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Abstract A diagnostic system to determine the shape of the cross-section
of the plasma column in TBR-1 has been developed. The system relies on
measurements of radial and azimuthal components of the magnetic field
around the plasma column and is based upon a technique developed by
Swain and Neilson. 1t is shown that during normal discharges the plasma
column undergoes a systematic downward shift and shrinksin minor and
major radii.

1. INTRODUCTION

The basic equilibrium characteristics of tokamak discharges are
determined through measurements of the toroidal plasma current, toroidal
and vertical components of the external magnetic field, and loop voltage.
However, more detailed information is needed to study the magnetohydro-
dynamic stability conditionsof thedischarges. In this case, it is
necessary to determine the shape of the cross section of the plasma
column and the radial profiles of the pressure and current densityl.
Usually, the pressure profile is inferred from measurements of the elec-
tron temperature profile through Thompson scattering and of and plasma
density through microwave or laser interferometry’ . The current profile
can at present beonly indirectly determined.

Many different methods have been developed in the lastdecadeto
determine the shape of the cross section of the plasma columnz—S.A\though
all the methods rely on measurements of the magnetic flux and/or com-
ponents of the poloidal magnetic field outside the plasma column, they
substantially vary in the degree of sophistication to model the current
distribution in the plasma. The more accurate methods solve the free-

-boundary magnetohydrodynamic equilibrium problem*® and adjust the shape

* Also at Instituto de Pesquisas Espaciais, Caixa Postal 515, S&o José
dos Campos, 12200, SP, Brasil.
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of the cross section and other free parameters to reproduce external
measurements and the pressure profile®*5'778:%, Beeause these methods
self-consistently solve the equilibrium problem, they allow not only the
determination of the shape of the plasma cross section, but alse an in-
direct determination of the poloidal beta
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In these expressions R is the radial coordinate of a point on a flux
surface, Ry is éhe major radius of the geometric center of the plasma

column, B_ is the poloidal component of éhe magnetic field, is the

Bro
toroidal magnetic field at R = Ry, p is the plasma pressure, V is the
plasma volume, ds is the element of are length along the poloidal di-
rection of a ¥ = const flux surface, and < > represents the averageover
the plasma cross section®®.

The major drawback of methods based upon a self-consistent sol-
ution of the magnetohydrodynamic equilibrium equation is that they take
a substantial amount of computer time. Although the knowledge of BP and
of the q profile is essential for a stability analysis, an experimen-
talist usually needs quick information about the value of Bp and the
shape of the cross section to properly adjust external parameters be-
tween discharges. For this reason, less accurate, swifter, methods have
also been developed®’®. These methods are based upon modelling the
toroidal plasma current by a set of discrete filaments whose positions
are a priori fixed. The currents in these filaments are calculated from
the minimization of the average square deviation of measured and cal-

culated values of the magnetic field at the positions of diagnostic
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probes. In particular, Swain and Neilson® have developed a technique

that allows a very fast determination of the shape of the cross section

of the plasma column and an accurate estimate for the Shafranov par-

ameter!!? 2
- Z
A= By + 5 - (1)
In this paper we report the results of measuring the shape of
. . 12 .
the cross section of the plasma column in the TBR-1 tokamak . Previous
measurements of resistive modes in TBR-1 have shown a systematic down-

13>1% |t was not clear whether

ward displacement of the mode structure
this displacement occurred only in the perturbation or was .caused by a
displacement of the equilibrium position of the plasma column as a whole
The measurements carried out with the experimental apparatus described
in this paper have'found that the plasma column not only shifts down-
wards during the discharges but also shrinks and increases the internal
inductance.

In the next section we present a summary of the technique de-
veloped by Swain and Neilson. In section 3 we describe the diagnostic
system that has been developed at the Instituto de Fisica of Universida-
de de Sdo Paulo. In section & we present the main results and the con-

clusion.

2. ANALYTICAL MODEL

The equilibrium of the plasma column in a tokamak ismaintained
by the poloidal fieldcreated bycurrentsthat circulate in the plasma and
in external coils!®. The latter produce a magnetic field that in the
plasma region is mainly parallel to the symmetry axis of the torus and
thus are called vertical field coils. The plasma current, on the other
hand, is induced inside the vacuum chamber by the time variation of a
magnetic flux through the central hole of the torus. The ceils that pro-
duce this flux are part of the so-called ohmic heating transformer
(OHT)® . 1n fig. 1 we show a toroidal cross section of the TBR-1tokarnak
showing the vertical field coils, the CHT coils, the vacuum chamber, and
the edge of the current limiter. The limiter is a metal ringthat limits

the current channel and keeps the hot plasma away from the vacuum chamber.
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Fig. 1 - Cross section of the TBR-I tokamak showing the
vacuum” ehamber {a), the edge of the current limiter (b),the
vertical field edils (c), the ohmic heating coils {d), and
the filaments to simulate the plasma current (e).

Let us assume that ocutside the current channel, in the shadow
of the limiter, we put a set of N pick-up coils that measure indifferent
points the radial and azimuthal components of the niagnetic field during
a discharge. This field is produced by the plasma current and by the
currents in all external coils, which are known. Although the total
plasma current can be measured, the profile of the corresponding current
density and the shape of ttie current channel are unknown. The technique

of “wain arid Neilson® consists in first simulating the plasma current
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density by a set of Mtoroidal filanments located at pre-chosen pos-
itions. W& shall refer to those filanents as plasma filaments; four of
themare indicated in fig. 1. Let us denote the current in the external
coils by I‘z and the currents in the plasma filanments by lg The index 7
runs from!l to the total nunber 7 of external coils in the first case
and from 1 to ¥ in the second case. The unknown currents Ig are then
determined by minim zing the average square deviation of the magnetic
field

(8. -B. )*

e dm | (5)
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where B;, and B are respectively the cal culated and neasuredval uesof
the poloidal (radial and azimuthal conponents) magnetic field and 0,
is the'estimated standard deviation reflecting the neasurernent uncer-
tainty at sensor i. It can be shown that the mnimzation of <AB*>|eads
to a systemof M linear al gebraic equations for the unknown currents
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wher e B, is the total field at position ¢ produced by the currents in
the external filanents,

e £ (7)

and Qgép are matrices correrpondi ng to Green's functions, i.e., they
give the niagnetic field produced at posi tion ¢ hy a unit current lo-
cated at position 8. In the present case, all the external coils and
plasma filanents are concentric circular icops and the expressions for
Qgép can be readily obtained*®. Since the total plasma current Ip is
known, the minimization of <AB®*> can be carried out iniposing the con-
st ant

1 o~

E=1 .
J]J P

However, this constraint practica 1y does not change the resul ts ob-
tained without inposing it*7. Actual 1y this occurs because the currents
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J? in the plasma filaments have no physical meaning. They only approxi-
mately give the magnetic field produced by the real plasma current out-
side the current channel and their first moments correspond to the first
moments of the current profile in the plasmas.

Once the currents IY, are calculated, one can find the flux fung-
tion Y(R,Z) = 2ﬂ1?A¢, where (R,$,2) are cylindrical coordinates
centred at the symmetry axis of the torus and A¢ is the toroidal com-
ponent of the vector potentiaTlg. Since the plasma boundary has to be
a flux surface, to determine the cross section of the plasma column one
has to find the flux surface that touches the limiter in just one point,
This is carried out by a numerical code that directly plots the plasma
cross section'’.

Two important equilibirum quantities can be calculated from the
knowledge of the currents I? in the plasma filaments and the shape of
the cross section of the plasma column. The first quantity is the radial
displacement of the magnetic axis with respect to the geometric center
of the plasma cross section, the so-called Shafranov shift'®. This is

given by

uoIpi(—gBt+ZBn) as (8)
where £ = R - B, and Bt and Bn are respectively the tangential and nor-
mal components of the magnetic field along a closed poloidal contour ¢
around the plasma column®. In our case, we choose the contour ¢ to co-
incide with the edge of the current limiter because along this contour
the magnetic field produced by the currents in the plasma filaments very
closely reproduces the field due to the real current distribution® .
Equation (8) is derived using a multipole expansion of the plasma cur-
rent distribution which assumes up-down symmetry with respect to the
equatorial plane of the plasma column®. In the case of TBR-1, the plasma
column is displaced downwards and asymmetric with respect to to the qua-
torial plane. This introduces an additional term inte the right-hand
side of the above expression for A. Assuming that the downward displace~
ment of the plasma column Z; is much smaller than the major radius, the

correction term Is to lowest order given by
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W have calculated this term for TBR-1 discharges and verified that it
introduces a correction smaller than 5% in the final value of A; this
correction is of the order of the accuracy of the measurementsand thus

it has not been taken into account.
The other important equilibrium quantity is the Shafranov par-

ameter A defined in eg. (4). This is calculated using the formula

A:-—2—+S'2 (9)

where s; and s, are two integrais over the plasma surface defined by

1
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where p is the radial variable of a pseudo-toroidal coordinate system
centred at the magnetic axis of the plasma column and ép and 5Rare unit
vectors in the directions p = const. and.R = const., respectively“. The
..integrals appearing in egs. (8), (i0), and (11) are calculated using a
numerical code described in reference 17.

To test the accuracy of the method and to determine the optimal
number M of plasma filaments, we have carried out numerical simulations
of real plasma discharges assuming a parabolic current density profile
and using twenty diagnostic coils, corresponding to the actual diagnos-
tic system. The field produced at the position of each diagnostic coil
has been calculated and multiplied by a random factor between Q9 and
11 to simulate experimental errors in real measurements. V¢ have found
out that a very good approximation to the exaet shape of the plasma
cross-section can be obtained using three to six plasma filaments

(3 <M< 6). Details of the simulations are given in reference 17.
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Finally, we have éligthly improved the technique of Swain and
Meilson to better accommodate the displacement of the plasma column in
TER-1. The positions of the plasm filaments are initially chosen with
their geometric center coinciding with the one of the vacuum chamber. I
the geometric center of the plasma cross section is found to be shifted
with respect to the center of the vacuum chamber, the center of the
plasma filaments are shifted to that position and thewhole calculation
repeated. This process goes on until the displacement between two sub-
sequent positions of the center of the plasma cross section is smaller
than 0.5 mm {n practice we find that no more than two iterations are

sufficient to satisfy this criterion.

3. DIAGNOSTIC SYSTEM

The TBR-1 tokamak is o small~size device that has been designed
and constructed at the Instituto de Fisiea of Universidade de Sdo Pau—

12

lo*“. Reproducible discharges are obtained after approximately five

hours of discharge or radio-frequency cleaning”"21

. The plasma current
can be varied from 6 to 12 kA, with pulse dusation up to 7ms, and the
toroidal magnetic field can be varied from 4 to 5 kG. Phe vacuum chamber
(316 LSS} is 3 nm thick, which gives an attenuation of approximately
13 db for signals in the kHz range. Therefore, we have designed the
diagnostic system with the pick-up coils inside the vacuum chamber to
prevent attenuation and distortion of the signals.

Two types of coils are used: the radial coils that measure the
radial component of the poloidal magnetic field and thetangential coils
that measure the azimuthal component. The tangential coils are made of
56 turns of ¢ 0.13 nm copper wire directly wound on two ¢ 12.7 nm nylon
tubes. The radial coils are made of 130 turns of the same wire wound on
small spools that are then inserted in transversal orifices inthenylon
tubes. Thr size of the coils and the assembling scheme are indicated in
fig. 2a. The two nylon tubes are then covered with heat-shrink iso-
fation, bent in semicircles of 9.7 mn radius (fig. 2b), and inserted
intoc stainless steel semicircular tubes of 19 mm internal diameter and
0.3 nm thickness. One end of these supporting tubes is closed with a

vacuum tight metal plug and the other end is soldered to a straight
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Fig.2 - Sketch of the tangential and radial pick
-up coils and the assembling scheme (a) and the
two bent nylon tubes before insertion in the sup=
porting metal tubes (b).

tube that can slide inside a feedthrough in the vacuum flange (fig. 3).

During discHarge cleaning, the vacuum chamber and metal'surfaces
inside it get very hot. In order to avoid melting of the isolationof the
pick-up coils, cooling air is forced into the nylon tube and returns
through the space between the nylon and supporting tubes, as indicated
in fig. 3b. A picture of the entire assembly is shown in fig. 4. This
type of construction considerably facilitates the insertion of the diag~
nostic system into the vacuum chamber, in spite of the small size of the
diagnostic ports of TBR-I. By rotating the supporting tubes, the two semi
-circles can be brought close together and then inserted into the vacuum
chamber. Once the flange is in place, the two tubes are rotated back to
the proper positions.

The effective areas of the pick-up coils have been determined
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Fig.3 - Sketch of the stainless steel supporting
tubes showing the refrigeration system (a) and
position of éhe pick-up coils inside the vacuum
chamber (b).

in a standard Helmholtz coil fed with a 60 Hz cw eurrent. The measured
values are given in table 1. In the actual experiment, the signal of
each coil has to be integrated. We have designed a very versatile active
integrator that can operate either as differential or unipolar ampli-
fier'?. There is one integrator for each coil. The signals from the in-
tegrators are digitalized in Le Croy 2264 modules and stored in Le Croy
88004 and 8800/8 memories for later displaying in an osciiloscope or
further computer processing. The reading rate of the modules is fixedat
2.5 us. The gains of the integrators have been calibrated using a known
input signal and a 50R load, corresponding to the input impedance of
the CAMAC modules. The actual gains used for each coil are shown in

table 1.
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Fig. 4 - Picture of the diagnostic system.

The toroidal magnetic field in TBR-1 has a strong ripple due to

22
the discreteness of the toroidal field coils . This produces a radial
magnetic field component that is detected by the radial pick-up coils .

- The corresponding signal is so intense that it completely saturates the

CAMAC modules. To eliminate this effect, we have added a constant dc
voltage to the output of the active integrators that are connected to
the radial diagnostic coils. Furthermore, we correct the signal of these
coils by subtracting out the spurious signal that is measured in the ab-

sence of plasma, by pulsing only the toroidal field coils.

4. RESULTS

We have analysed various discharges in TBR-1 with the plasma
current varying from 55 to 105 kA and with a discharge duration of ap-
proximately 6.5 ms. In this paper we report the results obtained for two
discharges, one with a current of 8.7 kA and the other with a current of
10 kA. These discharges are typical within the range of parameters that
have been used. Discharges with currents smaller than 9 kA usually have
a low magnetohydrodynamic activity whereas discharges with currentsabove

10 kA have strong activityl®.
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Table 1 - Effective area of the pick-up coils and gain of the integrators
used in each coil. The labels of the coils correspond to the labels used
in fig. 3a.

. -1
radial | effective area | gain (s™h ta??aﬁn_ effective area galr;/ ()
coil (]0-3m2)(i0.08) G=,/ZSI2/%&- coil (Io'dmi)(1t0.08) G=_f_c;’_?:dt
RI 5.31 3.98 Ti 5.55 817
R2 5.59 4.06 T2 5.97 707
R3 5.69 A T3 5.96 818
RA 5.34 4,51 Th 5.74 846
RS 5.59 518 TS 5.96 964
R6 5.48 3.64 6 6.06 885
R7 5.14 6.00 T7 5.62 771
RS 5.42 3.92 8 564 A7t
R9 5.42 4,19 T9 6.04 850
R10 5.47 3.99 TIO 6.05 919

To illustrate the experimental procedure, we will give the

raw

data only for the 8.7 kA discharge; the data for the other discharge are

quite similar. In fig. 5 we show the main parameters of the discharge;

namely, loop voltage, plasma current, radial position of the plasma

column, hard X-ray emission, and currents in the vertical fieldandohmic
heating coils. The radial

position of the plasma column is globally

measured by sensing csils outside the vacuum chamber 23 The signals de-
tected by the pick-up coils are shown in fig. 6 for the azimuthal and in
the

fig. 7 for the radial coils. W note that whereas the signals of

azimuthal csils very closely resemble the signal of the total plasma

current, as they should, the signals of the radial coils seem very dis-

torted, due to the rippie of the toroidal magnetic field, as previously
mentioned. This can be seen by the signals detected by the radial coils
when only the toroidal coils are pulsed, without plasma. These signals
are also shown in fig. 7.

Using the values of the poloidal magnetic field measured by the
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Fig.5 - Main parameters of the
8.7 kA discharge: loop voltage
(a), radial position (b),plasma
current (c), hard X-ray emission
(d), current in ohmic heating
transform’ (e), and current in
the vertical field coils (f).
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Fig.6 - Field measured by the tangential
field coils in the 8.7 kA discharge. The

0,02  labels Tl to Ti0 correspond to the coils

whose positions are indicated in fig. 3b.
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Fig.7 - Field measured by the radial field
coils in the 8.7 kA discharge. The labels RI
to R10 correspond t0 the coils whose posit ions
are indicated in fig. 3b. The dashed | ines
correspond to the signals obtained without
T ST R R pl asma and which are due to the rippie of the
T Hmediivi toroidal fieid.

pick-up coils, We can determine the plasna cress section and other equi-
librium quantities, as discussed in section 2. The tinme evolution of the
shape of the plasma cross section is shown in figs. 8 and 9 for 8.7 and
10 kA discharges, respectively. In the former case, the plasna colum is
first displaced towards the outside of the torus and then towards the
inside. For the latter, the plasma column is continuously displaced
towards the inside of the torus. In both cases, however, the plasm
col um shows a downward di spl acenent and shrinks in minor radius towards
the end of the discharge. The radial displacement of the plasma colum
can be nore quantitatively seen by plotting the position of thegeonetric
center of the plasma filanents as a function of tine. This is shown in
fig. 10. in the sane picture we al so show the position of the plasm
col utm asmeasured by theradial position coils?®. 1t is clear that
al though the two measurements qualitatively agree, there is a constant
shift between the. two resul ts. This is probably due to a smal 1 asymmetry
in the radial position coilg. If we correct for this asymmetry by naking
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Fig.8 = Time evolution of the cross section
of the plasma colum in the 8.7 ka' dis-
charge. Four filaments were used to simulate
the plasna current. The x denotes the pos-
ition of the geonetric center of the fila-
ments. The symnetry axis of the torus is to
the left of the figures. Tine is conputed
from the beginning of the discharge.

a uniformshift in the results of these coils, the two sets of meas-~
urements al so quantitatively agree!?.

The downward di spl acenent of the plasma column can be seen by
plotting the vertical positionof the geormetric center of its cross
section as a function of tinme. This is shown in fig. 11. we see that
the plasna column is almost one centinmeter dowward displaced at the
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Fig.9 - Time evolution of
the cross section of the
plasma column in the [0 kA
discharge. Four filaments
were used to simulate the plasma current. The X
denotes the position of the geometric center of
the filaments. The symmetry axis of the torus is
to the left of the figures. Time is cornputed from
tke beginning of the discharge. The small inden-
tation in the plasma cross section at ¢t = 5 ns is
probably not a real feature buta numerical inac-
curacy due to the closeness of the plasma fila-
ments .

end of the discharge. Considering that the initial minor radius of the
plasma column is only 8 cm, this displacement is quite substantial. Fur-
thermore, it makes the hot plasma strongly interact with the current
limiter, producing the copious hard X-ray emission shown in fig. 5 at
the end of the discharge. The compression of the plasma colunin in hoth
minor and major radii is probably due to the value of the external ver-
tical field becoming larger than necessary. The downward displacement,
on the other hand, is probably due to an asymmetry in the vertical field
coils or incomplete cancellation of the vertical stray field produced
by the toroidal field coils. This downward displacement has also been
measured by Ueta using sensing coils outside the vacuum chamber??,
Because the total plasma current is kept approximately con-~

stant and the cross section of the plasma column dirnishes during tha

124



Revista Brasileira de Fisica, Vol. 17, n@ 1, 1987

{a) (b)
k) T T T T T T L} T T T T
[o]
zel ° - 32t .
O e 34
— 34} -— . .
£ * © 1 g oo _°
~=30l. € - [o] 2 . E}Q - o LY B
€ L4 g
29F 1 29} 1
1 oo d At 31 A1 L i ' | .
8 4 23 456 b 42 34 5 68
t{mis) t(ms)

Fig.10 - Radia position of the geonetric
center of the plasma filanents (e) as a
function of tine for the 8.7 ka(a) and 10
k& (b) di scharges. Theopen circles represent
the center of the plasna column determined
fromthe radial position coils?®®.
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Fig.11 - Vertical position of the geonetric

center of the plasna cross section as afunc-
tion of tine for the 87 ka (a) and 10 kA
(b} di scharges.

discharge, the current density profile has to become Steeper, increasing
the internal indutance R {eq.{3)). This is secn in fig. 12 where the
paraneter A (eq. (4) is plotted as a function of tine. Cclearly, the
val ue of A can al so increase due to an increase in the value of 8
caused by conpressional heating by the vertical inagnetic field. The
naxi mini  possi bl e heating occurs under the condi tion of adiabat ic com
pression. in this case, conservationof pelcidal and toroidal magnetic
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Resumo

Un si stenma de diagndstico para determinar a forma da secgae
transversal da coluna de plasma no tokamak TBR-1 & descrito. O sistena
¢ baseado numa técnica desenvol vida por Saain e Neilson e utiliza medi-
das das conponentes radial e azimutal do canpo nagnético na entorno da
col una de plasma. Comeste sistena foi verificado que durante descar-
gas nornai s a col una de plasnma apresenta um desl ocanent 0 sistematico pa-
ra bai xo do plano equatorial da méquina e encol he tanto em relacdo ao
ralo naior como ao raio NENOr.
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