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For measuring and controlling the plasma in the TEXTOR tokamak, the
iso-flux method is to be applied; ‘It is to be pe;formed by éﬁe iqoé.coil
and one magnetic probe, so in this case an error of the‘flux af,thg plésma
surface which is calculated by this method has been estimated. "It is at
most 7% of the total flux generated at zero displacement of fhe ?lésma
from the equatorial plane, so it is no problem on practical application.

A linearity between the flux near the plasma surface and the vertical
displacement of the plasma has been also estimated, and it is verified
to be very good. The practical electronic circuit of the iso-flux
method has been discussed and a simple adjustement of the circuit has

heen done.

Keywords: TEXTOR, Tokamak, Plasma Position, Iso-flux Method, Error,
Calculation, Linearity, Vertical Displacement, Electronic

Circuit, Adjustment, Control
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1. Introduction

The TEXTdR tokamaklj has-heen bullt féf the‘purpose of studying
the plasma-wall interaction. For this obJeetlve, it is very 1mportant
to get a hlghly stable and reproduc1ble plasma One of the most |
important procedure for ach1ev1ng thlS purpose is to measureland
control the ptecise.positlon‘of the plasma.

In order to measure and.conttol the plasma positlon there are.many
methods, for emample, a multiwehannels U-wave interferometer devleer
from which we can measure two spatial points of the electron densit§

3)

and control the plasma position, a PIN diode array from which we can

measure the soft X-ray intensity spatially and control the position of
the plasma and a electromagnetic diagnostics. This has”many hinds, for‘
example, magnetlc probesa), sine—cosine coilss), flux—loop colls, partial
Rogowskl c01ls and saddlerc01ls, and they measure not a cote.plasma
direetly, but a‘poloidal.magnetie filed out1sde the plasma. Among these
eleetromagnetlc dlagnostlcs the magnetlc‘probeslare most popular
However the equatlon.mhlch decide the horlzontal dlsplacement’bv twoh
magnetic probes’ slgnals lncludes a polo1dal beta B and an 1ntetnal ﬁ
self—inductance.il The value of B changes at euery second 1n dis-
charge and also ehanges largely at the time of addltlonal NBI and/ot

RF heating. The value of the internal induetance changes alsorat euery
second. For determing the position of the plasma bp this method we

must assume a eurrent distribution. The similar problems are in non-
circular plasma, sc in the ASDEX tokamak the other emthod m-iso—flum

6)7) f‘has been employed

method
In TEXTOR the sine-cosine coils and the saddie coils are now

employedg). These system has been worked very well since the
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2 There are, however,

begimming of its operation on September, 1981
same defects in this method like the magnetic probes’ method, so we are
to employ the iso-flux method in TEXTOR.- |

In this paper we descrlbe the principle of the iso- flux-method
and the result of calculations whlch are applied to a vertlcal dis—
placement of the plasma-frem an equatorial plane in the TEXTOR tokamak,
then sketch the practical electrohic circuit of the method and a

result of a function test on the practical electronic circuit applied

in TEXTOR.

2. Principle and Calculation

2.1; Princihle of the iso—flux:method

Theliso—fiux mehhod is that the flux just at the plasma‘surface is
estlmated by one loop coil and tﬁo magnetlc probes, and also that the
dlsplacement of the plesma can he estmated horlzontally and/of vertlcally
from the 51gnals between the outer and the inner and/or the upper and
the lower slgnals respectlvely whlch are get by the loop coil and the
magneeic probes. According teo D.B. Albert7) the flux just at the plasma

surface wp is written by a Taylor expansion around the measuring point

m which is outside-the plasma

where wm’ me/ar, azwm/ar2 are the flux and its first, and second
delivertieves at measuring point, d is the distance between the measur-

ing point and vplasma surface (see Fig.l). 1In order to get more

practical equatlon, we 1ntroduce the loop flux and tWo magnetlc

fields at the measuring point as shown in Flg. 1. The above—mentioned
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9)
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result of a function test on the practical electronic circuit applied

in TEXTOR.

2. Principle and Calculation

2. 1. Pr1nc1ple of the iso- flux.method

The iso- flux method is that the flux just at thé plasma surface is
estlmated by one loop c011 and tﬁo magnetlc probes, and also that the
dlsplacement of the plésma can Be estmated horlzontally and/or vertlcally
from the 31gnals between the outer and the inner and/or the upper and
the 1ower slgnals respectlvely whlch are get by the looP coil and the

7)

magnetlc probes. According to D.B. Albert the flux just at the plasma
surface wP is written by a Taylor expansion around the measuring peint

m which is outside-the plasma
p.o=% +d-——+—75 ——m+ - . - - (1)

where wm’ me/ar, az¢ﬁ/ar2 éré #he flux énd its fifst, énd secéna
delivertieves at measuring point,.d is thé diétance between thé:measurw
ing point and plasma surface (see Fig.l). in ordef tb get more
practical equatiﬁﬂ,-we iﬁtrodﬁce.the ioop fiux.and two magnétic

fields at the meaéuring poinf as shown in Fig. 1. The above-mentioned
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equation become approximately a following equation by using a relation.
27RB = 9y/or _
+ -
Bi Bo 7 B -8B

d i o :
= + e = =9 -
wp Y d2rR 5 + 5 27R " (2)

where wm iz the loop flux measured by the loop cbil, Rm is a radius of
the loop, Bi’ Bo are the magﬁetic fields measuréd.by two magnetié probés

and e is the distance between these two probés.

2.2 Estimation of error and linearity

In the TEXTOR tokamak we apply the iso-flux method for measuring
and controlling the vertical displacement of the plasma. The loop_coil
and the magnetic probes are situated as shown in Fig. 2. For lack of
a room to set one loop coil and two magnetic probes in the vacuum chamber,
the loop coil is situated outside the chamber and only one magnetic probe
is set inside the chamber. From these restrictions, the flux just at the
plasma surface wp in eq.(2) 1is written the following equation on the.

assumption that the outer field BO is equal to the immer field Bi'
= + = + ¢! -
q;p bt d 2R BTyt (3)

We must estimate an error of the flux wp expressed the above-
mentioned eduation. As a degree of the error we take a difference_of
the flux between the upper and the lower fqu obtained by the equation
(3) which correspond to the vertica; displacement of the plasma. ”This
means that when the difference of the flux Awp between the flux of the
top boundary w; and the botfom boundary wg on the.plasma, Awp =_w§_~ wi-,
is zero whatever the plasma shifts Verticallj, the error of.the flux
which is calculated by equation (3) is zero, and éhat the larger is

Awp, the larger is the error,.
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The first term of the right-hand side in the equation (3) wm is

i

easy to caliculate by electromagnetic formula on the assumption that
the plasma is a current-carrying ring and that the loop coils and the

ring have the same axis and are parallel to each other (see Fig. 3).

The flux wm generated by the current of a loop 1 is the followings

2 2 .
L vab [(E'— k) K (k) - % E(k) ]I, : (4)
kz - 4ab
(a+b)2+c2

whére-a, b are the radii of the loop 1, 2 respectively, c.is tﬁe distance
between the loop 1 and the loop 2, K (k), E (k) are thé complété.elliptic
integrals of the first and second kinds respectivéiy, ué ié a free space
permeability 47 x 10”7 H/m and I, A is the plasma current. The second
term of the right-hand side in the equation (3) can also easily be calcu-
lated by Ampere’s formula. The calculation was done in the case that the
current of the ring is 500 kA.

The result is shown in Fig. 4 where AV cm is the vertical.displace—
ment of the ring from the equatorial plane; Awg V.sec is the error which
is estimated from calculating only wm in the equation (3) and Aw; V.sec
is the error of which calculations were included the second term w% in
the equation (3). As shown in Fig. & the larger are the displécement,
the larger are the dégree of the error. It reachs to about 20% and 7%
of the total flux at zero displ'acémentllppO which is génefétéd by the '
current ring situated on the équétorial pianeuin cése of‘Awg and w;'
respectively, where fhé dié?laéemenf‘is makimum..'The fesulﬁﬁalso
indicates that when applyiﬁg.thé iso—flu# method to the TEXTOR tokamak
by using one loop coil and only one magnétic'prébe it is'praétically .

no problem because that the error is 7% at maximum and in practice the
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displacement of the plasma from the the equatorial plane is small.
Fig. 4 also shows that the error is linéar to the displacement.

In practice it is difficult to change the distance d between the
measuring point and the plasma surface during thé.dicharge. When we
apply the method practically to measuring the displacement, we have
to fix the value of the distance d before the discharge, As.a result
we measure the flux not just at the plasma surface, but near the piasma
boundary. If the flux near the plasma boundary is linear to the dis-
placement as shown in Fig. 5, it is convenient to deci&e the position
of the plasma. For verifying this relation we calculate the’ﬁpper and

u d , . ' , .
lower flux wM’ Y., respectively in case that the distance d is constant

M

in eq.(3). From the calculation we get the following result that the
flux ¢§ and wg are linear to the vertical disﬁlacement AV 6f Lhe ﬁlasma
(see Fig. 6), and the difference between these flux &wa=w§-w§ is alsé
linear to AV as shown in Fig. 7. This figﬁre is also useful to decide

the displacement from practically measured flux AwM in case that d is

constant.

3. Practical Application to the TEXTOR tokamak

3.1 Schematic diagram of control circuit

We apply the above-mentioned iso-flux meﬁhod'to TEXTOR for measuring
and controlling the vertical displacement of the plasma. (see Fig. 8) |
We need two paifs‘of one—turn lcop coil and magnetic probe which are:
located upside and downside on the vacuum chamber as shown in Fig..2.
From the one-turn loop coil we get a loop voltage VR’ and it is modifigd

as follows.
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to fix the value of the distance d before the discharge. As a result
we measure the flux not just at the plasma surface, but near the plasma
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lower flux vy, ¥, respectively in case that the distance d is constant

M
in eq.(3). From the calculation we get the following result that the
flux wﬁ and w& are linear to the vertical displacement AV of fhe élaéﬁa
{see Fig. 6), and the differencé between these flux Awa=w§-wg is also
linear to AV as shown in Fig. 7. This figure ié aiso useful to decide

the displacement from practically measured flux AwM in case that d is

constant.

3. Practical Application to the TEXTOR tokamak

3.1 Schematic diagram of control circuit

We apply the above-mentioned iso—fluk method to TEXTOR for measuring
and controlling the vértical displacement of the plasma. (see Fig. S) |
We need two pairs of one-turn loop coil'and magnetic probe wﬁich are:
located upside and downside on the vacuum chamber as shown in Fig. Z.
From the one-turn loop coll we get a loop voltage VR’ and it is modifigd

as follows.
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dl dIh de d¢h d¢p _
=R I + Py + = +
VR PPD Lp dt ph dt Lp dt dt dt (5)

where R_, Lp’ I and ¢p a;e the resistance, inductance, current and
flﬁx of the.plésma respectively, and Ih and ¢h are the current and

flux of the primary winding respectively and Mph is a mutral inductance
between the plasma and the primary ﬁinding. From this equation an
integrated signal of the difference signal between the upper and lower
one—turﬁ loop coils become the difference of the flux between thé upper

and lower flux generated by the plasma Awm, that is, I(V;~—Vg)dt=¢;+¢;

d
P

As the consequence two loop coils are comnected as shown in Fig. 7 and

,(¢ﬁ+¢§)=¢;..¢ :=¢;-—w$==awm where wm is the first term in eqf(3).
the résultant signal is integrated by an integrator I2, and then the
outﬁut signal of the integrator become the above—metiongd flux wi—w§=awm.
From the magnetic probes we get.thé derivative signals of the
magnetic fields. According to integrating thesé signals by two in-
egrators 11, I3 we get the magnetic field B;, Bi V.sec/m?. Then
multiplied these by Fu‘=2F Rm du and Fﬁ =27 Rm dd respectively, and
the products are w;u and w;d in eq.(3) where Rm is the distance between
magnetic probes and the central axis of the tokamak, du and dd are
the distance between magnetic probes and upper and lower plasma surface
respectively.
By summing up these_signgls‘Awm, w;u and —w;d, we.get.theAdiffernce
of thé flu# AwM V.sgec befweep uppgr and lower plasma bounda?y. Throggh
dividing AwM by a blaémé curreﬁt IP, the vertical displacemenF‘AV cm is

obtained.

3.2 An adjustment of electronic circuit
We describe here practically the processing and calibrating of the

signals in TEXTOR. An output signal of the integrator SI is presented

—6—
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as follows;

sI = i{lf v(t)dt (6)

where v(t) is an input signal, 1/RC is a sensitivity. The sensitivity
of the integrator used in TEXTOR can be changed freely. Now we apply
it to the loop coils® signal treatment as shown in Fig. 7. Through
integrating this signal VE-—V; V by the integrator I2, we get the flux
wi-Wi V.sec. And so in case that the sensitivity 1/RC is 100, 1 V of
the output signal in I2 corresponds to 0.01 V.sec of the flux. In
regard to the signal treatment of the magnetic brobe used in TEXTOR
(see Fig. 9), it has been already calibrated that the magnetic field

1 kG corresponds to 4.91 V output voltage of the integrator in case

1)

s . 1 . s .
the sensitivity is 100 And so in case that the sensitivity is 204,

1 V output voltage corresponds teo (0.01 V.sec/m?, If a magnitude of the
multipling factor Fu and Fd are fixed that 1 m? is factor 1, 1V output
voltage of the multiplier corresponds to 1 V.sec of the flux which are
w;u and wéd. As a result of above-mentioned processing of three signéls,
1 V input signals of a summing circuit corresponds to 0.01 V.sec of the
flux. Then summing up these signals, 1 V.output signal corresponds to
0.01 V of the flux which 1s Ap =32 -yS 49— y'% in eq.(3). And

. .sec ux w Vol S N o q. .

further by dividing AwM by the plasma current Ip as following equation,

we get the vertical displacement of the plasma AV cm.
I (kA)

o
500 (KA N

AV {cm) =K x AwM(V.sec)X 1/

where K cm/V.sec is a ratio of the displacement to the flux as shown in
Fig. 7.

We have practically made sure of the above-mentioned signal proces-
sing on electronic control circuit including three integrators and one

12)

4-terminal summing amplifier by using three function generators.
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The integrator has functioned well as shown in eq.(6), and also the
4-terminal amplifier has functioned well as multiplying two signals

by the set values and as summig up three signals.

4. Conclusicon

The iso-flux method is applied to the TEXTOR tokamak for ﬁeasuring
and controlling the vertical displacement of the plasma. As é detector
one loop coil and one magnetic probe which are Jocated upside and down-
side respectively are used,rso an error was estimated in determining the
vertical position of the plasma. In calculation we assume that the plasma
is a wire ring carrying a current. The maximum error is about 7% of the
total flux generated at zero displacement of the plasma, which occur in
the maximum displacement of the plasma, so it may be no problem for
practical use. A linearity of the flux to the displacement near the
plasma boundary is also checked for the convenicence of determining
the displacemént, and it is verified as shown in Fig. 6.

We conslder a practical control circuit for applying the iso-
flux method as shown in Fig. 8. From the difference of the loop voltage
between upside and downside loop coils we get the flux mi-—wi in eq.(3)
by dintegrating where ﬁ and d denote upside and downside respectively.

From the magnetic probes we get the flux wéu and w%d in eq.(3) through the
integrating and multiplying a set value. In order to sum up these signals,
a voltage of each signal has to be the same to the same flux by setting
the adequate values of the integrators and multiplying factors as shown

in section 3.2. Through dividing the signal summed by a plasma current

we get the vertical displacement of the plasma by using eq. (7). Finally

the electronic circuit composed of three integrators and one 4-terminal
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4-terminal amplifier has functioned well as multiplying two signals

by the set values and as summig up three signais.

4, Conclusicn

The iso-flux method is applied to the TEXTOR tckamak for ﬁeasuring
and controlling the vertical displacement of the plasma. As é detector
one loop coil and one magnetic probe which are located upside and down-
side respectively are used,rso an error was estimated in determining the
vertical position of the plasma. In calculation we assume that the plasma
is a wire ring carrying a current. The maximum error is about 7% of the
total flux generated at zero displacement of the plasma, which occur in
the maximum displacement of the plasma, so it may be no problem for
practical use. A linearity of the flux to the displacement near the
plasma boundary is also checked for the convenicence of determining
the displacemént, and it is verified as shown in Fig. 6.

We consider a practical control circuit for applying the iso-
flux method as shown in Fig. 8. From the difference of the loop voltage
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by dintegrating where ﬁ and d denote upside and downside respectively.

From the magnetic probes we get the flux wéu and w%d in eq.(3) through the
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a voltage of each signal has to be the same to the same flux by setting
the adequate values of the integrators and multiplying factors as shown

in section 3.2. Through dividing the signal summed by a plasma current

we get the vertical displacement of the plasma by using eq. (7). Finally

the electronic circuit composed of three integrators and one 4-terminal
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amplifier which are adopted in the TEXTOR tokamak was examined, and

we made sure that they functioned well.
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Plasma

Fig. 1 A schematic diagram of the principle of the iso-flux metheod.:

_one turn.loop coil--{I), magnetic probes--(2) ;

G

__/ loop 1

Fig. 3 An illustration diagram of the calculation in eq.(3) and (4)
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Fig. 8 An electronic circuit for measuring the displacement of the

plasma.

Fig. 9 A picture of the magnetic probe which is applied to the TEXTOR

rokamak.



