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1. INTRODUCTION.

Plasma toroidal rotation in a tokamak is of great importance for plasma confinement, because of its

stabilization effects on Resistive Wall Modes (RWMs) [1] and Neoclassical Tearing Modes (NTMs)

[2] and its shear stabilization effect on turbulence [3]. External perturbation magnetic field have

been frequently used to actively control or mitigate Edge Localized Modes (ELMs) on many

tokamaks [4,5,6]. It was also used to feedback control RWMs [7]. However, both resonant [8] and

non-resonant [9,10] component of the perturbation field can influence the plasma rotation. Non-

resonant magnetic braking effects have been reported from many tokamaks recently [11, 12, 13].

The paper is organized as follows: The torque induced by the n = 1 Error Field Correction Coils

(EFCCs) current, TEFCC, is determined by momentum transport analysis using the JETTO code

[14] in Sec. 2. The Neoclassical Toroidal Viscosity (NTV) torque [9,15] is calculated and compared

with TEFCC in Sec. 3, followed by the summary of the main results in Sec. 4.

2. DETERMINATION OF THE TORQUE INDUCED BY THE MAGNETIC

PERTURBATION FIELD ON JET.

It is found that the toroidal plasma rotation velocity, measured by Charge eXchange Recombination

Spectroscopy (CXRS), shows a 50% reduction with a n = 1 perturbation field amplitude which is

only 0.1% of the toroidal field strength as shown in Figure 1. The angular momentum transport

equation in the JETTO code can be written in

(1)

where R is the major radius, 〈...〉 denotes the flux surface average, ∑ denotes the sum over all ion

species, nj and mj are the density and mass of the ion species, respectively, ω =VΦ /R is the angular

rotation frequency and VΦ is the torodial rotation velocity, f=RBΦ and BΦ is the toroidal magnetic

field, A = 〈1/R2〉 is a geometrical quantity, ρ is the flux-surface label related to the toroidal flux, TΦ

is the source torque, Γj
p ì and Γj

ω are the ion particle flux and angular momentum flux, respectively,

defined as

Dj and Vp,j are the ion particle diffusion coefficient and pinch velocity profiles, respectively, χM

and Vinwm are momentum diffusion coefficient and pinch velocity profiles, respectively. At each

time step, γ ≡ ρi 
ω ≡ ∑ nj 

mj 
ω solved in the JETTO code. The particle flux is neglected in the

following analysis.

The χM and Vinwm profiles are obtained by fitting the observed velocity evolution after the

switch-off of the EFCC current by using Eq.(1). At this stage, the only source term is the NBI
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torque, which is calculated by the PENCIL code [16]. The polynomial function is used as base

function,

here α, β are the unknown free parameters to be fitted, N and M are the orders of the polynomial

base function.

The torque induced by the EFCC current at its current flat top phase, TEFCC, is calculated by

solving Eq. 1 with other terms determined. Figure 2 shows the obtained TEFCC (solid line) profile by

using the χM and Vinwm profiles fitted from different orders of polynomial base functions. Two of

them do not consider the pinch velocity in momentum flux with N = 4 and N = 6, and the other two

consider the pinch velocity with M = N = 4 and M = N = 6. The obtained torque is not very sensitive

to the selected set of base function, because it is mainly determined by the total momentum flux

during the EFCC current flat top phase. To separate the effects of χM and Vinwm is beyond the

discussion in this paper.

The obtained torque at the plasma central region is about half of the NBI torque. The obtained

TEFCC has a global profile. The maximum torque is at the plasma central region, while it is found to

be near the plasma edge on NSTX [11] and DIII-D [12], both using a higher n perturbation field.

The dL/dt (circles + dashed line), where L is the angular momentum at the time just after the

switch-off of the EFCC current, is also shown in Figure 2. The profile is similar to the obtained

torque profile but difference about 40-50% in absolute values.

With the assumption that TEFCC ∝ IEFCC, the simulation of the momentum transport equation can

well reproduce the observed evolution of the plasma rotation as shown in Figure 3.

3. COMPARISON WITH NTV TORQUE.

The toroidal symmetry breaking, induced by the nonresonant magnetic perturbation field, will cause

a nonambipolar radial particle flux and hence the NTV, which can dissipate the plasma momentum.

According to the NTV theory [9,15], the NTV torque in different collisionless regimes from the

ions (the ions viscosity is (me/mi)
1/2 times larger than the electron viscosity) can be rewritten in

(2)

here
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ωti = νti /R0q is the transit frequency and νti = (2Ti/ )
1/2 is the thermal velocity, νi is ion collisionality, ωE

is the E × B drift frequency, Iλ (defined in [9]),Gλ (defined in [15]) and ( β2
bn + β2

bn )Hλ =  √ nΣ
n

are the pitch angle integrations (αbn, βbn are defined in [15]) γNC0 is defined as

,
R

VNC0 = ρi  γNC0 ≡ ρi  
eiρB0

cq

dρ

dTi  and VNC ≡ kc,iVNC0 s the so called neoclassical velocity, kc,i

is the coefficient of the neoclassical velocity, v,bdy is the boundary layer contribution in the v regime.

The vacuum field approximation is used in the NTV torque calculation. The calculated NTV

torque is shown in Figure 4. The triangles are the NTV torque in the 1/v regime, the diamonds are

that in the v regime and the circles are that from the boundary layer contribution in the v regime. In

the v regime, the boundary layer contribution is the dominant component as pointed out by Shaing

[15]. Therefore, the original NTV torque in v regime without boundary layer contribution can be

neglected. The calculated NTV torque profile in the 1/v regime agrees with the profile of TEFCC,

although its absolute value is a factor of 2 larger. The NTV torque in the v regime from the boundary

layer contribution is comparable to the observed TEFCC.

4. SUMMARY

The experimentally measured torque profile of the perturbation field induced by the n=1 EFCC

field, TEFCC, is determined by momentum transport analysis using the JETTO code. The NBI torque

is calculated by the PENCIL code. The perpendicular diffusion coefficient and pinch velocity profile

are determined by fitting the evolution of the velocity after the switch-off of EFCC current.

The TEFCC has a global profile. The maximum torque is at the plasma central region, which is

different from the observations on NSTX and DIII-D with higher n perturbation field. This torque

is not localized at a certain rational surface and the velocity evolution is obviously different from

that in the mode locking phase as also observed on NSTX.

With the vacuum field approximation, the NTV torque in the collisionless regime is calculated

and compared with the observed TEFCC. The calculated NTV torque profile in the 1/v regime agrees

with the profile of TEFCC, although its absolute value is a factor of 2 larger. The NTV torque in the

v regime from the boundary layer contribution is comparable to the measured torque. Therefore,

the NTV torque is in the same order as the observed TEFCC. The NTV torque is a good candidate to

explain the non-resonant magnetic braking observed on JET with n=1 perturbation field.
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Figure1: From top to bottom, the plasma angular rotation
frequency at different radii, the EFCC current IEFCC,
the plasma density, normalized β and q95 for JET Pulse
No: 75342.

Figure 2: The obtained TEFCC (solid line, times -1) profile
by using the χM and Vinwm profiles fitted from different
orders of polynomial base functions, the NBI torque
(dashed line) and dL/dt (circles + dashed line) at the time
just after the switchoff of the EFCC current.

2

4

1

5

3.0

2.5

0

6

4

2.5

2.0

0

24 25 26 2723 28

ω
 (s

-
1 )

I E
 (k

A
)

n e
l (

10
19

)
β N

q 9
5

Time (s)

(104) JET Pulse No: 75342

JG
09

.1
55

-1
c

0.4

0.3

0.2

0.1

0

0.5

0.2

JET Pulse No: 75342

dL/dt
TNBI
-TEFCC (N=4)
-TEFCC (N=6)
-TEFCC (N=4, M=4)
-TEFCC (N=6, M=6)

0.4 0.60 0.8

T
 (N

/m
2 )

ρ

JG
09

.1
55

-2
c

http://figures.jet.efda.org/JG09.155-1c.eps
http://figures.jet.efda.org/JG09.155-2c.eps


5

Figure 3: Comparison of the temporal evolution of the
plasma velocity (top) from the experimental observation
(star dashed line) and simulation (solid line). The bottom
shows the time trace of the EFCC current.

Figure 4: Comparison of the NTV torque (the triangles
are the NTV torque in the 1/v regime, the diamonds are
that in the v regime, the circles are the boundary layer
contribution in the v regime) with TEFCC (solid line,
averaged over the four profiles in Figure 2).
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