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A Method for Measuring Plasma Position
in TJ-I Tokamak

J. Qin* and TJ-I Team
Asociación Euratom/Ciemat-Fusion, 28040 Madrid, Spain

A b s t r a c t : A method using pairs of Mirnov coils to measure
the plasma position in TJ-I is presented. The simple toroidal
filament model which neglects the effect of plasma current
density profile is proved to be acceptable within experimental
accuracy. The effect of plasma current density profile remains to
be small, ¡f the plasma current density profile has a quadratic
form.

1. Iniroducíion

TJ-I is a tokamak with a rectangular cross-section of vacuum
vessel (19x25 cm2). The method using the sine-cosine coils[1"2]to
measure the plasma displacements, which has been commonly used
in circular tokamaks, is not applicable here. To measure the plasma
displacements in a rectangular tokamak, the technique of using the
modified Rogowski-saddle coils has been proposedl3"4]. But those
continuous coils are quite big in size, it is very difficult to install
them at TJ-I device which has an uneasy access between the
vacuum vessel and the main toroidal-field coils, due to its compact
structure of the main toroidal-field-coils.

Here we present a method using the so-called Mirnov coils[5]

to measure the plasma displacements in TJ-I. This simple method
has been used extensively. The advantage to use these small and
discrete coils is that they can be installed ¡nside the vacuum
vessel behind the limiters, as they have already been done for
measuring the magnetic fluctuations in TJ-I. The main difference
here is those coils used to measure the plasma horizontal
displacement cannot be located ¡n the equatorial plañe of device,
therefore, the measurement of horizontal displacement in TJ-I
becomes more complicated than ¡n other devices.
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2. Principie of measurement

We assume that .the plasma current centre in TJ-I has both
horizontal and vertical displacements characterized by Ay and A i ,
respectively, as shown in Fig.1. The coordínate systems used below

include the cylindrical coordinates (r, cp, z) on the torus.the

planar coordinates (x, y) on the cross-section of vacuum vessel

and the local polar coordinates (p, 9) on the poloidal cross-section
of plasma column, see Fig.1. Their basic relations are as follows:

r = R0+x, z = y,
(1)

y = A_L+psin0.

where Ra=30cm ¡s the major radius of TJ-I, and the plasma current
centre ¡s supposed to be at p=0.

It needs at least four coils (in two pairs) to evalúate both
plasma vertical and horizontal displacements by measuring the
external magnetic field produced by the plasma current at four
different points. The positions of these four coils are ¡ndicated in
Fig.1 by the numbers 1-4, their x -y coordinates are: (Xi , y i )= ( -A ,
D). (x2, y2)=(0, D), (x3, y3)=(A, D) and (x4, y4)=(0, -D), A and D are
the geometric constants (see Fig.1). The pair of coil-1 and coil-3
is used to estímate the plasma horizontal displacement, while the
pair of coil-2 and coil-4 is used to estímate the plasma vertical
dísplacement.

Below, we will first discuss a toroidal filament model in
whích the plasma current density profile is considered like a 8-
function. The effect of plasma current density profile on the
measurements will be considered later.

2.1. Cylindrical geometry

First we consider, in cylindrical geometry, an infinitive
straight-line current Io flowing through the x - y plañe at the point:
(x, y) = (A x , A y ) . The magnetic field produced by this straight-line
current at any given point (x¡, y¡) is as follows:



Bi =

(2)

d i=[(y i-Ay)2
+(x i-Ax)2p

where d i is the distance between the given point (Xi, y i) and the
straight-line current Io, Ji.o ¡s the magnetic conductivity. The radial
component of this magnetic field B¡ is:

_ JI 0I 0 ( Y i A y )
B r i - - — (3)

2TI d i d i

All the coils are supposed to be installed in such a way that
they pick up only the radial components of local magnetic fields.
Therefore, after integration, the signáis of these coils can be
expressed by:

S = k B ^ k f i o 1 0 Y l y , i = i ,2,3,4. (4)
d2TC

where k i are the constants proportional to the effective áreas of
magnetic coils, their valúes are equal for the idéntica! coils. For
notational flexibility, we normalize all the integrated signáis of
coils by the factor (ki¡loIo/2TC)' in the following.

The vertical displacement A y can be derived from the signáis
of S2and S4, their absolute valúes are given by:

Oo —o
(D-A y ) ¿+A ¿

x

(5)

o _
O/l — A y) 2+A 2

x

Here the coordinates (x2, y2)=(0, D) and (X4, y4)=(0, -D) have been
used. To the first order of the ratios AX /D<<1 and A y / D < < l , we can
get the following two approximate formulas:
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Their sum and the difference between them are:

S 2 + S 4 = 2 / D
(7)

S 2 - S 4 = 2 A y / D 2

Dividing the second formula by the first one in Eq.(7), we obtain the
following relation:

S 2 - S 4 A
— 4- = —¿- (8a)
S 2 +S 4 D

or
S — S

A v = D — - (8b)y s 2 + s 4

Similarly, the horizontal displacement A x can be evaluated
from the signáis S i and S3 of the other two coils at the points (Xi,
y i )= (-A, D) and (X3, y3)=(A, D), their valúes are given by:

D-A y

(D-Ay)2+(A + Ax)2

o _ y
00 —

(9)
D ~ A

3 (D-A y ) 2 +(A-A x ) 2

For A x / D « l , A y / D « l and A / D « l , we have approximately:



D-A/~ (D-Ayy
(10)

3 D-Ay • (D-Ay)

their sum and difference are:

a — Oí
3

A / (D-Ay)z' D-Ay

2 2AAX

(11)

D-Ay(D-Ay)

Therefore, we nave the relation:

S3-S1_2AAX

or
D2 S g - S j

A = í L (12b)
x 2A S3+S!

The relationships between the displacements (Ax , Ay) and the
magnetic field signáis Si (i=l,2,3,4) of a straight-line current, given
by Eq.(8) and Eq.(12), are basic relations for evaluating the plasma
displacements in a tokamak device, in fact they are the zeroth
order (Ro->°°) approximations to the case of a toroidal filament
current with a finite valué of Ro-

2.2. The toroidal filament model

A toroidal filament which carries a current equal to the
plasma current is a simple approximation to a tokamak plasma,
which just neglects the effect of plasma current density profile.
We assume that this toroidal filament has the same horizontal
displacement Á\¡ and vertical displacement Aj_ from the centre of



vacuum vessel as the plasma current centre has. In this case, the
integrated signáis of magnetic coils are proportional to the radial
components of local magnetic field produced by this toroidal
filament current, which we indícate with V i (i=l,2,3,4) below. We
wili see that the displacements A y and A i can be derived from the
magnetic field signáis V i .

According to Eq.(8b) and Eq.(12b), we can define the following
two parameters D y and D x with the signáis V i (i=i,2,3,4):

V9 - V 4
D ^ ± (13)

v2 +v4

Va - V i

2A V3+V!
( 1 4 )

These two parameters are considered as the zeroth order
approximations (Ro^°°) to the toroidal filament displacements A i
and A||, respectively. The displacements A i and Ay can be then
derived from the expansions in D y and D x as follows:

A ± = a o + a 1 D y + a 2 D 2 + o c 3 D y + •••, (15)

A | | = p 0 + p i D x + í 3 2 D x + p 3 D ^ + •••, (16)

where the coefficients OCj and pj are determined by the numerical
simulations, they are generally the functions of A y a n d A i :

and pypi

As shown in Fig.2, if there is a toroidal filament with a
radius a f carrying a current I the magnetic field produced by this

current at the point P(r, 0, z) ¡s given by:

i^+r2+z2

(a f - r ) 2 +z :

( 1 7 )

( a f - r ) 2 + z 2

b - M ? (z/r) , K l a2+r2+z
r ^ ^ ( ) 2 2 v ( ) 2 + z 2



where K and E are the complete elliptic integráis of the first and
second kinds, defined by the following expressions:

7C/2

K(k)= J
0

7C/2

E(k)= j V(l-k2sin26) de (18)

= ^4afr/[(af+r)2+z2]

Thus, through Eq.(17) and Eq.(18), we can calcúlate numerically the
magnetic field signal V i at any given point, which ¡s proportional
to the local valué of b r .

The steps to determine the coefficients OCj(A||) and Pi(Ai) are
as follows:

(a) for the given displacements Ay and Aj_ of the toroidal filament
current, we calcúlate the magnetic-field signáis V i at the given
points through Eq.(17) and Eq.(18);

(b) use the magnetic-field signáis V i obtained in the step (a) to
calcúlate the corresponding valúes of D y and D x defined by Eq.(13)
and Eq.(14);

(c) repeating the above two steps for other valúes of A y and A i , we
can obtain the relationship A i ~ D y depending on the valué of Ay, and
the relationship A||~DX depending on the valué of A i , respectively;

(d) taking the power series form to fit the relation curves obtained
above, the coefficients CX^Ay) and Pj(Ai) can be finally determined.

Note that in the process of numérica! simulations, there are
two cylindrical coordínate systems being used: one is fixed on the
torus as shown in Fig.1, in which the position of toroidal filament
current is given by: r=Ro+A||, z = A i , with the relation a f=Ro+A||;

another as shown in Fig.2 is used to calcúlate the distribution of
magnetic field, which moves by the amount A i along the z-axis of
the fixed one, and the z-coordinates of magnetic coils change as
the vertical displacement A i varíes, Le., Zi = ±D + A i .
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The relationships D y ~ A i obtained by numerical simuiations
for D = 11cm are shown in Fig.3, as the horizontal displacement A||
varíes within ±3cm. It is seen that all the relation curves obtained
are almost linear and symmetrical about the zero point. This means
that among all the coefficients OĈ  only <xl is dominant, others keep
to be very small. By. applying a three-order (Le., i=0, l ,2,3)
polynomial curve-fit routine (with an accuracy at least 0.999) to
the relation curves A i ~ D y obtained reversely from those in Fig.3,
we obtain the coefficients 0^ shown in Fig.4 as the functions of Ay,
where the coefficients a 0 and OC2 are not plotted out, due to their
too small valúes (~10"6). In Fig.4 we see, the coefficient ar

reaches order unity, while oc3 ¡s on the order of 10'3, which is also
ignorable for small displacements.

The valúes of coefficients (DCj are very weakly dependant on
the location distance D. For D = 10cm and D=12cm, the valué of (Xl

changes within ±4% from that in Fig.4, others remain to be
ignorable small.

In Fig.5 are shown the relationships between D x and A¡|
obtained for D=11cm and A=2cm, as the vertical displacement Aj_
changes within ±3cm. Here we see that all the relation curves are
nonlinear and asymmetrical about the zero point. Asymmetry is the
nature of toroidal geometry with a finite radius Ro, while the
nonlinearity is mainly caused by the unfavoured locations of
magnetic coils, they are not in the equatorial plañe of device. The
coefficients (3̂  (i=0,1,2,3) obtained from Fig.5 are shown ¡n Fig.6, as

the functions of vertical displacement A i . It is seen from the Fig.6
that both coefficients (30 and $l are on the order of unity, and the
other two coefficients |32 and (33 are smaller by two orders. Note
that the coefficient (30 is in unit of cm, ¡t represents the effect of
toroidal geometry on measurements of horizontal displacement.

The coefficients pj also depend on the separated distance
( = 2A, see Fig.1) between two coils. Generally, the valúes of Pj
increase with the distance A, as shown ¡n Fig.7(a)-Fig.7(d) for
some valúes of Ai=0cm, ±3cm.

When we apply the formulas in Eq.(15) and Eq.(16) to
calcúlate the plasma displacements A y a n d A i from the
experimental data, however, we find there is a difficulty to
determine the accurate valúes of coefficients (X̂  and (3j, because



both OC} and Pj are also the functions of the displacements Ay:
Aj . . One approach to this problem is usíng the time-delay method:
replacing the present valúes Otj(tn) and pj(tn) with their previous
ones OCj(tn-i) and pj(tn-i), províded that the time-step At (=tn-tn-i) is
chosen to be small enough. The initial valúes (Xj(to) and Pi(to) are
given by the assumption that the plasma has no displacements at
the begínning of discharges: A||(to)=O and Ai(to)=O, to is the start
time of discharges. ln this case, Eq.(15) and Eq.(16) can be
rewritten as:

3

i=0

iCtn-O 'DUtn) / n = l,2,3,---, (20)
i=0

with the initial valúes oc^to) and Pj(to) given by the initial
conditions: A|¡(to)=O and A±(to)=O, respectively.

There is also another approach which seems more convenient
for processing experimental data, ln Fig.4, it can be seen that the
domínate coefficient al depends very weakly on the horizontal
displacement Ay. This implies that if we take the mean valué of al

instead of its particulars dependant on the horizontal dispiacement
Ay, the relative errors may be quite small. ln fact, all the relation
curves in Fig.3 can be replaced by that one curve for A||=2cm, with
an error bar less than 8% when the horizontal displacement A||
varíes within ±3cm. That is:

A± = A ± ( D y , A||=2cm).(l±8),
(21)

5 < 8% for A y < 3cm.

Therefore, with an acceptable accuracy, we can get the vertical
displacement Aj_ directly from the experimental data through the
following expression:

A_L - 0.893 D y +1.7x10 ~3Dy (22)



where 0^=0.893 and a3=1.7x10"3 are the valúes for A||=2cm and
D=11cm. In this case, the horizontal displacement A¡¡ is still given
by Eq.(16) rather than Eq.(20), the coefficients Pj are determined
from the approximate valúes of Aj_ obtained through Eq.(22).

2.3. Effect of current density profile

To consider the effect of plasma current density profile, we
assume that the plasma current density profile has a quadratic
form as follows:

o2

j(p) = jo(l-^r) (23)
P

where ap is the plasma minor radius given by: ap=a1-max{|A|||, |Aj_|},ai
is the limiter radius. In this case, we can still define two

parameters Dy and D™ through Eq.(13) and Eq.(14),the signáis V i

are now proportional to the radial components of local magnetic
field produced by the plasma current with a current density profile

given by Eq.(23). Replacing D y and D x by Dy and D™ in Eq.(15) and
Eq.(16), respectively, the plasma displacements A i and Ay can be
then obtained with the new valúes of coefficients Oíj and (3j given
by the numerical simulations involving the current density profile.

When the current density profile Eq.(23) has been taken into
account, the numerical simulations show:

(1) Corresponding to the same valué of vertical displacement A i ,
we have the following relation for the range of |Ay| <4cm:

D™ = D y • ( 1 ± 5 1 ) , 8 ± < 3 % . ( 2 4 )

where the plus and minus corresponds to the valúes of A| |<0 and
the valúes of A M > 0, respectively, and 5_L=0 if A u = 0. In other
words, the valúes of coefficients oĉ  keep almost the same for both

relationships Aj_~Dy and A x ~ D y . T h u s , the effect of plasma

current density profile on measurements of plasma vertical
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displacement is very small, the toroidal filament model is good
enough here.

(2) The toroidal filament model is also acceptable to estímate the
plasma horizontal displacement within the experimental errors.
Although the new valúes of coefficients (3j obtained within the
quadratic current density profile are different from those valúes
(in Fig.6) given by the toroidal filament model, the final results on
horizontal displacement A¡¡ do not change significantly. In fact, the

valué of horizontal displacement Ay given by D™ (quadratic profile
model) just shifts down a little from that valué given by D x

(toroidal filament model). Figure 8 shows their comparison for
Aj_=0 and Ai=±3cm, it is seen that the amount of down-shift is
<0.2cm.

3. Discussion

The method presented here is very suitable to measure the
plasma displacements in TJ-I tokamak which prevenís one from
using some continuous magnetic coils ¡n it. In the case of
experiments, one can ¡mprove measurements of plasma horizontal
displacement by employing more pairs of magnetic coils. For
example, we can add one more pair of coils at (X5, ys)=(-A, -D) and
(X6, yó) = (A, -D), indicated by the numbers 5 & 6 in Fig.1, to check
the results of horizontal displacement measurements given by the
pair of coil-1 and coü-3. For this new pair of coils, all the above
formulas can be used directly, the only need to change is
P Í Í A J L H P V - A I ) in Fig.6.
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5. Figure Captions

Fig.1 Schematic diagram of TJ-I, magnetic coils and coordínate
systems.

Fig.2 A circular current loop.

Fig.3 Relationship between D y and A¿for D=11cm, as Ay varíes
within ±3cm.

Fig.4 Some coefficients OC^AH) obtained from Fig.3.

Fíg.5 Relationship between D x and A||for A=2cm and D=11cm,
as Ax changes wíthin ±3cm.

Fig.6 Coefficients Pj(Ax), i=0,1,2,3 obtained from Fíg.5.

Fig.7 Coefficients fi^ (i=0,l,2,3) versus A, the half separated
distance between two coils.

Fig.8 Effect of current density profile on measurements of plasma
horizontal dispiacement.
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