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Abstract - The main characteristics of Mirnov oscillations, sawtooth
oscillations and disruptions on the small brazilian tokamak TBR-1 are
presented. The alteration of these characteristics caused by helical
fields created by external resonant helical windings are also reported.
Helical 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
change 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. INTRODUCT10M

After the work on the Pulsator[1], resonant helical windings
have been used in other tokamaks to generate helical perturbations.
Experiments with these external coils showed that macroscopic oscil-
Jations could be controlled and the nature of ihe disruptive instability
could be investigated[z’al. |

In this paper we report some experimental anc 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 the main experimental
results obtained with this tokamak can be found in Ref, 4,

2. MACROSCOPIC OSCILLATIONS
Investigations of Mirnov oscillations, sawtooth oscillations
and disruptions have been made on the TBR-1 device by using magnetic
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probes, internal coils[S] and soft x-raysts] diagnostics,

For the investigated discharges, the toroidal magnetic field
was (0,37-0,45) T, the plasma current (6-13) kA, the mean electron density
~5x10'® m~3 and the central electron temperature about 200 eV. The
equilibrium was maintained by an externally applied vertical field.
Without feedback control of the plasma position, equilibrium 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
coils[7] and by the shape of the plasma boandary[B].

Low-frequency magnetic oscillations were observed after the
equilibrium state was set up. They were measured by 16 coils equally
spaced in the poloidai direction at a fixed position and four coils
separated 902 in the toroidal direction at a fixed poloidal position[sl.
The coils signals were recorded in two eight-channel ADC modules, and
the usual phase correlation method was used to analyse the data.

Fig. 1 is a plot of the typical dependence of the Mirnov
oscillation amplitudes on the poloidal position of the coi1s[5]. The
ratio é’mux/ﬁsmin is in general around 6. This asymmetry indicates
that the magnetic islands which created the measured perturbations were,
as so the entire plasma column, displaced downwards to the outside of
the geometrical axis of the torus.

The investigated discharges can be characterized, in terms of
the MHD activity, according the q (the safety factor at the limiter)
values.

The discharges with higher q which were sustained for
<7 ms, exhibit lower MHD activity that ceased after (2-3) ms, when hard
x-rays signals (measured with an Nal crystal coupled to a photomultiplier
and an active integrator) showed the appearance of runaway electrons.
The discharges with smaller aQ had a much stronger MHD activity and a
shorter duration. The modes grew, rotated and saturated at levels of
By/By of about 2%, which gave rise to magnetic islands with widths of
about (1-2)cm for m=2 or 3.

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



numbers m=2 and m=3, always with n=1. Modes with m=4 are occasionally
detected during high aQ 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 ({ivtec Rg-019-50-100) that
are sensitive to soft x-rays in the photon energy range between 0,1 and
30 keV. Five detectors were used in a pin-hole camera viewing the
plasma volume.

Typical soft x-rays signals obtained for a q =3,2 discharge
are shown in Fig. 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 identified, by placing two x-rays detectors
which are viewing two different positions 1802 apart in the poloidail
directions, as an m=1, The finversion of the sawtooth oscillation was
used to estimate the q=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=3) cofls showed attenuation of the MHD activity for values of the
helical currents such that l/lp-Zl and also for two different pulse
shapes.

As mentioned before, the equilibrium 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 antecipated when the coils were
activated (see Fig. 3)[9).

The experimental results obtained with m=3 coil current of
185 A (with radius b=0.11m) are showed in Fig.3[9]. 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 ainly
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 frequency increased with the coil activation
and the consequent oscillation amplitude reduction (Fig. 4)[9]. This
agrees with the Mirnov oscillation property observed in Text 10 .

The effect of a m=2 rhw connected to a power supplfsﬁhich
gives a square wave-like current pulse is shown in the Fig. 5 . The
coil was activated (during 0.8ms) 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 sawtooth parameters
were observed.

4. MAGNETIC SURFACE BREAX-UP

We supposed that the magnetic surface break-up, caused by the
interaction of magnetic islands with the limiter or the overlapping of
magnetic islands, triggers the disruptions observed in TBR-1. We con-
sidered islands created by external windings and by helical surface
currents on rational magnetic surfaces. The magnitude of thece surface
currents were obtained from experimental measurements of the poloidal
magnetic field oscillations.

Applying the Chirikov's condition[11], we estimated helical
winding current thresholds for the break-up of the magnetic surfaces.
We calculated these thresholds taking into account the r-dependence of
equilibrium and perturbed magnetic fields over the islands widths.

To calculate the size of the islands we considered the jarge
aspect-ratio approximation to obtain the magnetic surfaces from the
differential equation

B.oww = 0 , (1)

where ¢ is the stream function corresponding to a linear superposition
of the unperturbed fields described by ¥y(r) with the resonant pertur-
bation described by ¢,(r,u), where u=8-az and a=n/(mR). This
approximation is not valid for marginally stable states when the plasma
response should not be neglected.

¥, was related to the perturbations created by currents |
flowing (with opposite directions in adjacent conductors) in m pairs



of helical windings, equally spaced, with radius sit2], ¥, could also
correspond to saturated tearing perturbations due to a resonant helical
current sheet.

These resonances creaie m magnetic islands around the rational
surfaces with q(rm,n)

We consider also satellite magnetic islands due to toroidal
corrections. To calculate the size of these (m:1) satellite islands
around the surfaces with Q(‘m:1,n) = (me1/n), ihe magnetic differential
equation (1) was solved by expanding 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 '

=m/n.

B.wx = 0 , (2)

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 equilibrium and perturbed fields over the islands
widths.

Examples of winding currents [ required for the magnetic sur-
face break-up (estimated considering the superposition of magnetic
fslands) are given in Fig.6(13].

In addition to the mentioned calculation based upon the over-
lap of magnetic islands, numerical work has been performed. The dif-
ferential equations for the magnetic field lines have been integrated
numerically for various perturbation strengths. Fig. 7 shows the
intersection of the magnetic field trajectories with a poloidal plane
¢=0 for an equilibrium with q(a)=5 and q(0) =1 perturbed by a m=2
tearing mode with B8y/By x0.5% and a m=3 helical current [=100A, In
this figure it can be observed only a smail amount of stochastic be-
haviour near the x-points of the islands although the application of
the Chirikov’'s condition leads to the break-up of the magnetic surfaces.
Thus, as expected from general mapping methods, this criterium under-
estimates the strength threshold for the relevance of the )line chaotic
distribution,



5. TOROIDAL HELIL L FIELDS

Magnetic scalar potential due to toroidal helical currents
were calculated[14] in order to investigate the ir“’ 'nce of toroidal
effects on the break-up of the magnetic surfaces.

The field due to a number of thin conductors wound on &
circular torus carrying electrical currents was determined by solving
Laplace's equation for the magnetic scalar potential using the conven-
tional toroidal coordinates. The toroidal helical winding was charac-
terized by the major and minor radii of the torus R, ana b, respec-
tively, by the number of periods of the helical field in the poloidal
and toroidal directiops m, and n, and by the wina, ; law

mw * nye = constant (3)

where w and ¢ are toroidal coordinates[14]. ‘The exact solution was
written as an infinite series of functions. Each term is of the order
of a pawer of the inverse aspect-ratio (b/Ro).
In current papers[12’15'16] approximate analytical expressions
for the toroidal helical field are obtained considering helically
symmetric systéms bent into a torus. Approximate Laplace's equation
for the scalar magnetic potential is written in terms of a local pclar
coordinate system,

Our approach has some advantages over the other one. (i) The
boundary conditions for the approximate solutions of approximate Laplace'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. (1i; The expression in terms of local polar coov-
"dinates cannot be used if scalelength of the order of b2/Ro is con-
sidered. So, the position of the magnetic axis, for example, cannot be
determined. The expression in terms of tcroidal coordinates does not
present this problem,

The expressions obtained can be adapted without much difficulty
to the case of a non-uniform winding law.

The results were compared to the ones obtained by solving the



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

6. CONCLUSIONS

The main characteristics of Mirnov oscillations, sawtooth
oscillations and disruptive instabilities on the tokamak TBR-1 have
been determined. Resonant helical windings have been used to generate
helical fields and to control the macroscopic instabilities. |

Helical winding current thresholds for plasma disruptions
caused by the superposition of magnetic islands with different heli-
cities were theoretically estimated and compared with the experimental
values. Satellite islands due to toroidal effects have also been
considered. 4

To investigate the influence of the toroidal effects on the
scalar potential due to a toroida) helical current, the exact solution
of Laplace's equation was written as a sum of an infinite series of
functions. Each partial sum represents the potential within some
accuracy.
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Oscillation amplitudes 8y as a
function of their anguiar position
9 taken at different times. (Re-
printed from Ref. 5).
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Fig. 2..Temporal evolution, on an expanded timescale, of the
soft x-rays signals from the central (2a) and the
external part (b) of the plasma column, Mirnov
oscillation and loop voltage (vloop) during a
discharge in TBR-1.
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Temporal evolution of the plasma current (I,), soft
x-rays from the central part of the plasma column,

m=2 helical winding current (I) and MHD activity

during a discharge in TBR-1,
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Fig. 6. a) Helical current for overlap of m=3 induced and m=?
islands in the TBR-1. b) m=2 helical current for overlap
of m=2 and m=3 satellite resonances. A and B were obtained
neglecting and considering the r-dependence of ¥ over the
islands widths, q(0) =1, Ip- 10kA, n=1,
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Fig. 7. Intersections of
magnetic field
lines with the
¢=0 surface for
By/By = 0.5%,
1= 100 A, q(a) = 5
and q(0) = 1,




