond to saturated tearing perturbations due to a resonant helical
current sheet, ) .

These rescnances create m magnetic islands around the rationé]
surfaces with q(r =m/n.

We con31der also satellite magnetic 1slands due to toro1da]
corrections. To calculate the size of -these (mti) satellite islands
around the surfaces with q(r L n) =(mx1/n), Ehe magnetic differential

equation (1) was solved by expand1ng it in terms of the aspect-ratio
parameter and keeping terms.which are resonant at the appropriate sur-
face. Thus considering an m/n perturbation, we found a function X
satisfying
B.wox =0 ., ()
near the surfaces with g=mz1. . .
X was used in the same manner as ¢ to apply Chirikov's
condition and to obtain the helical current thresholds, taken into ~account
the r-dependence of equz?1br1um and perturbed fields over the islands
widths. .
Examples of winding currents I required for the magnetic sur-.
face break-up (estimated considering the superposition of magnetic
islands) -are given. in Fig. 6 L
In addition to the mentioned-calculation based upon the over-
lap of magnetic islands, numerical work has been performed. The dif-
ferentia} equations for the magnetic fieid lines have been integrated
rumerically for various perturbaticn strengths. Fig. 7 shows the
intersection of the magnetic field trajectbries with a poloidal plane
=0 for an equilibrium with g{a}=5 and q{(0) =1 perturbed by a m=2
tearing mode with ES/BS =0.5% and a m=3 helical current I =100 A. in
this figure it-can be observed only a small amount of -§§ocbastic ba-
haviour near the x-points of the islands although &hé'apblicgtion of
the Chirikov's condition leads to the break-up of the magretic surfaces.
Thus, as expected from gereral mapping methods, this criterium under-
estimates the strength threshold for the relevance of the line chaotic
djstribution. ' .

5. TOROIDAL HELICAL FIELDS

Magnetic scalar potent1a3 due to toro1da1 helical currents
were ca1cu1ated[14} in order to 1nvest1gate the 1nf1uence of t0r01dal -
effects on the break-up of the magnet1c surfaces.

The field due to a number of thin conductors wourd on a
circular torus carrying electrical currents was determined by solving
Laplace’s equation for the magnet1c scalar potential us1ng the conven-
tional toroidal coordinates. The toroidal he11ca1 w1nd1ng was charac-
terized by the major and minor rad11 of the torus RD and b, respec—
tively, by the number of periods of the helical field in the poloidal
and toroidal direct{oﬁs m

o and ng and.by the_winding Taw

Myw * nd¢‘1=ﬁ constant T . - {3y

where w and ¢ are toroidal coordinaiest 14, “The exact sotution was -

written as an infinite series of functions.. FEach term is of the order

of a power of the ‘inverse aspect-ratio (b/Rj).

(12,35,163 approximate analytical expressions

In current papers
for the toroidal helical field.are obtained considering helically
symmefric systéms bent into a torus. - Approximaté Laplace's equation

for the scalar magnetic potential is written in terms of a local polar

‘coordinate system,

Our approach has scme advantages: over the other one’ (i) The
boundary conditions for the approximate solutions of approximate iLaplace's
equation outside the torus are not clear. The problem is complicated by
the fact that the effect of the winding law is as important as the other
toroidal effects. Using the exact solution; different effects can‘be .’
studied separately. (ii) The expression in terms of -local polar coor- |
dinates cannot be used-if scalelength of the order ofTbZIRO is-con+
sidered. So, the position of the magnetic axis, for-example, cannot be:

- determined.. The-expression in terms of torojda] coordinates.does;not,
_present this problem.

The expressions . obtained can be adapted w1thout much d1ff1mﬂty
to the case of a non-uniform w1nd1ng law. T :
The results were compared -to: the- ones obtained by solving the




approximate Laplace's equation[14]. Both resd1ts coincide near the
winding surface in some cases. ' However, outside the winding region,
the results may differ significantly. ’

6. CUNCLUSIONS
The main character1sttcs of M1rnov oscitlations, sawtooth
osc111atzons and disruptive instabilities on the tokamak TBR-% have

been determined. Resonant helical windings have been. used to generate ‘

heI1ca1 fields. and" to control the macroscop1c 1n5tab111t1es
Helical w1nd1ng current ‘thresholds for plasma d1srupt1uns
caused by the superposition of magnetic istands with different heli-

cities were theoretically estimated and. compared with the experimental

values. Sate]l1te 1s]ands due to toroidal effects have also been ' .
conSIdered )

To 1nvestlgate the 1nf1uence of the torcidal effects .on the
sca]ar potent1a1 due to @ toroidal hei1ca1 current the exact solution
of Lap]ace S equat1cn was wrrtten as a sum of an 1nf1n1te ser1es of.
functions. Each part1a1 sum represents the potent1a1 w1th1n Some -
accuracy. '
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