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During operation of the Wendelstein 7-X stellarator, there were discharges with unusually fast plasma decay,
which surprisingly triggered the quench detection system of the superconducting field coils, although no actual
quench happened. We analyse the design of the field coils in conjunction with the particular technical set-up
of the quench detection system and can model and quantitatively reproduce the observed behaviour. Several
ways are proposed how the undesired effect could be mitigated. In addition, we discuss how the current and

voltage signals of the field coils can be used in turn to derive diamagnetic energy and toroidal plasma current.
The application is demonstrated, using signals from the existing machine control electronics, and reasonable
agreement with the energy measurement of a diamagnetic loop is demonstrated.

1. Introduction

Wendelstein 7-X (W7-X) is a modular stellarator with superconduct-
ing field coils, average major radius of 5.5m and average minor radius
of 0.5m [2,3]. It is located at the Max-Planck-Institut fiir Plasma-
physik in Greifswald. Its magnetic field is generated by 50 non-planar
coils [4,5]. The magnetic configuration can be modified for experimen-
tal flexibility by a further set of 20 planar coils [5,6], which change the
rotational transform and the vertical component of the magnetic field.
The magnet system consists of five identical machine modules. Each
module is composed of two half modules, which are flip-symmetric to
each other. Each half module contains five different types of non-planar
coil and two different types of planar coil, such that overall 10 coils of
each of the 7 types are used in the toroidal arrangement of the 10 half
modules (see [4, Figs. 1 and 2]). All 10 coils of one type are electrically
connected in series, such that a set of 7 power supplies is used.

The winding packs of the coils and the bus system connecting the
coils with each other and with the current leads consist of a cable-in-
conduit conductor (CICC) with an aluminium jacket of square outer
cross-section and circular hole in the centre, which contains strands of
NbTi embedded in copper [7]. The coils can be operated at 4K with
currents of up to 18.2kA, which will generate a magnetic field of up to
3T on the plasma axis [4].

During operation, the circuit of each type of superconducting field
coil is closed through its power supply. The coil current is therefore
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under permanent control. If a quench should occur somewhere in
the CICC, ohmic heating will cause the normally conducting section
to extend quickly along the conductor [8], heating it to ever higher
temperatures and evaporating the liquid He coolant, such that finally
thermal stress or even melting would destroy the coil. To avoid this,
the quench must be quickly detected, and the coil current path is then
changed from the power supply to a set of resistors to convert the entire
magnetic energy into heat with a time constant of 5-7s [9]. Such a
fast ramp-down is initiated in all coil circuits simultaneously to avoid
mechanical stress for which the coil system was not designed.

A quench is detected by measuring the voltages across sections
of the windings and of the bus system connecting the coils. Under
stationary currents along the superconductor, this voltage is 0, whereas
a non-zero voltage will be measured in a section with final ohmic
resistance due to a quench. If such a condition is detected for a
sufficiently long validation time interval z4,.., a fast ramp-down of
the coil currents as described above is initiated. The time interval
Tyetect 18 introduced to avoid triggering a fast ramp-down due to noise
in the detection system. 74, = 50ms was originally set at W7-
X. This is a short interval if compared with the toroidal field coils
of other superconducting plasma confinement experiments like Tore
Supra (1s) [10], KSTAR (1-2s) [11], EAST (1s) [12], or ITER (1) [13]
but comparable with the detection time in SST-1 (100 ms) [14]. The
W7-X value of 74, = 50ms is the result of a thermo-hydraulic
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analysis of the particular CICC used (see Section 2.2).

Since W7-X has started operation in 2015 [15-17], there occurred
two plasma events which triggered the quench detection (QD) system,
without a quench having occurred anywhere in the superconductor. In
both cases, the plasma had terminated more rapidly than in normal
operation, i.e., the rate of change of the plasma diamagnetic energy
and of the toroidal plasma current was larger than usually at the end
of a discharge in W7-X. In both of the cases, a large amount of heavy
impurities had been injected into the plasma core due to unfavourable
operating conditions, such that the plasma energy was quickly radiated.

Although the W7-X device is designed to withstand several fast
discharges of the coil currents, the mechanical stress in the coil system
and in other components is higher than usually due to transient effects,
high voltages occur between the coil windings and ground during the
rapid change of coil current, and the carefully balanced flow of liquid
He is perturbed by the sudden heating of the coil casings by eddy
currents. Operation of the device is therefore interrupted for at least
several hours after triggering a fast ramp-down of the coil currents.
Hence, it is of interest to understand the conditions under which a
change in plasma parameters will trigger the QD system. To this end,
we shall explain in more detail the design of the W7-X superconducting
field coils and of their QD system in Section 2. We shall show the
observations of plasma diagnostics and the signals recorded by the QD
system during a “fast” plasma decay in Section 3. In Section 4, we shall
present a model of the voltages induced in the field coils, and compare
the predictions of this model with the observed values. In Section 5,
we shall discuss what modifications would help to avoid the undesired
reaction of the QD system without blinding it for a real quench. As
we shall see in these sections, the voltages induced in the field coils
mainly reflect the changes of the plasma diamagnetic energy. We shall
therefore discuss in Section 6, in what way measurements of the field
coil currents and voltages can be used to complement the signals of
magnetic pick-up coils (magnetic diagnostics) for the measurement of
the plasma energy, before we shall discuss the results in Section 7 and
conclude in Section 8.

2. The W7-X superconducting coils and quench detection system
2.1. Coils and design of the winding pack

The winding packs of the non-planar coils are formed by 108
windings of the CICC. These winding packs are supported by cast steel
casings, to which they are connected by an interlayer of sand and
resin. Two layers of superconductor with 18 turns are wound from
one manufactured length of superconductor. The ends of this “double
layer” (DL) are protruding from the winding pack and are connected
by special joints either to the bus system or to the next DL. These
joints also serve to feed the liquid He coolant into and out of the DLs.
The entire winding pack is made from 6 DLs, which are electrically
connected in series and arranged radially, such that DL1 encloses the
smallest area and DL6 encloses the largest area (see Fig. 1). The design
of these coils is described in more detail in [5,18].

The winding packs of the planar coils have a very similar design but
consist of only 3 DLs with 12 windings each, making up a total of 36
windings.

In contrast, the winding layers of superconducting tokamak toroidal
field coils are frequently arranged toroidally (in “pancakes” or “double
pancakes”) [10,13,14,19,20].

2.2. Quench detection system

If a section of the superconductor looses its superconductivity dur-
ing operation, the current across the section with finite conductivity
will cause a voltage drop, which can be measured. In W7-X, every sec-
tion of superconductor is monitored by standardised quench detection
units (QDUs) [21]. A QDU has 3 input lines, and the voltages between
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Fig. 1. View of a type 5 non-planar coil with its 6 double layers radially stacked and
the coil casing (semi-transparent).

the common central line and the two other lines are compared (see
simplified scheme in Fig. 2). Thus, the voltages across adjacent DLs or
across adjacent sets of DLs can be compared. To this end, the input
voltages are transmitted through a network of resistors to a differential
amplifier (DA). The network of resistors basically forms two tunable
bridges, such that the DA receives the difference of the two input
voltages. The bridges are tunable in 128 steps to reduce either the
first or the second input voltage. Effectively, this results in two input
damping factors in each QDU, out of which one will be = 1 and the
other will be < 1. The output signal of the DA is further processed (see
below) and at the same time recorded internally in a ring buffer with
a sample rate of 100kHz and a depth of 1 Msamples. One QDU can
thus be used to compare two voltages, or to measure a single voltage,
if one of the lateral input lines is connected to the central input line.
The latter mode of operation is used to measure the voltage across a
section of the superconducting bus connecting the coils of one circuit,
the first mode is used to compare the voltages across DLs in a coil.

The output signal of the DA passes through an integrator (RC circuit
with adjustable resistor) to a comparator. The RC circuit realises the
delay 7 4. mentioned in Section 1. The delay is, in fact, not a fixed
time. Rather, the time constant of the RC circuit is identified with
Thetect- If the integrated signal exceeds an adjustable threshold voltage,
the QDU will change its logical output signal, indicating to a QD
subsystem that a quench condition was detected [22,23]. The signals
of the different QD subsystems are then combined by a QD interface,
which will initiate a fast ramp-down of all coil currents if any QDU
outputs such a trigger signal. In addition, the ring buffers of all QDUs
will be written to an external storage system, such that ~5s before
and ~ 55 after the trigger event are recorded of all QD signals for later
analysis.

Within each QDU, the comparator, decision logic and output to the
QD subsystem are redundant. In addition, a broken wire between coil
and QDU can be detected. In a non-planar coil, there are three QDUs
forming the “original system” which compare the voltages across DL1
and DL2, DL3 and DL4, and DL5 and DL6, respectively, and a fourth
QDU, comparing the voltage across DLs 1 and 2 with the voltage across
DLs 3-6 (“backup system”), introducing a further layer of redundancy.

As mentioned in Section 1, as soon as a quench occurs, the normally
conducting section will start spreading along the conductor, while the
temperature is increasing [8]. At the same time, the voltage drop
across the affected section of conductor starts increasing. In order to
avoid damage to the quenching coil due to thermal stress, the hot spot
temperature in the coil should be limited to 130 K. Thermo-hydraulic
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Fig. 2. Simplified scheme of a quench detection unit (QDU): The output of the resistor network and the differential amplifier is the QD voltage Uqyp = d,Up;, — d,Up;, (where
d,, d, are adjustable damping factors, see Eq. (5)), which is written into a ring buffer but only archived upon request (e. g., automatically in case the QD system is triggered). An

RC circuit serves as integrator to generate a trigger voltage U,
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Fig. 3. Full time windows of W, and I,
of the coil currents.

analysis of such an event for the particular CICC and the conditions
at 2.5T operation in W7-X together with the time needed for a fast
ramp-down of the coil currents shows that then the ramp-down must
start ~950 ms after the quench occurs [24]. It will take ~250 ms
before the voltage exceeds the threshold value of the QDU, plus the
delay ~ 740 due to the integration, plus ~ 350 ms before the current
breakers have switched the coil currents to the resistors, and the coil
currents start to decrease. From simulations of temperature and ohmic
resistance in a quenching coil in the thermo-hydraulic model, tolerable
combinations of threshold voltage and validation time can then be
derived [24]. Allowing for some safety margin, the initial settings in
the QDUs were threshold voltages of 150 mV for the “original system”
(DLs 1-2, 3-4 and 5-6) and 300 mV for the “backup system” (DLs
(1+2)—(3+4+5+6)), and a validation time (RC of the integrator) of
~ 50 ms.
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o i the two W7-X discharges at the end of which, due to an extraordinarily fast plasma decay, the QD system triggered a fast ramp-down

3. Observations during “fast” plasma decay

In Fig. 3, we show the diamagnetic energy W;;, and the toroidal
plasma current I, during the two discharges ending with extraordi-
narily fast decay of the plasma, as measured by a diamagnetic loop
and a Rogowski coil (for an overview of the W7-X magnetic diagnostics,
see [25], and for more details on the W;, measurements, see [26]). In
Fig. 4, the phases of the plasma decay are enlarged, and the radiation
measured by bolometer cameras [27] is shown in Fig. 5. In both cases,
the total loss of plasma energy according to the diamagnetic signal
matches well the radiated energy in the same interval (see Table 1).
In contrast, the power load to the targets did not significantly increase,
as one might expect if the end of the discharge would be due to an
MHD instability. Indeed, as the 2018 discharge had a toroidal plasma
current of almost 20 kA due to electron cyclotron current drive (ECCD)
in the co-direction, minor crashes in plasma energy and oscillations
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Table 1

Radiative losses (integrated radiated power P,,) in the intervals of fast plasma decay
(as defined by [#,, ,], compare Figs. 4 and 5) in discharges 20180816.022 and
20221207.058. The first discharge was heated with a heating power P, of 3.5MW
ECRH, the second discharge was heated with 3MW ECRH and 3.6 MW NBI, of which
~70% are absorbed during the main phase of the discharge. It is not known which
fraction of the heating power is still absorbed during the plasma decay. If we assume
that still 30% of the heating power are absorbed during the decay phase, most of the
plasma energy is lost due to radiation.

Discharge no. 20180816.022 20221207.058
AW, 0.7 MJ 1.0MJ

1 12.16s 5.89s

t, 12.24s 6.02s

1y

[ Pragdt 0.7 ... 0.8MJ ~1.2MJ

1;2

[ Py dt 0.3MJ 0.7MJ

1

in plasma current occurred prior to the final decay (see Fig. 3), due
to current-driven instability [28,29]. It had therefore for some time
been conjectured that this instability also caused the final fast decay.
However, due to the analyses of the radiation levels, which had be-
come available later, we conclude that in both cases the fast loss of
plasma energy was indeed due to strong impurity radiation by tungsten,
from the multi-purpose manipulator [30] in 20180816.022 due to a
plunge depth which was poorly adapted to the magnetic configuration
modified by the high plasma current [31], and from a tungsten-coated
heat shield tile in 20221207.058, which was receiving a high load
of microwave radiation due to an unfavourable setting of an ECRH
(Electron Cyclotron Resonance Heating) launcher. Tungsten as a strong
radiator during the plasma decay phases is in both cases confirmed
by the HEXOS VUV/XUV spectrometer [32]. We note that both events
resulted in a similar maximum decay rate of the diamagnetic energy,
as indicated in Fig. 4. The net toroidal plasma current at the moment
of the event was almost 20kA in 20180816.022 but only 1.5kA in
20221207.058 without ECCD. We further note that the net plasma
current in both cases first reacts only weakly due to the long L/R time
for the toroidal current in W7-X of several seconds. As soon as there
is, towards the end of the decay phase of the diamagnetic energy, no
longer sufficient plasma left to carry the current, the plasma current
rapidly decays to zero within a few milliseconds.

We shall use 20221207.058 to investigate and model the impact of
the fast plasma decay on the field coils. In Fig. 6 we display the voltages
recorded in the four QDUs monitoring one particular non-planar coil
of type 5, AAB16. The QDU of the “backup system”, comparing the
voltage across DL1+2 with the voltage across DL3+4+5+6, was the one
triggering the fast ramp-down of the coil currents. The QD signals of
the other non-planar field coils are similar. Their temporal evolution
is very similar for corresponding QDUs of different coils. Likewise, the
amplitudes in corresponding QDUs of different coils are very similar
for coils of the same type in different half modules and differ more
between the different coil types, but many of them also exceed the
trigger thresholds.

4. Modelling of the voltages induced in the field coils

In this section, we shall develop our model to describe the interac-
tion between plasma and field coils and to understand the origin of the
voltages observed in the QD system. In a stepwise approach, we shall
first develop a basic understanding of the electromagnetic interaction
between plasma, plasma vessel and field coils in Section 4.1. We shall
then describe mathematically the interaction between plasma and the
superconducting coil circuits and discuss the calculated voltages in the
QD system for two examples in Section 4.2. We shall then consider the
influence of plasma vessel and coil casing, which are also inductively
coupled to the plasma and to the superconducting windings, in a
simplified numerical model in Section 4.3. Finally, we shall compose
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the different elements into the complete model and compare its results
with the measured signals during the fast plasma decay at the end of
discharge 20221207.058 in Section 4.4.

4.1. Qualitative considerations

4.1.1. Plasma diamagnetism

The gyration of the plasma particles reduces the externally applied
magnetic field in the volume filled by the plasma. This effect increases
with increasing plasma density and temperature. (Since the effect
originates in the movement of the charged particles perpendicular to
the magnetic field, only the temperature component perpendicular to
the magnetic field counts, which must be taken into account if the
temperature is not isotropic [33,34].)

The magnetic flux through a closed loop around the plasma column
is determined, in addition to the externally applied magnetic field,
by the diamagnetic effect as well as by plasma currents parallel to
the magnetic field [35,36]. We shall first consider the diamagnetic
effect and discuss the effect of parallel currents in Section 4.1.2. In
the approximation of large aspect ratio and low g, the change of the
magnetic flux @;, for plasma energy W, magnetic vacuum field on the
plasma axis B, and major radius R will then be

wW

- . 1
37RB, )

Dy, =

The negative sign indicates the reduction of the magnetic field relative
to the vacuum case. Use is made of the plasma diamagnetism by
measuring the voltage induced in a diamagnetic loop, a pick-up coil with
poloidal winding around the plasma column. Three such diamagnetic
loops are installed in W7-X [25,26], and use is made mostly of that
located in a plane with triangular plasma cross-section (‘“triangular
plane”, see Fig. 7), which will also be referred to as “main diamagnetic
loop”. By integrating the induced voltage in a diamagnetic loop from
the start of a plasma discharge, a measure of the plasma energy is
available at any time of the discharge. Since changes in the toroidal
magnetic field due to changes in the field coil currents will also induce
a voltage in a diamagnetic loop, such changes must be compensated
by compensation coils which enclose an area in the same plane as the
diamagnetic loop without enclosing the plasma column itself.

In a toroidal plasma with helical magnetic field, and in particular
in a stellarator configuration, which is no longer toroidally symmetric
and may have toroidal variations of the magnetic field and the major
radius of the plasma axis, the relation between @, and the kinetic
plasma energy W,;, is still predominantly linear, but the factor of
proportionality may differ from Eq. (1) and depends on the exact shape
and location of the poloidal loop around the plasma column. This
factor of proportionality can be determined by calculating the magnetic
flux which a plasma equilibrium with certain radial profiles of plasma
pressure and parallel current density generates in the pick-up coil to
be considered. We use the DIAGNO code [37] for this purpose. We
note that the factor of proportionality of a fixed flux loop may also
depend on the magnetic configuration and on the shape of the pressure
profile. We therefore refer to the energy calculated from &g, as W, to
distinguish it from W,.

For the compensated diamagnetic signal of the main diamagnetic
loop in W7-X, Wy, of Eq. (1) happens to agree with W,;, within 1-
2% for the magnetic “standard” configuration (this is the configuration
with equal currents in all non-planar coils and zero currents in the
planar coils — for an overview on the W7-X magnetic configuration
space, see [38]), if the major radius of the plasma axis in the plane of
this diamagnetic loop is used for R, and the magnetic field on the axis
in this plane for Bj, i.e., R = 525m and B, ~ 24T in discharge
20221207.058. For Wy, = 1MJ we then obtain &g, ~ —10mVs.
In a long cylinder with 0.5m radius, such a change in the magnetic
flux would be generated by an azimuthal current density of ~10kA/m,
which corresponds to a total poloidal current of ~ 350 kA on the plasma
surface of W7-X. The single-loop voltage induced by the plasma energy
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Fig. 4. Decays of Wy, and I, at the end of the two W7-X discharges 20180816.022 and 20221207.058. The strongest decay rates are indicated in red. The changes in coil
current in response to the decays are shown in Fig. 8. The value of 430kJ/30 ms for the decay of Wj;, in discharge 20221207.058 will be used as a reference in our discussion

of the effect on the field coils in Section 4.
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Fig. 5. Total plasma radiation P, as calculated from bolometric measurements with the horizontal (black) and vertical (grey) bolometer cameras [27] during the intervals of
plasma decay in discharges 20180816.022 and 20221207.058. The radiated power integrated over the intervals of plasma decay corresponds rather well to the diamagnetic energy

before the start of the decay (see Table 1).

decay of 430kJ/30 ms indicated in Fig. 4 for the end of discharge
20221207.058 would then be ~150 mV.

We note that every non-planar or planar W7-X field coil also satisfies
the geometric conditions of a diamagnetic loop. However, while a pick-
up coil is terminated with a comparatively high ohmic impedance, such
that the induced current will not significantly alter the magnetic flux
through the winding, the opposite is true for the field coils: If the coil
current changes by A7 in response to a change in @, (see Fig. 8), this
change will itself modify the flux through the coil. If the coil winding
consists of several radially stacked DLs enclosing different areas, the
changes in magnetic flux through the different DLs due to Al is no
longer equal (see the CAD view of a type 5 non-planar coil in Fig. 1).

4.1.2. Plasma currents

In addition to the diamagnetic effect, electric currents in the plasma
may generate magnetic flux through external coils, which is used
by further magnetic diagnostics [25]. The parallel current density is
usually averaged over flux surfaces, yielding a radial profile of net
current density, the bootstrap current. The remaining current densities
with poloidal variation on a flux surface are usually called Pfirsch—
Schliiter currents. Additional toroidal net currents may be driven by
toroidally non-symmetric plasma heating. For W7-X, the minimisation
both of the bootstrap current and of the Pfirsch-Schliiter currents was
one of the optimisation criteria [39]. Nevertheless, changes in the net
toroidal current or in the distribution of current densities will in general
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Fig. 6. Voltages recorded by the 4 quench detection units (QDUs) monitoring coil
AAB16 during the fast plasma decay at the end of discharge 20221207.058. The
AAB16 “backup system” QDU triggered the fast ramp-down of the coil currents in
this discharge.

Type 5 coil
filament

flux surfaces

Diamagnetic

Fig. 7. Diamagnetic loop and 4 compensation coils in the plane with triangular plasma
shape. A cross section through the magnetic flux surfaces and a projection of the
filamentary representation of the winding of the type 5 non-planar field coil are also
depicted. R is the major radial coordinate of the torus, z the vertical coordinate.

induce changes in the magnetic flux through coils outside the plasma.
The diamagnetic loop in the triangular plane (see Section 4.1.1) has
been specifically designed to minimise the influence of plasma currents.
The coupling of the field coils to toroidal plasma currents is stronger.
In Table 2, we compare the flux change in the 7 types of field coil and
in the main diamagnetic loop (including compensation) for a change
of the plasma energy W;;, of 1 MJ and of the toroidal net current of
10kA. The DIAGNO code [37] was used to obtain these values, which
uses the current densities calculated in an equilibrium code to compute
the magnetic flux through any desired coil geometry. DIAGNO had been
used before to assess the sensitivity of the W7-X magnetic diagnostics to
different current distributions [40], but the field coils had not yet been
considered. The values in Table 2 are based on a parameterisation of
results of DIAGNO for 106 equilibria in the W7-X “standard” magnetic
configuration with different plasma energies, toroidal currents and two
types of radial plasma pressure and toroidal current density profiles.

4.1.3. Dissipative components: plasma vessel and coil casing

Between the plasma with its changing diamagnetism and current
distribution and the superconducting windings of the field coils, the
plasma vessel and the coil casings are located. Before changes of
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the magnetic flux through the windings occur, shielding currents are
induced in these steel structures, which will then decay due to ohmic
dissipation on the characteristic L/R time scales, which are for the
plasma vessel 17 ms for poloidal currents and 25-50 ms for toroidal
currents [41] and ~25 ms for the non-planar coil casings at a tem-
perature of 4K. Faster changes in the magnetic flux originating inside
the plasma vessel will be damped and delayed for the superconducting
windings, as will be demonstrated by the simulation with simplified
geometry in Section 4.3.

4.2. Modelling the linear response of the coil system

4.2.1. Changes of coil currents

For the mathematical description to be developed in this section, we
shall neglect the plasma vessel and the coil casings. We shall consider
them in the numerical model of Section 4.3, where we find that the ef-
fect of these dissipative elements does not alter the quantitative results
dramatically, and where we introduce a simple numerical procedure to
mimic their effect.

While the change in the coil current AI is the same in every
DL, since the DLs are electrically connected in series, the change in
magnetic flux through one DL by A[ in any other DL varies due to their
radial stacking. This is of course exactly what is described by the self
and cross inductances of the DLs. Hence, a well established formalism
exists to describe these electric circuits, which will at the same time
take account of the 3-dimensional coil shapes, of the coil positions, and
of the interactions between the 7 coil circuits, once the self and cross
inductances of all DLs are calculated from their geometries.

The coil circuits can then be described by the system of linear
equations (see, e.g., [13])

7
dlk dq)plasmaj
O:er—RjI/.—Zijg—T

G=1...7. @

The ohmic resistance in the circuits R; is dominated by the normal
conducting aluminium current leads between the power supplies and
the torus, and it is between 30 pQ and 60 pQ for the different
circuits [42], resulting in a voltage drop of ~0.5-1V at a typical coil
current of 15kA. The L, are the self and cross inductances of the entire
coil circuits. The d®, gy, ;/df can be subdivided into a contribution
from plasma diamagnetism and a contribution from the plasma current
density parallel to the magnetic field:
do _ Py 40y, @
dr dt dt

d®g;, ;/dt and d@, ;/dr may both vary for the different coil types,
and within one coil, there are small differences between the DLs (see
Table 2).

plasma j

4.2.2. Voltages across double layers
Egs. (2) can be broken down to the contributions of individual DLs.
The voltage across DL J in a coil of type j is

7
dlk dd)plasma Jj
Usz_ZLDLij? T a C))
=1
K J/ J/
term 1 term 2

Here, Ly, ;; is the cross inductance of the single DL J in coil type j
with all coils of type k. Lpy ;;; then includes the self inductance of DL J
itself, the cross inductances of DL J with the other DLs of the same coil,
and the cross inductances of DL J with the other 9 coils of the same
type, which all carry the same current I;. Correspondingly, Ly, for
J # k includes the cross inductances of DL J in one coil of type j with
all 10 coils of type k. The d®,,y, ;;/dt are the changes of the magnetic
flux through one DL J of coil type j due to changes of the diamagnetic
energy and of plasma currents. “Term 1” and “term 2” will be referred
to below.
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Fig. 8. Change in the coil currents of the non-planar coils of type 5 at the end of discharges 20180816.022 and 20221207.058, in response to the fast decay of Wy, (compare
Fig. 4).
Table 2
Flux changes in mVs through the windings of the main diamagnetic loop (with compensation, leftmost column) and of the field coils. For
comparison, the results for typical values of the plasma energy (upper half of the table) and of the toroidal plasma current (lower half of the
table) in W7-X are given. The values are based on DIAGNO results for equilibria with different plasma energy and toroidal current in “standard”
magnetic configuration (same current in all non-planar coil types, zero current in all other field coils). For the DIAGNO analysis, the coils are
approximated by filaments in the centre of the winding or of the respective double layer. To be better comparable, all values are for single
loops without taking into account the number of windings.
AWy, = 1MJ (All values in mVs)
Diam. loop triang. Field coil type
plane (compensated) Double layer 1 2 3 4 5 A B
-10.6 all -10.1 -9.7 -9.2 -9.1 -9.4 -11.4 -8.3
innermost -9.9 -9.4 -8.9 -8.9 -9.5 -11.3 -8.3
outermost -10.3 -10.0 -9.5 -9.2 -9.3 -11.4 -8.3
Al = 10kA
Diam. loop triang. Field coil type
plane (compensated) Double layer 1 2 3 4 5 A B
-0.12 all +1.09 +1.20 +1.34 +1.33 +1.29 -0.30 +1.30
innermost +1.04 +1.16 +1.29 +1.26 +1.18 -0.28 +1.24
outermost +1.13 +1.24 +1.39 +1.39 +1.40 -0.32 +1.35
Table 3
Cross inductances of double layers 1 and 2 of coil type 5 with all coil types in mH, as used in Egs. (4) and (6). The values serve as examples,
demonstrating how little the values for double layers 1 and 2 differ. The differences of these values determine the differences in the voltages
induced in double layers 1 and 2 if the coil currents change. The resulting voltages for several scenarios causing coil current changes are listed
in Table 4.
All values in mH Lpiysi Loy Lpiyss Lpiysa Lpiyss Lpisss Lpvssy
J=1 0.417 0.552 0.982 2.465 9.407 0.316 1.348
J=2 0.443 0.586 1.038 2.585 10.276 0.336 1.449
Difference 6.2% 6.2% 5.7% 4.9% 9.3% 6.3% 7.5%
For each non-planar coil of type j (j =1,...,5), four QDUs measure Hence,
the voltages 7
Upi-,j = Z(dlLDLl'k —dy Ly o)) A
UQD|_2/~ = dzUzj —d,Ulj ’ J TR dr
s k=1
Uqpi-s4,j = dyUy; — d3Us; d AP 1asmat) dDyjaema2; ©)
1 — 2 B
- dt dt
Uqps—6,j = deUs; — ds5Us; )
6 etc. for the other QD voltages.
Ugpbu,j = dou Z Uyjj = dpy Uy + Us)). We note that the differences like (Lpy |, — Lpy;;) (and other pair-

J=3

For each planar coil of type j (j = 6,7 or A, B), three QDUs measure

the voltages

Ugpi-2,j = dyUy; —d Uy
Ugpa-3,; = d3Usz; — dyUy;
Ugpbu,j = dpuaUsy; + Usj) — dyy Uy

The factors d are the damping factors resulting from the tunable bridges
at the input of the QDUs (see Section 2.2).

ings of DLs) are small in comparison with the values Lp, ,;, themselves
(see Table 3 for examples). The same is true for the (d®@jym,1;/df —
d®,144ma2;/dD). The damping factors d are close to 1 for the “original sys-
tem”. But for fast changes of @,,, also the differences U;, of Eq. (4)
will be small in comparison with the two addends. In a comparison
between calculated and measured QD voltages it is therefore important
to use precise values for the calculated self and cross inductances, and
also the damping factors and the QD voltage within the QDU must be
accurately known.
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Voltages U, 5 across the 6 double layers of a type 5 non-planar coil for three scenarios, (1) coil excitation with 30 A/s, (2) change of the plasma
energy with a rate of (~14MJ/s) (like in discharge 20221207.058), generating a single-loop voltage of d®;,/dt ~150 mV in a poloidal winding
with compensation coil (or ~134 mV without compensation coil), and (3) change of a toroidal plasma current with a rate of (—400kA/s) (like
in discharge 20180816.022). The flux changes in the latter two scenarios have been calculated by parameterisation of DIAGNO code [37]
results for “standard” magnetic configuration. Triangular radial plasma pressure and toroidal plasma current density profiles were assumed in
the underlying equilibria. In addition, the voltage differences Uy, measured by the QDUs are tabulated, once without the damping factors d in
Eq. (5) and once with the specific damping factors of coil AAB16 (listed in the last line of the table). In scenarios (2) and (3), “term 1” and
“term 2” refer to Eq. (4), and “total” is the sum of the two terms. In the coil excitation scenario, “term 2” is zero.

All values Coil excitation d®g;, /dt ~ +150mV dr,/dt = —400kA/s
in mV with 30A/s total term 1 term 2 total term 1 term 2
Uss —415 294 +2107 —2400 +27 —824 +851
Uss —448 -113 +2276 ~2389 -8 —889 +881
Uss —472 +20 +2398 -2378 -25 -937 +912
Uss —486 +109 +2476 —2368 -25 —969 +944
Uss —492 +148 +2506 -2358 -6 -982 +977
Ugs —485 +131 +2480 ~2349 +35 -975 +1010
without damping factors d in Eq. (5):
Ugpias -33 +181 +169 +12 -35 —65 +30
Ugpsas -15 +88 +78 +10 0 -31 +32
Ugps-s,s +6 -17 -26 +9 +41 +7 +34
Ugp i, 5 -1073 +815 +5479 —4664 -39 2150 +2110
with damping factors d of AAB16:
Ugp 1-2, 44816 +30 +196 -150 +346 -34 +59 -93
Ugns_s, a4m16 +5 +84 -21 +105 +1 +7 -6
Ugp s-6. 44816 -28 -7 +150 -156 +41 —61 +102
Uqp b, 4516 -47 +599 +253 +346 -29 -103 +74
(dy=1, dy =086, dy=1, d; =096, ds =093, dg=1, dyy =1, dy, =047)
In the following two subsections we shall as two examples consider 3000 | |
the excitation of the coil system and the reaction to the fast plasma Us ex /10 7 | | n
ex — L
decay in discharge 20221207.058 for a coil of type 5. ] actual curve C
= 2500 — X - —. straight line —
E . N (for comparison) [
4.2.3. Application 1: Excitation of coil currents ED 2000 — N -
. . . = ] 3 C
When the superconducting coils are excited from zero current to E . N C
achieve some desired magnetic configuration, the power supplies are ‘S 1500 — N -
i i ©h . N =
programmed to generate linear current ramps to the set coil currents. As £ - DN 5
— m N C
an example, we shall consider the “standard” magnetic configuration, < 1000 — N -
QJ — =
which requires equal currents I in all types of non-planar coil and 0 ¥ . S C
current in the planar coils. For a magnetic field of 2.5T on the plasma § 500 3 o
axis, the required non-planar coil currents are ~13kA. According to 7] r
Eq. (2), for this magnetic configuration, 0 . C
DL1 DL2 DL3 DL4 DLS DL6

5
dr .
Uewj = RiT =" DL G=1...9.
k=1

The self inductances of the non-planar coil circuits vary between 0.52 H
and 0.65H, but the sums 2i=1 L;, vary less, between 0.93H and
0.98 H. The maximum voltage of the power supplies is 30V, which
allows for current ramps of ~30A/s, requiring ~7 min for the full
excitation of the coils in this configuration.

The resulting voltages across the DLs of a type 5 non-planar coil ac-
cording to Eq. (4) are tabulated in Table 4 and represented graphically
in Fig. 9. The total voltage difference along the winding of a single coil
is 1/10 of the total applied voltage (U, s — RsI), but it is not entirely
equally distributed to the different DLs (red curve versus black line in
Fig. 9). Rather, the voltages across the DLs deviate by up to 11% from
1/6 of the total voltage across the entire winding.

In addition to the voltages across the DLs, the voltage differences
measured by the 4 QDUs monitoring such a coil are also tabulated in
Table 4, first without taking into account the input damping factors d
of the QDUs (see Eq. (5)), then with the d values of coil AAB16. The
purpose of the damping factors becomes obvious, to reduce the output
voltage of the comparators of the QDUs, such that the QD system is
not triggered during a regular excitation or de-excitation of the coils
(in particular by the “backup” QDUs).

Position along winding

Fig. 9. Voltage along the winding of a type 5 coil during excitation with 30A/s. The
actual curve (red) deviates slightly from a straight line, which would be expected if
the voltages across all DLs were equal.

4.2.4. Application 2: Fast decay of plasma energy or toroidal plasma
current

Our second example considers a change in the coil currents induced
by changes in the plasma energy or in the toroidal plasma current. We
use the case of dWj;,/dr = —420kJ/30ms in discharge 20221207.058,
resulting in a single-loop voltage of ~150 mV (see Section 4.1.1), and
we assume as a second separate scenario the contribution of d7, /dt =
—12kA/30ms. Although a much faster decay of the toroidal plasma
current was observed, e.g., in discharge 20180816.022, the toroidal
eddy current induced in the plasma vessel will shield such a fast decay
from the field coils. Apart from this, we do not take into account the
damping effects of plasma vessel and coil casing here, which will be
treated in Section 4.3. Considering Eq. (2), the power supplies do not
react to the induced changes of the coil currents on the time scale of
20-30 ms (see Section 6), and the coil currents change by only a few
Ampeéres (i. e., by less than 0.1% for the non-planar coils). It is therefore

a good approximation to neglect (U ; — R;1;), and we obtain
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Fig. 10. Voltage along the winding of a type 5 coil during decay of plasma energy
with (-420kJ/30 ms), similar to the end of discharge 20221207.058.

where now not the df,/dt are fixed as in Section 4.2.3, but rather
the induced voltages due to the decay of the plasma are prescribed.
We therefore have a system of linear equations and can calculate the
dI,/dt. We then again use Eq. (4) to calculate the voltages across the
DLs of a type 5 coil and the QD voltages, resulting in the values listed in
Table 4. The graphical representation of the voltage along the winding
of a type 5 coil is displayed in Fig. 10. According to our assumption, the
power supply just balances the ohmic losses in the normal conducting
sections of the circuit, but there is no voltage between the connections
to the superconducting part. Due to symmetry in the 10 coils of one
type, also the voltage across each single coil must then be 0, and the
externally and internally induced voltages must balance within each
coil, but they do not balance in each DL. For further illustration, we
have also tabulated “term 1” and “term 2” of Eq. (4) separately in
Table 4. As can be seen, the resulting voltages across DLs U,s are
differences of two large values. The result is therefore sensitive against
imprecisions in the calculation of the inductances in the coil system. It
is also evident from Table 4 that the input damping factors d are not
well adjusted to reduce the Ugp, values in the fast decay scenario. The
d values cannot be chosen to minimise at the same time the voltages
during excitation or de-excitation on the one hand side and during
changes of the magnetic flux induced by plasma action on the other
hand side. In addition, the voltage differences measured in the QDUs
depend again sensitively on the d values.

For a first quantitative comparison, the Ugp, values for coil AAB16
(with the appropriate input damping factors) in the dW;, /dt scenario of
Table 4 can now be compared with the maximum measured amplitudes
in Fig. 6. The measured voltages can be well explained by our com-
putation, in particular the characteristic pattern of amplitudes when
comparing the 4 QD channels of the coil.

4.3. Effect of plasma vessel and coil casing

4.3.1. Model with simplified geometry

For a better assessment of the effects of plasma vessel and coil
casing during a fast decay of the plasma energy, we used a model of
plasma, plasma vessel, coil casing and 6 DLs with circular geometry
(see Fig. 11). The plasma is represented by a cylinder of 0.557 m radius
and a length of 3.5m, its diamagnetism by an azimuthal current of
30KkA. The plasma vessel is represented by a cylinder of 0.89 m radius
with the same length as the plasma cylinder. Its wall thickness is the
same as for the plasma vessel of W7-X (17 mm), its ohmic resistivity
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Plasma column

Plasma vessel

Coil casing
Poloidal current simulating

diamagnetic effect
Double layers 1-6

Fig. 11. Geometrically simplified model for electromagnetic analysis (dimensions see
text). Only one circular coil is considered. The cross section of the coil casing is
condensed as ring (blue) at the inner boundary of the winding double layers. The
length of the plasma column with its azimuthal (poloidal) current and plasma vessel is
extended in axial direction to keep the major part of the return magnetic flux of the
azimuthal current outside the coil.

is 7.2-1077Qm. The 6 DLs are represented by 6 circular layers with
the same cross section as the DLs of a non-planar coil (width along the
plasma cylinder: 156 mm; thickness: 34 mm; radial separation between
the centre lines of adjacent DLs: 36 mm) and 18 windings. The centre
line of the entire winding is at a coil radius of 1.187 m. The coil casing
is represented by a single layer of 270 mm width and 22 mm thickness
with the ohmic resistivity of 5.4 - 1077 Qm (as valid for the stainless
steel in use at a temperature of 4K). This layer is located inside the
innermost DL at a radius of 1.055m, and its cross sectional area is the
same as for the entire rectangular hollow coil casing of a non-planar
coil (compare Figs. 11 and 1). The time trace of the azimuthal current
is derived from the time trace of the diamagnetic energy in discharge
20221207.058 (see Fig. 12). The model is implemented in ANSYS®
Electromagnetics Suite (Maxwell 3D) [43]. It can be used to investigate
the effect of omitting plasma vessel and coil casing. The voltages thus
obtained will be labelled U;pou-
4.3.2. Resulting QD voltage

In Fig. 13, we compare the resulting voltage across DL 1 with and
without the two dissipative components. The damping and delaying
effect of plasma vessel and coil casing is clearly visible, although the
overall reduction in amplitude is less than 10%. The effect of the plasma
vessel is more pronounced than that of the coil casing. In Fig. 14, we
compare all 4 QD voltages with and without the damping elements and
with the measured voltage in the QD “backup” system. The temporal
evolution of the measured signal is very well reproduced by the simula-
tion with plasma vessel and coil casing, however, the amplitude of the
simulated signal is too large by a factor of 1.5. This is due to the fact
that we used an excessively long section of plasma cylinder to simulate
the magnetic flux in the closed torus, with a poloidal current density
same as in the full toroidal geometry. A quantitative agreement of the
amplitude was therefore not to be expected in this simplified geometry.

4.3.3. Modelling the effect of the dissipative elements

After calculating the induced voltage U, o, from the current signal
of Fig. 12, it is possible to derive a time trace U,,gq.coii AQPProximating
the loop voltage signal with plasma vessel and coil casing obtained in
the ANSYS® numerical model by convolving the step function U;ou
with the function

S = 1 )
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Fig. 12. Temporal evolution of the azimuthal (poloidal) current representing the
diamagnetic effect of the plasma as prescribed in the ANSYS® numerical model. The
time trace is obtained from the time derivative of the diamagnetic signal of discharge
20221207.058.
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Fig. 13. Resulting voltages across DL1 in the ANSYS® numerical model in response to
the change of the azimuthal current in Fig. 12. The results with and without the two
dissipative components are shown in different colours. In addition, the convolution of
the black curve with an exponential decay (f(¢) of Eq. (7) with z = 10 ms) is displayed
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(see violet curve in Fig. 13). We can then derive from the compensated
signal of the diamagnetic loop a single-loop voltage approximating the
loop voltage experienced by the field coil windings outside the plasma
vessel and inside the coil casing (see Fig. 15). This procedure will be
used in the next sections to derive realistic time traces of the voltages
induced in the DLs from the linear equations of Section 4.2.

Uwithoul(t,) f@—- t,) dr’

4.4. Quantitative modelling of QD signals and comparison with measured
signals

We now compose all information introduced in the previous sections
to simulate the expected QD voltages in the QDUs monitoring coil
AAB16 in discharge 20221207.058. We start from the d®y;,/dr and
dI, /dt signals calculated from the diamagnetic loop and Rogowski coil
signals.

These are folded with functions as introduced in Eq. (7) with
Tyt = 15ms for d@g,/dt and 7,,, = 12.5ms for dI,, /dt to simulate
the damping and delaying effect of the plasma vessel and the coil
casing, resulting in dimensionless time traces f|(r) and f,(t). (7o is
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Fig. 14. Resulting QD voltages in the ANSYS® numerical model in response to the
change of the azimuthal current in Fig. 12 — comparison of the results without plasma
vessel and coil casing (light colours) and with both plasma vessel and coil casing (full
colours). For comparison, the measured signal of the AAB16 backup system in discharge
20221207.058, multiplied by 1.5, is added.
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Fig. 15. Application of the filter function of Eq. (7) with z = 10ms to the signal
of the diamagnetic loop (black). The resulting simulated change in magnetic flux as
sensed by a winding outside the plasma vessel and inside the coil casing is shown in
violet.

chosen after comparing the signals of a Rogowski coil mounted inside
the plasma vessel and a Rogowski coil mounted outside the plasma
vessel (see [25]).) We then use the DIAGNO results to scale the signal
amplitudes appropriately for the DLs in question. Neglecting the (U,
R;I)), Eq. (2) can be written

xtj

7
0= =Y LUy i) + Ly f>(0)
k=1

NpL

- Z Nyindj Paiasj J10)

J=1

(8

NpL;

- 2 Mwind j (pchj Fa(0)
J=1
G=1...7,

where the @, ;; and @, ;; are the fluxes through DL J of coil type
j due to the plasma diamagnetism and due to plasma currents as
calculated by DIAGNO, Np, ; is the number of DLs in coil type j, and
Nying; is the number of windings per DL in coil type ;. Eq. (8) can then
be subdivided into two systems of linear equations
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Fig. 16. Comparison between measured QD voltages in coil AAB16 at the end of
discharge 20221207.058 (light colours) and calculated QD voltages, using the signals
of diamagnetic loop and Rogowski coil to measure plasma energy and toroidal plasma
current, respectively, and taking into account the damping and delaying effects of
plasma vessel and coil casing as described in Section 4.3.3, plus the set input damping
factors d in Eq. (5) for coil AAB16 (full colours).

7 NpL

0= —zij Iy = nging Z Diia g
k=1 J=1
NpLj

;
0=- 2 L Iy — Nying
k=1

G=1...7,

Z Ppeyj
J=1

which can be solved for the I, and I,.

The results can be inserted into Egs. (4) to obtain the voltages across
the DLs and into Egs. (5) to obtain the QD voltages in the QDUs, taking
into account the set damping factors d for the coil in question. This has
been done for coil AAB16 at the end of discharge 20221207.058, and
the results are compared with the measured QD voltages in Fig. 16.
Very good agreement for all four QDUs of this coil is found.

5. Potential modifications of the quench detection system

After analysing the reasons and conditions for triggering the QD
system by a fast plasma decay, several ways to avoid this effect can
be envisaged. We shall discuss a few options together with their pros
and cons in the context of the existing QD system.

5.1. Arrangement of double layers within the winding pack

From the qualitative discussion in Section 4.1.1 it becomes obvious,
that the radial stacking of the different DLs within a winding pack,
which is reflected by the different inductances of the individual DLs, is
a key feature. This results in different induced voltages in the different
DLs in response to changes in coil current, irrespective of the origin of
such changes (induction caused by changes in the plasma, or excitation
or de-excitation by the power supplies). If, instead, the winding layers
would be arranged toroidally, at least the induction part due to each
coil type’s own current would differ significantly less between the DLs
of one coil. The differences in the first term on the right hand side
of Eq. (6) would therefore be smaller. This would be the pancake
winding scheme applied for the toroidal field coils of several supercon-
ducting tokamaks (for a discussion of pancake and layer windings see,
e.g., [19]). Of course the arrangement of DLs cannot be changed for the
existing W7-X device, and there may be prevailing reasons in favour of
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a radial arrangement of DLs. We shall see that there are further options
to cope with the existing design.

5.2. Comparing different pairs of voltages

Instead of comparing voltages across different DLs of the same coil,
one could compare voltages across the same DL in different coils of
the same type. A survey of the QD voltages measured in different coils
of the same type at the end of discharge 20221207.058 shows very
similar values of equivalent QD voltages, as it is expected. However, the
present design of the QDUs with 3-wire input enforces the comparison
of voltages across electrically adjacent DLs, since one of the three wires
must connect to both DLs (see Section 2.2).

5.3. Changing the sensitivity of the QDUs

The existing QDUs offer three settings to change their sensitivity:
(1) the input damping factors d applied to the two input voltages (see
Eq. (5)), of which either the first or the second is set to 1 while the
other can be set to smaller values; (2) the resistance in the RC circuit
determining the integration time of the QD signal; (3) the threshold
voltage for the integrated signal to trigger the fast ramp-down of the
coil currents. The input damping factors have so far been used to bal-
ance the QD voltage to zero for the normal excitation and de-excitation
of the coil system. The integration time of the RC circuit and the trigger
threshold cannot be set to arbitrarily high values, since the fast ramp-
down of the coil currents must be initiated within a limited time period
after occurrence of a quench to keep the maximum temperature in the
conductor below the specified limit of 130K [24]. For 2.5T operation
in the next operation phase of W7-X, the integration times and trigger
thresholds could nevertheless be changed from (~50 ms, 150 mV)
to (~50 ms, 196 mV) for the “original system” and from (~50 ms,
300 mV) to (~100 ms, 333 mV) for the “backup system”. For lower
field operation, further margins could be used.

5.4. Modifying or replacing the “backup system”

The largest QD voltages during fast changes of @y, occur in the
“backup system”. However, the redundancy of the QD system should
be maintained. It has therefore been suggested to replace the present
“backup system” by a second version of the “original system”. This does
however imply to increase the number of QDUs for the non-planar coils
from 4 per coil to 6 per coil.

An inspection of Fig. 10 reveals that the present “backup system”
with its central input between DLs 2 and 3 just compares the largest
positive and negative voltages available within one coil. A shift to a
comparison of the voltages across DLs (1+2+3+4) versus (5+6) would
reduce the expected voltages (see Table 5).

5.5. Using external signals to suppress the triggering of the QD system

As shown in Section 4.4, the voltages in the QDUs can be well
predicted from the signals of the diamagnetic loop. One could therefore
suppress the initiation of a fast ramp-down of the coil currents if at
the same time the voltage induced in the diamagnetic loop exceeds
an appropriate threshold. This would, however, blind the QD system
if at the same time a real quench occurred in one of the field coils.
Although the time intervals for which no fast ramp-down could be
initiated would be rather short, suggestions of this type were discarded.
The same result (delaying the initiation of a fast ramp-down) could by
the way be achieved even simpler by further increasing the integration
times of the RC circuits within the QDUs.
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Table 5

Comparison of the QD voltages in the “backup system” of a type 5 coil for the present
setup, comparing the voltage across DLs 1 and 2 with the voltage across DLs 3-6, with
an alternative setup, comparing the voltage across DLs 1-4 with the voltage across
DLs 5 and 6. The results are shown for the scenarios, (1) coil excitation with 30 A/s,
and (2) change of the plasma energy with a rate of (~14MJ/s) (as in Table 4). For
both scenarios, the values are shown both without damping (dy,, = d,,, = 1) and with
the appropriate damping factor set to 0.5. The alternative setup of the backup system
reduces the QD voltage in the reference case with fast plasma decay from 611 mV to
418 mV.

All values dyy dy Coil excitation ddg, /dr
in mV with 30A/s ~ +150mV
Up s = 1 1 ~1073 +815
dyy 2;:3 Ujs = dyy (Uys + Uss) 1 0.5 —105 +611
Uqp bu, atternative = 1 1 +844 +557
dy2Uss + Ugs) = oy X1, Uss 0.5 1 —67 +418

5.6. Using characteristic ratios between QD voltages

For a fixed magnetic configuration, the rates of flux change
d®,1uma s;/dt in each DL J of a field coil of type j are dominantly
fixed multiples of d®;,/dt, as determined by the DIAGNO code (see
Section 4.2). For short time scales and stationary coil currents, when
the (Uy; — R;1;) terms in Eq. (2) can be neglected, the solution of
Eq. (2) will yield dI, /dt values which are in turn multiples of d&;, /dr.
The ratio of the voltages across any two DLs U;; and Uk, of Eq. (4)
is therefore only determined by the (d®jyma.s;/d1)/(dPy;,/dt) and by
the self and cross inductances. The same must then be true for the
ratios between the different QD voltages. Use of this property of the
QD voltages generated by a fast decay of the diamagnetic energy
could be made to distinguish voltages due to a fast plasma decay from
voltages due to a quench: If the triggering of a fast ramp-down of the
coil currents is suppressed if and only if the ratio of the QD voltages
detected by different QDUs of one coil is within certain narrow limits,
the QD system would not be blinded for real quenches even during a
fast plasma decay, since it is most unlikely that simultaneous quenches
in several DLs of one coil occur, which in addition generate voltage
differences with ratios in the same narrow range as set in the suppression
circuits. Still, the implementation of such suppression circuits would
require a significant modification of the existing QD system.

5.7. Adding voltages at the input of the QDUs

There is a second way to distinguish voltages across the DLs induced
by changes in plasma energy and toroidal current from voltages due to a
quench. An inspection of Eq. (6) and of Table 4 shows that for damping
factors d = 1 at least the voltage differences between any two DLs J
and K are dominated by the (Lpy ;= Lpp kji) dI;/df terms (“term 1”
in Table 4).

If voltages proportional to the dI, /d¢ with appropriate amplitudes
Lpy yj, are added to each DL voltage U,;; of Eq. (4) at the input
to each QDU to compensate these inductance terms, only the dif-
ference d®pjuqmay;/df — d@puamak;/dt Of voltages induced directly by
the changes of plasma energy and parallel currents in the two DLs
remains in the QD voltage, which is small (“term 2” in Table 4). In
addition, the voltage differences between DLs during coil excitation
and de-excitation will then also be compensated, which allows to set
all damping factors to 1. A similar approach was taken on EAST with
the “auxiliary compensation system” to avoid triggering the QD system
of the toroidal field coils due to voltages induced from the central
solenoid, the poloidal field coils or the toroidal plasma current [44].

Adding the required voltages to the input lines of the QDUs could
be done by 7 Rogowski coils around the 7 current leads, picking up
the 7 dI, /dr signals, which would then be distributed to amplifiers at
the input of each QDU and coupled to the input lines inductively. At
any rate, the QD system itself would require no changes in its logic, no

12

Fusion Engineering and Design 211 (2025) 114786

suppression of triggering, no comparison between internal voltages of
different QDUs, and it would remain sensitive to any deviations from
the expected voltage differences between DLs.

These considerations are valid for the “original system”, where a
QDU compares the voltages across two adjacent DLs. In the present
“backup system” of the non-planar coils, the voltage across 2 DLs is
compared with the voltage across 4 DLs. In this case the “term 2” values
in Table 4 do no longer almost cancel. The simplest way to correct this
would in this case be to modify the backup system into comparing DLs
1-3 with DLs 4-6.

6. Using the field coils to measure the plasma energy
6.1. Motivation

In Section 4.1.1 we outlined that pick-up coils with poloidal winding
around the plasma column are a widespread diagnostic to measure
changes of the diamagnetic flux @, and to obtain from this the plasma
energy. We noted that the field coils of W7-X have the same topology
as diamagnetic loops and are therefore also sensitive to changes of @;,,
which was demonstrated in Section 4. Hence, the idea to use the field
coils themselves as diamagnetic loops suggests itself.

Since, as discussed in Section 4.1.1, the voltage induced in a diamag-
netic loop is proportional to the change of the magnetic flux through the
loop, the signal must be integrated to know the diamagnetic energy at
any time during a discharge, starting before plasma generation:

1Dy ()
Wi (6) /0 —gr
with W, (0) = 0. A reliable W, (¢) signal can then be used, e.g., to
control an interlock which will switch off plasma heating systems if
the plasma energy falls below some threshold. Obviously, any offset
voltage will generate an error growing linearly in time. Therefore,
a particular effort has been made in the design of the integrating
magnetic diagnostics of W7-X and their electronics to avoid sources
of offset voltages (e.g., thermovoltages at connectors and electronics
offsets) [25,26,45]. Remaining offsets can be measured before the start
of the discharge and can be subtracted in real time. After the end of a
discharge it can be verified whether W, (¢) has again reverted to 0.

The diamagnetic loops are in addition very sensitive to changes
in the vacuum magnetic field, because the magnetic flux through the
loop generated by the field coils is much larger than @g;,. This is why
compensation coils are used to determine and to correct for changes
of the vacuum magnetic field (see Section 4.1.1). A particular type of
error could occur in the measurement of the main diamagnetic loop if
its enclosed area changes by a different factor than the area enclosed
by the compensation coils. If, e. g., the plasma vessel thermally expands
due to a temperature change of 10K, the change of magnetic flux of the
vacuum field through the diamagnetic loop in W7-X with the nominal
magnetic field of 2.5T corresponds to a change of the diamagnetic
energy by ~130kJ. It would therefore be favourable to compare @,
measured by the diamagnetic loop inside the plasma vessel with mea-
surements by a loop with well controlled temperature not attached
to the plasma vessel [25]. The field coils are such independent loops,
operated at a precisely controlled temperature of 4-4.5K.

The use of the toroidal field coils to measure the diamagnetic
energy was indeed already demonstrated for copper coils on the PDX
tokamak [46] and on the VEST device [47]. In addition, current and
voltage measurements on the superconducting helical windings of the
LHD heliotron were used to obtain the diamagnetic energy [48]. Apart
from that, measurements of the currents in the helical winding and
in the structural shell of LHD were used in conjunction with the
voltage induced in a diamagnetic loop to obtain the correct value
of the diamagnetic energy [49]. In [46], the author states that the
main difficulties were the change of the field coil temperature (with
Cu windings) due to ohmic heating and the “nonlinearity and sharp
temperature dependence of the resistance of the joints” in the toroidal
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field coils. Both effects do not play a role in the W7-X superconducting
field coils — this is corroborated by the successful application of the
idea in LHD [48].

In this Section 6 we shall use the signals of the existing current and
voltage measurements of the field coils to investigate how well Wy, ()
and I, (¢) can be derived from these signals on W7-X. We cannot expect
to obtain the same time resolution as from the diamagnetic loop and
the Rogowski coil inside the plasma vessel, due to the shielding by eddy
currents in the plasma vessel and coil casings. As explained above, our
main interest is in the behaviour of the signals in “long” discharges,
where we are sensitive to offset drifts in the electronics. We are aware,
that the electronics measuring the voltages applied to the coil circuits
have so far not been optimised for low offset drifts like those of the
equilibrium magnetic diagnostics.

The results of the DIAGNO code show that the magnetic flux due to
plasma currents @, in comparison with @;, is larger for the non-planar
field coils than for the diamagnetic loop (see Table 2). Therefore, two
different types of field coils may have to be used to disentangle the
effects of ddg;, /dt and of dI,,, /dr.

In order to assess how well the idea works to use the field coils
as diamagnetic loops, we shall first analyse which signals can be used
to derive @4, (and possibly I,,.) from the field coils in Section 6.2.
We shall then compare the results between the diamagnetic loop and
the field coils for fast changes of @, in Section 6.3 and finally add a
comparison for entire discharges in Section 6.4, including one “long”
discharge and the discussion how to assess the impact of offset drifts.
We shall discuss the results in Section 7.2.

6.2. Required and available measurements

From the equations introduced in Section 4.2 we find two options to
learn about d®y,,,/d? through the field coils. As a first option, using
Eq. (2) requires the measurement of the applied voltage to the field
coils of type j, Ug ;, and of all 7 field coil currents, ;. In addition, the
inductance matrix of the 7 coil circuits (L) must be known. The U, ;
and I, are constantly recorded with a sample rate of 1kHz during the
operation of the coil system. This option can be used in any toroidal
magnetic confinement device.

Alternatively, Eq. (4) can be used as the second option, which
requires the measurement of the voltage U;; across one or several DLs
J of coil type j and again all 7 field coil currents I,. This is possible
in W7-X, where the windings of each superconducting field coil are
tapped by QD wires at the DL connectors. Presently, the U,; are not
measured directly, but certain differences Uy between them (see Egs.
(5)-(6)) are recorded during an interval of 10s around the triggering
of the QD system data storage (see Section 2.2). In these differences,
only the small differences between the induced voltages @ ima (4}, in
the different DLs {J} of a fixed coil type j remain, possibly enlarged
by the difference of the damping factors d ;.

For the distinction between @y, and @, of Eq. (3), we assume for
the plasma-generated magnetic flux through coil circuit j

@D ngVdia +thmr’ (9)

plasmaj =

where Wy, is the diamagnetic energy measured by the main diamag-
netic loop, and I, is the net toroidal plasma current measured by a
Rogowski coil. The g; and h; are determined from model equilibria
with the DIAGNO code (see Section 4.1.2). The DIAGNO code shows
additional dependencies of @y, ; ON W? and on the radial profile
shapes of plasma pressure and toroidal current density, but these
dependencies are very weak and will be neglected here.

Likewise, we assume for the plasma-generated flux through DL J of
coil type j

d)plasman = g.lj Wdia + h.lj llor' (10)

Table 2 can be used to obtain the g; and ; for the 7 coil circuits and
the g;; and h;; for the innermost and outermost DLs. According to the
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values in this table, of the non-planar coil circuits, the type 1 coil circuit
is most sensitive to changes in W, and least sensitive to changes in I,
whereas the type 3 and 4 circuits are least sensitive to changes in W;,
and most sensitive to changes in I,,.

Using the first option, from Egs. (2) and (9) for two different circuits
j and ! we then obtain

7 dr,
dWy, _ hl(UexU - lej) - hj(Uexu -R/I)- Zkzl(hll‘jk - hj L) d_,k an
dr g/h[ _glhj
7 dr
dl,, _ 81Uy — lej) - gj(ch[l -RI)- Ekzl(glL/'k - glek) d_,k 12)
dr hig —hg; ’

Likewise, for the second option, from Egs. (4) and (10) for two different
DLs J and K of the same coil type or of two different coil types j and
| we obtain

AWy, hUyj = hy U + Zz:l(thDu/k —hy; Loy ki) % a3)
Ta 8rihki — &xihy;

dr,, _ gK!UJj - ngUKI + ZZ=1(gK1LDLij - ngLDLKIk) ddL,k 14)
A hJngl - hKngj '

and similar expressions can be derived from the QD voltages, Eq. (6),
including the individual damping factors. To reduce the impact of
uncertainties in the measurements and in the derivation of the cross
inductances and the g and & factors, combinations (j, /), (J,j, K,I), or
the corresponding combination for Eq. (6) should be chosen such as
to maximise the respective denominators (g;n;, — gh;) etc. In order
to distinguish the diamagnetic energy and toroidal plasma current
calculated from the field coil signals according to Egs. (11)—(14) from
the values obtained from diamagnetic loop and Rogowski coil, we shall
mark them with additional subscripts ‘fc1’ (for Egs. (11)—(12)) and ‘fc2’
(for Egs. (13)—(14)).

In the end, the computation of Wy, and I, always requires an in-
tegration in time either of the voltages measured at the power supplies
of the coil circuits U,y ; or of the QD voltages. In order to minimise the
impact of offsets originating in electronics and data acquisition, offsets
and linear trends of the integrated signals are determined before the
start and after the end of the plasma discharge. This is discussed in
more detail in Section 6.4.3. In the case of the U, ; this includes the
offset to drive the constant coil current I, across the remaining ohmic
resistance R; (mainly due to the aluminium current leads between
power supply and superconducting part of the circuit). If I; deviates
from I 0 during the discharge, the / ! R;(1;(0) = 1)) d¢’ term must be
taken into account in the integration to obtain correct results for
Wiia,1c(t) and I, (). The measured values of R; for the 7 coil circuits
are used for this purpose.

In practice, the use of Egs. (9)-(14) implies the computation of a
further layer of differences between quantities of almost the same size.
This is a challenge with the existing signals, since in particular several
of the coil current signals I, exhibit high noise levels. On the other hand
side, an inspection of Table 2 shows that, for typical plasma energies
W}, and toroidal plasma currents I, in W7-X, the contribution of I,
t0 @pjusma 1s still small even for the field coils. We shall therefore in
the following sections assume the following relations instead of Egs.
(9)-(14):

¢plasmaj = gj%ia (15)
¢plasmalj = &Jj I/I/dia\ (16)
Hence,

U, = R, =Y _ L,
dVVdiaA,ch o oText) A Zk=1 jk "ar a7
dr - g
7 dr,
Waiares _ Usj+ Zior Lovaje 5 18)
dr 8Jj .

We shall revisit the influence of the plasma current in Section 6.4.2.
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6.3. Comparison between magnetic diagnostics and field coil signals for
short time scales

We consider the fast plasma decay at the end of discharge
20221207.058. We have already compared the QD voltages to be
expected in coil AAB16 with the measured signals in Section 4.4
(see Fig. 16), and found fair agreement. We shall now extend our
comparison to include the changes in the measured coil currents in
Eq. (4) rather than deriving them from Eq. (2) under the assumption
Uexij — R;jI; = 0, and to using the QD signals of more than just a
single coil. We shall further use the coil currents and the voltages at
the power supplies of the coil circuits as an alternative way to calculate
the diamagnetic energy (using Eq. (17)).

In this discharge, the toroidal plasma current was very small. Its
neglect (i. e, using Egs. (17) and (18) rather than (11) and (13)) seems
therefore justified.

We only consider the time interval [5.83s, 6.07s]. The voltages
of the coil circuit power supplies U, ; and the coil currents I, in
Eq. (17) are only available up to ~6.02s. After this time, the coil
circuits are temporarily closed through current breakers bridging the
power supplies, and the power supplies are then disconnected, before
the current path through the dump resistors is established and the fast
ramp-down of the coil currents begins. The QD voltages are longer
available, but the current signals are missing for the use of Eq. (18).
A zero level after the discharge can therefore not be determined for
Wiia.te With either method. This is why we shift each of the Wy, .
signals determined from Eq. (17) or (18), such that its average in the
interval [5.85s, 5.885] is equal to the average of the compensated W,
signal from the diamagnetic loop (which we shall abbreviate as ‘CWdia’
in our further discussion).

The results are shown in Fig. 17: In addition to the CWdia signal
(black curve), the version of CWdia taking into account the damping
and delaying effects of plasma vessel and coil casing (as described in
Section 4.3.3) is displayed (grey curve). The Wy;, (. traces derived from
the field coil signals should be compared with this grey curve. The
seven Wy, .3 curves of Eq. (17) exhibit significant noise in spite of
the application of a running average over 10 ms. The noise level is,
however, different for the different coil circuits. It is lowest for the coils
of types 4, 5 and B (blue, dark blue and dark magenta curves).

When using the QD voltages (according to Eq. (18), where weighted
differences between the U,;; must be used to obtain the measured
voltages Uqp of Eq. (5)), 200 different QD signals from the non-planar
coils are available. For the purpose of calculating the induced voltage in
each DL, it would of course be preferable to record the voltages across
the DLs, U,;, themselves rather than the weighted differences Ugp.
Indeed, the 200 Wy;, (.4 signals thus derived have very different quality.
The Ugp_4 and Ugp s_e are mostly unusable, the Ugp |, are better, and
the signals from the “backup system” Uqp, ,, perform best, but still show
large differences between the different coil types or even between the
coils of same type. Most probably this is due to the imperfect knowledge
of the damping factors d of Eq. (5). We found rather good agreement
with the filtered CWdia signal when averaging over the Ugp,, signals
of all ten type 4 or type 5 coils (green and red curves in Fig. 17).

In Fig. 18, we display separately the two contributions to Wy;, ;. in
Egs. (17) and (18). On this time scale of order 100 ms, the coil currents
follow the change in diamagnetic energy immediately (only delayed
by the eddy currents in plasma vessel and coil casing) to maintain the
magnetic flux (cyan and light green/magenta curves). The voltage in
the power supplies (blue curves) is not reacting to the changes of the
coil currents on this short time scale. While the main contribution in
Eq. (17) is due to the changes in coil currents, the main contribution
in Eq. (18) is due to the QD voltages, which are reflecting the changes
in coil currents.

After all, on the 50-200 ms time scale, the Wy;, (. curves determined
from both Egs. (17) and (18) agree fairly well with the CWdia signal,
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Fig. 17. Diamagnetic energy at the end of discharge 20221207.058 derived from
currents and voltages of the field coil circuits, compared with the result from the
compensated diamagnetic loop. The signals derived from the field coil circuits are only
available up to 7 ~ 6.02s, since at this time the coil circuits are disconnected from
the power supplies to commute the currents into the dump resistors for fast shutdown.
Hence, it is not possible to determine a O level at the end of the discharge. Instead,
the signals are shifted as described in the text. The cyan/blue/violet curves are from
U,y ; and I; according to Eq. (17). The Wy, ¢ traces for the different coil types j are
shown to demonstrate the range of results and noise levels. The green and red curves
are from the average of the values calculated from the QD voltages of the “backup
system” of all type 4 or type 5 coils and from the coil currents according to Eq. (18).
Since the coils are outside the vacuum vessel, there signals should be compared with
the filtered version of the diamagnetic coil signal as described in Section 4.3.3 (grey)
rather than with the black curve itself.

if the dissipative effects of plasma vessel and coil casing are taken into
account. However, the coil current signals partly exhibit unpleasantly
high noise levels, and the uncertainty in the damping factors of the
QD system requires the selection of usable channels and averaging over
these channels. The time integration of the voltage signals is sufficiently
short, such that offset drifts play no role.

6.4. Comparison between magnetic diagnostics and field coil signals for long
time scales

6.4.1. Without consideration of toroidal plasma current

Next, we compare the W, (. and CWdia signals for two entire
discharges. In neither of them a fast ramp-down of the coil currents was
initiated. Both discharges were in magnetic “standard” configuration.
The CWdia and the toroidal plasma current measured by a Rogowski
coil are shown in Fig. 19. Discharge 20230126.070 was a very short
discharge. In this discharge, the data storage of the QD system was
triggered manually around the end of the discharge, and this is the
only case where the QD voltages were recorded during the entire
length of a plasma discharge, such that offset corrections are possible
before plasma start-up and after the end of the plasma. In contrast,
20230215.032 has been one of the longest W7-X discharges so far and
serves to compare the long-term behaviour between the Wy, ; and
CWdia signals. For this discharge, no QD signals are available.

In Figs. 20 and 21, we show the same signals for discharge
20230126.070 as in Figs. 17 and 18 for the end of discharge
20221207.058, and the colour code is the same. Only the grey curve
of Fig. 17, representing the CWdia signal with the dissipative effects of
plasma vessel and coil casing, is omitted here, since it is indistinguish-
able from the black curve on the time scale of Figs. 20 and 21. Again,
we find good agreement between the Wy;, ;. and the CWdia signals.
The separate representation in Fig. 21 of the different contributions
in Egs. (17) and (18) shows how the current control of the field coil
circuits modifies the voltages of the power supplies to restore the coil
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Fig. 18. Separate representation of the voltage and current terms of Eq. (17) to
Wiia 13 and of Eq. (18) to Wy, o for the signals shown in Fig. 17: For Eq. (17), the

contributions of the current terms (ZZ:I L; I;) and of the voltage terms (— /(U ; —

R;I;)dr) are drawn in the same colour for all circuits j; they are shown to demonstrate
the range of results and noise levels. For Eq. (18), the contributions of the measured QD
voltages (voltage term) and the contributions of the changes in coil currents (current
term) are again shown for the “backup system” averaged over the type 4 or the type 5
coils. The signal of the diamagnetic loop is not shown in this figure.

currents to the set values on the time scale of ~1s (see discussion in
figure caption). The high noise level of the field coil current signals is
again visible, although a running average over 50 ms was calculated
for these figures.

For the 480 s discharge 20230215.032, we display the Wy, ¢ sig-
nals together with the CWdia signal in Fig. 22. A characteristic time
of order several 10s becomes visible in the signals derived from the
field coil currents and voltages: The toroidal plasma current can no
longer be neglected in this discharge (see Fig. 19), and we observe its
coupling to the field coils (compare the coupling constants in Table 2,
which were calculated using the DIAGNO code). Note in particular that
this coupling is not as visible in the curve of the type A coil circuit
(violet), in qualitative agreement with the predictions of the DIAGNO
code, in which the coupling is smaller and with reversed sign for the
type A planar coils. Although running averages over 1s are displayed
in this figure, we note again the different but high noise level in the
coil current signals, which is lowest for the type 4 and type 5 circuits.

In Fig. 23, we display the disintegration into the voltage and current
terms in Eq. (17) only for the type 5 and type A coil circuits, together
with the complete signals already known from Fig. 22. On this long
time scale, the deviations of the coil currents (smoothed again over 15s)
are hardly visible above the noise (cyan and orange curves), since the
deviations from their set values are adjusted to O by the coil current
control. Almost the entire information on the flux changes due to the
diamagnetic effect and due to plasma currents is contained in the
integrated voltage signals. A 10s interval around the plasma start-up
is enlarged for the type 5 coil signals in Fig. 24. Here, the quick rise
of the coil currents (cyan) on the time scale of the diamagnetic energy
(black) is clearly visible. The voltage of the power supply (light blue)
then reacts and brings the coil current back down to its set value,
with a slight overshoot. The combination of the signals (dark blue)
reproduces well the diamagnetic energy signal. The influence of the
toroidal plasma current is not yet visible in this time interval, since
it takes about 30-40s (typical L/R time for I,,, in W7-X) before I,
reaches its equilibrium level of 8-10kA (see Fig. 19).

6.4.2. With consideration of toroidal plasma current
Since the influence of I, is clearly visible in the Wy, ;. signals

for discharge 20230215.032, but a disentanglement of W, and I,
according to Egs. (11) and (12) does not yield satisfactory results (see
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Table 6

Fit parameters g, ; and hy;,; of Eq. (19) to describe the time traces of the single-loop
magnetic fluxes @,;,,,,; from Eq. (2) in discharge 20230215.032 as linear combinations
of Wy, (1) and I, (1) as measured by diamagnetic loop and Rogowski coil. The results
for all 7 coil circuits j = 1,...,7 are given. For better comparability, g, ; and hg;
are given in the same units as g; and h; obtained from the DIAGNO code in Table 2.
While the g, ; mostly agree fairly well with the g;, the differences are relatively larger
between A ; and h;. In Fig. 25 we show the time traces for four of the seven coil
circuits as examples for good and for not as good agreement.

Field coil type j
1 2 3 4 5

-10.3
+1.31

A (=6)

—-12.3
+0.21

B(=7)

-8.3
+1.03

-10.3
+1.37

-9.3
+1.48

-8.8
+1.07

-9.2
+0.80

8rit) [mVs/MJ]
hgi; [mVs/(10kA)]

Section 6.2), we now choose a different approach to quantify the impact
of I, on the field coil signals. Rather than using Eqgs. (11)-(12) to
determine Wy;, . and I, ¢ from two different field coil circuits with
the g and & coefficients obtained from DIAGNO, we shall now use the
obvious difference in the time behaviour of W, and I, visible in
Fig. 19 to express @y, ; Of EQ. (2) as linear combination of the CWdia

signal and the I,,, signal from the Rogowski coil:

fend t 7
M,s/o [(/ (Uexu—R,I,)dz'—,;ijlk(t)>
2
- (gfitj Waia® + hyyg 5 Imr(t)>] ,

where the first expression on the right hand side is offset corrected,
and the g, ; and Ay ; are fit parameters obtained by minimising M;
from the time traces of discharge 20230215.032. In Table 6 we have
tabulated the resulting fit parameters, which can be compared with
the values in Table 2 calculated from DIAGNO simulations. In Fig. 25,
a comparison between the two expressions on the right hand side of
Eq. (19) is shown for four coil circuits j. We find that the qualitative
behaviour of @y, ;(*), with transients on the time scale of several
105 after the changes of the heating power, can be well reproduced by
adding an [, (1) contribution to the Wy, (1) signal. The fitted g values
of Table 6 agree rather well with the values obtained with the DIAGNO
code of Table 2, while the deviations in the i values are larger for
a number of coil types. The time traces of the fitted curves (green in
Fig. 25) do reproduce the @y, ;(t) (black curves) well in most cases,
although there are a few deviations in detail.

One should note that the use of Eq. (2) to obtain @,y ;(*) requires
the time integration of (U, ; — R;1;), which is sensitive to offsets and
offset drifts. The particular algorithm for offset and drift correction
we used is described in the following section, which uses the drifts in
the @,y ; (1) signals before the start and after the end of the plasma
discharge (when the @},,; should be =0). The values of the gg; ; and
he; ; and the fit quality resulting from Eq. (19) sensitively depend on
the offset and drift correction algorithm used.
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6.4.3. Assessing drifts in the time integrals

All time traces presented so far, which involved the integration in
time of experimental signals, were corrected for drifts. This applies
to the CWdia signal and the I, signal from the Rogowski coil as
well as for the Wy, ;. signals. The correction is based on the fact that
without plasma @, must be 0. Regression lines to the @, (1)
signals obtained from experimental data are therefore calculated in
a time interval before the start of the plasma and in a time interval
after the end of the plasma discharge (if usable data are available in
these time intervals). Ideally, both regression lines will agree, and we
would then be confident that the same drift prevails during the entire
plasma discharge and just subtract this regression line from the calcu-
lated @;,im, signal. For a long discharge like 20230215.032, however,
usually the two regression lines will not agree, neither in their offset
nor in their slope. This is shown in Fig. 26 for the CWdia signal and for
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as measured with the diamagnetic loop and the Rogowski coil during discharges 20230126.070 and 20230215.032. For these two discharges, we shall

compare the diamagnetic energy as derived from the currents and voltages in the field coil circuits with the time traces shown here. In discharge 20230215.032, several gyrotrons

switched off successively, and the quick response of W, and slower response of I,
visible.

tor
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Fig. 20. Diamagnetic energy during discharge 20230126.070 derived from currents
and voltages of the field coil circuits, compared with the result from the compensated
diamagnetic loop (black). In this discharge, the data acquisition of the QD system
was triggered manually, and the discharge is sufficiently short such that QD system
data encompass the plasma start-up as well as the plasma end. An offset and drift
compensation for the QD signals could therefore be performed same as for the coil
circuit voltages. Like in Fig. 17, the Wy, ;. traces for the different coil types j are
only shown to demonstrate the range of results and noise levels.

five of the seven Wy, (.; signals calculated from the field coil circuit
voltages and currents. We have no information about the evolution
of the error signal to be subtracted during the plasma discharge. We
therefore assume a smooth transition between the two regression lines,
which is achieved by calculating a cubic spline between the two time
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(bootstrap current) due to the long L/R time for toroidal plasma currents in W7-X is nicely

contribution voltage current

Contribution to diamagnetic energy W, [kJ]

900 — from term  term [
4 Wiia, e3 —_ -
1 Wiia, tes> type 4 — -
400 1 Waia, tess type 5 — — [
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-1 0 1 2 3 4
time [s]

Fig. 21. Separate representation of the voltage and current terms of Egs. (17) and
(18) for the Wy, (. signals shown in Fig. 20. On this time scale of a few seconds, we
observe first the coil current terms to increase in inductive response to the reduction
of flux due to the build-up of diamagnetic energy at plasma start-up. The voltages of
the power supplies then respond (shown here in blue are the integrated voltages with
a negative sign, corresponding to the first term in Eq. (17)) to bring the coil currents
back down to the set values. This takes about 1-2 s, but then the plasma discharge is
over, the plasma energy reverts to 0, and the entire response of the coil circuits repeats
with reversed sign. The terms contributing to Wy, (.; for the different coil circuits j are
all shown in the same colours, only to demonstrate the range of results in the different
circuits.

intervals in which the regression lines are determined (green curves
in Fig. 26). These green curves were subtracted from the W, signals
to obtain the curves presented in the previous sections. We emphasise
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Fig. 22. Diamagnetic energy during discharge 20230215.032 derived from currents
and voltages of the field coil circuits, compared with the result from the compensated
diamagnetic loop.
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Fig. 23. Separate representation of the voltage and current terms of Eq. (17) for
the Wy, (; signals shown in Fig. 22 for coil circuits 5 and A. We display the total
Wiiates signal, the (ZZ=1 Ly I,) term (“current term”) and the (- [ Wy, - R;1;)dn)
term (“voltage term”) together with the CWdia signal.
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Fig. 24. Separate representation of the voltage and current terms of Eq. (17) for the
Wiia 13 Signal derived from the type 5 coil circuit during the first 10s of discharge
20230215.032. The coil current signals are smoothed here over 50 ms.
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again that the agreement between the different Wy, (. signals and the
values of the fit parameters g, ; and hy;, ; depend on this drift correction
algorithm. In particular, the hy; ; are rather sensitive to changes in the
algorithm.

Our main argument for the use of the field coils as diamagnetic
loops was the confidence that the plasma-generated magnetic flux
through their windings might be less affected by perturbing influences
like thermal expansion. At the same time, the measurements should not
be jeopardised by other offset drifts, which become visible as deviations
between the regression lines before and after the plasma interval. We
quantify this deviation by the offset of the magenta line from the orange
line at the end of the plasma (4Wj;,) and by the difference in their
slopes Ab,.q.css- These two quantities are compared between the CWdia
signal and the Wy, .3 signals in Table 7. In terms of these quantities,
we find that most of the W, 1.3 signals perform worse than the CWdia
signal. On the other hand side, considering that the electronics of the
field coil circuits were not designed for long-time integration like those
of the magnetic diagnostics, the results are promising and might be
worth further investigation, in which the specialised electronics under
use for the equilibrium magnetic diagnostics should be employed to

record U,,, ; signals or DL voltages.

7. Discussion

7.1. Voltages in the QD system during changes of the plasma-generated
magnetic flux

Unusually fast changes (decays) of plasma energy in W7-X did
trigger the QD system of the superconducting field coils, resulting in
fast ramp-downs of the coil currents and, subsequently, an interruption
of experiments for at least several hours. It was known that there is
an inductive interaction between the plasma energy and the field coils
due to the plasma diamagnetism (in the context of measurement or
correction of the diamagnetic energy [25,46-49] and also in the context
of quench detection, e.g. [13]). Nevertheless, such an effect on the
W7-X QD system was unexpected. In contrast to most superconducting
tokamaks, where the toroidal field coil windings consist of toroidally
stacked pancakes or double pancakes (see, e.g., [10,13,14,19,20]), the
W7-X field coil windings are formed by radially stacked double layers.
In addition, whereas in the QD systems of other devices the voltages
across entire toroidal field coils or across equivalent (double) pancakes
are compared (see, e.g., [10,11,13,14]), or the voltage is measured on
co-wound wires rather than on the winding itself [12], the W7-X QD
system compares voltages across different DLs of the same coil. Whereas
the directly induced voltages due to changes of the diamagnetic energy
are still quite close to each other in the different DLs, the voltages
induced due to changes of the coil currents differ by larger amounts (see
Table 4), since the inductances of adjacent DLs differ by up to 5-10%
(see Table 3).

We have qualitatively explained this effect in Section 4.1 and have
then quantitatively analysed the interaction between plasma and coil
system and calculated the expected voltages in the QD system, and we
have demonstrated that our modelling well reproduces the measured
voltage signals (see Section 4.4). The model reveals that the differences
in voltage between adjacent double layers of the field coil windings,
which are used by the QD system, depend on small differences between
large values: In the example discussed in Section 4, the voltages across
double layers of order 100-200 mV result as differences between the
externally induced voltages and the voltages induced by changes of the
coil currents, both of order 2000 mV (see Table 4), and the differences
between self and cross inductances of adjacent double layers with
the other windings of the field coil system are below 5-10% of their
absolute values (see Table 3). In particular, these differences and the
true damping of input voltages in the QD units must be precisely known
to predict the voltages deciding on the triggering of the QD system.
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with the coefficients gg;; and hy,; of Eq. (19), and with the same linear combinations with the coefficients g; and h; from the

DIAGNO simulations (see Section 4.1.2). The time traces for four of the seven coil circuits j are shown to provide examples for good and for not so good agreement.

In the present technical setup of the QD system, its internal voltages
are not accessible and are only recorded if data storage is initiated, e. g.,
if the system is triggered. With our quantitative understanding we can
now calculate the voltages in each QD unit from the diamagnetic energy
and toroidal plasma current signals measured by the magnetic diagnos-
tics (diamagnetic loop and Rogowski coil) — at least within the limits of
precision to which the system parameters can be determined. This will
be useful during operation, e. g., if we approach the trigger threshold of
the QD system in a series of discharges. Actually, unusually fast decays
of plasma energy and plasma current had also been observed in further
W7-X discharges, without triggering the QD system. We analysed a few
of these cases with our quantitative model and found that indeed in
these cases the trigger thresholds had either not been exceeded, or had
been exceeded not for a sufficiently long time interval, such that the
integrating circuits in the QDUs smoothed out the voltage peaks.

With the detailed analysis and understanding of the system it was
possible to suggest several ways to mitigate the problem in Section 5,
without discussing in detail in this article the technical effort required
to realise the different suggestions.

7.2. Field coils as magnetic diagnostics

As changes of the plasma-generated magnetic flux are reflected
in the voltage and current signals of the field coils, we investigated,
how well the diamagnetic energy and the toroidal plasma current can
be derived from the field coil signals only. Such an approach was
previously suggested and even realised in tokamaks [46,47] and in the
LHD heliotron [48]. In LHD, measurements of the currents in the helical
coil and in the various supporting steel structures were also used to
correct the diamagnetic loop signal, since no compensation coils are
available in that device. For W7-X the idea to use the superconducting
coils as magnetic diagnostics appears particularly attractive, since the
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field coils promise to be mechanically and thermally more stable in long
discharges than the pick-up coils of the magnetic diagnostics mounted
inside the plasma vessel. In addition, in contrast to the helical windings
at LHD, the W7-X field coils couple only weakly to the toroidal plasma
current density, such that a good approximation of the plasma energy
can be obtained without considering the toroidal plasma current. While
such measurements cannot compete with the time resolution of in-
vessel diagnostics, due to the shielding by plasma vessel and coil
casings, the aim would be to use the measurement of field coil volt-
ages and currents to complement the signals of the in-vessel magnetic
diagnostics for long time intervals. For a later fusion reactor, it may
be an attractive option to rely entirely on W;, measurements with the
field coils and to abandon a particular diamagnetic loop.

We explained in Section 6.2 that in the W7-X setup there are two
options to use the field coil signals. For both options, the currents in
the seven coil circuits are needed. In addition, for option 1, the voltages
applied by the power supplies to these seven coil circuits must be
measured and integrated. This is the option which could be used in
any tokamak or stellarator, as only measurements at the coil power
supplies are required. For option 2, instead, one or several voltages
across the DLs of the field coils are needed, which again must be
integrated. This requires that there exist connections to different points
of the coil winding pack and it also requires that these connection
points subdivide the winding asymmetrical either with respect to the
plasma-generated magnetic flux or with respect to the inductance of
the different sections of winding. It is therefore precisely that property
of the W7-X QD system causing its sensitivity to changes of the plasma
energy which can be utilised here.

Our analysis demonstrates that we can achieve good agreement
between the diamagnetic energies derived from the field coil signals
and the CWdia signal with both methods. We noted that the current
signals of the coil circuits exhibit quite different noise levels. We should
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Fig. 26. W,;, calculated from the compensated signal of the diamagnetic loop (a) and from 5 of the 7 field coil circuit signals (b-f) for discharge 20230215.032 before removing
offsets and offset drifts. Regression lines were calculated from an interval before plasma start (orange) and from an interval after the end of the plasma discharge (magenta). A
combined line (green) was then calculated as cubic spline, which has the same value and slope as the orange line at the end of the orange time interval and the same value and

slope as the magenta line at the beginning of the magenta time interval. This combined line was then subtracted from the signal to obtain the drift corrected curves shown in the
previous sections (Figs. 22-25). The deviations of the magenta regression lines from the orange regression lines at the beginning of the magenta time interval and the differences
in slope between the magenta and orange regression lines are listed in Table 7 for the diamagnetic loop signal and for the signals from all 7 field coil circuits.

keep in mind that we need to know the currents with a precision of
few Ampéres on a level of order 10kA. On the one hand side those
coil circuits with low noise level indicate that there is potential for
improvement in the other circuits. On the other hand side, the noise
level is not really a problem if we are considering time scales of
several seconds, since the noise can then be reduced by averaging over
several thousand samples. This is visible in the analysis of the very long
discharge 20230215.032 in Section 6.4.1.

For the integration of the voltage signals over long time intervals,
offset drifts are a notorious problem. The drifts can have various
origins, like thermovoltages in the cables between sensors and analog-
to-digital converters, thermal drifts in intermediate amplifiers etc.,
as has been discussed in detail in [25,26] for the case of the W7-X
magnetic equilibrium diagnostics. The solution to minimise the effect
of such drifts for the W7-X magnetic measurements was the design of
a specialised data acquisition system [26,45], which was, however, not
in use for the voltage signals from the field coil circuits. Such offset
drifts are indicated by differences in the regression lines taken without
plasma in intervals just before the beginning of the plasma discharge
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and just after the end of the plasma discharge. As demonstrated in
Section 6.4.3, the differences in the regression lines are indeed mostly
larger for the signals derived from the field coil circuits than for the
CWdia signal with its specialised data acquisition system.

The QD voltages (option 2 for measuring the flux changes induced in
the field coils) have so far not been regularly available and are presently
recorded only for intervals of 10s. In order to make use of them,
the voltage across one or several double layers should be measured
independently of the QDUs, preferably across DLs 1+2 of one of the
non-planar coils.

As a next step, one could record the voltage applied to one of the
field coil circuits U, ; with the specialised electronics under use for
the equilibrium magnetic diagnostics in order to find out whether the
offset drift can thus be reduced.

8. Conclusions

The induced voltages in the W7-X superconducting field coils due
to changes in the plasma-generated magnetic flux and the ensuing
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Deviations AW;, between a regression line calculated from an interval before plasma start (orange lines in Fig. 26) and a regression line
calculated from an interval after the end of the plasma discharge (magenta lines in Fig. 26) at the end of the plasma discharge and difference

in slopes Abcqress
7 field coil circuits for discharge 20230215.032.

between the orange and magenta lines for the compensated diamagnetic loop signal and the W, signals calculated from the

Diamagne- Field coil type j

tic loop 1 2 3 4 5 A(=6) B(=7)
AWy, [kJ] +37 -56 -84 +105 +222 +216 -292 +445
Ab [kJ/s] +0.23 -0.31 —-0.09 -0.41 —-0.07 +0.24 —-0.44 +0.07

regress

changes in coil currents were modelled. The results agree well with the
measured voltages in the QD system during changes in plasma energy
and toroidal plasma current. The main contribution to these voltages is
due to the difference in induced voltage between the radially stacked
double layers of the coil windings during changes of the coil currents.

During intervals with high rates of change of the plasma energy,
the QD voltages can be large enough to trigger a fast ramp-down of
the coil currents, as it was observed in two W7-X discharges, due to
sudden influx of impurities into the plasma. The same could indeed
occur at sufficiently high heating power and good energy confinement
at a sudden shutdown of the full heating power.

This behaviour is a result of the particular winding scheme of the
W7-X coils in conjunction with the particular setup of the QD system.
Several different modifications of the QD system were described which
could mitigate the problem. For the next operational phase of W7-X, the
settings of the QD system have been adapted, and the present simplified
redundancy QD system (“backup system”), which is particularly sensi-
tive to changes of plasma-generated magnetic flux, will be replaced by a
full second version of the primary system as a next step. The modelling
capability described in this paper will be used to calculate the expected
QD voltages from the signals of the diamagnetic loop and the Rogowski
coil and to assess the margin before triggering the QD system, even if
the QD voltages are not recorded.

We demonstrated that the diamagnetic energy can be derived en-
tirely from the currents and voltages in the superconducting coil cir-
cuits, in good agreement with the measurements of the diamagnetic
loop with compensation coils. This is possible in two different ways,
both using the coil currents in the 7 different superconducting coil
circuits, plus either with the voltage of one of the coil power supplies,
or with one of the voltages across a DL. In both cases, the voltage
signals need to be integrated, which represents the usual challenge
of offset drifts in long-pulse discharges. Whereas only the existing
electronics and data acquisition systems of the coil circuits have been
used to demonstrate this application, the long-term drift challenge
may be mitigated by applying the specialised data acquisition systems
developed for the W7-X equilibrium magnetics. A test with such a
system would be the next step in the use of field coils for diamagnetic
energy measurements on W7-X.
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