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ABSTRACT -

This pépér presents tﬁe results obtained in. the
'small'tokamﬁk;TER—T, concerning Mixnov.oscillafioné- The phaseé
-correlation methed using 20 magnetic.coils was applled to
determine the poloidal and torOLdal mode numbers._ _ The main
.modes detected- had m=2 and- -m=3 " both with n=1, for. Hy
{the safety factor:at the: llmlter) varylng from 4 to 7 The
amplltudes and.fnequencleS:wene-measu;ed,_and a discussion is

made about thénTBR—T c@nfinément éndistability conditions.

INTRODUCTION

Low frequency oscillations (f £100 kHz} of the
poloidal magnetic field are-normally.observed in tokamaks [1,2].
These'oscillations, usually called Mirnov oscillatidns, have
spatial helical strucﬁures of the form cos{mé-n¢} , where @
and ¢ are respectively the poloidal and toroidal angles and

the integers m ~and n- are the poloidal and toroidal mode

‘numbers. The Mirnov oscillations: are actually-the:external

manifestation of the rotation of helical magnetic iskands caused
by resis;ive'tearing.modes.[éli When Mirnov- oscillations are

present, the confinement‘dqteriorates-and,-in the worst cases,

‘& violent and very fastﬁinst;bility; called disruptive instability,

terminates the plasma [3,4]. This violent loss of confinement
is not yet well understobd, but it is almost always preceeded
by grOWing Mirnov oécillaticns f{5]. The presently accepted

interpretation is that the corresponding magnetic islands grow

to such amplitudes that £hey Ean interact with the limiter or

with other 1slands of dlfferent he11c1t1es causing the loss of
conflnement [4].

In fhis papér we present the main charaéteristics
of the ﬁirnév osciilations measured in the small tokamak TBR-1 [6]

of'the'Physics Institute at the University of S&o Paulc. The

pocloidal magnetic field oscillations were detected by 20 magnetic

colils conveniently distributed along the torus [7], so that the

mode numbers m and n could be determined using a phase
correlation meﬁhod [8]. The amplitudes and frequencies were

also obtained for different equilibria. The experimental

results wére'compared with theoretical estimatives of these

parameters based on TBR-1 characteristics.




EXPERIMENTAL- SET-UP

TBR is. a small air-core low beta tokamak (B~ 5x107°}
with~ne;coneuctingyshell;. The;eqeilibrium is maintained by an .
externally appliedﬂvertical field. The main parameters of the
_machlne and the plasma parameters for the: experlment reported

here are the follow;nq

_ted;gei} et 10430 m i

--Q-ﬁaje‘n

'.,miﬁggyfed;gs: "itt,'"__: : 0Tt mo
radius at limiter . 0,08 m o,

. ' tom,ide-l._,:m_agneg_:_»ip;;,_fiel_d_ . 80.4.-0.45) T -,

. plasma.current:. .. . . (6=12)kA -
eIectrgﬁ;teer;etuge_ :  .;2—30 ev.. .,
aensity’ (hydrogen) . L (s~100 108 a
disghargéﬁﬁgration;f-'. o (erﬁims ..

The pololdal magnetlc Eleld oscxllaturﬁ.werezmﬁsuredi

by 16 COllS equally sPacedhln the polo;dal dirgction:at a flxed
toreldal posxtlon and 4 c0115 separated by 90° in the toro;dal
direction at. a. flxed poloxdal 9051t10n ‘The coils Were'plaéed
lnSlde the stalnless steel vacuum vessel to avoid attenuation
of the MHD.osc;llatlons,“ For ‘the "3mm thickness of the vacuuﬁ
vessei ofVTBR-TI the: attenuatlon is about 80% for a typlcal
frequency of: SGKHz oF the MHD OSClll&thnS.

The. polomdal colls were enclosed 1n curved stalnless
steel tubes, 0,2 mm thlck (correspondlng to an attenuatlon of
-only 15% in SOkHz), placed inside the vessel. in the shadow of
the llmlter (flg la). Durlng d;scharge cleaning operatlon,
the temperature 1n51de the tubes can reach values of the order

of 200—C.. Info:der tonavpld'meltlng-of the wire insulation,

.4,

the coils were cooled by forced air circulaticn inside the tubes

_{fig. 1b). The coils were calibrated in a standard Helmholtz

coil. The effective area was found to be (18.6 + 1.¢) x 10™" m?

Tbe torOLdal CDllS w1th an effective area of’

(7 7 +1 0) X10"“ mz_ were inserted- 1n51de the vessel using

ce;amie_tdbee (Fig. 2) .

The coil signals were reco:ded in the memory modules’

of twe elght channel ADC medules. Aﬁter-the shot the signals

were dlsplayed ln an oecxlloscope and photographed.'In:diﬂﬂguges

w1th strong-MﬂD actlv;ty (usually with high plasma currents),

the signals had to be ettenﬁeted through differential amplifiere

- with a 0,5 éain to prevent the signal amplitudes from exceeding

" the 0.25V - ADC 1imit- In these cases - the low frequency noise.

caused by the raising. of. the tokamak magnetlc flelds were also.

attenuated by hlghepass filters (3dB at 2kHz).

The usual phase correlatlon method was used to

'analyze the data.’ ,From the_relatlve phases of the 16 poloidal

coil sigrnals, B6= Eégei curves were traced at different times

.and ‘Fourier analyzed in— €  to determine the present poloidal

mode numbers {m}. Similarly, the toroidal mode number (n) was

determined by the :eletive phases: of the 4 toroidal coil signals.

"In all cases this mode number was found to be n=1.

The experimehts.were performed with the working
parameters already:mentioned. Because of the limited capacity .
of the data acquisition system, the density and the electron

temperature were not measured, Their values were estimated

ﬁrom the results of previocus experiments (9,101.. The basic

plasma parameters measured together with the MHD activity were

the loop voltage, the plasma current, the horizontal displace-.

ment .of the plasma column [11] aﬁd the harg X-rays signals



{measured with a -Nal crystal coupled to a photomultiplier and
an active integrator).

The MHD oscillations reported here were detected
after an eguilibrium state was- set up. Fig. 3a shows typical
ogcillatichs-detected_by_some-of.the poloidal coils. The main
freéuency is about 37 kHz {(the oscillations were not Fourier
analyzed in time). It can be seen in this figure that the
oscillation amplitudes are no£;5ymmetric in 8. Fig. 4 i#'a_f
plot of the tYpica1 dependenceﬂqf»the-oscillation:amplitudes
on the poloidalféositidnj (e) :6f7the_coils. The rate

ﬁemax/ﬁemin: is -in gengrél"éfoﬁnd'ﬁa This-asymmétry indicates
that the magnetic islands which originate the measured pertur—
'batiohs‘were‘disPlaced,ddwnﬁard:qnd'tg the outside of ' the
geometrical axiS_pf'the:tqruSu In'fact tﬁe_entire'plasma_column
.was'displaéed:to~thépoutsidésandffb'the_botnom of .the tokamak
as indicatednbyfthé:hofiZQntai_énd*verticél:position coils.

The outward"displécemghtzcould not be avoided by increasing the
external verticalffielthincé iﬁ this cése.equilibrium would
not be obtained.

Thé relative phases of the coil signals were obtained

tracing B, = B t8) -cuf‘i}es":at difféxe’at_.tirhes (fig. 3b). B (8),
.the“relative amplitudé'@f the OSCillétibﬁ,'was normalized from
"1 to +1, to prévent distortiqns caused by the asymmetry.
Fig. 3c shows the Fourler spectra of these curves, indicating

in th;s case-a.dOminant m=3 mode. The poloidal structure of

the modes can also be visualized by the polar graphs of the

: ée{e) curves {(fig. 3d).

RESULTS

The results pbtainéd showed that there were Easiéally
twe types of discharge in TBR-T.
_ ~ .The first type were the discharges with low plasma
currents (6 kA to 9kA), which exhibit Low MHD activity. The
. is the average of the

5]
16 amplitudes) is lTess than 1% . The discharge durations were

fluctuation levels 56736_ {(where B

usiually about 6 ms. Hoﬁéﬁer, the MHD activity ceased after

2 ms, when har@ X-rays signals showed the appearance of runaway

‘electrons, probably'due'to'the décreasing'of plasma density [9].

In this experiment_nb gasipuffing was used. Fig, 5 shows a
typical low current discharge. “The dominant modes detected had
m=2 and @=3, always.with n=1.

V'Thg_seédnd type of discharge had high plasm currents

L {10ka to _12kA) and a much stronger MHD activity. For this

- type of'discharge the equilibriﬁm was difficult to obtain {(as

it is pointgdﬂout'at,the:end of this section). The fluctuation
levels Ee/Bé weré between 1% and 2% . The discharge durations
were about ‘2ms .and no runaway electrons were detected. Fig. 6

is an example of such a high current discharge. Dominant modes

-have m=2 and m=3, with n=t.

.- The fluctuation levels Ee/Ba was the only oscil-
lation parameter noticeably dependent on the plasma current
intensity.

The main modes detected had poloidal numbers m=2
and m=3, always with n=1. Modes with m=4 , n=T were

occasionally detected in low plasma currents. Tearing mode

‘theory predicts that an m,n mode can only exist if the

rescnant surface with g=m/n is within the plasma [12,13].




The qp independence of m/n (where %, is the safety factor
at the limiter,_which is directly related to the plasma current
intensity) shows that the two types of discharge had probably
different plasma profiles, so that magnetic surfaces with g=2
and g=3 were present in all discharges.
The-oscillation-frequencies~varied in time and were
usually between 30kHz and 75.kHz,. However, in low plasme
currents higher frequency oscillations.sere sometimes detected_
(f ~ 90 kEz) . The.rotation-freguencies £/m  were Between
t0 kHz and 40kH2 P which is.thé same order of maénitude.es:the
elactron diamagnetic drift frequeﬁcy. The modes elso rotated_
in the direction of the e;ectron_diamaqnetic drift. The drift
frequency was roughly estimated as 13 kHz. in TBR-1, althcugh
we still do not have informatiocn on the densgity and UH@Erange.r
profiles. Thus tHe radius of.the'resonant surface could not .
be prOperly determined. éhe temperal_evcluticn of the nxatﬁh
frequency is shown in fig. 7.forfthe,discharge conditions
indicated in fig. 6. The lowest polnt in flg. N corresponds
to a dominant m=3 mode and the. other two; to a domlnant m 2
mode. This can be seen in fig. 6 where. the POlOldal structures

of the oscillations at the times correspondlng to those pclnts

are shown. The ratio £/m could not be_determlned in some-trme

intervals during this discharge because none of the. m=2 and -
m=3 'modes detected were clearly domuhaht.' _ -
Fig. 8(a-b) shows the fluctuation levels ﬁelhe:'ef
the m=2, n=1 and m=3, n=1T modes detected, as a functioh of
the safety factor at the limiter LqE). In both cases there is
a strong increase of fle/BB as . g, decreases from 7 to 4._'
This is the qualitatively expected behaviour according to non;

linear tearinyg mode theory {14]. 1In fact, the oscillations

. magnetic islands because qa, >m/n  in all cases, implying that

detected are believed to be due to the rotation of resistive

the condition qa'>m/n is satisfied. The characteristic time
for the growth of linear tearing modes is estimated to_be of

the order of 107° s for the conditions of TB.R—1. This is much
faster than the characterlstlc time of the observed oscﬂJatuxm,

1nd1cat1ng that the detected modes .were already in a .pon- llnear

_saturated reglme [14]

A common: feature cf most of -the . dlScharges was the . -
absence of MHD oscillaticns-during‘the raising of the plasme_
current. In -this phase of the discharge, the .observed oscll—

latlcns dld not show a well defined spatial or umponﬂ.shnmﬂne

This ‘could be explalned by the fact that. the amplltudes -of . the ) ©

“050111atlons with large m (which should-agpear,durlng_the-

current r;se,when qp is also_large)_were:smallucompared:with

the. amplitude of turbulent. magnetic oscillations £15] ... Anether
tpoesible;explanation is that the rate of current rise couid be:

_smali_encugh 50 that-MHD_oscillations would not: exist [161.‘In

ract.for'most of the discharges with plasma currents greater

than 10ka, positive spikes on the loop voltage were observed

during the current rise. These shots had.a. greet predisposition

to dlsrupt durlng thls phase,. and the equilibriuam was difficult

Crs Obtaln. Thls-sgggested the existence of_a-currentirise MHD

activity for these discharges, although they were not clearly-

observable in the coils. Since in this experience. all shots

“had about the same current rise time, it seemed that there was

a maximum rate of current rise (I) for the discharges to evolve.

free of disruptions. This maximum was lower for higher plasma

current intensities as it has been reported in ref. [16].
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CONCLUSIONS

Without feedback contreol of the plasma position,
egquilibrium was obtained when the piasma.column was displaced
outwards. This behaviour seems to be in agreement with the
observations made on Pulsator [17], where the plasma was less
sensible to -disruptive instabilities when it was slightly dis-
placed outwards.

For the discharges with low,plaéha currents Eﬁg}MﬁD'
oscillations were not detected during the-réising of'the:glasmé
current. For most of the dihchaﬁgés_ﬁith p1asma curreﬁ;s
greater than 10 kA soft disrqp;iong,Weﬁé.ohseryedfdur;nécﬁhis
phase and equilibrium was not ob£§inéd.-ﬂipis:coﬁid'be_g t

consequence of the‘equal“plasma;cuh#ent_:iSe_tﬁmemfor"all the

'discharges-[}ﬁ]._

" The usual ph&égfcbrgéiéti§g~ﬁethod-LSJ-was applied
to determine the.MHD modes.présent:infthé-discharges of the .
TBR-1 tokamak. The oscillations were detected after an equilibrium
étate was set up. The main modes detected had m=3 and m=2 ,
always with n=1. Simultaneous modes were detected, This could
be partly interpreted és-a cohsequence of the toroidal gecmetry,
because a pure mode m would be expected to appear with side-
band modes m' =m*1 . The rmodes rotated in ﬁhe'direction and
rpughly'with the frequency of the electron diamagnetic drift.
The dependence of the fluctuation levels EB/Be on the s;fety-
factor:at the limiter was determined, and it was in qualitative
agreement with the expected behaviour of non-linear tearing
modes {14]. The poloidal mode numbers usually varied in time,
without any noticeable change of the safety factor at the
limiter. This could be explained by changes in the plasma

profiles [12,13].

.10,
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2.~ (a) Top view of:TBR-1 showing the positions of the
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(¢) Dimensions of one toroidal coil.

N WAANAA T0Ts

TOP ANAPMANNAAA] 21775

oUT NNV ] 53T/

BOTTOM \/‘\/\/\f\/\/W\] 53T/s
35,6us _

fa) _ ' (1)

te) : ' {d)

Fig. 3 - 'Determinats.on of the poloidal numbers (m).
. (a) Oscillations detected by four egually spaced
poioidél’ coils.

(b) .Ee = ES{B) curves -(ndrmalizeﬁ from -1 to +1},
showing the relative phases of the 16 poloidal
coil signals at different times.

(c) .J.:"oulrier spectra of the ﬁB(B) curves showed in (b).

(4} Polar graphs of the EG(B) curves showed in (b).
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Fig, 5 - Témporal_profiles_ cf the Lloop voltage, horizontal_
plasma position and plasma current of a typical low
current dischérgeJ The pdloidal structure of MHD modes

are shown at three different times.
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