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HIGHLIGHTS

® In the paper we discuss the sensitivity analysis for the measurement system of diamagnetic flux in the ITER tokamak.
e Some compensation formulas have been tested to compensate the manufacturing errors, both for the sources and the sensors.
® An estimation of the poloidal beta has been carried out by estimating plasma’s diamagnetism.
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the evaluation of the energy confinement time and poloidal beta, via Shafranov formula.

The virtual values of measurements at the diamagnetic sensors were simulated by the COMPFLUX
code, a numerical code able to compute the field and flux values generated in a prescribed set of output
points from massive conductors and generalized filamentary currents (with an arbitrary 3D shape and
a negligible cross section) in the presence of magnetic materials. The major issue to face with has been
to determine the possible deformations of sensors and electromagnetic sources. The analysis has been
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Magnetic field measurement carried out considering the following cases:

Manufacturing testing

Error compensation formulas - deformed sensors and ideal EM (electromagnetic) sources;
Fusion reactors - ideal sensors and perturbed EM sources;

- both sensors and EM sources perturbed.

Asregards the compensation, several formulas have been proposed, based on the measurements carried
out by the compensation coils; they basically use the value of the flux density measured to compensate
the effects of the poloidal eddy currents induced in the conducting structures surrounding the plasma.

The static deviation due to sensor manufacturing and positioning errors has been evaluated, and most
of the pollution of the diamagnetic flux has been compensated, meeting the prescribed specifications and

tolerances.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction commonly used as a constraint in equilibrium reconstruction codes.
It is also useful to estimate other physical quantities, like the total
Diamagnetic diagnostics measure the variation of toroidal flux diamagnetic energy content, the confinement time of the plasma
induced by the plasma in tokamak devices. This quantity is and the poloidal beta fp. Their precise estimation is relevant for
improving the quality of tokamak plasma discharges in terms of

flatness of the plasma current and safety factor profile [1-3].
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E-mail address: raffaele.fresa@unibas.it (R. Fresa). of the vacuum vessel wall basically consists of a diamagnetic loop
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Fig. 1. View of the ITER tokamak (courtesy of ITER organization).

and a compensation system. The diamagnetic loop measures the
total toroidal flux @, which is the sum of the plasma diamagnetic
(or paramagnetic) flux, the toroidal field flux, the spurious poloidal
flux due to PF coils and the magnetic flux generated by ELM coils
and eddy currents. The compensation system has the rule to extract
from this sum the only addend attributable to the diamagnetic flux,
canceling the remaining contributions. Special attention should be
paid to reduce the pick-up due to ferromagnetic inserts, misalign-
ments of the flux sensors, or magnetic fields due to active and
passive conductors.

When the compensation system is unable to meet the spec-
ifications, the accuracy needs to be increased with additional
compensation coils and/or formulas [4,5]. In the present paper the
implementation of the diamagnetic loop system [6], designed for
the ITER international reactor tokamak (Fig. 1), will be reviewed
and its performances will be assessed.

The article is organized as follows. Section 2 summarizes the
main assumptions. Section 3 describes the diamagnetic measure-
ment system to be installed in ITER. In Section 4 we recall and
compare various compensation formulas usually adopted to min-
imize the effects of the eddy currents, showing how those usually
adopted for the JET tokamak [7] do not satisfy the ITER accuracy
requirements [5,7,8]. Section 5 proposes an alternative compensa-
tion formula. Section 6 illustrates the effects of main perturbation
sources and geometrical imperfections on diamagnetic sensor mea-
surements. Section 7 analyzes the benefits introduced by the
compensation coils and the performance of the system in terms of
diamagnetic flux and poloidal beta measurements. Finally, Section
8 reports the main conclusions.

2. Assumptions

In the present analysis we consider the following perturbation
sources:

Table 1
Main data of the operating conditions.
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¢ TF (toroidal field), PF (poloidal field) and CS (central solenoid)
coils (assembly/manufacturing tolerances and dynamic deforma-
tions);

e Plasma;

¢ Nonaxisymmetric coils (e.g., ELM coils);

e Bus bars and twist pitch of conductors in the winding packs of
the main field coils;

e FM (ferromagnetic) inserts, NBI (neutral beam injector) iron and
other iron components in the blanket modules;

e Eddy currents, mainly in VV (vacuum vessel), blanket modules,
and divertor cassette.

Some of these effects just produce an offset that is automatically
removed by the time integration of the diamagnetic loop voltage,
e.g. large part of the signal coming from the TF coils and the iron
components. Some others can be compensated by linear combina-
tion of the error sources (e.g., the current in a PF coil that is not
perfectly circular). The remaining ones, mainly those due to the
eddy currents, can partially be compensated using the whole set
of diamagnetic measurements (combining them via suitable com-
pensation formulas).

For the sensors attached to the vessel, the set of deviations con-
sidered will include thermal expansion and deformation of the
vacuum vessel via parametric study. A parametric study was car-
ried out for the local sensors positioning and tilting error. We refer
to [9-13] for the orders of magnitude of the PF, CS and TF coils
deformations.

For the study we considered the nominal scenario and two addi-
tional operative conditions, chosen in such a way to separately
consider and compensate the eddy current effects. In detail, we
took into account the following cases:

e Nominal scenario:
o nominal geometry at operating temperature (OT);
o static deviations (at flat top) for taking into account the assem-
bly errors and the thermal effects;
o dynamic deviation from static geometry (including thermal
expansion of the diamagnetic loops);
e Fast transients (for the nominal geometry at OT):
o Breakdown and Ramp-up
o Edge Localized Mode (ELM)
o Major Disruption (MD).

The fast transients are simulated using the 3D eddy current code
CARIDDI using the assumptions commonly adopted for electrome-
chanical analyses [14]. For each selected operative condition, in
Table 1 it’s possible to find some of the most meaningful parame-
ters, including:

¢ the plasma current and the diamagnetic flux;

¢ the poloidal and toroidal total components of the eddy currents
induced in the VV;

¢ the required accuracy for the diamagnetic flux measurements [5].

Case I, [MA] D, [Vs] Req. accuracy [mVs] Total eddy currents [MA]
Breakdown + Ramp-up <1.0 <0.01 10 <1.9 (tor)
ELM 15 0.42 117 <0.1 (pol)
<0.1 (tor)
MD upwards: thermal quench 15 2.3 690 —1.0 (pol)
0.75 (tor)
MD upwards: final phase of current quench <1 ~0 60 0.4 (pol)
—13(tor)
TF coil discharge - - 117 9(pol)
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Fig. 2. The nominal flux loop (—) surrounded by four auxiliary curves (dotted)
selected for the reconstruction of the vector potential map via interpolation, which
is then used to obtain the magnetic flux via line integral.

For the analysis of the several perturbation sources on the dia-
magnetic flux, we utilized the following codes:

e the numerical package COMPFLUX [13], based on the Biot-Savart
formula;
e the integral codes CARIDDI [14] and CARIDDI-MAG [15].

The COMPFLUX code allows to perform sensitivity analyses in
case of small perturbations of field sensor positions or geometry
of flux loops. These analyses usually require the knowledge of the
fields and vector potentials at a large number of points and are very
expensive in terms of CPU load, especially for the flux linked with a
loop, calculated via circulation of the magnetic vector potential.
The computational speed can dramatically be increased by pre-
computing the vector potential at a set of points so as to get it at the
remaining ones via interpolation. In particular, the full map of the
vector potential, in the neighborhood of the nominal curve of each
flux sensor, is reconstructed by using a third order interpolation of
the values computed by analytical methods for the sampled points
of the sensors itself and four auxiliary curves, parallel to the sensor
and surrounding it in a regular way (see Fig. 2).

A similar treatment is used for pick-up coils. Magnetic materials
are taken into account via a suitable set of magnetic dipoles. The
vector potential calculation is carried out using Biot-Savart formula
for filamentary currents and CARIDDI for 3D massive conductors.

The assumptions adopted for the simulations were in line with
the indications given in the quality plan [13] and are hereafter
summarized:

- the ITER operating scenario is specified in terms of prescribed
time waveforms for the currents in the PF coils, in the TF coils and
in the plasma; the transient phases of interest include breakdown,
ramp-up and a typical major disruption (MD) upwards;

- the diamagnetic loop geometry is derived from [8,16] and con-
sidered as ideal, i.e. the linked magnetic flux is measured with no
error or delay; actually, it is the time integral of the magnetic flux
derivative, starting shortly before plasma breakdown when the TF
coils are already energized (this aspect makes the compensation
problem less critical);

the plasma is simulated as a suitable number of axisymmet-

ric filaments carrying a prescribed time-varying toroidal current

superposed to an axisymmetric poloidal current located inside
the vessel producing the prescribed diamagnetic flux;

the symmetry module of the overall structure spans 40° toroidally

(0 < ¢ <40°), with reflection symmetry at ¢ =20°;

the computation tools were used for calculating the corruption of

diamagnetic flux measurements due to all the sources including

eddy currents, ferromagnetic materials and actuator coils.

The activity proceeded with a detailed analysis of the perturba-
tions due to each perturbation source. The post-processing of the
data and the sensitivity analysis for the evaluation of the effects
of the non-ideality of the sensors on the diamagnetic flux mea-
surement were carried out by the post-processor of COMPFLUX or
directly by CARIDDI treating the diamagnetic loops as high resis-
tance conductors.

3. ITER diamagnetic sensors

The diamagnetic loop system of ITER includes five sets of sen-
Sors.

3.1. Main diamagnetic loops

In ITER, there are three sets of in-vessel main diamagnetic loops
fixed to the vacuum vessel, placed in the poloidal sections at ¢ = 16,
136, 256° (Fig. 3a). Each loop is the series of two turns covering
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Fig. 3. Diamagnetic loop system: (a) toroidal location of main diamagnetic loops
(blue) and diamagnetic saddles (red); (b) poloidal view. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
the article.)
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about 30 m? each, symmetric about a poloidal plane, which bypass
obstacles, aimed at compensating the effects of the magnetic field
perpendicular to the vessel (Fig. 3b). The nominal coordinates at
operating temperature have been taken from [8,16]. They measure
the total toroidal flux via time integration of the voltage

3.2. Inner diamagnetic compensation coils

The inner compensation coil system consists of three pairs of
pick-up coils 120° apart, each measuring the toroidal field. Each
sensor is square-shaped with each side 81 mm long, with 2 layers of
150 turns for an effective area of 1.97 m2 each, located at r=7.48 m,
z=-3.34m (Fig. 3b).

These sensors are used in combination with the outer com-
pensation coils, to compensate the effects of the poloidal currents
induced in the vacuum vessel.

3.3. Outer diamagnetic compensation coils

The outer compensation coil system includes three sets of pick-
up coils 120 degrees located outside the vessel. Each set consists
of two groups of pick-up coils, placed at two different heights and
having an overall effective area of 20 m2.

3.4. Diamagnetic saddles

Three sets of two saddles loops are placed at the top and the
bottom of the main diamagnetic loop; their main aim is the com-
pensation of vertical field pickup, which might be significant in case
the two parts of a main diamagnetic loop are not symmetric with
respect to the poloidal plane.

3.5. TF coils (back-up)

As the TF coils are magnetically coupled with the poloidal
plasma current, the TF coil currents or voltages can be used as back-
up measurements of the diamagnetic flux in case any of the sensors
are not usable any more [17,18].

4. Compensation Formulas

Motivations for using compensation formulas have to be
searched in the presence of sources of pollution of the measure-
ment provided by the main diamagnetic loop. This measurement
depends on the diamagnetic flux as well as many other contrib-
utions to the linked magnetic flux, generated by all other coils and
structures surrounding the plasma. Therefore, using flux linked
with the diamagnetic loop without compensation would yield a
wrong estimation of the value of the diamagnetic flux and, conse-
quently the poloidal beta.

The flux linked with the main diamagnetic loop ®p, is given by:

Dpr = Pp + Prrc + Prite + Pexprr + Pec + Prr + Pexprr

+ (plp + (plron + (pOther (1)

where ®p;: flux linked with the main diamagnetic loop; ®p:
diamagnetic flux of the plasma; ®rc: flux due to TF coil currents
(nominal geometry); ®r;: flux due to tilting; Ppyprr: flux due TF
coil expansions; ®gc: flux due to the eddy currents (mainly in
the VV); ®pr: pick-up due to PF coil currents; ®gyppr: flux due PF
coil expansions (thermal + electromechanical effects); ®y,: plasma
current pick-up; @, iron pick-up; ®osper: pick-up due to other
sources (e.g., bus bars).

From (1), the diamagnetic flux can be expressed as:

@y = Opp — Prrc — Prite — Pexptr — Pec + —Ppr — PExprr
- @[p - ¢Iron - ¢Other (2)

The various terms in (2) can be related to physical quantities
(i.e. the currents in the poloidal and toroidal field coils, the plasma
current and the eddy currents in the passive structures) and to the
fluxes linked to the compensation sensors, as follows:

dp; = / Vprdt (3a)
Drite =Ko yqie Psaddie (3b)
Drrc = Mpol_trlTF (3¢)
Ppc = kO(pOutComp - kl(plnnCUmp (3d)
(instead of Ppc = vy df—tm) (3d)
Prprr = rl3e (3e)
0B
pol
Py, = kyoBpot = kﬁozaTglp (30
Dpr + Dexppr = ngIPF (3g)

where Vpy is the voltage on the diamagnetic loop, @sqqdie» Poutcomp
and Ppycomp are the sets of measurements provided by the diamag-
netic compensation system, It and Ipr are the TF and PF circuit
currents, respectively, My, ¢ represents the mutual inductances
between PF coils and diamagnetic loops, tyy is the electromagnetic
time constant of the vacuum vessel, I, is the plasma current, B, is
the set of poloidal field measurements in the vicinity of the main

. . . T oo
diamagnetic loop. The coefficients k... ko, ki, I<p01, kpg are deter-

mined via pseudoinversion using models or experimental data.
It is worth noticing that:

in (3a) the integration drift & pick-up of connection cables are not
considered;

for other coils, pitch in the winding packs, bus bars, feeders, con-
nections and cables we can use the same treatment as TF coils in
(3¢)

the sampling time request for B, ranges from 100 ps to 1 ms;
therefore expression (3d) should be preferred to (3d’) adopted
in the JET tokamak due to the noncompliance of the conditions
required from Nyquist-Shannon theorem (in ITER the VV behaves
as a low-pass filter having a time constant of about 300 ms with
a cut-off frequency of 5Hz);

in (3e) the mechanical expansion itself is proportional to I%F
whereas the field scales linearly with I7¢; additional terms related
to the interactions between PF and TF coils could also be consid-
ered;

the coefficients ofkgol in (3f) are computed observing the corre-
lation between the poloidal pick-up coil signals and the spurious
diamagnetic loop measurement in a suitable set of pulses; an
alternative way might be bases on pulses in which the helicity
of the plasma current is reversed;

the pick up from the iron can be approximated as an offset, which
is automatically removed using time integration of the voltage,
plus a linear term that can be treated similar to (3f);

in (3g) the coefficients of k;F are computed from correlations in
dry runs.
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The time evolution of the TF coil currents is given by:

dl dI do
Urr = Ryeltr + LiF TT + Mrr,vv T‘;V + Nrr ditp (4)

where Urr is the applied voltage, Ry the resistance, Ltr the induct-
ance, Iyy the vessel current, Mgy the mutual inductance with the
VV, Nrr the number of turns. The flux ®p might then be estimated
by using the superconducting TF coils as back-up sensors, if the
other diagnostics are unusable:

1

Dp— —
"7 N

dI dI
(UTF - LTFTTtF - MTF,WT:V) dt (5)

The integration drift is considered elsewhere.

5. Selection of the compensation formulas

The compensation formulas have been tested in the fast TF coil
discharge shown hereafter.

The choice of the compensation formula for the eddy currents is
directly related to the presence of the compensation coils inside and
outside the vacuum vessel, and the possibility to approximate the
flux contribution due to the eddy currents in one of the following
ways:

2
(pEC = %MDL,W(RinBin - RoutBouf) (63)

¢EC = CT[BmBout,_Boutu] (Gb)

where (o is the vacuum magnetic permeability, Mpyy is the
mutual inductance between diamagnetic loop and VV, R;, and Royt
are the radial coordinates of the compensation coils, Bj; and Boyt
(lower and upper) are the toroidal field components measured by
the pick-up coils, c is a set of coefficients. Formula (6a) is based on
the assumption of 2D axisymmetry, wheres we apply its general-
ization to the 3D case (6b).
Three different sets of coefficients ¢ have been tested:

—_

. ¢ using the outer upper compensation coils;

2. ¢ using the outer lower compensation coils;

3. ¢3 taking into account 3D local effects (mainly ports) on B;, and
rescaling B,y as in the first set;

where c¢; and ¢, of (6b) are given by (6a), whereas c3 is determined
via pseudoinversion using models or experimental data.

Fig. 4 shows that the performance of the formulas using the
upper outer compensation coils are better.

The compensation formulas based on the inner and upper outer
compensation coils provide good estimations (with an error of
220 mVs).

The effect of the ELM coils is significant and depends on the fre-
quency. At steady state (below 2 Hz) where a 15 kAt current in a
middle ELM coil it yields 20 mVs spurious pick up on the closest
Diamagnetic Loop, whereas the effect is smaller at high frequency
due to the reaction field of the eddy currents induced in the ves-
sel. Using the compensation formulas, it is possible to get a good
reconstruction of the plasma flux, using VV current compensation
for the ELM event, as shown in Fig. 5.

The eddy current contribution is about 13.5Vs in the presence
of a TF coil fast discharge due to TF current quench (18 Vs produced
by the external TF source in 200 ms). The compensation formulas
based on the inner and upper outer compensation coils provide
good estimations (within an error of 220 mVs) of the diamagnetic
flux of the plasma.
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Fig.4. Fast TF coil discharge. PhiDL is the diamagnetic loop signals, PhiTFC is the flux
due to the TF coil, therefore PhiDL-PhiTFC is the eddy current contribution (up to
about 13.5 Vs in the fast transient). The other curves represent the difference from
the compensated signals (TFDLc1, TFDLc2, TFDLc3d) and the flux directly linked
to the TF coil currents. The compensation formulas based on the inner and upper
outer compensation coils provide good estimations (with an error of 220 mVs): (a)
behavior of the various formulas; (b) behavior of the two formulas that do not use
the lower outer compensation coils.

6. Assessment of performances of the diamagnetic flux
measurement system

6.1. Thermal expansion, noise and integration drift

Table 2 reports the required accuracy and the analysis of the
measurements provided by the Main Diamagnetic Loop are sum-
marized in case of pollution due to noise, integration drift and
thermal expansion. Note that thermal expansion at Operating Tem-
perature of 103 °C (0.136% from Room Temperature) can mostly be
compensated by monitoring the temperature during a pulse.

6.2. Geometrical deformations and eddy currents

The COMPFLUX code allows to carry out a sensitivity analysis in
case of perturbations of the position of field sensors or the geometry
of the flux loop.

For each flux sensor, the code computes four auxiliary curves
located close to the nominal curve, instead for the field sensors the
field is computed in six points around the nominal sensor. The vec-
tor potentials computed for a set of sampled points of the auxiliary
curves can be used for the reconstruction by using a third order
interpolation of the vector potential map in the neighborhood of
the nominal curve.
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Fig. 5. Use of compensation formulas during ELMs: effects of the poloidal field
variation (up) and the toroidal field variation (down).

In this way, at a low computational cost, it is possible to carry
out a sensitivity analysis for a large set of perturbations of the flux
sensors. In particular, with a single electromagnetic analysis (car-
ried out by any processor: COMPFLUX or CARIDDI), it is possible to
make a wide sensitivity analysis of the impact of diamagnetic loop
deformation.

Hereafter, the results obtained for various effects of the main
Diamagnetic Loop (tilt, displacement, deformation) and eddy
current are summarized, besides the required accuracy for the

evaluation of the diamagnetic flux (see Table 3). The non-rigid
deformation is obtained by a random displacement of 4 points of
the main loop with 1 cm standard deviation and spline interpola-
tion along the path of the loop.

Table 3 also reports the effects on the measurements using ideal
sensors with and without compensation formulas.

We notice that:

¢ horizontal tilt is more sensitive to the poloidal field (toroidal
currents) (e.g., during breakdown, ramp-up and current quench);

e vertical tilt and radial shift are more sensitive to toroidal field
(poloidal currents) (e.g., during ELMs and thermal quench);

e in the scenarios where the significant component of eddy
currents is toroidal, e.g., breakdown & ramp-up, the accuracy
requirements are met without compensation, while during fast
disruptions, the accuracy requirements are met with compensa-
tion formulas, provided that the compensation coil misalignment
is (or can be estimated) within 1.0°.

Table 4 reports the combined effects of different disturbance
sources:

e Ideal sensors

* Noise +Integration drift

e Main diamagnetic loop Tilt + Eddy currents
¢ Inner Coil Tilt + Eddy currents

e Inner Coil Tilt + Noise

As eddy currents are relevant only during transient phases, the
results in Table 4 show that the combined effects of eddy currents
with the tilting of a PF coil is the hardest to be compensated, while
the compensation is effective when the measurement deviations
are due only to the effects of PF/CS/TF coil manufacturing.

6.3. Ferromagnetic materials and non-axisymmetric coils

In various plasma scenarios we have analyzed the effects of:

e ferromagnetic inserts (Fig. 6), test blanket modules and neutral
beam injector;
e feeders, bus bars and ELM coils (Fig. 6).

Table 2

Effects of thermal expansion, noise and integration drift on Main Diamagnetic Loop.
Case Breakdown + Rampup MD UP

Final phase of thermal quench Final phase of current quench

Required accuracy (mVs) 10 690 60
Ip (MA) <1 15 <1
Op (Vs) <0.01 2.3 ~0
Thermal expansion RT — OT* (mVs) 360 360 360
Noise 20 (mVs) <0.4 41
Integration drift 20 (mVs) ~0 0.2

Table 3

Eddy Currents compensation in presence of ideal and non-ideal sensors (in the last case, the effects of tilt/displacement/deformation (20) of the main DL have been considered).

Case Req. acc. No deform. without/with 20 =0.1° horizontal 20 =0.1° vertical 20 =1cm radial 20 =1cmrandom
[mVs] compens. [mVs]? tilt [mVs] tilt [mVs] shift [mVs] deform. [mVs]

Breakdown + Ramp-up 10 <1/<1 <1.10 <0.03 <0.03 <0.48

TF Coil Discharge 117 13,500/220 N.A. N.A. N.A. N.A.

ELM 117 30/3 2 2 2 2

MD UP Thermal quench 690 1500/10 0.17 0.26 1.30 5.1

MD UP Current quench 60 700/70 220 0.04 0.56 4.5

2 Mostly due to toroidal field variation, i.e., poloidal currents.
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Table 4
Compensation in presence of various perturbations.

Case Required accuracy Ideal sensors Noise & integration Main DL tilt +eddy Inner coil tilt +eddy Inner coil + noise
[mVs] [mVs] drift [mVs]

BD +Rampup 10 0 <04 <13 <22 29

ELM 117 3 4 2 2 29

MD-UP Thermal quench 690 10 2 29

MD-UP Current quench 60 70 41 5 213

B module [T]
9.4e+000

Inserts - TF&scenario field B

8.8e+000

8.3e+000

7.7e+000

7 1e+000

6.6e+000

6.0e+000

5.4e+000

4.9e+000

4 3e+000

3.7e+000

Fig. 6. Location of ferromagnetic inserts (up) and ELM coils (down).

The largest effect (about 250 mVs) is due to the ferromagnetic
inserts (Fig. 6). However, since the time integration of the Diamag-
netic Loop voltage starts at the beginning of the pulse, the effect
is limited to about 50 mVs, can be experimentally estimated and
then partially compensated. The effect of the feeders on the DL flux
is about 5 mVs and can be compensated.

7. Estimation of the poloidal beta by using the diamagnetic
loop measurements

A way of estimating the poloidal beta is based on the following
equation [19]:

R
Boi = 0.55; + 0.5, (1 - RTZ) gt )

where S; and S, are Shafranov integrals, R; is the radial position
of the current centroid, Rg is the major radius, and the diamag-
netic parameter u; is estimated directly from the diamagnetic loop
diagnostic as follows:

47BioR
wE—— o f‘o/ S AP (8)
paVp

where A@® is the diamagnetic flux, Byg is the vacuum toroidal field
at the major radius, V,, is the plasma volume, Bpq = (1olp/Pp, Pp is the
plasma current, and Py is the plasma perimeter. In this way a first
estimation of the poloidal beta is obtained through the following
expression:
R 47BioR

A = 0.55, +0.55, (1 - RTZ) - ﬁA¢ (9)
in which the accuracy of S; and S; measurements is expected to be
much better than the diamagnetic flux.

Assuming elliptic geometry for the field line, Eq. (9) can be
simplified giving the following alternative expression for the esti-
mation of the poloidal beta [3]

,3(2) 1 E? +1 87Byg
DIA 2F M%Ig

(10)

where E is the plasma elongation.

The effectiveness of expressions (9) and (10) was tested on a
selection of six static equilibria extracted from the database of the
EFIT** code [20]. The same code was used for the reconstruction of
all the plasma parameters by assuming that no noise was affecting
the other measurements.

In Table 5 the actual values of the poloidal beta, the diamagnetic
flux, the required accuracy of the diamagnetic flux measurement
(reqErr), the expected error without eddy current compensation
(expErrU), and the expected error with the eddy current compen-
sation (expErrC) are reported. The errors are specified in terms of
the 20 confidence interval, o being the standard deviation.

In Tables 6 and 7, the confidence intervals on diamagnetic flux
shown in Table 5 have been mapped to the 20 confidence inter-
vals on the poloidal beta estimation errors by applying Eqgs. (9) and

Table 5
Equilibria and maximum values of expected diamagnetic flux errors (20 interval).
Eq. # I, (MA) Actual B, Actual Ad (Vs) Req. err. (mVs) ExpErrU (mVs) expErrC (mVs)
30 3.00 0.0843 0.0878 5 0 33
50 15.00 0.5937 1.1568 116 5 33
182 15.00 0.6000 1.0346 119 5 33
131 2.53 0.1881 0.0574 4 0 33
230 9.36 24752 -1.0743 48 2 33
184 15.00 0.5991 1.0890 119 5 33
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Table 6
Estimation results using Eq. (9).
(€] [€)) (1) (1)
Eq. By DIA DIA DIA DIA
# (accuracy with 20 20 confidence | 2o confidence
bounds) actual confidence interval interval
AD interval (expErrU) (expErrC)
(reqErr)
0.084
30 0.086 [0.034 |0.138 10.086 |0.086
000 [0.15% [oasr oo
50 0.394 0.617 [0.562 |0.671 |0.614 [0.619 |0.601 [0.632
0514f0674| ™ ‘ ‘ ’ ’ ‘ ‘
182 0.600 0.615 [0.560 |0.669 |0.612 [0.617 |0.600 [0.630
05200680 | ' ' ’ ’ ' '
0.188
131 0.196 [0.138 |0.255 |0.196 [0.196
01290207 [oasosm
230 2475 2.559 12.501 [2.617 |2.556 |2.561 [2.519 [2.599
23012649 © ' ' ’ ’ ' '
184 0.399 0.618 |0.564 |0.673 10.616 [0.620 |0.603 [0.633
0519[0679] ™ ' ' ’ ’ ' '
Table 7
Estimation results using Eq. (10).
51 with i 5i Si
Eq. Bo actual A® | 2c-confidence | 2o-confidence 2c-confidence
# interval (reqErr) | interval interval
(expErrU) (expErrC)
(accuracy
bounds)
0.084
30 5030 | 0.138 0426
50 0.394 0.553 0.508 10.598 |0.551 0.555 10540 |0.566
0.514 [ 0.674
182 0.600 0.588 0.540 10.635 0586 ]0.590 |0.574 ]0.601
0.520 | 0.680 | - ’ ’ ’ ’ ’
0.188
3 -0.
B! 0 | 0247 0475
2475
el PR | 2.649 2052
0.599
184 0.566 0.519 10.614 ]0.564 ]0.568 |0.553 ]0.580
0.519 | 0.679

(10), respectively. In some cases, highlighted in red, the required
accuracy bounds are exceeded.

Table 6 shows that formula (9) can be used without compensa-
tion; at low beta values, the compensation provides out-of-bound
estimations for low beta values. Table 7 shows that formula (10)
should not be used at low beta values in any case.

8. Conclusions

Most of the consequences due to thermal effects, sensor defor-
mations or sources of magnetic field can be compensated. In
particular:

¢ the thermal expansion yields a 360 mVs perturbation on the main
diamagnetic loop measurement that can mostly be compensated;

e the effects of PF/CS/TF coils’ manufacturing and set up deforma-
tion and misalignments can mostly be compensated;

e the effect of the toroidal plasma current pick upon a 0.1° tilted
main diamagnetic loop is about 30 mVs; it can experimentally be
measured (and then partially compensated in the other pulses)
with two similar plasmas one with normal helicity, the other with
reverse helicity.

As for the ferromagnetic structures, the largest effect is due to
the ferromagnetic inserts (about 250 mVs); however, since the time
integration of the Diamagnetic Loop voltage starts at the beginning

of the pulse, the effect is limited to about 50 mVs, can be experi-
mentally estimated and then partially compensated.

The effect of the spurious sources on the diamagnetic flux mea-
surement is small (20 =5mVs at full plasma current) in static (no
eddy) conditions, e.g. at flat top. However, the error is larger if the
compensation formulais used (20 =33 mVs) because of the involve-
ment of the compensation coils.

As for the non-axisymmetric coils, the effect of the feeders on
the Diamagnetic Loop flux is about 5 mVs and can be compensated.
The effect of the ELM coils is larger and depends on the frequency;
at steady state (below 2 Hz) a 15 kAt current in a middle ELM coil
yields 20 mVs spurious pick up on the closest DL. This signal is
reduced at higher frequency (about 2 mVs at 500 Hz) due to the
eddy currents flowing in the vicinity of the sources and of the sen-
sors. Since the eddy current pattern depends on the frequency, the
compensation of the effects due to the ELM coils based on cur-
rent measurements can be properly made only in the two limits of
steady state and high frequency.

The formulas using inner and outer compensation coils have
been tested in the fast TF coil discharge; the eddy current contribu-
tion is about 13.5 Vs in the fast transient (18 Vs due to the external
TF source in 200 ms). Those based on the inner and upper outer
compensation coils provide good estimations (within an error of
220 mVs) making them usable when the toroidal currents in the
VV are significant (L-H and H-L transitions, ELMs, plasma heating,
disruptions).

The eddy currents in the phases of breakdown and ramp up
have a negligible effect (about 2 mVs) on the Diamagnetic Loop
flux; however, the effect is larger on the signal if the compensation
formula is used (33 mVs).

During disruption the spurious signal is large (1.6 Vs, i.e., about
70% of the diamagnetic flux) if no compensation is used. The adop-
tion of the compensation formulas allows to reduce the spurious
signal to 380 mVs.

The spurious signals during ELMs are about 30 mVs and could
be reduced to 3 mVs in the absence of noise.

In conclusion:

e in static (no eddy, say at frequencies lower than 0.1 Hz) condi-
tions, e.g., flat top, the accuracy requirements are met without
compensation;

¢ in phases when the significant component of eddy currents is
toroidal, e.g., breakdown & ramp-up, the accuracy requirements
are met without compensation;

e during fastdisruptions (during both thermal and current quench),
the accuracy requirements are met with compensation formulas,
provided that the compensation coil misalignment is (or can be
estimated) within 1.0°.
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