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Measurement of the plasma generated diamagnetic flux on TCV is used to derive the
plasma pressure, as on other magnetic confinement experiments. However specificities of the
device make the measurement more difficult: for passive stabilisation of the vertical position of
highly elongated plasmas, the vessel has a low €electrical resistivity, leading to large image
currentsin the vessel. For the same reason the plasma must also be kept close to the conducting
wall, so that the in-vessel doubleloop method usually used to compensate for these currents can
not be applied. In order to achieve proper compensation, the diamagnetic measurement
diagnostic on TCV uses the signal from a single loop wound outside the vessel in combination
with appropriate signal processing that accurately matches the fast component of the induced
vessel current. This allows extraction of the plasma diamagnetic flux with a remarkable
bandwidth, of ~10kHz, and with the required accurate compensation of 0.05mWb out of 2Whb.
As aresult, rapid changes in plasma pressure can be studied, for example during additional

heating power modulation or plasmainstabilities such as ELMs.

1. Introduction

TCV (Tokamak a configuration variable) was built to study the influence of the plasma
shape on tokamak physics and plasma performance [1][2]. Equilibriainclude limited and open
divertor configurations with an elongation up to 2.8, upper and lower single null or double null
divertors and even more complex configurations such as doublets. The machine was designed
to maintain flexible control of the exact contour of the plasma column and of the divertor leg
geometry in al these configurations. It is aso equipped with a powerful electron cyclotron

resonance heating (ECH) system [3][4] and the physics of this heating scheme and of the plasma
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regimes that are obtained using it constitute a major aspect of the experimental program [5].

Relevant parameters of the TCV tokamak are given in table 1.

Major radius R, | 0.90m

Horizontal minor radius | a 0.25m

Maximum elongation K |3

Maximum toroidal field | B, | 1.5T

Plasma current I 0.1-1MA
ECH heating power 4.5MW
Table 1: TCV parameters

Diamagnetic measurements are commonly used in fusion devices [6] to derive the
normalised plasma pressure, or poloidal beta, Bp from the toroidal magnetic flux produced by
the plasma, 08 using the equilibrium relation, given herein its simplified form

2,2
— “olp

~ 8mB,

(pp (1 - Bp) . (1)
For typical TCV plasma parameters, this flux ranges from 0.4mwWhb at low I, to 40mWh at the
highest plasma current. To derive Bp with a reasonable confidence of 10%, an absolute
accuracy as low as 0.04mWhb is required on the measurement, a value which, when compared

to the flux of 2Wb produced by the main toroidal field, corresponds to 20ppm.

In addition to the measurement precision, one must also consider its bandwidth. The
plasma energy confinement time, which gives an idea of the time scale on which the plasma
thermal energy and therefore the plasma pressure can change, ranges from 1ms to 100 ms on
TCV. Morerapid variations of the plasmaenergy content are also of great interest, for example
those obtained during fast modulation of the heating power aimed at deriving the absorbed
power, with a modulation frequency reaching almost 1kHz [7], or fast MHD events occurring
inthe plasmasuch asinternal disruptions or ELMs, whose characteristic times are much smaller
than 1ms[8]. Temporal variations in the plasma diamagnetic flux are intrinsically shielded by
image currentsin the conducting vacuum vessel, with a characteristic time constant for the TCV
vessel of 5.3ms. Under these conditions an adequate diamagnetic measurement cannot be

obtained without carefully compensating for the effect of these currents.



The following section presents the TCV tokamak experimental set up and the
arrangement of the measurement loops that constitute the diamagnetic system. Section 3 is
dedicated to an analysis of the signal processing necessary to extract the plasma diamagnetic
flux from the measured fluxes with the required specifications. Section 4 describes the
electronic hardware that has been developed to realise this signal processing. In section 5 the
intricate software compensation to obtain the required absolute flux measurement precision are
detailed. Finally, practical situationsin which alarge bandwidth in the measurement has proven

to be valuable are presented. Section 7 concludes.

2. Experiment hardware

Figure 1 isapoloidal cross-section of the TCV tokamak. The plasma current induction
systemisanair core transformer comprising coilsA, B, C and D. Flexible shape control requires
a large number of poloidal coils and is provided by two stacks of eight coils labelled
respectively E and F. The toroidal field is produced by 16 coils surrounding all the ohmic and
shaping coils. To accommodate highly elongated plasmas, the vacuum vessel has an amost
rectangular cross-section. Itispoloidally and toroidally continuous and is made of stainless steel
with thickness varying between 15mm and 20mm, providing a low electrical resistance,
necessary for passive stabilisation of highly elongated plasmas whose vertical position is
unstable. The drawback istheinduction of large vessel currentsthat must be carefully accounted

and compensated for in the diamagnetic measurement.

Also illustrated in figure 1, the diamagnetic measurement system is composed
principaly of 4 loops. The diamagnetic loop, D, is a single turn loop encircling the vacuum
vessel and measuring the total toroidal flux from the toroidal coils, the plasma and the vessel
image currents. The compensation loop, C, is an 80 turn coil engraved on a printed board and
mounted on the D loop support. The C loop compensates for the flux from the toroidal coilsand
its areais adjusted to catch the same flux as the D loop. The A loop is asingle turn loop made
of mineral insulated coaxial wire and wound directly on the vacuum vessal. It is used to assess
the vessel image currents. A fourth loop labelled B, similar to the C loop and mounted on a
vertical leg of one of the toroidal coils, is sensitive to the current diffusion in the toroidal cail

conductor whose importance is explained later.

On TCV, the plasma-wall separation must remain as low as possible in order that the

passive wall stabilisation effect may be used efficiently for plasmavertical position control. The



tile thickness has thus been fixed at 24mm, rendering the installation of diamagnetic loops
inside the vessel extremely difficult. As a consequence, the double loop method [9][10] cannot

be implemented.

Fig. 1 TCV poloidal cross-section showing the D and A single-turn loops and the C and B

multi-turn loops used for the diamagnetic measurements.

3. Signal processing

The signal processing of the diamagnetic measurement can be divided in two parts, a
analog part and a software part. In the analog part, the signals from the loops are combined,
amplified, integrated and filtered. This processing roughly cancels the main toroidal flux
sources other than the plasmadiamagnetic flux and thus allows all signal levels and bandwidths
to match that required for the digitalisation. The software processing cancel the remaining
perturbing fluxes. Those arises from imperfectionsin the analog compensations, from coupling
with the poloidal magnetic field and from flux changes due to small loop displacements under
mechanical and thermal stressesin the machine. But before selecting an appropriate method for
both the analog and the software processing, it is important to formally derive a signal
combination and interpretation that can meet the retained objectives in term of measurement

precision and bandwidth. Thisisthe goal of this section.



There are three sources of toroidal magnetic flux: thetoroidal flux created by the plasma,
@y that produced by the current in the toroidal field coils, |, and finally that coming from
poloidal current in the conducting vessel, |, induced by mutual inductance with @ andl,.The
fluxes from the plasma and the vessel current are limited inside the vacuum vessel and are not
captured by the C loop. Thus voltages measured on each of the D, C and A loop are given by

the following equations in the L aplace domain:

Up s sMp,; sMp, @,

Us| = [0 sMg, O | )
C Ct t

Up S sMp; SMp | |y

The mutual inductances between the measuring loops and the poloidal currents are symbolised

by the elements of the matrix M.

Solving equation (2) for 08 yields a combination of these three voltages that could be
used as an estimate for @y the quantity of interest:

May b IVIDtMAv_MDvMAtUC_ Mpy, Ua

|lev_MDv S |vlCt(MAv_llev) S |lev_MDv S

@ (3)

Unfortunately, since the flux from the vessel current seen by loops A and D is the same, M,

and Mp,, are almost identical and thisyieldsan ill conditioned estimate for @, .

In the so-called double loop method, this problem does not appear since one or both
loops are located inside the vacuum vessel and therefore captures only afraction of the flux due
to the vessal current. In this method, the voltage difference between A and D loops is used,
rather than U, itself, giving the following voltage combination:

UD |letMAv_MDVMAtUC_ |\/IDV UA_UD-

-0 < (4
S |\/ICt(MAv_MDv) S MAV_MDV S
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This has the advantage that no calibration is required for the main loop voltage U, but only
adjustment in the compensation gain of the U and U, — U, terms. Inthe case of loops|ocated

outside the vacuum vessel, or with a single loop, introducing the constraint of the known time



evolution of the vessel current can alleviate the difficulties of mutual inductance similarity. This

evolution is governed by the voltage equation:
0 = s@,+sMyl +sL 1, + R, (5

where L, and R, are respectively the self-inductance and the resistance of the vessel for
poloidal currents. Equation (5) can be introduced, for example, by substraction to the third

equation of (2):

Up S sMpy, SMp, @,
Uc| = |0 sM, 0 I, (6)
UA 0 S(MAt - Mvt) SMAV_SLV_ Rv Iv

Solving again for @ yields the following combination of the measured voltages:
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In practice, adjusting the various parameters of the voltage combination proposed in
eguation (7) and given in equations (8) to (11) is too difficult and cannot be achieved with the
required precision. Instead, based on the structure of this equation, an approximation must be



found with acceptable propertiesfor the estimation of @ while remaining adjustable using real
experiments.

The coefficient ky in the contribution of U- can be adjusted such that in stationary
conditions without plasma, inwhich I, = 0 and @, = 0, the contribution of the toroidal field
coil current 1, is cancelled. Inserting these conditions in equation (6) yields the following

voltage combination:

P = s DTg (12)
Due to image currents in the vessel under transient conditions, this combination will display

some senditivity to variation in 08 and |,. This can be expressed by:

S@, + SM.l;

¢, = (pp+MDv|v = mp_MDVW
v

(13)
where |, is deduced from equation (5). The voltage U, may be used to compensate for this

sengitivity. The two following equations give the value of ¢, and U, in the absence of plasma
(¢, = 0):

—m — sM,;
(po((pp - O) - _MDVRV+ éLvlt (14)
o sMy
Comparing equation (14) and (15) one deduces:
—m - Ta _
(po((pp - O) - _1 n S_[3UA((pp - 0) (16)
where

Mvt

T, = —21 (17)
A MAt Dv



_ I—vMAt_MAvat
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On thisbasis, it is now possible to define a new voltage combination,

Ta
= — —ky— U 19
S e sty A (19
that isinsensitiveto |, at all frequencies and related only to @y
=g _ Dt 20
i M, 1+ sr35(pIO (20)

Itisworth checking whether in this combination the transfer function 1/(1 + st3) inthe
U, therm can be neglected or not. If yes the simpler combination could be used:
S S @D

This new combination compared to ¢, suffers from some additional parasitic terms:

= + +
0, 17T ST, H) T+ S_l_3(pp MvtIlD (22)

where
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I
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It is now necessary to examine if these new terms are small enough in the frequency

range of interest. In practice, the ratio of mutual inductances can be estimated from the ratio of
the areas encircled by the measurement loops. These are:

A, = 0.88m’
A, = 0.91m° (24)
Ap = 1.30m°



The vessel characteristic time is extracted from a measurement of the transfer function, shown
in figure 2, between the current in ahelical wiring installed inside the vacuum vessel and the D
loop. Thefirst cut-off frequency inthistransfer functionisat f, = 30Hz and time constants can
be estimated as follows:
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Introducing these estimations into equation (22) demonstrates that the new parasitic term

is clearly dominated by the flux M,,I; which is much larger than @y

STpySTa M1 + 5T 0o STy
-@ = + Ml 0 ———s1;M,,! 26
P20 T The M, Tvst, P MO Tae, vt (26)

This must, however, remain small compared to @y, @ condition which is satisfied on for
frequencies much smaller than
1 §

— P 27
2nM,l, (@7)

corresponding to 0.1Hz, which is far outside the objectives of the measurement. The rectified
voltage applied to the toroidal field coils also induces a current ripple of about 10_3It at

1200Hz. This creates a parasitic component of the order of
ST3M, I 02mWb (28)

which also exceeds the expected precision in the measurement. Therefore the transfer function

inthe U, compensation can not be neglected and equation (19) must be retained.



Finally it is worth noting that the signal from the D loop is not essential and can be

replaced by that of the A loop. In this case, the combination (19) is replaced by

Us Uc, T4
= D _Kk.—=+
01 S AS 1T ST3UA (29)
with
MAt
ky, = — (30)
A MCt

and the relation between this signal and the plasma flux by

@ = 3% (30
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Fig. 2 Transfer function from the flux inside the vessel to the D loop. The dashed lineisa
fit of afirst order transfer function.
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4. Analog signal processing

Adeguate analog signal processing is necessary before signal digitisation and acquisition
because the ratio between the total toroidal flux and that produced by the plasmais much larger
than the dynamic range of a common, 12 bit analog to digital converter, preventing digital
combination on thefull signal range. The signal combination given by equation (29) istherefore

implemented in an analog circuit, in the following form:

_ .0l 0. /T O
U, = k22U —k.U L+ U 32
1T B, T A T, A (32)

where T; isthe integration time.

Figure 3 givesablock diagram of the hardware used in the TCV diamagnetic diagnostic
signal processing. The 3 signalsfrom D, C and A loops are combined in the following steps:

1. TheD (or A) and C loop signals are subtracted from each other with a passive resistance

bridge, a method guaranteeing high linearity. The U compensation gain, k., is adjusted
during phases where I, is constant, when U, = 0. A residual level of 0.6mWob is reached

using this analog compensation.

2. Theresulting signal is fed into a very low drift integrator whose input stage is a very low
noise differential amplifier with again of 4 and whose active integration has atime constant
of 3 or 12ms. The overall integration time constant is 1.5 or 6ms (including the resistance
bridge attenuation) which allows a flux full range of 15 or 60mWhb for an integrator output
of 10 V.

3. Aloop signal isamplified by adifferential band limited amplifier withagain 1,/1; of 3.74
or 0.94 depending on the selected integrator time constant. The cut-off frequency of the
amplifier corresponding to the time constant 15 is 1270Hz. It is measured from the phase
shift of a 50Hz parasitic component in | .

4. The amplifier and integrator outputs are now subtracted at the input of a differentia
amplifier with again of 1, 2 or 4. This allows a flux full scale from 3.75 to 60 mWhb. The
low frequency compensation of U, , the coefficient 1, , istuned using slow rampsin |,. A
residual flux of 0.05mWhb is achieved.

5. The signals are low-pass filtered with a cut-off frequency of 2.5kHz and acquired at a
sampling rate of 5kHz.
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All loops are referred to the measurement ground. For monitoring purposes the signals
of each individual loop are also integrated and amplified, low-pass filtered and acquired with a
12 bit ADC. Thissignal processing is similar to the other magnetic measurements on TCV and

is described in more detail in [11].

A N I A R
\

Fig. 3 Block diagram of the analog signal processing.

5. Softwar e signal processing

Software processing is used to cancel the remaining parasitic fluxes:
* toroidal coil and vessel eddy current residual fluxes.
 flux coupling from the toroidal currents in the poloidal coils (ohmic transformer, shaping
coils, plasma current and vessel current in the toroidal direction).

 flux changesinduced by mechanical stress and thermal expansion.

5.1 Compensation of residual parasitic toroidal fluxes

Five sources of paragitic toroidal fluxes have been identified, each of which are fine
compensated by software signa processing. The coefficients for these compensations are
estimated either during phases of the discharge before and after the plasma when there are no
currents other than the toroidal coil current and the induced poloidal vessel current or from
measurements in the absence of plasma when only the toroidal coils are energised. A
combination of such measurementsis summarised infigure4 for several levelsof |, and current

ramp rates. At anominal |, = 66kA, the residual flux measured by the analog compensated
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diamagnetic loop is around 1mWhb. The value of this residual flux during plateaux in the

toroidal coil current, where no vessel current isinduced, is plotted in figure 5 as a function of

;. This permits the first three compensations to be identified:

Fig. 4
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Residual flux in the analog compensated diamagnetic loop measurement (V)

produced by toroidal coil current only, its compensation components (VAR-TRO-
LIN, FIX-TOR-NONLIN, VAR-TOR-VESSEL, FIX-TOR-DIFF, VAR-TOR-FERRO)

and the residual flux after software compensation (Vres). Sgnals are obtained by

appending several different pulsesin which only the toroidal coils are energised.

VAR-TOR-LIN. A term which is proportional to |; thisis aresidual component of the direct

toroidal flux not fully compensated by analog signal processing and is of the order of 0.6mWhb.

Theintegrated signal from loop C, U~/ st is used to compensate for this term. Its amplitude

varies from discharge to discharge because of small displacements in the measurement loops.
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As shown in figure 6, the compensation coefficient is evaluated for each discharge during I,

ramp-up and ramp-down phases.

FIX-TOR TOR #18659 61 62 69 19078
O® T T T T T T T T T

x1073

Fig. 5 Residual flux in the analog compensated diamagnetic |oop measurement produced
by constant toroidal coil current only (+). The cumulative compensations are also
plotted: VAR-TOR-FERRO (0); VAR-TOR-FERRO + VAR-TOR-LIN (x) and VAR-
TOR-FERRO + VAR-TOR-LIN + FIX-TOR-NONLIN (*).

FIX-TOR-NONLIN. A departure from the linear dependence can be seen in figure 5 at the
highest toroidal coil currents. This is thought to be the consequence of a mechanical
deformation of the toroidal coils under the stress from magnetic forces. This deformation is
proportional to It2 , and givesriseto aflux variation that is proportional to If’ . The diamagnetic
loop picks up aflux of 0.06mWhb at nominal current. Since this component is rather small, its
coefficient is maintained constant and must be carefully deduced during dedicated

measurements without plasma, such as those compiled in figure 4.

VAR-TOR-FERRO. Figure 5 clearly shows a background component that saturates at high |, .
This is due to the presence near the measurement loops, of mechanical components made of
ferromagnetic material. The ferromagnetic characteristic is assumed to be of the form
atan(B/B.) , where the critical field, B, is deduced from the measurements without plasma.
This characteristic curve is plotted in figure 5. The amplitude of this compensation, which is
about 0.5mWhb, is derived for each discharge during the ramp up and down of the toroidal coil
current, as shown in figure 6. Because the flux produced by the plasmais small compared to the
main toroidal field flux, a mildly ferromagnetic element less that 1cm? is sufficient to produce

this flux deformation.
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The final necessary compensations linked to the toroidal coil current originate from

image currents in both the coils themselves and in the vessal:
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Fig. 6 Residual flux in the analog compensated diamagnetic loop measurement (V) in a
real discharge, its compensation components (VAR-TOR-LIN, VAR-TOR-VESSEL,
VAR-TOR-FERRO) and the residual flux after software compensation (Vres). Only
the phases of the discharge with toroidal coil current only are shown. It isin these

intervals that the compensation coefficients are estimated.

VAR-TOR-VESSEL . Thisisaresidua component due to aimperfect analog compensation of
the vessel current term, which is ~0.05mWhb during a nominal ramp of 60kA/s in the toroidal
coil current. The signal used for this software compensation is a digital implementation of the
filtered signal U,/ (1 + st3). Itsamplitude is adjusted during ramp-up and ramp-down phases

for each discharge, as shown in figure 6.

- 15-



FIX-TOR-DIFF. Figure 4 demonstrates that even when |, has dropped to zero, identifiable
where the compensation VAR-TOR-LIN is zero, and when the image current in the vessel has
vanished, residual flux persists in the analog compensated diamagnetic signal. This is due to
current diffusion in the massive copper toroidal coils which results in a non-uniform current
distribution and a corresponding variation in the toroidal flux. Thisdiffusionisinferred using a
loop mounted on avertical leg of onetoroidal coil. A fraction of the voltage on thisloop is due
to the difference in the current density on the inner and outer part of the coil leg due to current
diffusion and can be used to compensate for its effect on the toroidal flux. The remaining
fraction is directly proportional to the current ramp rate and can be accounted for by using
simultaneously the voltage from loop A. Both compensations must therefore be performed

together. In anominal current ramp, this compensation reaches 0.05mWhb.

When al five of these compensations are applied, aresidual flux <0.02mWhb isachieved
in all practical conditions and a much smaller value when |, is constant. This residual is small

enough to guarantee derivation of the plasma pressure using the diamagnetic measurement.

5.2 Compensation of parasitic poloidal fluxes

Coupling between the poloidal fluxes and the loops of the diamagnetic system originates
mainly from a misalignment of the loops in the poloidal plane. Sources of the poloidal fluxes
are the poloidal coils, both ohmic transformer and shaping coils, toroidal image currentsin the
conducting vessel and the plasma current itself. These couplings are deduced from
measurements where each of the 2 ohmic transformer coilsand the 16 shaping coilsare powered
individually without plasma, asummary of whichisshowninfigure 7. These couplings are then

compensated by digital signal processing for each tokamak discharge.

FIX-POL-LIN. The most direct term in the poloidal flux compensation is simply proportional
to the current in the poloidal cails. It is easily measured during periods of constant coil current,
asseeninfigure 7. Thisterm may reach 0.4mWhb for individual coil currents but rarely exceeds

0.01mWhb for areal plasma discharge.

FIX-POL-VESSEL . Temporal variationsin the poloidal coil currentsand in the plasmacurrent
value, in its spatial distribution or in the plasma shape and position result in induced toroidal
currents in the conducting vessel. To quantify this effect, the first step is to obtain the spatial
distribution of this vessel current along the vessel perimeter. This may be accomplished by
using the loop voltage on 38 flux loops mounted directly on the vessel walls at evenly spaced
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poloidal positions. Details of the design of these loops may be found in [11]. To compute the
spatial distribution of the vessel current, the vessel is divided in 38 segments, each located
beneath a flux loop. The voltage equations for both the flux loop voltages, U;, and the vessel

segments are

H _ [SMfa SMi ] H @)
0 sMg, Ry+sM| |1

where |, and | ; arethe poloidal coil and vessel segment currents respectively, R, the electrical
resistance of the vessel segments (which have been determined experimentaly using the
method reported in [11]), and the elements of the matrix M symbolise the mutual inductances.
Without recourse to simplification, |, may be derived from (33) by iteration using the relation:

1

ls ﬁ((Mfa_Msa)S|a+(Mfs_Mss)Sls_Uf:s) (34)
S

in which the value of I used on the rhs is that obtained from the previous iteration.

Alternatively, one can use asimplified version of thisrelation, based on the spatial proximity of

flux loops and the vessel segments, implying that the mutual inductances, M;, and M, , aswell

as M, and M, are almost identical. This yields a strait forward estimation of the vessel

segment currents requiring no iteration:

|, = —1= (35)

A further simplification can be obtained by projecting the spatial distribution of I, onto
eigenmodes that are based on an appropriate diagonalisation of the My, matrix,

—1/2

—1/2
Rs

R, t

M = T 1, T (36)

SS es e’ es

where the rows of T, are the eigenmode current distribution and 1, is the diagonal matrix of
the eigenvalues representing the eigenmode characteristic time constant. The latter decrease
with increasing mode number so that retaining only the first 15 modes out of the 38 defined by
equation (36) is sufficient to cover the bandwidth defined by the sampling period of 0.2ms.
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Keeping only these modes reduces the number of parameters to derive from a limited number

of measurements. The projection used is:

— (37)

The parasitic poloidal flux due to toroidal vessel currents can reach 0.4mWhb during the
plasmabreakdown and current ramp phases, when the total vessel current rises up to 100kA and

exceeds the plasma current itself.
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Fig. 7 Flux in the diamagnetic loop (V) produced by poloidal coil currents only, its
compensation components (FIX-POL-LIN, FIX-POL-VESSEL, FIX-POL-PORT)
and the residual flux after software compensation (Vres). Sgnals are obtained by

appending several different pulsesin which coils areindividually energised.
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FIX-POL-PORT. The previous compensation deals with toroidally symmetric vessel current.
The presence of large ports near the loops of the diamagnetic system createstoroidally localised
image currents flowing in the massive metallic structure of these ports. The voltage from the
vessel loops is used to obtain the variation in the flux crossing the ports. For example, as

sketched in figure 8, the fraction of the flux crossing the area A; may be approximated by

B (Ur-Uy (39
T(rey = 1)

Based on the ratio of the area of the port contained between two adjacent vessel loops and the
total area between these two loops, amatrix T, can bebuilt. The current in the port, I, isthen
simply this flux variation divided by the electrical resistance of the port structure, Ry:
TU
— __qf~f
ly = —R (39)
q
The parasitic poloidal flux due to image currents in the neighbouring ports can reach 0.2mwWb

during plasma current ramp phases.

f+

,/,rf//v
Fig. 8 Geometry for estimating port current from vessel 1oop voltages.

FIX-PLA-LIN. The plasma current itself is a source of poloidal flux that may be captured by
misaligned loops. Thisisrather difficult to measure since it must be separated from the toroidal
flux produced by the plasmadiamagnetism itself. One common method is to create two plasmas
with opposite currents but otherwise similar parameters. The diamagnetic toroidal flux will
have the same sign, while the poloidal flux due to the plasma current will change direction. For

TCV the situation is more complicated since this parasitic flux certainly depends on the plasma
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position and shape, both of which can and do vary significantly from discharge to discharge. A
more general solution would be to determine the loop misalignment and to compute the implied
parasitic flux from the plasma current distribution. To this end the D and A loops are assumed
to comprise 6 straight, joined segments, the ends of which may be displaced with respect to a
perfect poloidal plane, except for one point which is kept fixed, see figure 9. The coil C is
similarly modelled as 4 segments, but these are constrained to rigidly rotate around two
orthogonal axes. The resulting 7 displacement parameters are then adjusted to reproduce the
coupling between the diamagnetic loop and the 18 poloidal coils, whose geometry and currents
arewell known. The quality of the adjustment and the misalignment of the two |oops are plotted

in figure 9. Thismisalignment is of the order of afew mm for the A and D loops.

30
FIX-PLA | | © Ca

] 00 [ cu

x10

_— " 1
9

Fig. 9 Left: misalignment of the loops from an ideal poloidal plane, drawing is
exaggerated by a factor 10. Right: coupling with the poloidal coils, measured (Ca)
and explained by loop misalignment (Cad).

Once the misalignment is estimated in this way, the mutual inductance between a unit

plasma current at any position in the vessel and the misaligned loops can be computed,
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permitting estimation of the coupling with any plasma. The corresponding parasitic flux reaches

0.05mWhb for high plasma current.

Following software compensation for all the five poloidal parasitic fluxes, the residual
measured flux isaround 0.01mWhb. Thisvalueis small enough to meet the requirementsfor the

di amagnetic measurement.
FIX-DEF V-X-Vres #18901 02 03 04 05 06 07 08 30 31 32 33 34 35 37 38 19073 74 77
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Fig. 10 Flux in the diamagnetic loop (V) produced by poloidal coil currents combined with
toroidal coil current, itscompensation components (FIX-DEF) and theresidual flux
after software compensation (Vres). Sgnals are obtained by appending several

measur ements.

5.3 Compensation of defor mations

FIX-DEF. During discharges in which plasma breakdown fails, or with dedicated
measurements when the toroidal coils and only one or two poloidal coils are energised, the

residual flux after compensation of the toroidal and poloidal parasitic fluxes is observed to
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exceed the compensation level attained when coils are powered separately by values up to
0.06MWh.
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Fig.11  Analog compensated diamagnetic flux for a real shot (V) with its software

compensations (X) and the software compensated diamagnetic flux (\Vcor).

Careful inspection of various coil combinations indicates that a possible source of this

excessis anon-linear term of the form:

Il (40)

aa

where |, and I, are the currents in any pair of poloidal coils. This is thought to be the

consequence of a deformation of the machine mechanical structure due to the electromagnetic
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force on the coil current 1, produced by the magnetic field due to the coil current 1, . This
deformation givesriseto aflux variation proportional to I, . Not all poloidal coil pairs have been
measured, but the main sources have been identified as the ohmic transformer coilsand the self-
expansion of each shaping coil, with aterm given by |l i Asshown in figure 10, correction of
thisform is sufficient to reduce the residual level below 0.01mWhb.

Figure 11 comprises all of the software compensations described above for areal TCV
discharge. Inspection of the residual flux before and after the plasma indicates that the required
compensation level of 0.04mWb is achieved.

6. Applicationsrequiring extended bandwidth

This section presents two applications in which the large bandwidth of the TCV
diamagnetic measurement has proven to be very useful. The first is the measurement of ECH
power absorption using modulation of the additional heating power [7]. In order for this power
absorption method to succeed, the modulation frequency must be increased up to a point where
plasma heat transport processes are ineffective and where the plasma energy content responds
adiabatically to the input power. In this situation the modulation in the absorbed power, I5, IS
simply related to the amplitude of the modulation in the energy content, \7V, which can be

directly derived from the diamagnetic flux:

P = iwW (41)
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Fig. 12 Estimation of the absorbed power from the diamagnetic flux using power

modulation at various frequencies.
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Figure 12 plots the amplitude and phase of I5, showing that, above a given frequency, the
plasma response reaches an asymptotic value satisfying equation (41) and that this relation is
experimentally verified up to 700Hz. This highest modulation frequency is close to the high
characteristic frequencies of the diamagnetic measurement and would not have been possible
without well tuned compensations of parasitic fluxes and without a correct treatment of the

system response at these high frequencies.

ELM response

al ﬁ,_hmf‘“’“—wff

t [ms]

Fig. 13 Diamagnetic flux measurement response (stepped line) to an ELM at various
sampling frequencies super posed on the step response (continuous line) of the anti-

aliasing filter set at the Shannon frequency.

A second illustrative application is the response of the measured diamagnetic flux
following an ELM. The loss of thermal energy due to an ELM (an MHD instability localised
near the plasma edge [12]) can be considered as instantaneous on the time scale of the
diamagnetic measurement system. The tempora response has been measured at severa
sampling frequencies, namely 5kHz, 10kHz and 20kHz, with anti-aliasing filter set at the
Shannon limit, half the sampling frequency. The response time of the diamagnetic flux
measurement, illustrated in figure 13, is observed to decrease from the case at 5kHz to that at
10kHz, but remains unchanged when using 20kHz. This response may be compared to the
calculated step response of the anti-aliasing filter, demonstrating that at 5SkHz, the time response
l[imitation may be attributed to the low sampling frequency, whilst at 20kHz the measurement

responseisslower. In conclusion abandwidth of around 10kHz can be achieved. Thistechnique
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has been used to relate in a quantitative way the energy lost from the main plasma during an
ELM and that deposited on the target tiles [8].

7. Conclusion

On TCV, the constraint that the vertical position of highly elongated plasmas be
passively stabilised by the conducting vacuum vessel walls makes the use of an in-vessel
diamagnetic flux loop extremely difficult. As a consequence, the so-called double loop
technique for compensation cannot be used. Nevertheless, through careful design of analog
electronics, the use of compensating loops and software processing, the problems associated

with the use of an ex-vessel loop have been overcome.

An appropriate analog processing of the signal measured from a single loop wound
outside the vacuum vessel has proven to be adequate for precise compensation of the large
image currentsinduced in the conducting vessel with abandwidth of 10kHz, large compared to
the vessdl shielding characteristic time of 5.3ms. The diamagnetic flux measurement may thus
be used to deduce the temporal evolution of the plasma pressure during rapid events, such as
additional high frequency modulation of additional heating power or plasma macroscopic
instabilities such as ELMs.

Software compensation of several parasitic fluxes must be applied in post-shot analysis
to obtain the flux residual level of 0.05mWb required to accurately estimate the plasma
pressure. These parasitic fluxes originate from poloidal eddy currents induced both in the
vacuum vessel and in thetoroidal field coilsthemselves. They also arise from coupling between
toroidal currentsin the poloidal coils, the vessel and the plasmaitself and the diamagnetic loops
due to small misalignments, deformation of the coils under magnetic forces and the presence of
ferromagnetic material near the diamagnetic system loops. The compensations are treated in
such away that the dominant components are easily implemented in the analog control system
of TCV [13] with the full bandwidth of the measurement. This alows the signal to be of

potential use in real-time control strategies for advanced plasma control.
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