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Abstract

The existence of Edge Localised Modes (ELM) rotating precursors few milliseconds before an
ELM crash was reported in many experiments (KSTAR, MAST, AUG, NSTX, TCV, JET). More-
over, in these experiments, similar nonlinear dynamics are observed at the ELM crash. In the
present letter, the rotation of ELM precursors and the dynamics of expelled filaments at the ELM
crash are explained using both, linear ballooning theory and nonlinear MHD simulations with the
JOREK code. It is shown that unstable ballooning modes, localised at the pedestal, grow and ro-
tate mainly in the electron diamagnetic direction in the laboratory reference frame. Approaching
the ELM crash, this regular rotation decreases corresponding to the moment when the magnetic
reconnections and edge ergodisation occur. During the highly nonlinear ELM crash, the ELM
filaments are cut from the main plasma due to the strong sheared mean flow that is nonlinearly

generated via the Maxwell stress tensor.

* Email: jorge.a.morales@outlook.com
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I. INTRODUCTION

Edge Localised Modes are MHD instabilities that appear at the edge of the tokamak
plasma in high confinement mode (H-mode). They are characterised by periodic bursts of
matter and energy. The crash of this instability leads to the relaxation of the edge pressure
pedestal. Then the edge pedestal rebuilds and another ELM cycle occurs. The quantity
of energy that is expelled periodically can cause partial erosion or melting of plasma-facing
components (PFC). This could limit the operational capabilities of future larger tokamak

devices like ITER and DEMO. For recent review articles on ELMs we refer to [1, 2].

In recent years, measurements performed with electron cyclotron emission imaging
(ECEI) have provided insights on the dynamics of this instability prior to and during
an ELM crash. ECEI measurements in the KSTAR tokamak [3] show that the ELM evolu-
tion can be separated in three different phases. The first is a linear phase where the localised
mode grows, the second is a quasi-quiescent state where the mode growth decreases and the
third is when the ELM crash occurs. In the majority of cases, during the linear phase, the
rotation of the precursors (structures preceding an ELM crash) is observed in the electron
diamagnetic direction. Near the crash, the rotation speed of the precursors decreases and
the precursor structure seems to extend radially towards the last closed flux surface where
the ELM crash occurs. These measurements are in agreement with AUG ECEI measure-
ments [4, 5]. In AUG, the rotation of the ELM precursors is also found in the electron
diamagnetic direction but the first-expelled ELM filament is observed to reverse rotation
and to propagate in the ion diamagnetic direction. In a third device, NSTX, gas puffing
imaging is used to characterise the precursors rotation and the filament expulsion of an ELM
[6]. In this last device the precursors are also observed rotating in the electron diamagnetic
direction and at the crash, the filament slow down and also reverses rotation direction
(propagating in the ion diamagnetic direction). In TCV with magnetic measurements [7]
and in MAST using beam emission spectroscopy (8] similar results were obtained. Recently
in JET, fast infra-red thermography measurements at the divertor [9] show ELM precursors
stripes moving radially outward. This also suggests ELM precursors structures rotating in

the electron diamagnetic direction.

Several instabilities can be candidate to explain the ELM precursors. The microtearing

mode instability has been proposed as one of the possible candidates [8, 10]. This instability

3



61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

7

78

79

80

81

82

83

shares several characteristics with the experimental measurements but its radial extend is
short (of the order of the ion Larmor radius). This last feature is incompatible with some
of the observations. Also peeling modes and drift waves can be considered but, the firsts
are characterised by low toroidal mode numbers that are inconsistent with the observa-
tions and the seconds are electrostatic in nature, a characteristic not compatible with the
electromagnetic properties of ELM precursors.

Ballooning modes are strong candidates to explain the observations [11]. In this
manuscript we will focus on this last instability. Analytically in the linear phase we consider
ideal and resistive ballooning modes taking into account bi-fluid diamagnetic effects. Nu-
merical calculations using the nonlinear code JOREK [12, 13] are performed. A comparison
with the analytical results in the linear stage is carried out. This numerical code is also used
to analyse the nonlinear saturation of the instability and to characterise the mechanism that

allows to explain the reversal of the filaments rotation at the ELM crash.

II. THE LINEAR BALLOONING MODE ROTATION

The reduced MHD equations over the magnetic flux ¥, the electric potential & and
the pressure P, are used to calculate the dispersion relation associated with the balloon-
ing instability. We use the gyro-viscous cancellation to simplify the equation over ® (see
e.g. [14]). The ballooning representation is used to reduce the two-dimensional problem to

one dimension (see e.g. [15]). The following ansatz is applied
+oo

O(p,0,t) = D0 + 2ml)e/nloal@r2ml=wt), (1)

l=—00

for a ballooning mode [ = 0. Also, for simplification, we consider the reference frame rotating
with the E x B velocity, hence in this reference frame Vgy,g = 0 (&\ano =0). We will add
the E x B velocity contribution at the end of the linear calculation.

Using these hypothesis the following dispersion relation, in dimensionless form, is found

2 p2 wF ink? 2
ol —af) (o)) + TR IR [y oaf] |
o * - 2 _ . " i
S (w—w; +ink3) (25 (1= 5) - 1) R i),
I € 2ink} s> inkas? I’
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with @ the poloidal direction, ky the poloidal wavenumber, w;‘/e the diamagnetic frequencies

(ion/electron, non-dimensionalised by the Alfvén time 74), d; the diamagnetic parameter,
~; the ideal interchange growth rate, Fy the axisymmetric pressure, ¢ the safety factor, s
the magnetic shear and n the dimensionless inverse Lundquist number. Also By, po, Ro, to
and e are respectively a reference magnetic field, density, length, the magnetic permeability
and electric charge.

At high resistivity (7 — oo) and strong magnetic shear (s >> 1) Eq. (2) simplifies to

S N3 . K3q® Lo 4 v
o =)o =) = ()” with 3, = [BL Rt )
Considering the diamagnetic frequencies: w; = —w} = w,, the roots of the polynomial can

be found using Cardan’s method. Taking into account the change of variable: w = i, this

dispersion relation can be simplified to

v(¥ +wl) =1 (4)

Two limits can be identified in Eq. (4), for 7, >> w, the solution v ~ =, and if v, << w, we
have v ~ %?7’ Jw?. In the general case three roots exist, one real and two complex conjugates
[16]. The most unstable root is always the real, the value of w is pure imaginary because
w = 17, hence at this limit the unstable mode does not rotate in the considered reference
frame.

Also at the ideal limit, n — 0, and small magnetic shear (s &~ 1) the dispersion relation

Eq. (2) simplifies to the second order polynomial [17, 18]
w® — wiw + 7 = 0. (5)

Two distinct roots exist

w & /w2 — 497
W4 = 5 . (6)

The system is unstable if: |w}/2| < |y7|. And the ideal rotation frequency of the mode is:

wy /2 [19, 20]. In this case the unstable mode rotates at half of the diamagnetic frequency
in the ion diamagnetic direction in the considered reference frame.
Moreover the roots of the general dispersion relation, Eq. (2), can be computed numer-

ically. We find that in realistic cases, i.e., at low resistivity (n < 1077) the most unstable

5
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FIG. 1. Evolution of the roots with the diamagnetic frequency w;, (top) imaginary part (bottom)

real part.

root is close to the ideal case Eq. (6). In Fig. 1 three computed cases are compared to the
analytical solution Eq. (6). One can observe that the imaginary part of the root is close to
the ideal theory if the magnetic shear is small. With increasing magnetic shear the calcu-
lated mode is more unstable. On the other hand the real part of the root matches very well
the analytical solution. The rotation of the mode, in the reference frame, is almost exactly
wi/2.

To calculate the mode poloidal rotation, in the laboratory reference frame, we add to
the intrinsic ballooning mode rotation the poloidal E x B velocity and the parallel velocity

V) - by (both velocities projected in the poloidal plane). The radial electric field in H-mode

6
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is observed to be dominated at the pedestal by the radial pressure gradient of the main ions
[21]. Also the pitch angle is considered to be small (B is mainly in the toroidal direction).
For these two reasons, in the pedestal region, the poloidal E x B velocity Vgxp can be
approximated by

Vexs ~ (E x B) /B*> =~ (V,P; x B)/ (enBz) : (7)

Finally the poloidal rotation of the ballooning modes in the laboratory reference frame

for the resistive and ideal limits writes

Resistive:  Viode = VExB + V) - bg (8)
Ideal: Vmode = VE><B + V// . be -+ Vi*/27 (9)

with the poloidal ion diamagnetic velocity V;* ~ (B x VP;) / (enB?). In dimensionless units

(non-dimensionalised by the Alfvén speed) this velocity becomes

Also the poloidal dimensionless E x B velocity at the pedestal, where the radial electric

field is mostly induced by the radial pressure gradient, can be approximated by
VEXB ~ —d,VTP (11)

The radial gradient of the pressure is negative. Therefore, by convention, we have chosen the
E x B and electron diamagnetic velocities in the positive direction and the ion diamagnetic
velocity in the negative direction.

Using the JOREK code [12, 22, 23] the linear growth of the ballooning instability with
and without diamagnetic effects can be analysed. ELM precursors were previously observed
with the JOREK code without diamagnetic effects [22]. Here we include diamagnetic effects
to analyse their effect on the precursors dynamics. The parameters used for the simulations
are close to a JET tokamak plasma, as in Ref. [24]. Realistic values of the inverse Lundquist
number, d; parameter and normalised parallel heat conductivity are typically: n = 1078,
d; = 1072 and k; = 8000 [25]. These values correspond to the following tokamak parameters
in JET: Ry =2.9m, By = 18T, npeq =3.3-10"m > and T, , =T; , = 1.8 keV.

The magnetic flux perturbation is presented in Fig. 2. Without diamagnetic effects,

d; = 0, the mode grows and rotates at low speed, as was found in Ref. [12]. On the

7
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FIG. 2. Magnetic flux perturbation n = 6, same parameters as in Ref. [24] (10 us between images),
(top) without diamagnetic effects and (bottom) with diamagnetic effects, d; = 1.7 - 1072. In the

bottom the rotation is anticlockwise, i.e., in the electron diamagnetic or E x B direction.

other hand, if diamagnetic effects are taken into account the mode rotates in the electron
diamagnetic direction with a velocity of several km/s. The E x B velocity is strongly
reduced if diamagnetic effects are not taken into account since this velocity is proportional
to d; at the pedestal (see Eq. (11)).

We perform several computations varying the diamagnetic parameter, the resistivity and
the parallel heat conductivity. The ballooning mode velocity rotation is plotted against

the diamagnetic parameter in Fig. 3. In this figure we observe a linear scaling with the
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FIG. 3. Rotation velocity of the modes as a function of d; and comparison with the expressions

Egs. (8) and (9) taked at Wog (i.e. at the flux surface with |V P] %y is the normalised parallel

max)’

conductivity.

diamagnetic parameter d;, in agreement with Eqgs. (8) to (11).

In our simulations the E x B and the diamagnetic velocities dominate over the poloidally
projected parallel velocity (V) - by). For small resistivities, the numerical computations are
close to the ideal formula Eq. (9) (thick black curve in Fig. 3). We observe that the ballooning
mode velocity is always dominated by the E x B velocity, this mode always rotates in the
electron diamagnetic direction. This can be explained as follows: at the pedestal, the ion
diamagnetic and E x B velocities have approximatively the same amplitude but opposite
direction (see Eqs. (10) and (11)). For realistic cases (low resistivity) the system behaves
close to the ideal limit. At this limit the ballooning mode rotates with half of the ion
diamagnetic velocity (see Eq. (9)). As a consequence the E x B velocity is always larger

and the ballooning mode rotates in the electron diamagnetic direction in the laboratory
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reference frame.

In the present calculations we have not imposed a source of toroidal rotation. The par-
allel velocity comes from the Bohm boundary conditions that are imposed at the divertor.
Therefore the projected parallel velocity is small compared to the E x B and diamagnetic
velocities. In several devices as KSTAR the toroidal velocity can be very large. This ve-
locity must be taken into account in the calculation of the ELM precursors rotation in
the laboratory reference frame. Precursors rotating in the ion diamagnetic direction have
also been observed. This behaviour can be explained by a strong toroidal rotation that

counterbalances the EZ x B velocity.

III. NONLINEAR DYNAMICS OF ELM FILAMENTS

Experimentally the rotation of the modes is observed to decrease just before the ELM
crash [3, 6]. Also the observations show the rotation of the ELM filaments in the ion
diamagnetic direction [4, 6, 8]. This rotation is opposite to the one observed for the ELM
precursors.

With the JOREK code the nonlinear evolution of the ballooning modes is studied for a
case with d; = 7.6 - 1073. Near the ELM crash the density field can be observed on Fig. 4.
In this image, filaments of high density are expelled in the ion diamagnetic direction as
observed in the experiments.

The inversion of the rotation occurs at the nonlinear saturation of the instability. The
perturbed electric potential grows creating periodic vortices with alternating positive and
negative rotations. The strong correlation between the density and the electric potential can
be observed on Fig. 5(a). The Vg«p vortices are deformed, they are thinner in the radial
direction and elongated in the poloidal direction, following the magnetic field lines [26]. As
observed in Fig. 5(a) the density filament is convected by the E x B velocity vortex. Also
from the density p equation we can show that the density dynamic is governed by the E x B
velocity term,

0 1 oP
a_i = [pRQ,(ID] +d; 37 + Diff. + Source, (12)

with the Poisson bracket defined as: [f, g] = e,-(V f x Vg) (cylindrical coordinates). In this
equation the diamagnetic velocity (second term on the right hand side) does not act as an

advection term but only as a compression term. Therefore only the E x B velocity convects

10
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FIG. 4. Density filaments are expelled in ion diamagnetic direction, d; = 7.6 - 1073 (5 s between

images).

the density filament (first term on the right hand side). The diamagnetic velocity does not
convect directly the density but plays an important role in the nonlinear interactions. As we

show later, the diamagnetic effects have a non-negligible influence on the E x B vorticity.

The profiles of the axisymmetric component of the E x B velocity are plotted on Fig. 6
as a function of the normalised magnetic flux. From this figure we notice a strong velocity
shear created during the ELM crash (see also Fig. 5(b)). At the same time as the filament
is convected, a strong 2 X B shear appears. In the region where the mode perturbation is
larger (around Wy = 0.96) the velocity profile decreases and crosses the zero abscissa axis.
This can explain why experimentally the ELM precursors decelerate approaching the crash.
The shear increases further and the E x B velocity becomes negative. This effect makes

the high density filament to cut from the main plasma, the filament is expelled.

Also in Ref. [12], without diamagnetic effects, a strong E x B shear was present in the

nonlinear phase. The major difference with respect to the present computations is the initial

11
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FIG. 5. (a) Density filament (colormap) and electric potential isocontours (white lines), (b) nor-

malised axisymmetric E x B velocity and (c) Maxwell stress term R~! [¥, j]. All these quantities

are taken at the same instant, during the ELM crash (¢ = 1273 pus in Figs. 6 and 7).

27 VExp profile, the profile was close to zero in the cited reference.
208 The different terms of the E x B vorticity wg equation, implemented in the JOREK
200 code, are plotted as a function of time in Fig. 7 (averaged on the closed flux surface region

20 for n =0). In weak form the vorticity equation yields

2
e =~ [ var v G@)av = [ (= B 1w il - Rpw @)+ Rl ]

1 F
—u'V¢ -V x (R?p(v] - V)vg) — u*ﬁ (W, 5] + u*R—‘;a¢j +u*Vo -V x (R*uVivp) )dV,
(13)
a1 with u* a test function, ¢ the toroidal direction, p the dynamic viscosity and p = R?p. For

12
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FIG. 6. Axisymmetric (n = 0) E x B velocity profiles during an ELM crash (averaged in the

region between the low field side and the vertical direction 6 = [0, 7/2]).

more details we refer to [12, 22, 23, 25].

In Fig. 7 the equilibrium noted Fq is the static equilibrium (pressure R [u*, P| plus
Maxwell stress tensor, R™! [, j] term). Also axisymmetric equilibrium flows [27] generate
viscous dissipation. We can observe that in the linear phase the static equilibrium FEq and
viscosity terms balance, there is no vorticity generation. At ¢ = 1.24 ms, the diamagnetic
term —V¢-Vx (R?p (v} - V) vg) (Dia) grows but is balanced by the equilibrium and viscosity
terms. However a small growth of vorticity wg is observed. Then at ¢ = 1.273 ms (same
time as in Fig. 5) the ELM crash occurs. The term d;wg becomes large, strong vorticity is
created. This vorticity is generated nonlinearly by the unbalance between the terms in the
vorticity equation. The terms dominating the wg dynamics are the Maxwell stress tensor
R, 4] [12] (see also Fig. 5(c)) and the Dia term. On the other hand the pressure term

R [u*, P] is large but does not behave with the same dynamic as the d;wg term.
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FIG. 7. Axisymmetric (toroidal mode number n = 0) E x B vorticity equation terms (see Eq. (13))

as a function of time.

IV. CONCLUSION

In the linear phase the analytical ideal ballooning calculations and the JOREK simu-
lations are in good agreement. They explain why experimentally the ELM precursors are

mainly observed rotating in the electron diamagnetic direction.

Near the ELM crash we find a strong nonlinear generation of axisymmetric E x B velocity
shear. This shear makes the density filaments to be expelled outside the main plasma. Also
the filaments rotation is opposite to the ELM precursors rotation, i.e., in the ion diamagnetic

direction, as observed experimentally. The Maxwell stress and diamagnetic terms govern
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the vorticity generation at the nonlinear phase.

The ELM crash is a strong nonlinear event (see e.g. [28]). In this letter we focus on
the early stages of the ELM crash. We observe that the strong E x B shear plays an
important role in the ELM filament detachment. Another important transport channel is
parallel conduction [29]. Reconnection [30] is also observed at the early stages of the ELM
crash and certainly plays an important role on the density and energy transport towards the
plasma-facing components, in particular towards the tokamak divertor.

As a perspective for this work we can mention the study of the toroidal velocity profile.
In this work we have not imposed a toroidal velocity source but it would certainly be an im-
portant element to take into account in future simulations of ELM precursors. The toroidal
velocity profile not only influences the precursors rotation but also the linear ballooning

dispersion relation if a shear exists (see e.g. [31]).
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