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Abstract: The non-resonant magnetic braking effect induced by an Non-
Axisymmetric Magnetic Perturbation (NAMP) is investigated on JET and TEX-
TOR. The collionality dependence of the torque induced by the n = 1 NAMP field is
obtained on JET. The observed torque is located mainly in the plasma core (normal-
ized p < 0.4). It increases with decreasing collisionality. The calculation shows that
it is close to the transition between the v — /v and the superbanana plateau regimes
in the plasma core. The NTV torque is modeled by using the smoothly connnected
formula in the collisionless regimes. The calculated collisionality dependence shows
the same tendency as the experimental observation due to the resonant particle ef-
fect. The strongest NTV torque is also located in the plasma core because of the
resonant particle effect. However, the magnitudes of the NTV torque is still about
1-2 orders smaller than the observed ones on JET. There is no obvious braking effect
with m/n = 6/2 NAMP generated by the Dynamic Ergodic Divertor (DED) on
TEXTOR. The calculated NTV torque on TEXTOR is also very small.

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, MagnetoHydroDynamics (MHD) perturbations in the plasma or
external magnetic perturbations applied to control Edge Localized Modes (ELMs) [1, 2]
and Resistive Wall Modes (RWMs) [3].
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The magnetic braking effect without mode locking during the application of NAMP
has been observed in several tokamak experiments [4-8]. 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.

A good agreement between the calculated NTV torque in the 1/v regime and the
observed one induced by the applied NAMP has been reported from NSTX [4]. Here,
v is the collisionality. The collisionality dependence of the braking effect on NSTX was
also consistent with the NTV torque in the 1/v regime [7]. On DIII-D, the calculated
NTV damping time in the v regime was about two orders longer than the observation
[10]. The MHD induced braking effect on MAST was in agreement with the NTV in the
1/v regime [11].

A strong non-resonant magnetic braking has been observed in ELM control experi-
ments with n = 1 NAMP field generated by the Error Field Correction Coils (EFCCs)
on JET [8, 12]. The observed 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 v — /v [13]
and 1/v regimes. The NTV torque in the v — /v is too small to explain the observed
torque [8].

The experimental regime in present tokamaks as well as ITER [10] covers all the 1/v
9], v — /v [13] and the superbanana plateau [14] regimes and the transitions between
them. Furthermore, particles with different energy are in different collisionality regimes.
In order to model the toroidal plasma rotation with NAMP and compare it with the
observation, we need to know the N'TV solution in the transition regime, 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 by Shaing et al.[15]. Another
general analytic result has been obtained by using the simple Krook collisional operator
by Park et al.[16]. Recently, a general solution with the pitch angle scattering collisional
operator is obtained by Sun et al. by numerically solving the bounce averaged drift
kinetic equation [17]. The numerical results were in a good agreement with the smoothly
connected formula, while showed some differences at the transition regimes. It has been
shown in [17] that the resonant particle effect [14] is important for a relatively low colli-
sionality and low plasma rotation case. The resonant particle effect can strongly change
the NTV torque dependence on the collisionality.

In this paper, the non-resonant magnetic braking effect induced by the NAMP on JET
and TEXTOR is investigated and it is compared with the NTV theory. This paper is
organized as follows. The experimental observations are presented in section 2. The NTV
theory in the collisionless regimes is summarized in setion 3. The NTV torque profiles are
calculated and compared with the observations in section 4, followed by the summary of
the main results in section 5.

2. Experimental observations

2.1 Collisionality dependence of the braking effect by n =1 NAMP on JET

A density pump out usually occurs in ELM control experiment by the application of a
low n NAMP field on JET [12]. Recently, the plasma density drop during the application
of NAMP field was compensated by gas puffing (JET pulse 77334 as shown in Fig. 1)
or pellet injection (JET pulse 77328, 77331, 77333 and 77337 as shown in Fig. 1). 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.

Fig. 1 shows the temporal evolution of the plasma rotation (A), density (B), ion
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FIG. 1: The temporal evolution of the plasma
rotation (A), density (B), ion temperature
(C) at Rp=3.0m (near the magnetic axis) dur-
ing the application of n=1 NAMP field (D)
for a series of pulses where the densities were
restored at different levels.
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FIG. 2: The strength of the n = 1 component
of the RMP spectrum (b°/B¢),,, in Hamada
coordinates, the resonance condition m = ng
(dashed line) and the locations and widths of
the islands (red lines) induced by the NAMP
using the vacuum field assumption.

temperature (C) at Ro=3.0 m (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.
In these pulses, the toroidal magnetic field strength is By=1.8T, the injected beam power
is 10.5MW and the safety factor ¢ at wp = 0.95 is qo95 = 3.2. Here, Q/Jp 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.

The strength of the n = 1 component of the Resonant Magnetic Perturbation (RMP)
spectrum (b /B°),,,, 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 p = /11 /7By is used in this paper (Normalized
p, with p = 1 at the last close surface, is used in all the figures). Here ¢ is the toroidal
magnetic flux and By is the magnetic field strength at the magnetic axis. The dashed
line indicates the resonance condition m = ngq at different radii, and the red 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.

Among these pulses the effective ion collisionalities v,; = v;/ (63/ 2w;) in the plasma
core region are changed by a factor of 6 which is shown in Fig. 3. Here v; is the ion
collisionality, wy; = vy;/qRo is the ion transient frequency and vy is the ion thermal
velocity.

The torque density profiles induced by the n = 1 NAMP at ¢ = 23s are calculated
by momentum transport analysis [8] and are shown in Fig. 4. The maximum torque is
located at the plasma core region, which is similar to previous observation [8].

The obtained torque profiles obviously depend on the collisionality. The collsionality
dependence of the total torque inside the p = 0.4 is shown in Fig. 5. The torque increases
with decreasing collisionality, which is similar to the dependence observed on NSTX [7].

2.2 Non-resonant magnetic braking experiment with m/n = 6/2 DED on
TEXTOR

The non-resonant magnetic braking induced by the Dynamic Ergodic Divertor (DED)
[18] in m/n = 6/2 configuration on TEXTOR is investigated. The strength of the n = 2
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FIG. 3: The profiles of the effective collision- FIG. 4: The observed torque density profiles
ality induced by NAMP
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FIG. 5: The observed total torque inside the FIG. 6: The RMP spectrum of the m/n = 6/2
p = 0.4 surface DED coil configuration on TEXTOR

component of the RMP spectrum of m/n = 6/2 DED coil configuration is shown in Fig.
6. No obvious braking effect is observed with this coil configuration for both resonant
(m/n=-6/2 as shown in the Fig. 6, where -’ is due to convention of the definition of the
coordinates) and non-resonant (m/n=6/2, by changing the plasma current orientation,
i.e. changing the sign of the ¢) pitch cases before the field penetrates.

3. NTV theory . R

The equilibrium magnetic field in tokamaks can be expressed as B,, = %VV x Va =

Vo x Vi, + g(v) Ve, where 2wy, is the poloidal magnetic flux, V = V/(4r?), V is the
plasma volume enclosed by the flux surface and a = g6l — ¢ is the drift angle, ¢ is the
geometric toroidal angle, g = RB; and B, is the toroidal magnetic field. (V,6,() are the
Hamada coordinates with Jacobin J = 1. Therefore, the Jacobin of (p,#, () becomes
J = V' = pBy/(g < 1/R?* >,), where the prime denotes the derivative over p and
< ... >, denotes flux surface average.

The magnetic field strength with NAMP can be written as,

B =By[l —ecost — > b,(0)e™] (1)

where € ~ r/R is the amplitude of the cosf component of the equilibrium field caused by
toroidicity, r and R are the minor and major radius, respectively, b, = > by et ma)?
is the n'" Fourier harmonic of the perturbation field and b,,,, are the Fourier coefficients
of 6B/ By in(0, ) coordinates on the distorted flux surfaces [9].
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The variation of the magnetic field strength on the distorted flux surface (or the La-
grangian variation) due to the NAMP b can be written as [8, 9, 19],

—

0B = b+ (Beg/Beg) + (£, Beg + £ 09 Bey) (2)

where E is the displacement induced by the NAMP. The first term is the so called Eularian
part [19} The NTV theory is based on the existence of closed flux surfaces. From

Beq V{ = b the spectrum of the displacement can be written as,

b? | BS)
gt = g U D )
m —ng
There are singularities at the rational surfaces qs = m/n, if (0°9/B%)mnle # 0, ie.

the existence of island. These singularities can be removed by changing 1/(m — nq) to
(m — nq)/[(m — ng)* + 62,,], which is similar to the method used in [19]. The small
parameter d,,, can be chosen as 8, = NWmnd' |4, /2, Where Wy, = 41/q(b?/B)n/nq |,
is the island width.

The typical effective collisionality v,, satisfies (%)3/ 2 <« v, < 1 in most toka-
mak operational regimes for present tokamaks as well as ITER. The collisionless detrap-
ping/retrapping regime [20] and the superbanana regime [21] are usually not accessible.

The general form of the toroidal NTV torque density can be written as [15, 17],

Tnrv = —(R*)yTrry Piws (4)
where
_ Pw?
7-NYI“V - 1/R2 Rg Z Z 2\/_77'3;2 j )\1 n( wnc,n/wqﬁ) (5)
j=te n
1 oo
M= / Lon(@) (@ — 5/2) 1272 dz (6)
0
g _ )\Q,n
wnc,n = Q(WQ + We,j — Wi + TW*TJ) (7)

and p; = N;M; and e; = Zjeq are the mass density and electric charge of the j kind
of particles, respectively, ws and wy are the toroidal and poloidal ion rotation angular
frequencies. wy, is the general form of the so-called neoclassical ”offset” rotation [5, 22].
The diamagnetic frequencies w, = P’'/(pBoeN), and w,r = T"/(pBoe). P is the plasma
pressure, 1" is the plasma temperature,

The solution of the pitch angle integral I, depends on the collisionality regime.

When v,y = TZL (;6') 2 TZ; U(ij > 1, the regime is the so-called 1/v regime. The pitch
angle integral in this regime can be written as [9],
Linijw = 1—12 /1 16K FHn([r?* — sin®(0/2)]b,)s|*dr> (8)
Krn,l /v Vd/(ZE) 0 n
1 b Adf :
where (A), = % /2, N/ denotes bounce average of A over the banana obit,

k? = [v?/2—e®/M — puBy(1—€)]/(2euBy) is the pitch angle, u = v /(2B) is the magnetic
moment, 0, = 2arcsin(k) is the bounce angle of the trapped particles, I} = [v4/(2€)]/ 1o
and Iy = /[va/(26)]2 + max[(nwa,)?], and v, is the deflection frequency. For different
species, vy = vix—32G(x) and vge = vex ??[14 G(z)], where G(z) = [(1 — 5 )er f(v/Z) +
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ﬁe =], er f(z) is the error function, v;, = v27N;Ze!, In A/[(47T€0)2Mi1722]f:£2] are the
collisionality of the ions and electrons. Wdo = —qWE — Wp 18 the bounce averaged drift
frequency, qurp = —q®'/(pBy) is the E x B drift frequency, ® is the electric potential,
wp & wpo[2E /K — 1]x is the magnetic drift frequency, wpy = ¢*w?/(2€9,) is the magnetic
drift of the deeply trapped particles with x = 1 , x = v?/v? is the normalized energy, and
Q, is the gyro frequency. F' = 2[E/K — 1 + %], and K(x?) and E(x?) are the elliptic
integrals of the first and second kind, respectively.

When v,q < 1 and z,;, = |qwe/wpoe| > 1, the solution of the pitch angle integral can

be written as [13],

I __h
Y v (26)

1
/ 4K F|nd,z (by(1 — e~ 1HoB)Y)) 124,52 (9)
0

where oy = 41 depending on the sign of the electric field, y = (1 — x?)/Ar?, Ak? =~

8Vsd

In(16/+/8v.a)
op. This regime is the so-called v — /v regime.

There is a resonance pitch kg, at which wg, = 0, when & > 2., = |qwg/wpoe|. When
Via,sop = [Va/(26€)]/|In%4 | & (2yin/T)va < 1 and @ > @y, the solution of the pitch angle
integral can be written as [14],

is the boundary layer width. The final results do not depend on the sign of

4 Kn(b,)p|?

e (wa)| (10)

[i{n,sbp = |,@2:,@(2)

This regime is the so-called superbanana plateau regime.

The smoothly connected formula from the analytic solutions in different regimes [15]
can be written as,

IK/IZ V— 1% IK/{ZS
Vv + H(z — i) .5t (11)

[nn =H Tmin —
© ( )1 —|—[,_in,, f/-l’{n 1/v 1 +[nn,sbp/lnn,1/l/

where H(x) is the Heaviside step function. H(z) =1 for x > 0 and H(z) = 0 for z < 0.
Compared to the connected formula in [15], the general solution in the v — /v regime
Eq. (9), rather than the solution in the /v regime only, is used in the connected formula.
To avoid the singularity for v,.4 > 1, i.e. for the 1/v regime case in the connected formula,
it is necessary to use v/ (1 + v,q) to replace v, in Eq. (9).
4. Modelling the NTV torque and comparing it with the observed torque
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The profiles of the vy = Vidly, /=1 of ions are shown in Fig. 7. Here, the E x B
drift frequency is calculated from the radial force balance equation for single ion species,
qwp = wg — q(wp —w,;). The neoclassical value of the poloidal rotation, wy & kycw.r; with
kne = 1.17 [23, 24], is used in this calculation. It shows that v, < 1 almost everywhere.
The NTV in the v — /v and the superbanana regimes are important. The observed
collisionality dependence is obviously contradict to the NTV v — /v regime.

The profiles of x,,, are shown in Fig. 8. It shows that x,,;, is close to 1 in the
plasma core region. Therefore, it is close to the transition between the v — /v and the
superbanana plateau regimes. The resonant particles will give a dominant contribution
here and causes a different scaling on the collisionality in this range.

The calculated NTV torque density profiles are shown in Fig. 9. Here, the variation of
the magnetic field strength Eq. (2) is calculated with the perturbation field b calculated
from vacuum field assumption. The fundamental harmonic n = 1 gives the dominant
contribution in the NTV torque as discussed before [8]. It shows that the strongest
contribution is in the plasma core, which is mainly contributed from the resonant particles.
This is consistent with the observations. The comparison of the observed torque and the
NTV torque profile for p € [0.1,0.3] is shown in Fig. 10. The NTV torque shows the
same tendency as the observed torque. However, the magnitude of the NTV torque is
still about 1-2 orders smaller than the observed one.

JET n =1 JET n =1, (pe[0.1, 0.3])

0.010 0.010
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FIG. 9: The profiles of the calculated torque FIG. 10: Comparison between the observed
density profiles torque and the NTV torque

The calculated NTV torque induced by m/n = 6/2 DED on TEXTOR is also much
smaller than that on the JET, because of the great decay of the perturbation field in-
side the plasma with a similar perturbation field level at the plasma edge in this coil
configuration, which is shown in Fig. 6.

5. Summary.

Non-resonant magnetic braking effect induced by the NAMP is investigated on JET
and TEXTOR. The collionality dependence of the torque induced by the n = 1 NAMP
field is obtained on JET. The observed torque is mainly in the plasma core (normalized
p < 0.4). It increases with decreasing collisionality. The calculation shows that it is
close to the transition between the v — /v and the superbanana plateau regimes in the
plasma core. The NTV torque is modeled by using the smoothly connnected formula in
the collisionless regimes. The calculated collisionality dependence has the same tendency
as the experimental observation due to the resonant particle effect. The strongest NTV
torque is also located in the plasma core because of the resonant particle effect. However,
the magnitudes of the NTV torque is still about 1-2 orders smaller than the observed
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ones on JET. The bounce resonance [16, 25] could be important in this case, because the
E x B drift frequency is close to the bounce frequency of the thermal particles. It will be
investigated in the future.

There is no obvious braking effect with m/n = 6/2 DED coils for both resonant and
non-resonant pitch before the field penetrates on TEXTOR. The calculated NTV torque
on TEXTOR is also very small, because of the great decay of the perturbation field
inside the plasma with a similar perturbation field level at the plasma edge in this coil
configuration.

The observations on JET and TEXTOR suggest that the non-resonant magnetic brak-
ing effect strongly depends on the coil configuration. To avoid the non-resonant magnetic
braking, the RMP coil configuration should reduce the non-resonant harmonics and be
located as close as possible to the plasma or use a high n number so that the field rapidly
decays inside the plasma.
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