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Abstract. In advanced tokamak operation the ultimate paréorce limit is set by resistive wall modes (RWMs).
A damping term arising from relative rotation beémethe plasma and mode determines the stabilitthef
RWM and cross machine experiments, between DIllfidl dET, aimed at determining this damping are
reported. Comparisons of the amplification factofsapplied resonant fields show good agreementdssi
JET, DIII-D and calculations with the MARS-F codsing a kinetic damping model. A second comparison
usingn=1 magnetic braking to determine the critical véipat which RWMs are destabilised is also presénte
The interpretation of this result is discussed igwof the fact that the applied fields may be pigya role in
driving the observed mode. The results can howbeeinterpreted as providing a threshold for appéeror
fields to destabilise RWMs and illustrate the impace of error field correction at highin ITER.

1. Introduction

The ultimate performance limit is set by resistive walbdes (RWMs) [1] in advanced
tokamak operating scenarios, such as those foreseen for ITER and compatiliie si¢fady-
state operation of a power plant. The RWM is a kink mode whoseitstabilrelated to
damping arising from relative rotation between the fast rgfaplasma and the slowly
rotating wall mode. Plasma rotation, and the ensuing RWM dampingassive stabilising
mechanism making it an attractive route for RWM control. thiss important to understand
how plasma rotational stabilisation of the RWM will scale tBRTand future power plants.
The nature of this stabilisation is still under study and sewveodkls have been studied, e.g.
an empirical sound wave damping model [1] and a ‘kinetic’ model [2Ehvhias no free
fitting parameters. A range of other damping models and mechanisves a0 been
proposed, e.g. [3,4,5]. Cross machine scaling studies [6] represeat avgy of testing the
various theories on RWM damping — in this paper such cross machiik stWidies between
JET and DIII-D are presented. An excellent way of probing RWthbility has been to
examine the plasma response to externally applied resonant [fleR]s As the Slimit
without the stabilising influence of surrounding wallg(fo-wall)) is exceeded, strong
Resonant Field Amplification (RFA), which depends on the plasmaidgmpccurs. Cross
machine studies of RFA are discussed below. A second way of piRi#hg stability is to
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compare the critical rotation velocity below whichra#l RWM is destabilised, and studies
comparing JET and DIII-D results on this issue are also disdusslow; these studies used
magnetic braking to slow the plasma and the implications of this will be examined.

2. Experimental setup

The JET/DIII-D RWM studies are based on plasmas with claseliched boundary shape,
and reasonably matched safety factqy é&nd pressure profiles. In terms of internal
inductancey;, defined as<B§>/<Bp>2, it is found that the no-walimit is B ~2.&; in both
JET and DIII-D, though higher edge current in DIII-D contributes lower underlying;.
The main parameters typical of these experiments are summarisederiTabl

Table 1 Comparison of typical parameters in DIlI-D and JET for joint RWM experiments.
The wall time is the decay time for an m=1 field.

DIII-D JET
Major Radius (m) 1.69 2.96
Toroidal Field B1(T) 1.8-2.1 0.8-14
Elongation 1.7 1.7
Wall Time(ms) 7.0 6.3
Internal inductance (£) 0.7 0.95
Ideal MHD no wall Sy limit 2.0 (2.86) 2.7 (2.86)
Ideal MHD ideal wall £y limit 3.0 3.6
Central electron temperature T..(keV) 3.1 4.0
Central electron density n.,(10"/m’) 6.3 2.7
Alfvén time (us) 0.5 0.85
Sound time(us) 2.8 4.8

In the RWM experiments described here, non-axisymmetric (dotyna=1) fields are
applied using the C-coils in DIII-D and the error field correctioogs (EFCCs) in JET (see
Fig 1). The resulting RWM behaviour is measured using raieial detectors mounted just
outside the vessel (Fig 1).
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Fig 1 Comparison of JET (red lines)
and DIII-D (blue lines) plasmas,
vessel geometry and non-
axisymmetric coils used in cross
machine RWM experiments
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3. Resonant Field Amplification

In the RFA experiments the plasma response of rotationallylistabplasmas as a function
of S, to applied non-axisymmetric fields, has been compared betweeandHEDllI-D (Fig 2).

It can be seen from Fig 1 that there are significant gearrdéfferences between exciting and
measuring coils, in JET and DIII-D. To correct for this therease of the externally applied
field from the sensor to the plasma and the decrease of the plespoase from the plasma
to the sensor need to be taken into account. Defining the RFA agtithefrthe amplitude of
the plasma responsB,{'*) to the amplitude of the applied radial fieBF), in a cylindrical
approximation the ratio of the RFA at the plasma boundagy) (and the RFA measured with
a SeNsOITE I sep) IS,

BP®(r=a)/B™(r=a) _(r.\"
B (r = 1) IBP(r =1y)) (?j
wherem is the poloidal mode number. Assuming an effectiveojgial mode number afi=2,

the RFA at the DIII-D plasma boundary is 3.5 timaser than at the DIII-D sensors,
whereas the RFA at the JET boundary is 8.25 timegef than at the JET sensors. The data
in Fig 2 have this correction applied so that tHeARat the plasma boundary are being
compared. Also in Fig 2 the measured radial fi@d#90°) at the node of applied field is
used (so that in the absence of a plasma the neeH3w0), meaning the RFA is defined as,
RFA=|B/(¢=90° | /| B:(¢=0) | .

Fig 2 RFA versus g£=(G\- Au(no wall))

1( Su(with wall) —SBy(no wall)). Geometric

differences between the JET and DIII-D coil

system are accounted for, as explained in

the text. Here the broken dash-dot lines are

[ — calculations using the kinetic damping

model in the MARS-F MHD stability code

[9]. The solid lines are the sound wave

. model with strong dampingq(=1.5) and

the dotted line is weak damping

. (kj=0.1). The red lines are based on a

DIII-D equilibrium and the blue lines on a

. ° JET equilibrium (for clarity the weak kinetic
o damping model is not shown for DIII-D -

the agreement is equally as bad as for the
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From Fig 2, it can be seen that there is reasoragreement on the RFA between JET and
DIII-D, once the geometrical differences are taketo account; though the approximate
nature of the geometric correction applied anced#ifices in the applied spectrum of fields in
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JET and DIII-D should be kept in mind. The scatiethe data in Fig 2 is in part be due to the
accuracy with which the stability of each dischaigeetermined(; values). The absolute
rotation velocities in DIII-D are higher, but wheoaled to the Alfvén time{(JET)/ta(DIII-
D)~1.6) agree reasonably with those in JEG=&. Thus given the similarity of the equilibria
in JET and DIII-D, the results are consistent wadimping which depends on the plasma
velocity nearg=2 normalised taa. Also shown in Fig 2 is a comparison with MARS-F
stability code [9] predictions using the kineticngang and sound wave damping models.
The kinetic damping model [2] which is based orftdinetic theory predicts the damping
arising from forces acting on displacements perpetalr to the magnetic field; it is
important to note that this kinetic model has reeffitting parameters. A more ad-hoc sound
wave damping model is also implemented in MARS-& simown in Fig 2. In this model the
force that damps th@n,n) Fourier component of the perturbed toroidal motwéihe plasma

is represented as a parallel viscosity tefgmg -4j LK vin,iUov). Here k= (m/q- n)/Ris the
parallel wave numbex,; is the ion thermal velocityy is the mass density, the perturbed
parallel velocity of the plasma ang}, is a constant whose value may be empirically
determined by fitting to experimental results. akidition to these explicit damping models
MARS-F also implicitly includes continuum Alfvén aing. It can be seen that the kinetic
model and strong sound wave dampirg=(.5) models are in reasonable agreement with the
RFA data in Fig 2. A possible way of discrimingtinetween the kinetic damping and strong
sound wave damping model is discussed in Section 5.

4. Critical Velocity

The critical velocity below which the RWM is desi@ed Qi) has also been compared
between JET and DIII-D. In these experiments tmidantlyn=1 applied non-axisymmetric
field amplitude is gradually increased, which biakiee plasma and allows an RWM to be
destabilised i{8>5o-wan [10]. 1t is found thaQi(g=2) normalised byt, is approximately
the same in JET and DIII-D (filled symbols in Fiyy 3At the magnetic axiga Qi differs
significantly between JET and DIII-D (Fig 3) — thsuggesting the damping occurs in the
vicinity of g=2 (wheretheta Qcit Values are in approximate agreement). Also shiovig

3 are the predictions of thg Qi values from the MARS-F code using the kinetic dengp
model for the range o€z encompassed by the experimental data. As with RR&
comparison it can be seen that the kinetic modedggreasonable agreement with the data
showingta Qir~0.5% aig=2.
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In the above, the critical velocity is determineg twaking the plasma using externally
applied fields. At lowg, application of externally applied fields (e.g. lwian m=2, n=1
component) is known to drive locked modes in otheswstable plasmas [11,12] and the
guestion arises whether the modes observed herat deast in part driven by the applied
error field? This issue is further highlighted tcent DIII-D experiments using balanced
beams which show values for the RWM critical velp@ubstantially below those in the
magnetic braking experiments [13]. Comparison efdglowth of the mode destabilised by the
application of external fields at lo@(Ohmic pulses) and in the ‘RWM’ magnetic braking
experiments does show growth rates at least arfatt® lower in the lowg pulses, and that
the growth times of the ‘RWM’ pulses can approabimg (i.e. a few wall times), though this
still somewhat slower than in DIII-D [6] (which hassimilar wall time). Further, comparison
of the poloidal structure of the mode that is daiseed at highg (above the no-wal-limit)
does show moderately good agreement with the gesdRWM mode structure from MARS-
F (Fig 4).
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Fig 4 (a) Mode structure of the normal field at the JET vacuessetl computed with the MARS-F

code for an equilibrium similar to JET pulse 62646. Héiis the poloidal angle starting af @n the
outboard mid-plane and increasing anti-clockwise, ami the toroidal angle (b) Comparison of
measured odd-n radial field (red diamonds) shortly after magnetidrigadestabilises a mode with
the calculated variation from MARS-F taken at 2 toroidal angles semhtat®0 (as indicated by the
broken lines in (a)). The broken lines in (b) are the MARS-F teesaking account of the finite
toroidal and poloidal extent of the sensor coils.
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Thus it appears likely that the mode that is ultehadestabilised by the magnetic braking is
an RWM, but this does not prove that the criticalloeity measured using this technique is
representative of the critical velocity for RWM tislisation in the absence of applied error
fields. An alternate interpretation of the datahat it represents the threshold for applied
error fields to cause sufficient magnetic brakihgttan RWM is ultimately destabilised.
Figure 5 shows the applied radial magnetic field=& (B, 1) that causes RWM onset in JET
and DIII-D, as a function os. It can be seen that the threshold error fielcreses sharply
with Cz and previous studies have shown below the no4waill (Csz <0) that the threshold
increases sharply [10]. This data is importanteirms of establishing the requirement for
error field correction at hig and in fact indicates approximately the same ctioe
requirements as at loy§-where an error field threshold Bf /Br~10* is found [14].

3.2
° O DIII-D RWM onset
3.0r ® JET RWM onset Fig 5 Threshold in applied
28l O ¢ JET no RWM error field (B;;) normalised to
' g O toroidal field to induce RWM
26l . onset in JET and DIII-D. Also
2 H shown for JET are 2 pulses
2 24t where partial but not total
o - magnetic braking occurs (so
& 27 RWM is not formed) — these
= are thought to be just below t
2.0 * marginal threshold.
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5. Conclusions and Discussion

The n=1 RFA experiments provide a test of RWM dampingdaie® — comparisons indicate
the kinetic damping model or strong sound wave daghpre in reasonable agreement with
the data. Experiments are planned on JET usi#®yapplied field, where calculations with
the MARS-F code indicate a better discriminatiorihe damping models should be possible,
as shown in Fig 6. From this figure it can be st forn=1 the kinetic damping and strong
sound wave damping models are quantitatively smf{da found before [10]), whereas for
n=2 the weak sound wave damping model is quantéhticlose to the predictions of the
kinetic damping model. Thus study of the RFA fotho=1 andn=2 allows determination of
which of the 3 models fits the data most satisfidgto
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Fig 6 Comparison of RFA versus plasma rotation normalised to its critical ¥@ue=1 and 2, at
fixed G=0.5 for a JET-like equilibria. Results are presented for the kinetic dampiDy é¢d the
strong (j =1.5) and weak£j; =0.1) sound wave damping (SD) models implemented in MARS-F.

Magnetic braking experiments indicate a criticaloegy for RWM destabilisation of
A Q~0.5% nearg~2, and also seem to be in reasonable agreememtcafitulations with
MARS-F using the kinetic damping model. Howevesilikely the applied field plays a role
in destabilising the mode and in the light of thise data are interpreted as providing a
threshold for error fields to drive locked mode @bdhe no-wallF-limit. The data show an
applied error field 0B, /Br~2x10* in JET and DIII-D is sufficient to drive a lockedode,
when G> Au(no-wall), resulting in magnetic braking and likdRyWM destabilisation. These
results illustrate the importance of the proposEeR error field correction system for high-
operation and give an initial indication that ibslkd provide adequate correction.

The RFA experiments do indicate that the kinetimpimg model implemented in MARS-F
[2,9] is in reasonable agreement with experimeat,tbis in a regime of significant rotation
between the plasma and mode where this theory woeléxpected to apply. At lower
relative rotation, such as expected in ITER, othepries (e.g [15]) may be more applicable
and further studies are required.
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