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Abstract. The present paper analyses possibilities of constructing coils systems in ITER and JET that are 
able to produce Resonant Magnetic Perturbation (RMP) spectra and edge ergodisation similar to the realistic 
experimental case of the total Type I ELMs suppression at high confinement in DIII-D. Due to the strong 
technical restrictions for the in-vessel implantation both in JET and ITER, external coil designs were considered 
initially. However, the large distance from the coils to plasma edge and rapid decay of the magnetic 
perturbation require much larger currents in ITER (~600kA) and JET (~400kA) compared to DIII-D (~3kA) for 
typical H-mode scenarios at q95~ 3 and toroidal symmetry n=3. Moreover, the coils currents and central 
perturbations are almost prohibitively large for higher q95>4 scenarios. In-vessel coils closer to the plasma 
mounted on the blanket modules can be optimized for all ITER reference scenarios (q95=3 ÷ 5) at ~25kA.  
The non-linear MHD modelling of the self-consistent plasma response demonstrated plasma density transport 
due to BE

GG
× drift generated in the presence of RMPs. The estimations of the screening of RMPs due to 

toroidal plasma rotation showed a strong decrease of the perturbation amplitude in the plasma centre in DIII-D, 
JET and ITER, but relatively weak effect in pedestal region depending on the plasma parameters.  

 
1.Introduction.  
 
The reduction of the heat and particles loads on the Plasma Facing Components (PFCs) due 
to Type I Edge Localized Modes (ELMs) remains a significant research problem for the 
international tokamak program [1]. Among the possible approaches of ELM control is the 
idea to use of external perturbing coils to ergodise the edge magnetic field [2,3]. The “radial” 
magnetic field component, i.e. the perpendicular to the equilibrium magnetic surface, plays 
the most essential role in the generation of magnetic islands on the rational surfaces q=m/n. 
Here m,n are respectively poloidal and toroidal numbers of the radial magnetic perturbation 
harmonic’s amplitude in flux coordinates [4]. The overlapping of neighboring islands chains 
is commonly quantified by the Chirikov parameter [4-5], i.e. the ratio of radial islands widths 
to the radial distance between successive islands chains. For values of the Chirikov 
parameter >1, the chaotic behavior leading to the effective field lines diffusion (as they travel 
around the torus) occurs [4]. In this so-called stochastic (or ergodic) region usually an 
increase of thermal and particle losses is observed [5-6]. The idea to use edge ergodisation 
for ELMs control [2-3] is based on increasing the edge transport trough the External 
Transport Barrier (ETB) enough to prevent the pressure gradient from reaching the critical 
value that triggers ideal MHD instabilities responsible for Type I ELMs [7], thereby 
suppressing   them, while at the same time minimizing a loss of   plasma   confinement.  The  
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ergodisation in H-mode plasmas can be rather efficient since in the region of ETB the 
turbulent transport is already reduced to the small neoclassical value (~0.1m2/s) and hence 
even a small increase of the edge transport by a weak ergodisation could be enough for Type 
I ELMs suppression. A second advantage of the H-mode operation is the strong edge 
magnetic shear in X-point configurations that eases the overlapping of the islands at the edge 
since the resonant surfaces are very close to each other. Since the shear decreases very 
rapidly when one goes towards the plasma center, the islands overlapping gets much less 
probable in the core. A Resonant Magnetic Perturbation (RMP) generated by I-coils in DIII-
D experiments has been proven to be able to suppress the Type I ELMs reliably without 
significant degradation of plasma confinement [3,8,9-10]. The suppression of Type I ELMs 
has been obtained in a wide range of plasma configurations and parameters, proving the 
robustness of these results. The most surprising effect of RMPs in the case of total ELMs 
suppression at low pedestal collisionality was an increased particle transport manifested in 
the decrease in the pedestal density, while the electron temperature remained the same and 
the ion temperature even increases [9,10]. The total pressure gradient decreases gradually 
with increase in the I-coils current. The MHD stability analysis [10] showed that the pressure 
gradient and edge current density with RMPs  remain within a domain where plasma is stable 
for the peeling-ballooning modes. From the quasi-linear theory [4-5] for heat and particle 
diffusion it is difficult to explain DIII-D experimental results. In particular the mechanism of 
the increased heat transport in the ergodic zone [5], is the appearance of a radial component 
of the heat flux parallel to the field lines which produces a net radial heat transport with 
effective heat conductivity in low collisionality plasmas:  Te

erg Te FLv Dχ ≈  , where 
2

,
( )FL mn

resonant m n
D Rq bπ δ∑∼ -is a coefficient of magnetic line diffusion [5]. According to this 

the predicted heat diffusion coefficient in DIII-D experiments would be unrealistically large 
for the pedestal region: ~10m2/s [14]. On the other hand the particle transport in ergodic 
region (however without drift effects) was predicted to be less efficient because of the 
obvious ratio between electron and ion thermal velocity Ti Tev v<< . However the possibility 

of large induced convective particle transport in ergodic zone due to the electric BE
GG

×  drift 
was already mentioned in [5]. The present paper summarises the RMPs coils design work 
that has been done for JET and ITER with the aim to reproduce the level of pedestal 
ergodisation similar to the DIII-D experimental case. In this modelling the RMPs spectrum 
was estimated for vacuum fields without plasma effects. On the other hand some essential 
features of self-consistent plasma response on RMPs are also discussed. In particular the 
induced plasma density convective BE

GG
× drift transport was modeled for DIII-D using a non-

linear MHD code JOREK [11]. The possible screening of RMPs in DIII-D, JET and ITER 
due to the toroidal plasma rotation [13,14] is estimated using both analytical and numerical 
results from JOREK code.  
 
2. RMP spectrum modelling.  
 
The main numerical tools developed to model RMPs spectrums for different machines were 
presented in [12,15,16]. In this section we give a short summary of the methods. The RMPs 
coils are represented schematically by zero-thickness wires in 3D space. Assuming the 
plasma magnetic response to be very small, the perturbation magnetic field is calculated as if 
in vacuum using Biot and Savart formula in cylindrical coordinates (R,φ,Z). A poloidal 
spectrum of the radial magnetic perturbation is calculated in the intrinsic flux coordinates:  
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( )φθ ,,s .  Here [ ]1,0∈= ψs  is a normalized radial coordinate, ψ  is the normalised poloidal 
magnetic flux, φ  is the toroidal angle and the poloidal angleθ  is defined such that 

)(ψ
θ
φ q

d
d

−= -a safety factor. The magnetic equilibrium is calculated using the HELENA 

code [17]. The perpendicular to the magnetic surface (“radial”) component can be 
represented as (1) ( , )eqB B s≈ ∇

G G
, where φψφ ∇+∇×∇=

GGGG
FBeq  and φψ RBF =)(  is the 

product of the major radius R and the toroidal magnetic field Bφ. Notice, that in the 
equilibrium case without RMPs Beq

(1)=0. In order to obtain a physical normalized radial 
component one should use the formula: ( ) 11( , ) /( )ph

eq eqb B s B g= ∇
G G

, where ),(11 ssg ∇∇≡
GG

. 
The radial component can be presented as a sum over poloidal and toroidal 

harmonics: (1) (1) ( )( , , ) ( ) i m n
mn

n m
B s B s e θ φθ φ

∞ ∞
+

=−∞ =−∞

= ∑ ∑ . To estimate the island size and the degree of 

overlapping of the edge islands and hence the edge ergodisation, Poincaré plots were 
obtained by integrating the field-line equations [16]. However for a quantitative and more 
rapid estimation of the level of ergodicity the cylindrical approximation for island width and 
Chirikov parameter has proven to be rather efficient since its results are very close to direct 
field-lines integration [16]. Introducing the effective radial coordinate r=as (where a is the 
minor radius) as a mark for the magnetic surfaces, defining the effective radial coordinate 
vector as: 11/re s g θ= ∇ < >

GK  and using the procedure of field lines integration near resonant 
surface similar to [18] one obtains the expression for the magnetic island half-width: 

1
2

2
, 04 /( )r

m n res
dqR aq b m
ds

δ  ≈  
 

, and the distance between the neighbouring surfaces as: 

, 1 /( )m m
dqa n
ds+∆ ≈ . The Chirikov parameter , 1, , 1( )/Chir mn m n mmσ δ δ + += + ∆  is a characteristic of the  

degree of overlapping for 
islands. Here the 
amplitude of the effective 
radial perturbation 
normalised to the 
magnetic field on the axis 
is calculated as : 

1 11
02 /( )r

res mnb B B g θ< >∼  

Note that at fixed r
resb  and 

Fig.1. Structure of radial 
magnetic perturbation in DIII-
D. Positions of  upper and lower 
I-coils are indicated by red 
lines. 

Fig.2. Normalized poloidal 
spectrum for DIII-D I-coils (even 
parity) versus radial coordinate 
and poloidal number  for shot 
DIII-D #115467, q95=3.6. 
Resonant surfaces q=m/3 are 
marked by stars. 

for a given q profile, Chirσ  

scales as ( )
1 1

2 2
0 / ~R a a ε −  

Since ε  changes little 
between DIII-D , JET and 
ITER , it is equivalent to 

compare the RMPs strengths between different machines both in terms of Chirikov 
parameter or in terms of normalized radial magnetic perturbation, provided the q profiles and 
toroidal n symmetry are similar. Thereby the level of radial magnetic perturbation in DIII-D 

4( ) ~ 2.5 10r
resb r a −= ⋅ obtained from perturbation spectrum modelling for DIII-D experiments 
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[16] was taken as a reference for future design modelling for other machines. A poloidal 
structure (Fig.1) and a poloidal spectrum (Fig.2) of RMPs in the DIII-D experimental case, 
with I-coils in even parity used as a reference, are presented. The aim of  the design work for 
ITER and JET is to propose the coils system and phasing between coils in a way that edge 
resonant surfaces q=-m/n (signs of m and n are conventional, but opposite since q>0) are 
situated near the maximum of the spectrum  which is the case on Fig.2 for DIII-D. However, 
notice that the RMPs spectrum is   specific for each equilibrium and in particular q-profile 
through the pitch angles of the field lines as they pass in front of the RMP coils. 
 
3. Modelling of external RMP coils for ITER and JET. 
 
 Because of the rapid decrease of the magnetic perturbation with the distance from the coils 
the RMP coils should be as close as possible to plasma. At the same time the RMP coils 
should have the possibility of adaptation to different equilibria and q-profiles by phasing 
between coils in order to generate an optimal spectrum. However, due to the strong technical 
restrictions for the in-vessel implantation both in JET and ITER, external coil designs were 
considered initially as the more feasible option. One of the proposed designs for ITER (6 
upper and 6 lower coils) and JET (18 upper and 18 lower coils) are presented in Fig.3-4. 
After studies of the available space in both machines the realistic geometrical parameters are 
taken into account in these designs compared to the initial work [16]. The n=3 toroidal 
symmetry  was  taken for  both  designs  [12,16].   The  structure  of the radial magnetic  

 
Fig.3 External RMP coils for ITER. Fig.4 External RMP coils for JET. 

 

 
Fig.5. Structure of radial magnetic 
perturbation in ITER for external 
coils. 

Fig.6.Poloidal spectrum for 
external coils in ITER. 
Position of rational surfaces 
for ITER scenarios [19]: H-
mode :q95~3(‘o’) ,Hybrid 
q95~4(‘◊’), ITB: q95~5.3(‘+’) 

Fig.7.Poloidal spectrum for 
external coils in JET. Position 
of rational surfaces for 
different q profiles: H-mode 
:q95~3(‘o’),Hybrid q95~4(‘◊), 
ITB: q95~5.3(‘+’). 
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perturbation generated by external coils is similar for JET, ITER (Fig.5) and DIII-D (Fig.1). 
However, because of the larger distance from the RMP coils the amplitude of the high m 
harmonics decreases drastically for corresponding spectra for ITER and JET (Fig.6,7). From 
the position of the rational surfaces on the spectra in q scans one can see that RMPs coils can 
be reasonably used only in H-mode scenarios [19] with q95~3 (=mres/3). Higher q95=4-5 
scenarios are far from the maximum of the resonant harmonics amplitude of the poloidal 
spectrum both for ITER and JET. The estimations of the averaged radial perturbation 
(Fig.8,9) and Chirikov parameter (Fig.10) are presented for JET and ITER in comparison 
with the DIII-D experimental ELMs suppression case at Icoil=3kA. Notice that here B0=5.3T 
for ITER, B0=2.7T for JET and 1.6T for DIII-D. One needs ~400kA in JET and ~600kA in 
ITER for these designs for q95~3 scenarios to reach the same level of edge ergodisation. 

 
Fig.8. Normalised to the 
equilibrium field (B0=5.3T) 
radial magnetic perturbation 
generated by ITER external 
coils at 600kA compared to 
DIII-D reference case 
(q95=3.6,B0=1.6T,Icoil=3kA) 

Fig.9. Normalised to the 
equilibrium field (B0=2.7T) 
radial magnetic perturbation 
generated by JET external coils 
at 400kA compared to DIII-D 
reference case. 

Fig.10.Radial profile of 
Chirikov parameter for H-mode 
scenarios at q95~3 for external 
RMP coils in ITER at 600kA, in 
JET at 400A compared to DIII-
D reference case (I-coils at 
3kA,even parity). 

 
4. In-vessel coils for ITER. 
 
We are conscious that in-vessel coils in ITER represent much more technological difficulties 
in terms of accessibility, cooling, electric connections and insulation of such coils in a 
reactor environment compared to external coils. However, for in-vessel coils mounted on  

Fig.11. ITER blanket coils. 
Signs(+ and -) indicate 
possibility of different 
current  phasing.   

Fig.12. n=3 harmonic amplitude of the 
radial magnetic perturbation 
generated by ITER blanket coils  with 
poloidal  phasing ‘++++’(a) and ‘+--
+’(b) 

Fig.13.Averaged resonant 
harmonics amplitude 
profiles for blanket coils at 
25kA/11 turns for ITER 

blanket modules (Fig.11) the current can be significantly reduced. Moreover the possible 
different  phasing between  modules (i.e. RMP coils)  gives a large possibility to adapt a  
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spectrum to different scenarios. Since each module represent ~10° in toroidal direction, to 
produce n=3 symmetry one can use 6 upper and 6 lower ‘global’ coils formed by (5 up +5 
down) modules separated toroidally by one module. In the modelling a single coil is 
represented by 11 turns of wires around each module starting from 6cm from the surface 
facing plasma and dispatched over a width 27 cm towards the wall. The poloidal structure of 
the magnetic perturbation at different poloidal phasing between coils is presented in Fig.12. 
The radial perturbation can now be adapted to all ITER reference scenarios (Fig.13): ‘++++’ 
phasing in poloidal direction (see Fig.11) can be used for H-mode (q95=3.12) and Hybrid 
(q95=4.12) scenarios and ‘+--+’ is optimum for ITB scenario (q95=5.33). 
 
5. Non-linear MHD modelling of plasma response on RMPs. 
 
In the modelling results described above, the magnetic perturbation is computed in vacuum, 
neglecting the magnetic plasma response, which could be important. The non-linear MHD 
modelling in X-point geometry were performed with the code JOREK [11] for RMPs 
generated by the I-coils in DIII-D (Fig.14). Self-consistent evolution of magnetic flux, 
vorticity, density and currents generated in plasma were taken into account. Convective 
plasma density transport due to the BE

GG
×  drift generated in the presence of RMPs was  

 
 

 
Fig.14. Poloidal magnetic 
flux perturbation 
(harmonic n=3) due to I- 
coils in DIII-D (#122336, 
Icoil=4kA) calculated by 
code JOREK.  

Fig.15. Density map for DIII-D 
(#122336, Icoil=4kA ) after t=104τA.  
Convective cells transport particles 
to the SOL. Contours represent 
constant electric potential . 

Fig.16.Poincare plots done by 
code JOREK for DIII-D 
(#122336, Icoil=4kA) without 
plasma rotation (upper plot) and 
with plasma rotation  frequency 
f=2.710-3 τA

-1   (down plot). 
 
observed in modelling (Fig.15). In present simulations the initial flat density profile relaxes 
mainly due to the convection. Here the characteristic time for convective cells formation is 
~102τA. In present modelling we were interested mainly in description of the convective 
mechanism of fast density transport through the separatrix, hence particle sources and 
parallel losses in SOL were not taken into account. Also particle diffusion is much slower 
process (τdiff ~2.105τA). This convective loss can be a candidate to explain density decrease 
with RMPs in DIII-D [9,10]. However, the convective cells width decreases with decrease of 
plasma resistivity in the present modelling, hence the efficiency of this mechanism at low 
collisionality needs more investigations. The RMPs can be amplified by plasma if the edge 
current density is close to the MHD stability limit for external kink/tearing modes. This 
effect is in particular more important for a large bootstrap current fraction. On the other hand 
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the RMPs can be screened by plasma rotation [13,14]. The toroidally rotating boundary 
condition for magnetic flux perturbation 3 sin( ( 2 ))n n f tδψ ψ ϕ π== + ⋅ was applied to mimic 
this effect in the JOREK code since the toroidal momentum is not treated self-consistently in 
the present version. The Poincare plots with and without plasma rotation are presented on 
Fig.16. Here f =2.710-3 τA

-1 is the plasma toroidal rotation frequency which is considered 
constant. One can see that island size is significantly reduced especially towards the plasma 
centre. 
 
6.Analytical estimations of the effect of plasma rotation on RMPs in ITER, JET and 
DIII-D.  
 
It was shown in the papers [13,14] that if visco-resistive linear layer theory is applicable, the 
radial component of the vacuum magnetic field in cylindrical approximation on the 
resonance surface q=-m/n is shielded by plasma rotation: 

,
,, ,

, ,21 ( / 2 )

r vac
m nr pl r vac

m n fac m n
L

B
B S B

mτ
= =

+ Ω
. Here   Ω=2π n f is local toroidal rotation frequency for 

the mode n, τL is the visco-resistive layer time: 2 2 / 3 2 / 3 1/ 32( 1 2 ) /L A vq ητ τ τ τ= + , 

/ 1 /( )A AR V n Shτ = ⋅ ⋅  is the  Alfvén time, / ( / )Sh r q dq dr=  is the local magnetic shear, 
2

0 /rητ µ η=  is the resistive time , r=aψ 
½ is an equivalent radius of the resonant magnetic 

surface in cylindrical approximation, η  is the parallel plasma resistivity, 2 /v rτ ρ µ=  the 
viscous time (here we take µ/ρ∼1m2/s). Typical H-mode plasma parameters are used for the 
estimations in ITER[19], JET [20] and DIII-D[10] are presented in Fig.17.  

Fig.17. Plasma parameters used for the estimations of screening  
factor in (a)-ITER, (b)-JET,(c)-DIII-D. 

Fig.18. Screening factor Sfac 
for parameters of Fig.17. 

 
The corresponding screening factor Sfac is presented on Fig.18. One can see that the 
screening due to the rotation is most efficient towards plasma centre for all machines 
(however smaller for ITER because of the slower rotation).  The shielding is much smaller in 
the pedestal due to the slower rotation and also smaller resistive time at the edge compared to 
the centre. Notice that this analytical estimations for JOREK modelling (Fig.16), where 

4 5
0 0 0/ 2.10 , / 2.10 , /A V A A AR Vητ τ τ τ τ =∼ ∼ , n=3, m=4,  Sh~0.1, give Sfac~0.7. The screening 

on RMPs due to the rotation observed in the modelling (Fig.16) is larger than analytical 
estimations, suggesting that non-linear and toroidal effects could be important. The analytical 
estimations presented here should be considered only as an approximate trend, since here the 
toroidal momentum is not treated self-consistently with plasma response. For example it is 
known from experiment [10] that static RMPs usually cause more or less important central 
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plasma braking leading to the decrease of the screening effect and, as a consequence, the 
RMP field will penetrate more.  
 
7. Conclusions. 
 

Similar ergodisation of the pedestal region (Chirikov parameter ~1 on the pedestal 
top) is produced by the proposed external RMP coils systems with currents in the coils: 
~600kA in ITER, ~400kA in JET and by in-vessel I-coils at 3kA in DIII-D in typical H-mode 
scenarios at q95~ 3 and toroidal symmetry n=3. However due to the drastic decrease of the 
higher resonant (q=-m/n) poloidal harmonics amplitudes in the RMP spectrum, currents in 
external RMP coils situated far from plasma and generated perturbations in the plasma centre 
are prohibitively large for higher q95>4 scenarios (Hybrid and ITB). On the contrary, the in-
vessel coils mounted on the blanket modules can be optimized for all ITER reference 
scenarios (q95=3 ÷ 5) at much lower current ~25kA. However in-vessel coils design 
represents many technological difficulties. The possible compromise between external and 
in-vessel coil designs is still under investigation , but for the moment it is out of the scope of 
this paper.  

The non-linear MHD modelling of the self-consistent plasma response demonstrated 
convective particle transport due to BE

GG
×  drift generated in the presence of RMPs. The 

estimations of the screening of RMPs due to the toroidal plasma rotation showed a strong 
decrease of the magnetic perturbation amplitude towards the plasma centre in DIII-D, JET 
and ITER, but relatively weak effect in the pedestal region where the resistive time and the 
toroidal rotation frequency have usually much smaller values compared to the plasma centre. 
This effect can play a positive role in the suppression of the parasitic central islands 
generated by RMP coils in order to avoid triggering MHD instabilities in the plasma centre. 
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