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Abstract

A set of 24 in-vessel saddle coils is planned for MHD control experimemsDEX Up-
grade. These coils can produce static and alternating error fieldsgpression of Edge
Localised Modes, locked mode rotation control and, together with addit@raducting
wall elements, resistive wall mode excitation and feedback stabilisationimayes. All
of these applications address critical physics issues for the operatibERf This exten-
sion is implemented in several stages, starting with two poloidally separatecdfiegght
toroidally distributed saddle coils above and below the outer midplane. Inssiaged 3,
eight midplane coils around the large vessel access ports and 12 AC ponverters are
added, respectively. Finally (stage 4), the existing passive stabilisipgRBL), a passive
conductor for vertical growth rate reduction, will be complemented by wathents that
allow helical current patterns to reduce the RWM growth rate for actimrobwithin the
accessible bandwidth. The system is capable of producing error figtlisonoidal mode
numbern = 4 for plasma edge ergodisation with core island width well below the neo-
classical tearing mode seed island width even without rotational shieldiageRfariation
between the three toroidal coil rings allows to create or avoid resonantethe plasma
safety factor profile, in order to test the importance of resonanced fdrdtippression.
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1 Introduction

Performance improvement in ITER and a fusion reactor ovpeeted parameters
obtained by extrapolation from present-day tokamaks kglly require active con-
trol of MHD instabilities. The energy loss associated withgE Localised Modes
(ELMSs) in ITER might exceed the tolerable limit @Wg v ~ 10 MJ to avoid
evaporation of C or W wall [1]. The scaling of ELM loss energynot known, but
present data suggests an unfavourable dependence ongbedéisionalityv* [2].
Techniques to avoid large ELMs are therefore being invastid for example ELM
loss reduction by injection of cryogenic pellets [3], sntallM regimes [4—6] and
stationary ELM-free regimes [7,8]. It has been observely@srin COMPASS-D
that non-axisymmetric error fields can reduce the size of E[®J. More recently,
ELM mitigation is studied in DIlI-D with more edge-locald® = 3 magnetic per-
turbations produced by a set ofx% in-vessel saddle coils [10]. Complete ELM
suppression is obtained at lawv if a helical perturbation field of sufficient strength
is applied which matches the plasma safety faqt¢resonant magnetic perturba-
tion”). In a first interpretation [11], ELM suppression idrdiuted to ergodisation
of the magnetic field in the pedestal region, causing additicadial heat transport
and, for fixed heat source, a reduction of the pressure grattiezalues below the
MHD stability limit encountered at the ELM onset. Many oparegtions remain.
In several experiments, application of a non-axisymmeeicurbation field is ac-
companied with a reduction of plasma density while the teatpee is unchanged
or even increases (e.g. [11]). The role of the resonanceofoptete ELM suppres-
sion is not clear. Because of the additional loss channel dyatallel transport
one would expect that for sub-threshold error fields the Ekddfiency is reduced,
which is not observed.

It is hence warranted to study the physics of ELM suppressiih large con-

figuration flexibility in detail in existing tokamaks. Hereewpresent an overview
of a system for MHD control with active saddle coils in ASDEX@fade. These
coils offer large configuration flexibility for ELM suppraes experiments and AC
capability for feedback-suppression of resistive wall emdRWM) and rotation
control of neoclassical tearing modes (NTM, not discussé)h Here, suitability
of the proposed coils for physics investigations is diseds$Ve focus on ELM

suppression experiments and briefly discuss the suitabilitRWM stabilisation.

The mechanical layout of the coils and design verificatioprissented in [12].
Electromagnetic modeling of the coils performance is dbedrin [13].
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Fig. 1. 3D view of active in-vessel coils

2 Design and propertiesof the saddle coil set

The proposed coil set consists of 24 saddle coils mountédkitise vacuum vessel
of ASDEX Upgrade as shown schematically in Fig. 1. The caism@aced at the
low field side and close to the plasma for fast response arfdflagibility of the
structure of the field produced. The enhancement will beiedhrout in several
stages. First, 8 upper and 8 lower coils (dubBegtoils andBl -coils, respectively)
will be installed which allow for DC and AC operation up to aduency offnax =
1.2 kHz. The coils can be operated in series with an existinglsipower supply
for ELM control experiments with toroidal mode numbers 1,n=2, orn=4, or
can be supplied by individual power supplies for more flexiield configurations.

As a second stage, it is planned to complement this set wgtht edditional coils
around midplane port#{coils). Due to space restrictions these coils cannot span
the toroidal circumference of the torus. Also, because sifictions set by the in-
stalled heating systems, there are two different typesitf with different toroidal
width, 12 and 193° wide, respectively. These coils are more distant from pas-
sive conductors (PSL and future conducting wall elementsl) axe designed for
fmax = 3 kHz for locked mode avoidance. Fok= 4, toroidally neighbouring coils
carry currents of opposite polarity. The upper and loweoittal rings can have a
90° phase shift in clock-wise or anti-clock wise direction,deay to four different
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Fig. 2. Mode numbem, n spectrum perturbation (best fit to= —3 at theq = —6 surface)

parity configurations.

In a third step, 12 independent AC power supplies are irstatach of which can
supply two coils in series. For example, toroidally opp®sibils can be connected
in series or anti-series, resulting in perturbations witte@en or all odd toroidal
mode numbers, respectively. Also, perturbations with< 3 can be toroidally
rotated with a quasi-continuous phase, analogous to thragepcurrent. This fea-
ture allows to improve diagnosis of the non-axisymmetridyrbed plasma with
the existing sightlines by varying the toroidal phase, aedde achieve quasi 2D
resolution of the existing measurements similar to measents obtained with
the TEXTOR Dynamic Ergodic Divertor [14]. Finally, the plasetweerBu and
A coils, and betweeBl andA coils can be varied independently. This allows to
switch between resonant or non-resonant conditions witbleanging the plasma
safety factoq.

Fig. 2 shows then, n mode spectrum (2D Fourier transform) of the normal vac-
uum field produced by the saddle coils for a best fit to-a—3 perturbation at the

g = —6 surface in a typical ASDEX Upgrade H-mode plasma with monous

q profile, in this case withgp ~ 1.0 anddgs = 5. Only them > 0 half plane is
shown. Modes witm < 0 and|q| > 1 are resonant in the plasmma;- 0 corresponds

to opposite helical orientation of plasma field and perttidoa The spectrum is
asymmetric inn because the best fitting field has neither odd nor even tdroida
parity. In addition to the desired = 3 mode, the finite number of toroidally dis-
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tributed saddle coils leads to spatial aliasing, thus pcodpann = 5 sideband.
The finite toroidal extent of each coil causes deviationsifeosinusoidal field vari-
ation, thereby creating highe@rharmonics. The poloidal spectrumm)is affected

by the concentration of the coils at the low field side. Apestf the desired reso-
nance am= 18, there is a stronger, parasitic, resonaneeat9 (q = 3). It should

be stressed that spectral imperfections like those destabove are unavoidable
with this type of saddle coils. For an elongated and divetd&dmak plasma a full
poloidal coverage (for a clean spectrum) is impractical because of the extremely
high multipole moments required near the top and bottomeptasma.

In a fourth stage, a conducting shell is added on the low field,sn between
the existing upper and lower passive stabilising loops (P8Blhile the PSL alone
allows for induced currents that produce a radial field taioecthe vertical growth
rate, the PSL branches and the new shell connected togdithveihalical currents.
A feedback system consisting of distributed poloidal fiedthsors and a digital
controller forn =1 RWM control are envisaged at this stage.

Finally, with optional 24 independent AC power suppliesj atid evem perturba-
tions can be made simultaneously, and the full voltage syiraximum frequency)

is available for each coil. This allows for multi-mode RWM ¢at (n=1,2,...)
and, simultaneously, high DC components for ELM suppression in a combined
high performance plasma scenario.

3 Resonant Magnetic Perturbation for ELM suppression

The objectives of investigating the effect of error fieldsEltMs in ASDEX Up-

grade are to test the role of a resonance between externbhfidh profile, study
edge transport and stability for varying degrees of edgedsgtion (which im-
plies diagnosis of the H-mode edge pedestal and ELM behgvéma investigate
different perturbation field configurations that may be ukef ITER.

The degree of ergodisation is described by the “Chirikov peter” [15], 0 =
(Wmax— Wmin)/ (Wgi, — Waour)» Which is defined here as the radial field line excursion
in terms of the minimum and maximum unperturbed poloidal,fanemalised by
the flux difference between nearest neighbor rational sesfa, = my,/n, gout =
Mout/N, Wheremy,: = My, + 1 is an integer and is the fundamental toroidal mode
number of the applied perturbation field. Ergodisation, eldfiine diffusion, is
recognised by the transition from purely oscillatory intowing radial excursion.
This is seen in puncture (Poin&plots of field lines in a poloidal plane (shrinking
islands and appearance of space-filling field lines) and bgrazero Lyapunov
exponent that describejg®) (P: toroidal angle) for an individual field line. We
find as a practical threshold for edge ergodisat@my; = 1, which corresponds to
the picture of onset of radial “overlap” of magnetic islarfthins created by the
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Fig. 3. Chirikov parametes for n = 3 andn = 4 perturbations. The coil current is adjusted
for slight ergodisationd = 1... 3) in the edge barrier regigm> 0.95

perturbation. With increasing perturbation field, ergatien sets in always at the
edge, in the strong magnetic shear region.

Fig. 3 showso as a function of normalised flux for an= 3 and am = 4 external
field. The coil current (maximum current for= 3) is chosen to obtaio ~ 3 and
turns out to be similar in both casdgd = 0.24kAxturns (kAt) max. forn = 3,
and 02 kAt for n=4). The field line excursion in cm (outboard midplane) is show
in Fig. 4. For the same pedestalthe core excursions are much smallerriot 4
than forn = 3. The island width (2 max. radial excursion) has to be compared
with a typical NTM seed island width of 1 cm. Rotational shie@glwill reduce the
perturbation field in the plasma core, but will not much dffibe ergodisation in
the edge pedestal region. The present saddle coil desmmsalip tol.qj = 5 KA,
providing a factor of 20 headroom to compensate for shigldinthe perturbation
field.

The availability of three coil subsets at different poldigasitions allows to in-
fluence the poloidalnf) spectrum of the perturbation. Figure 5 shows the poloidal
spectrum fom = 4 perturbations with two different phasings&f-, Bl - andA-
coils (indicated in the inserts) as a function of normalipetbidal flux radius\¥.
The resonantn = q(¥)/n for ASDEX Upgrade shot #17151 &= 3.85 s is over-
laid. The strong parasitic lown perturbation is visible at all radii. Depending on
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Fig. 4. Field line excursion for the cases of Fig. 3 showing thahfer4 the parasitic core
island width is smaller than far= 3.

the phasing, a resonant field component with the plagprafile is obtained (‘+/-’
phasing) or avoided (-/-’ phasing).

4 RWM control

The active coils can also be used for feedback stabilisaifaie resistive wall
mode (RWM). Since in ASDEX Upgrade the vessel wall is reldgigistant from
the plasma, is it planned to extend the PSL with copper wathehts which cover
the area between the upper and lower PSL branch. Relativgly hmles are needed
in some sectors for heating and diagnostics systems, lg&mlaanon-axisymmetric,
multiply connected wall. As a consequence, the eigenvaoessponding to a pair
of unstable RWMs are no longer degenerate. Due to the nogramigtric wall, the
wall current patterns induced by the two modes are diffedeatling to different
current decay times and hence different RWM growth rategshEumore, different
toroidal mode numbers couple, i.e. eigenmodes are no lalgeacterised by a
single toroidal mode numbex

These three-dimensional effects are treated by the fullt8bilgy codesSTARWALL
(ideal and resistive wall stability) [16,17] ar@®TI M(stability of closed loop sys-
tem, optimisation of feedback gains) [18]. The proposetisaiiand the finite ele-
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Fig. 5. Poloidal mode spectrum as a function of radius fornas 4 perturbation,
pl us- m nus phasing (top) anah nus- m nus phasing (bottom). The black line denotes
theq profile of AUG discharge 17151 at= 3.85 s.

ment wall model shown in Fig. 6 are used to assess the e#eetss of the active
coils and conducting wall for RWM stabilisation in ASDEX Upgle [19]. Proto-
typical for the application in a stationary high-performarH-mode scenario lim-
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Fig. 6. Finite element model of the conducting wall, including the existing pass$abilis-
ing loop.

ited by the RWM, a shaped equilibrium with broad pressure ler¢& B >v=
2.5%, By = 2.62) and broad, non-monotonoasprofile (g = 3.3, gmin > 2 at
Pior = 0.8) is assumed [17]. For this situation, stability calcdas withn=1...2
and a large range @ show that several eigenmodes are simultaneously unstable
[19]. The normalised growth rate= yupod (y: growth rateo: wall conductivity,

d: wall thickness) is found to b® = 7.7 m™1, 7.5 m~! (n = 1 dominated modes),
6.24 m 1 and 588 m ! (n = 2 dominated modes). In comparison, 2D stability cal-
culations withCASTOR, assuming an axisymmetric contiguous wall, yield a much
lower growth rateh = 1.54 m ! (n= 1) and\ = 1.67 m~! (n = 2). With a copper
wall of 5 mm thickness, the corresponding growth rates at&deny = 156 s1
andy = 205 s™1. The closed loop calculation wittPTI M using eight toroidally
distributed poloidal field sensors to resolve the unstabed modes, confirms that
with feedback on, all eigenmodes are stabilised. The @eegnetic simulations
[13] show that at frequencies below 700 Hz the phase lag legtweil current and
produced magnetic field at the plasma surface is 25 degrelessyrwhich (de-
pending on the remaining elements of the control loop) ghalibw to design the
control loop with sufficient phase margin. Further work isated to include a more
detailed model (transfer function) of the sensors, therotlet, power supplies, and
power cables in the stability assessment.
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5 Summary and Conclusion

The proposed set of 3 8 in-vessel saddle coils allows flexible perturbation field
configurations. For ELM control experiments= 4 resonant magnetic perturba-
tions can be produced (and compared to loweerturbations) that can show the
advantages of high for core island avoidance even for cases with low plasma ro-
tation. Three poloidally distributed toroidal sets of salan produce four different
phasings fon = 4, resonant at differemy, which allows to test the importance of a
resonance for complete ELM suppression. firer3, the spatial phase can be varied
guasi-continuously. This can be used to rotate toroidakyperturbation field with
respect to the sightlines of the edge diagnostics. In addithe toroidal phase can
be “detuned” from a resonance, which radially shifts andfoadens the ergodised
layers. These studies will allow to prepare operation ofilaintoils (internal or
external) or ferritic inserts for ELM suppression in ITER.g&bher with a con-
ducting shell and suitable feedback system, the propogaa: aoils can stabilise
the RWM well above the no-wall limit, a further step in pregama of advanced
scenarios towards steady-state operation.
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