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ABSTRACT.
The non-resonant magnetic braking effect induced by an non-axisymmetric magnetic perturbation is 
investigated on JET and TEXTOR. The collionality dependence of the torque induced by the n = 1, 
where n is the toroidal mode number, magnetic perturbation generated by the error field correction 
coils on JET is observed. The observed torque is located mainly in the plasma core (normalized 
radius ρ < 0.4) and increases with decreasing collisionality. The neoclassical toroidal plasma viscosity 
torque in collisionless regime is modeled by using the numerical solution of the bounce averaged 
drift kinetic equation. The calculated collisionality dependence of the neoclassical toroidal plasma 
viscosity torque is in good agreement with the experimental observation on JET. The reason for 
this collisionality dependence is that the torque in the plasma core on JET mainly comes from the 
flux of the trapped electrons, which are still mainly in the 1/v regime. The strongest neoclassical 
toroidal plasma viscosity torque torque on JET is also located near the plasma core. The magnitude 
of the neoclassical toroidal plasma viscosity torque strongly depends on the plasma response, which 
is also discussed in this paper. There is no obvious braking effect with n = 2 magnetic perturbation 
generated by the dynamic ergodic divertor on TEXTOR, which is consistent with the neoclassical 
toroidal plasma viscosity modeling.

1.	 Introduction
The magnetic field of a tokamak is designed to be toroidally symmetric. Realistically, there is 
always a slight Non-Axisymmetric Magnetic Perturbation (NAMP) due to an intrinsic error field, 
MagnetoHydroDynamic (MHD) perturbations in the plasma or external magnetic perturbations 
applied to control Edge Localized Modes (ELMs) [1, 2] and Resistive Wall Modes (RWMs) [3].
The magnetic braking effect without mode locking during the application of NAMP has been 
observed in tokamak experiments [4, 5, 6, 7, 8]. It was named as non-resonant magnetic braking to 
distinguish to the resonant braking during the mode locking phase. Because of the importance of 
the plasma rotation, it is necessary to understand the mechanism of this braking effect.
	 In a low collisionality plasma, breaking of the toroidal symmetry will result in a so-called 
Neoclassical Toroidal plasma Viscosity (NTV) [9] torque. The NTV torque is a potential explanation 
of the observed braking effect [4, 5, 8].
	 A good agreement between the calculated NTV torque in the 1/ν regime and the observed one 
induced by the applied NAMP has been reported from NSTX [4]. Here, ν is the collisionality. 
The collisionality dependence of the braking effect on NSTX was also consistent with the NTV 
torque in the 1/ν regime [7]. The so-called steady-state flow [9] or ’off-set’ rotation [10] predicted 
from the NTV theory has been observed on DIII-D [5]. On DIII-D, the calculated NTV damping 
time in the ν regime was about two orders longer than the observation [11]. The MHD induced 
braking effect on MAST was in agreement with the NTV theory in the 1/ν regime [12]. A strong 
non-resonant magnetic braking effect has been observed in ELM control experiments with n = 1 
NAMP field generated by the Error Field Correction Coils (EFCCs) on JET [13, 8]. The observed 
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torque was mainly located in the plasma core and it was about half of the Neutral Beam Injection 
(NBI) torque on JET [8]. The magnitude of the observed torque is between the torque predicted by 
the NTV theory in the ν − √ν [14] and 1/ν regimes.
	 The experimental regime in present tokamaks as well as ITER [11] covers all the 1/ν [9], ν− √ν 
[14] and the superbanana plateau [15] regimes and the transitions between them. Furthermore, 
particles with different energy are in different collisionality regimes. In order to model the influence 
on the toroidal plasma rotation with NAMP and compare it with the observation, we need to know 
the NTV solution in the transitions, as well as in the asymptotic limits of these collisionless regimes.
	 One approximate analytic general expression of NTV torque has been obtained by smoothly 
connecting the formula in these different regimes [16]. Another general analytic result has been 
obtained by using the simple Krook collisional operator [17]. Recently, a numerical solution with 
the pitch angle scattering collisional operator is obtained by solving the bounce averaged drift 
kinetic equation [18, 19]. The numerical solution is valid for all these important regimes and their 
transitions. A good agreement between the smoothly connected formula and the numerical solution in 
different asymptomatic limits has been obtained, while there were some differences at the transition 
regimes as expected [18, 19]. The refinement of the analytic formula can improve the agreement 
between the analytic solution and the numerical solution [20, 21].
	 In this paper, the non-resonant magnetic braking effect induced by the NAMP on JET and 
TEXTOR are investigated and compared with the NTV theory. This paper is organized as follows. 
The experimental observations are presented in section 2. The NTV torque evaluation and the 
comparison with the observations are discussed in section 3, followed by the summary of the main
results in section 4.

2.	 Experimental observations
2.1. Collisionality dependence of the braking effect by n = 1 NAMP on JET
The Error Field Correction Coils (EFCCs) on JET are shown in Fig.1. Each coil has 16 turns. They 
are located outside the vacuum vessel. It has been frequently used for Edge Localized Modes 
(ELMs) control on JET [2, 13, 22].
	 The strength of the n = 1 component of the Resonant Magnetic Perturbation (RMP) spectrum (br/
Bζ)mn (%) in Hamada coordinates of the applied NAMP is shown in the contour plot in Fig.2. The 
vertical axis is the radial position and the horizontal axis is the poloidal mode number m. The radial 
coordinate ρ =      ψT /πB0 is used in this paper (Normalized r, with r = 1 at the last close surface, 
is used in all the figures). Here ψT is the toroidal magnetic flux and B0 is the magnetic field strength 
at the magnetic axis. The dashed line indicates the resonance condition m = nq at different radii, 
and the shot solid lines mark the locations and widths of the islands induced by the NAMP using 
the vacuum field assumption. There is a small n = 3 harmonic in this coil configuration. Because 
the coils are located outside the vacuum vessel, the magnetic perturbation has a slow decay along 
the minor radius and is also quite strong near the plasma core.
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A density pump out usually occurs in ELM control experiment by the application of a low n NAMP 
field on JET [13]. Recently, the plasma density drop during the application of NAMP field was 
compensated by gas puffing (JET Pulse No: 77334 as shown in Fig.3) or pellet injection (JET Pulse 
No’s:  77328, 77331, 77333 and 77337 as shown in Fig. ). The equilibrium configuration of these 
pulses were kept the same. The plasma collisionality changed a lot when the plasma density was 
restored at different levels.
	 Figure 3 shows the temporal evolution of the plasma rotation (A), density (B), ion temperature 
(C) at R0

 = 3.0m (near the magnetic axis) during the application of n = 1 NAMP field (D) for a 
series of pulses, in which the densities were restored at different levels.
	 In these pulses, the toroidal magnetic field strength is B0 =

 1.8T, the injected beam power is 
10.5MW and the safety factor q at ψp = 0.95 is q95 = 3.2. Here, ψp is the normalized poloidal 
magnetic flux. After the NAMP field is applied, the plasma core rotation for each pulse dramatically 
reduces to about half of its initial rotation without NAMP. There is no mode locking observed in 
these pulses.
	 Among these pulses the effective ion collisionalities ν*,i ≡ νi/(∈

3/2ωti) near the plasma core region 
are changed by about one order which is shown in Fig.4. Here νi is the ion collisionality, ωti = vti/
qR0 is the ion transient frequency and vti is the ion thermal velocity.
	 The torque density profiles induced by the n = 1 NAMP at t = 23s are calculated by momentum 
transport analysis [8] and are shown in Fig.5. The maximum torque is located at the plasma core 
region, which is similar to the previous observation [8].
	 The obtained torque profiles obviously depend on the collisionality. The collsionality dependence 
of the total torque inside the r = 0.4 is shown in Fig.6. The torque increases with decreasing 
collisionality, which is similar to the dependence observed on NSTX [7].

2.2.	 Non-resonant magnetic braking experiment with
	n  = 2 DED on TEXTOR
The non-resonant magnetic braking induced by the Dynamic Ergodic Divertor (DED) [23], shown 
in Fig.7, in n = 2 configuration on TEXTOR is investigated. The DED is an in-vessel coil system 
and is similar to the helical winding coils with fixed magnetic pitch.
	 The strength of the n = 2 component of the RMP spectrum of the coil configuration is shown in 
Fig.8. Compared to the spectrum of the n = 1 NAMP on JET, the perturbation field decayed quickly 
along the minor radius from the plasma edge to the core. There is an asymmetry on the poloidal 
mode number in the spectrum because of the fixed pitch angle in the perturbation field. By changing 
the orientation of the plasma current with fixed orientation of the toroidal field, the spectrum of 
the perturbation can be resonant (m < 0 ) or non-resonant(m > 0 ) dominant case. The sign of the 
poloidal mode number comes from the convention in the definition of the coordinates.
	 The evolution of the toroidal angular momentum density near the plasma core for these two 
configurations with the DED coil current is shown in Fig.9. No obvious braking effect is observed 

ˆ ˆ
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with this coil configuration for both resonant (solid line) and non-resonant (dashed line) cases. For 
the resonant dominant case, there is an acceleration effect, which may be due to the formation of 
stochastic field near the plasma edge and has been reported before [24].

3.	M odelling the Neoclassical Toroidal plasma Viscosity (NTV) 
torque and comparing it with the observed torque

In collisionless plasma, the breaking of the toroidal symmetry due to the NAMP can cause additional 
radial drift of the trapped particles, and hence a radial neoclassical transport. This effect on ion 
and electron are often different, which means non-ambipolar transport. To satisfy the ambipolarity 
condition, the radial electric field need to be modified. Therefore, it is equivalent to a torque to 
change the plasma rotation. This toroidal torque is represented as a toroidal viscosity, which is 
called neoclassical toroidal plasma viscosity [9].
	 The toroidal drift of the particles has an effect to reduce this transport. Therefore, the results can 
be further divided into different regimes, depending on the magnitude of the E × B drift and the 
∇B drift compared to the collisionality. They have been summarized in [16]. Of all these regimes, 
the most important regimes for tokamak with small perturbation are the 1/ν regime [9], the ν − √ν 
regime [14] and the superbanana plateau regime [15].
	 We employ the numerical model developed in [18, 19] to calculate the NTV torque density profile. 
The model is valid for the most important regimes and their transitions. In different asymptotic 
limits, it can well reproduce the results from the analytic solution. As expected, the results had some 
differences at the transition regimes, compared to that from the connected formula [16]. It has been 
discussed before in details in [19].

3.1. NTV torque density
The magnetic field in tokamaks can be expressed as

(1)

where −2πψp is the poloidal magnetic flux, V ≡ V/(4π2), V is the plasma volume enclosed by the 
flux surface and α = qθ − ζ is the drift angle, φ is the geometric toroidal angle, g = RBt and Bt is 
the toroidal magnetic field.
(V, θ, ζ) are the Hamada coordinates with Jacobin J = 1. Therefore, the Jacobin of (r, θ, ζ) becomes 
J = Vʹ = ρB0/(g < 1/R2 >ψ), where the prime denotes the derivative over ρ and < ... >ψ denotes flux 
surface average.
	 The magnetic field strength with NAMP can be written as,

(2)

→ →

ˆ

ˆ
ˆ

B = dψp

dV̂
ˆ→

∇V × ∇α = ∇φ × ψp + g (ψ) ∇φ

Σ
n

B = B0 [1 - ∈cos θ -       bn(θ)einα]
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where ∈ ≈ r/R is the amplitude of the cosθ component of the equilibrium field caused by toroidicity, 
r and R are the minor and major radius, respectively, bn = Sm bmnei(m−nq)θ is the nth Fourier harmonic 
of the perturbation field and bmn are the Fourier coefficients of δB/B0 in(θ,ζ) coordinates on the 
distorted flux surfaces [9].
	 According to the results in [18, 19], the NTV torque density can be evaluated from

(3)

where Lφ ≡ ρi〈R
2〉ψωφ is the toroidal angular momentum density, ρi = MiNi is the ion mass density, and

(4)

(5)

(6)

where ωφ and ωθ are the toroidal and poloidal angular frequencies, ω* ≡ Pʹ/(ρB0eN) and ω*T ≡ Tʹ/
(ρB0e) are the diamagnetic frequencies. Here the contributions from both trapped ion and electron 
are included. The NTV torque from the trapped electron is possibly dominant [19]. However, this 
part was normally neglected in the previous studies.
	 The energy dependence of pitch angle integral, Iκn, is taken into account in this model. The 
names of the different regimes essentially come from the collisionality dependence of the pitch 
angle integral, which can be evaluated from both analytic and numerical solutions [18, 19].

3.2. Variation of the magnetic field strength
Before we calculate the NTV torque, we need to evaluate the spectrum of the variation of the 
magnetic field strength on each flux surface. This is another difficulty in the NTV modeling, besides 
the complexity of the NTV theory itself.
	 The variation of the magnetic field strength on the distorted flux surface (or the Lagrangian 
variation) due to the NAMP b can be written as [25, 9, 8],

(7)

where ξ is the displacement induced by the NAMP. The first term is the so called Eularian part and 
the second term comes from the displacement of the magnetic flux surface [25]. The second term 
is normally the dominant one [25, 8].
	 The NTV theory is based on the existence of closed flux surfaces. For island case, it is well 

→

TNT V = −τ− 1
NT V L φ

Σ Στ− 1
NT V = R2

0
〈R2〉ψ j = i,e n

∈q2 ω 2
ti

2 2π 3/2
ei

ej


× λ1,n (1 − ωnc,n /ωφ)

≡ωj
nc,n q (ωθ + ω*, j *, i *T, i− ω + λ2,n

λ1,n
ω )

λ ≡l,n
1
2

∞

0
Iκn (x )(x − 5/ 2)l− 1x 5/2 e−x dx

→ → →
δB = b · (B/B) + (ξ . ∇B)
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defined outside the island separatrix, where the closed flux surface still exists [26].
	 From Beq ·

 ∇ξ = b, the spectrum of the displacement can be written as,

(8)

where Beq = Bθeθ = (Bζ/q)eθ is the original two-dimensional equilibrium field.
	 For resonant case, there are singularities at the rational surfaces qs = m/n, if (b/Bζ)mn|qs

 ≠  0, i.e. 
the existence of island. These singularities can be removed by changing 1/(m −

 nq) to (m − nq)/
[(m−nq)2 + δ2

mn],which is similar to the method used in [25]. The small parameter δmn can be chosen 
as δmn = nwmnqʹ|qs/2, where wmn = 4     q(bρ/Bζ)mn/nqʹ|qs is the island width.
	 The calculation of the displacement of the magnetic flux surface is essentially the same process 
as the modeling of the plasma response to the magnetic perturbation [27, 28, 11, 29, 30, 31]. How 
to accurately model the realistic plasma response is still an open question.
	 In this paper, we use two ways to evaluate the displacement. One way is based on the vacuum 
field assumption which was often used in the previous analysis. It is equivalent to assume that the 
perturbed current inside the plasma induced by the plasma response is completely damped away by 
the plasma resistivity. Therefore, it is a plasma response with infinity resistivity. Another way used 
in the following is to evaluate the displacement from the linear plasma response model by solving 
the MagnetoHydrodynamics (MHD) Equations with finite resistivity and plasma rotation from the 
MARS-F code [30, 31]. The results from this model were in good agreement with the magnetic 
measurements on DIII-D [32].

3.3. NTV modeling and comparison on JET
The profiles of the normalized collsionalities for JET Pulse No: 77329 are shown in Fig.10. It is 
shown that it is in the collisionless regime (ν* < 1) for both electron and ion in most plasma region.
For the particles with the normalized energy x = v2/v2 close to 1, ν*d0 ≡             = 1 is defined as the 
the transition between the 1/ν regime and the ν −    ν regime (or the superbanana plateau regime, if 
x > xmin ≡ |qωE/ωB0|). It can be found that the electron is in the 1/ν regime, but close to the transition 
to the ν − √ν regime or the superbanana plateau regime. From ν*d0,i < 1 and the profiles of the xmin 
shown in Fig.11, the ion are mainly in the ν − √ν regime. Near the plasma core, xmin is close to 1. 
Therefore, the superbanana plateau regime is also important for trapped ion near the plasma core. In 
this case, the NTV from the trapped electron is possibly to be dominant [19]. This part was normally 
neglected in the previous studies. However, it will be shown in the following that this part in the 
plasma core is indeed dominant.
	 The calculated NTV torque density profiles are shown in Fig.12. Here, the variation of the 
magnetic field strength Eq. (7) is evaluated with the perturbation field b calculated using the vacuum 
field assumption. For the variation of the magnetic field strength, the Eulerian part is around 1 order 
smaller than the displacement part. Therefore, the NTV torque mainly comes from the displacement 

→

→

→

→

→ →

v/(2∈)
|nwda|

→
→

mn = q (b/Bζ)mn

i(m − nq)ξ
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of the flux surfaces. The fundamental harmonic n = 1 gives the dominant contribution in the NTV 
torque as discussed before [8]. It shows that the strongest contribution is also near the plasma core 
(ρ < 0.4). This is consistent with the observations.
	 The comparison of the total observed torque and the NTV torque inside the ρ = 0.4 surface is 
shown in Fig.13. The NTV torque shows the same tendency as the observed torque. However, the 
magnitude of the NTV torque is about one order larger than the observed one.
	 The NTV torque densities from the different species are shown in Fig.14. It is shown that the 
torque density from the trapped electrons is about one order larger than that from the ions near the 
plasma core. Because the trapped electron is still in the 1/ν regime, the NTV torque also increases 
with decreasing collisionality, which is consistent with the observed torque dependence on JET.

3.4. Influence of the plasma response
In the above analysis, we have used the vacuum field assumption, which resembles to the infinite 
resistivity plasma response. However, the realistic plasma resistivity is finite. Depending on the 
plasma β and mode number, the perturbation field may be shielded or amplified by the perturbed 
current generated inside the plasma. The Resonant Field Amplification (RFA) effect is not important 
in the target plasma chosen in this experiment [33]. However,the perturbation field may be shielded 
by the plasma response because of the plasma rotation.
	 The MARS-F code [30, 31] is employed to model the linear MHD plasma response with finite 
resistivity and plasma rotation. The advantage of this code is that it takes full toroidal geometry, 
and hence the toroidal coupling effect of the harmonics with different poloidal mode number is 
included. The disadvantage of this code is that the resistivity and the perpendicular viscosity are 
not self-consistently modeled, but they are input parameters. The importance of the kinetic effect 
in the plasma resistivity is shown in [27].
	 The plasma response from the MHD response strongly depends on the plasma resistivity and 
rotation [30]. The effect of the plasma resistivity is taken into account via the Lundquist number
S ≡ τR/τA, where τR and τA are the resistive diffusion time and the Alfv ́en time, respectively. 
The radial profile of the Lundquist number S = S0(Te/Te0)

3/2 is used in the modeling [31]. Here the 
subscript 0 denotes the value at the magnetic axis. The typical Lundquist number at the magnetic 
axis, S0 is of the order 108 using the neoclassical resistivity calculated from the Spitzer formula.
	 The spectrum of the magnetic perturbation with plasma response for S0 = 0.8 × 108 is shown in 
Fig.15. The resonant magnetic perturbation with |m − nq| ≈ 0 is strongly shielded. There is no q = 
1 surface in this equilibrium. Therefore, the plasma response to the m/n = 1/1 component near the 
plasma core is caused by the mode coupling of the global n = 1 mode. There are also some non-
resonant harmonics with |m − nq| ≥ 1 that can be amplified, similar to the previous results shown 
in [30].
	 Because the NTV torque mainly comes from the nearest resonant harmonic (or minimum value 
of δ ≡ |m − nq|) [19], the m/n = 1/1 harmonic gives the dominant contribution near the plasma core.
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The m/n = 1/1 component of the radial displacements calculated using the vacuum field assumption 
and the MHD response are shown in Fig.16. The m/n = 1/1 displacement near the plasma core 
evaluated using the vacuum field assumption is very large, because there is a strong m/n = 1/1 
magnetic perturbation and the central q value is very close to 1 and flat (dashed line shown in Fig.2 
or Fig.17 (A)). The profile of the m/n = 1/1 displacement calculated using the MHD response is 
similar to the internal kink, and the amplitude strongly depends on the plasma resistivity. For the 
lower resistivity case (S0 = 5.3× 108, dashed dotted), the m/n = 1/1 displacement is strongly reduced 
compared to that in the vacuum field case (triangles). For the higher resistivity case (S0 =

 0.53 × 
108, solid), it is close to the level in the vacuum case.
	 The Poincaré plots of the magnetic field with the plasma response for different S0 as well as with 
the vacuum field assumption shown in Fig.17 confirm the differences in the radial displacement 
near the plasma core for these cases.
	 The NTV torque density with the variation of the magnetic field strength evaluated from the 
MHD response (dashed line) for JET Pulse No: 77329 is shown in Fig.18. For S0 =

 1.1 × 108, the 
NTV torque density (dashed line) is strongly reduced by the plasma response compared to the 
vacuum field result (solid). For S0 = 0.53 × 108, the magnitude of the NTV torque density (dashed 
dotted line) is larger than the observed one. The magnitude of the NTV torque density for S0 = 0.8  

× 1088 (dotted line) is very close to the observed one.
	 The displacement near the plasma core calculated using the vacuum field assumption is around 
5.2cm for 1.4kA perturbation current applied in this experiment, while the result from the MHD 
response is about 0.9 cm for S0 =

 1.1 × 108 and 1.6 cm for S0 =
 0.8 × 108. It can be used to test the 

plasma response model by comparing this displacement with the observation.

3.5. Estimation of the n = 1 displacement on JET
It is generally very difficult to directly measure the 3D displacement. To measure the n = 1 
displacement, we need at least two measurements of the plasma position at different toroidal positions 
simultaneously. There are two arrays of the Soft-X-Ray diagnostics with a vertical view located at 
different toroidal position on JET [34]. The difference in the toroidal angle of these two arrays is 135 
degree. One of them is located at the toroidal position with maximum magnetic perturbation in the 
R direction. The distance between the adjacent chords at the mid-plane for each array is about 5cm.
The shift of the peak position in the emission profile measured from each array can be roughly 
an estimation of the displacement of the magnetic axis, although it is a line-integrated signal. The 
similarity and difference between these two shifts can be used as the estimations of the n = 0 and
n = 1 components of the displacement in the major radius direction.
	 The displacement during the application of the magnetic perturbation obtained from this method 
are shown in Fig.19. The reference time is chosen at t = 18.6s, which is just before the application 
of the perturbation. The obtained n = 0 displacement (middle), which is caused by the pick-up of 
the perturbation field in the magnetic signals for the plasma position control, are around 5cm and 
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are in good agreement with that from the equilibrium reconstruction. There is a clear difference 
in the evolution of the n = 0 (middle) and n = 1 (top) components of the displacement. The n = 1 
displacement depends almost linearly on the perturbation current during both the coil current ramp-
up and ramp-down phases.
	 Figure 20 shows the dependence of the displacement on the perturbation coil current during 
the current ramp-up phase. They show a good linear dependence, which suggests a linear plasma 
response. The displacement estimated from this method is around 1cm for 1.4kA coil current by the 
fitting of the data from these 6 pulses. It is close to the result from the MHD response with S0 =

 1.1 

× 108, and it is about half of the displacement required for good agreement between the magnitude 
of the NTV torque and the observed one.
	 With this value of the displacement, the NTV torque is about a factor of 22 = 4 times smaller than 
the observed one. If we use the displacement estimated from the Pulse No: 77329, the difference can 
be further reduced to about a factor of 1.52 ≈ 2. The agreement between the magnitude of the NTV 
torque and the observed one is improved compared to the result from the vacuum field assumption.
This result suggests the importance of the accurate modeling and measuring of the plasma
response in the NTV torque evaluation.

3.6. NTV modeling on TEXTOR
The NTV torque density calculated using the vacuum field assumption on TEXTOR is shown in 
Fig.21. In both the resonant and non-resonant cases, the NTV torque density is very small. The 
NTV torque density near the plasma core for the resonant one is about 4 orders smaller than that on 
JET, because of the fast decay of the perturbation field inside the plasma in this coil configuration, 
which is shown in Fig.8. The angular momentum density on TEXTOR are in the same order as 
that on JET. Therefore, this torque has a negligible effect on the plasma rotation on TEXTOR. This 
result agrees with the observation that there is no braking effect from the n = 2 DED on TEXTOR.

Summary and conclusion
The non-resonant magnetic braking effect induced by an Non-Axisymmetric Magnetic Perturbation 
(NAMP) is investigated on JET and TEXTOR in this paper.
	 The collionality dependence of the torque induced by the n = 1 NAMP generated by the EFCCs 
on JET is observed . The observed torque is located mainly in the plasma core (normalized ρ < 0.4) 
and increases with decreasing collisionality.
	 The NTV torque in collisionless regime is modeled by using the numerical solution of the 
bounce averaged drift kinetic equation. The calculated collisionality dependence of the NTV torque 
is in good agreement with the experimental observation on JET. The reason for this collisionality 
dependence is that the torque in the plasma core on JET mainly comes from the contribution of the 
trapped electron, which is still in the 1/ν regime. The trapped electron flux is normally neglected 
in the past studies. However, it really gives the dominant contribution in the plasma core on JET. 
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The strongest NTV torque on JET is also located near the plasma core.
	 The magnitude of the NTV torque strongly depends on the plasma response, which is also 
discussed in this paper. The observed torque is about one order smaller than the NTV torque 
evaluated using the vacuum field assumption. The plasma response is important for the NTV torque 
evaluation. It is very sensitive to the plasma resistivity in the linear MHD response model used in 
this paper. The magnitude of the NTV torque density is very close to the observed one, if we choose 
the Lundquist number at the plasma core about S0

 = 0.8 × 108.
	 The NTV torque density near the plasma core is mainly determined by the m/n = 1/1 displacement. 
In this experiment, the displacement near the plasma core evaluated using vacuum field assumption 
is about 5.2cm, while the result from the MHD response is only about 1.6 cm for S0

 = 0.8 × 108. 
The displacement estimated from the three-dimensional shift of the peak positions of the Soft-X-
Ray emission has a good linear dependence on the applied perturbation current and is around 1 cm 
for the applied maximum current in this experiment. With this displacement, the calculated NTV 
torque is about a factor of 22 = 4 times smaller than the observed torque. The agreement between the 
magnitude of the observed torque and the NTV torque is also improved when this plasma response 
is taken into account, compared to the results using the vacuum field assumption.
	 There is no obvious braking effect with n = 2 NAMP generated by the DED on TEXTOR. The 
calculated NTV torque for this coil configuration on TEXTOR is also very small.
	 The observations on JET and TEXTOR also suggest that the non-resonant magnetic braking 
effect strongly depends on the coil configuration. To avoid the non-resonant magnetic braking, the 
perturbation field near the plasma core should be reduced. Therefore, the coils should be located 
as close as possible to the plasma or we should use a relatively high n number, so that the field has 
a fast decay along the minor radius to the plasma core.
	 Besides the complexity in the NTV theory itself, it is shown that the plasma response is another 
essential issue for the NTV torque calculation. In the present results, the biggest uncertainty part 
is the plasma response. To increase the accuracy in the NTV torque evaluation in the future work, 
it is necessary to improve the modeling of the plasma response and the measurement of the 3D 
displacement in the experiment. This could be a big challenge for both plasma theory and experiment. 
The study in this topic is still in progress.
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Figure 1: The Error Field Correction Coils (EFCCs) and 
the equally spaced Hamada coordinates for half torus of 
the plasma configuration on JET.

Figure 2: The strength of the n = 1 component of the 
RMP spectrum in Hamada coordinates (br/Bζ)mn(%) for 
JET Pulse No: 77329, the resonance condition m = nq 
(dashed line) and the locations and widths of the islands 
(shot solid lines marked on each rational surface) induced 
by the NAMP using the vacuum field assumption.

Figure 3: The temporal evolution of the plasma rotation 
(A), density (B), ion temperature (C) at R0

 = 3.0m (near 
the magnetic axis) during the application of n = 1 NAMP 
field (D) for a series of pulses where the densities were 
restored at different levels.

Figure 4: The profiles of the effective collisionality.
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Figure 5: The observed torque density profiles induced 
by NAMP.

Figure 6: The dependence of the observed total torque 
inside the ρ = 0.4 surface on the collisionality.

Figure 7: The Dynamic Ergodic Divertor (DED) coils 
on TEXTOR.

Figure 8: The RMP spectrum of the n = 2 DED coil 
configuration on TEXTOR.
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Figure 9: The evolution of the toroidal angular momentum 
density Lφ = NiMiR0

2ωφ near the plasma core for both 
resonant (solid line, top) and non-resonant (dashed line, 
top) configurations with the DED coil current (bottom).

Figure 10: The profiles of the normalized collisionalities 
ν*,i (solid), ν*,e (dashed), ν*d0,i (dotted), and ν*d0,e (dashed 
dotted).

Figure 11: The profiles of xmin ≡ ||qωE/ωB0| for different 
pulses.

Figure 12: The NTV torque density profiles on JET 
calculated with the vacuum field assumption.

2

4

6

0.01

0.02

0

8

0

0.03
TEXTOR, n = 2

1.5 2.0 2.5 3.0 3.5 4.0 4.5

I rm
p 

(k
A

)
L φ

 (k
g 

m
-

1 s
-

1 )

Time (s)
JG

11
.1

57
-3

c

Pulse No: 111481 (resonant)
Pulse No: 111490 (non-resonant)

10-1

100

101

102

10-2

0.2 0.4

JET Pulse No: 77329
ν*,i
ν*,e
ν*,d0, i
ν*,d0, e

0.6 0.80 1.0
ρ

JG
11

.1
57

-4
c

 
0.20.1

JET, n = 1

-
T

N
T

V
 (N

/m
2 )

0.3 0.4 0.5 0.60 0.7
ρ

JG
11

.1
57

-6
c

0.5

0

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5
Pulse No: 77329

77333
77334
77331
77328
77337

 

100

0.2

JET, n = 1

X
m

in

0.4 0.6 0.80 1.0
ρ

JG
11

.1
57

-5
c

101

Pulse No: 77329
77333
77334
77331
77328
77337

http://figures.jet.efda.org/JG11.157-3c.eps
http://figures.jet.efda.org/JG11.157-4c.eps
http://figures.jet.efda.org/JG11.157-5c.eps
http://figures.jet.efda.org/JG11.157-6c.eps


15

Figure 13: Comparison between the observed torque and 
the NTV torque inside ρ = 0.4 surface.

Figure 14: The NTV torque density contributed from ion 
(dashed line) and electron (dashed- dotted line).

Figure 15: The spectrum of the magnetic perturbation with 
plasma response with S0 = 0.8 × 108 for the same pulse 
shown in Fig. 2. The dashed line indicates the resonance 
condition m − nq = 0.

Figure 16: The m/n = 1/1 component of the radial 
displacements calculated using the vacuum field 
assumption(triangles) and the MHD response with S0 = 
5.3 × 108 (dashed dotted), 1.1 × 108 (dashed), 0.8 × 108 
(circles), and 0.53 × 108 (solid).
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Figure 17: The Poincaré plot of the magnetic field with 
magnetic perturbation calculated using the vacuum field 
assumption(A) and the MHD response with S0 = 5.3 × 

108 (B), 1.1 × 108  (C), 0.8 × 108  (D), and 0.53 × 108  (E).

Figure 18: The NTV torque density evaluated using the 
perturbation field with the vacuum field assumption (solid) 
and with MHD response modeled from the MARS-F code 
for S0 = 1.1 × 108 (dashed), 0.8 × 108 (dotted), and 0.53  

× 108 (dashed dotted), compared to the experimentally 
observed one (+).

Figure 19: The evolution of the n = 1 three-dimensional 
displacement (top) and the n = 0 two- dimensional 
displacement (middle), estimated from the shift of the peak 
position of the Soft-X-Ray emission, with the Error Field 
Correction Coil current (bottom).

Figure 20: The dependence of the n = 1 displacement on 
the coil current. The solid line is fitted from the estimated 
n = 1 displacements of the six JET pulses.
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Figure 21: The NTV torque density profiles on TEXTOR 
calculated using the vacuum field assumption.
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