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1. Introduction. Resonant Magnetic Perturbations (RMPs) represent one of the promising 

methods of Type I ELM control in ITER [1]. However, at a level of vacuum ergodisation 

similar to DIII-D for r/a >0.9 the application of RMPs demonstrated a variety of ELM 

responses: ELM suppression [2], ELM mitigation [3], ELM triggering [4] or even no effect on 

ELMs [5]. This illustrates the present lack of understanding of plasma response, essential for 

a reliable extrapolation of the RMP method to ITER. In the present work the resistive MHD 

response to RMPs in a rotating plasma was studied using a non-linear reduced RMHD 

cylindrical model [6-7]. The model was further developed to include neoclassical and two 

fluid diamagnetic effects.  

2. Model. The fluid velocity for the species s (electron and ions) is represented in cylindrical 

geometry { }; ;r zθ  similar to [6-7]: *
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. The last term could be important in 

the pedestal region with steep pressure gradients [8]. Here p  is the electron pressure, φ  the 

electrostatic potential, electron density ; 1e in Zn Z= =  and s T
cs

s

e B
m

Ω =  the cyclotron 

frequency. Another important factor is the strongly sheared equilibrium radial electric field 
which exhibits a well-like structure in the pedestal region [9]. This leads to a strong 
perpendicular  rotation in the pedestal and possible additional RMP screening (neglected 

in [7]). The pressure tensor is now taken in the form: 
E BV ×
r r

g neo
s s s sp= + +P I Π Π  compared to 

[7].Here the heuristic form [10] was used: 
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 and sµ , ks are the neoclassical coefficients [10]. This model 

explicitly supposes that the poloidal ion velocity, averaged over a magnetic surface, in 

equilibrium tends to its neoclassical value: 1neo i
i
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neoclassical viscosity [11]. The normalized system of non-linear RMHD equations is solved 
in a following form: 
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Here ψ  is the poloidal flux,  the electron pressure, p Φ  the electrostatic potential and 
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 the parallel ion velocity. The parallel gradient is given by [ ]|| ,SS S
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rr , the parallel current density is 2J ψ⊥= −∇  and  is the 

vorticity. The dimensionless parameters are 
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Alfven time. The temperature profiles are not evolved in the code, the density is 0,0
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τ = = . More detailed description of the equations (1-6) is given in [6]. Normalization 

[7] is following : / ; / ;Tr r a B B B→ → / ; / ;Aa V V Vψ ψ→ →  / At t τ→ ; /( A TV B a)φΦ →  

 The neoclassical viscosity terms are taken into account in the equations for the values 

averaged over a magnetic surface (harmonics n=0, m=0): 

0,0,1
,0,0 00 0,0

0 0,0

( )1neo neo e
i

p T rrF W r V k
r r qR n r r

τδµ⊥

⎧ ⎫⎛ ⎞⎛ ⎞∂ ∂∂⎪ ⎪= − − + +⎜ ⎟⎜⎨ ⎬⎜⎜ ⎟∂ ∂⎪ ⎪⎝ ⎠⎝ ⎠⎩ ⎭
τδ ⎟⎟∂

   (5) 

0,0,2 00
||,0,0 0,0

0 0,0

( )(neo neo e
i )p T rrF V

r qR n r r
δτµ kτδ

∂Φ ∂ ∂
= − + + +

∂ ∂ ∂
    (6) 

with 
2
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µ µ= . The vacuum amplitudes of the RMP harmonics nmψ  

are given at the plasma boundary r=1 for a magnetic flux perturbation similar to [7]. 

3. Results. DIIII-D-like parameters [12] were used initially: 0 1.8R m= , ; 0.6a m=

~ 1.9TB Bϕ = T , cylindrical , central density, temperature, toroidal rotation and 

resistivity are respectively: 

95 ~ 3.15q

19 3
,0 8.10en m−= , ,0 1.5eT keV= , ,0 72 /V kmϕ s= , . For 

simplification , 

8
0 10η −=

⊥= = = 510k,1,2 5 6 8
||5.10 , 10 , 10neoµ ν ν− − − −

⊥ = , 0.8ik = − , δ=0.03 are kept 

constant. The resistivity profile has a Te dependence: . Density and temperature 3/ 2~ eTη −
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profiles are proportional to the ( ) 0.5(1 tanh(( ) / )barf r r r σ= − −  with rbar=0.98 and a pedestal 

width ~σ=0.06. The strong screening can be seen in Fig.1 for a single island (n=-3,m=8), 
5(1) ~ 5.10nmψ − . The q95 and RMP amplitude scans demonstrated that the vacuum-like size 

island is formed in a certain resonant window ∆q95 (Fig.2).The resonant window where RMP  

 

Fig.1. (a)- Island  (8/3)  in 
“vacuum”. (b)-screened island 
(8/3)  with diamagnetic effects 

and neoclassical Er  at 510t Aτ=   

Fig.2. Maximum RMP amplitude on 
the resonant surface q=8/3 for single 
harmonic (m=8,n=-3)  in q95 and 
RMP amplitude scans. 

Fig.3. (a)- Vacuum magnetic 
topology with RMP spectrum. (b)- 
the same as (a) but with 
neoclassical and diamagnetic 
effects at t=6.104τA; q95=3.11 

 
Fig.4. Screening factor profile 

 for RMP edge  
harmonics in resistivity scan.  

v| /pl ac
nm nmψ ψ |

Fig5. Profiles of VExB and Ve
* at the 

edge. The position of resonances 
q=m/n are indicated by vertical lines. 

Fig.6. Radial electric field without 
RMPs and with RMPs spectrum 
corresponding to Fig.3  

penetrate is about ∆q95 ~1.-0.5 and decreases for smaller RMP amplitudes (Fig.2). Analysis 

similar to [13,14] showed that the RMP penetration happens where the E B×
r r

 poloidal 

rotation is compensated by the electron diamagnetic rotation . This corresponds 

to the cancelation of the second term in the right hand side of Ohm’s law, equation (1). The 

magnetic topology resulting from the RMP spectrum 

* ~ 0eE BV V× +r r

5
3; 6,7,..10(1) (8,7,...4) 10n mψ −

=− = = ×  

(Fig.3) shows strong central screening of RMPs except for the island (7/3). The RMP 

screening is stronger for lower resistivity and stronger rotation (including diamagnetic) [15, 7] 

which is illustrated in Fig.4. Notice (Fig.5) that the condition  is satisfied for the * ~ 0eE BV V× +r r
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island (7/3), which explains why it is not screened. The radial electric field Er is more positive 

in the presence of RMPs and its minimum moves more inside (Fig.6) which reminds 

experimental observations [9]. Modeling of the magnetic topology with RMPs for an ITER-

like case: 0 6R m= , , 2a m= 5.3TB T= , , , , 

, , , δ=0.009, and 

95 ~ 3.1q 20 3
,0 10en m−= ,0 20eT ke= V

ϕ = 8
0 0.510η −=,0 6 /V km s 1.ik = − 5

4; 9:13(1) 5.10n mψ −
=− = =  is shown in (Fig.7). 

Notice that compared to the DIII-D case there is no point where  (Fig.8).  * ~ 0eE BV V× +r r

 

However, in the present 

modelling the poloidal 

velocity (and hence the 

RMP screening), decreases 

due to the non-linear effect 

of RMPs on the edge radial 

electric field (more positive 

with RMPs) leading to 

Fig.7 Similar to Fig.3 but for ITER-
like parameters. 

Fig.8 Poloidal velocity evolution 
due to RMPs in ITER. 

increased RMP penetration. 

 
Conclusions. The RMHD model with diamagnetic and neoclassical effects was applied to the 

case of RMP penetration into the pedestal region. The RMP screening, increasing at lower 

resistivity, was demonstrated in the zone of steep pedestal gradients due to strong poloidal 

rotation . Narrow (∆q*
eE BV V× +r r 95~1-0.5) RMP penetration windows (smaller for smaller RMP 

amplitude) exist at certain parameters in a region where the poloidal rotation is compensated 

by the electron diamagnetic rotation .  * ~ 0eE BV V× +r r
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