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Experimental measurements of edge localized modes (ELMs) observed on the EAST experiment

are compared to linear and nonlinear theoretical simulations of peeling-ballooning modes using the

BOUTþþ code. Simulations predict that the dominant toroidal mode number of the ELM instabil-

ity becomes larger for lower current, which is consistent with the mode structure captured with

visible light using an optical CCD camera. The poloidal mode number of the simulated pressure

perturbation shows good agreement with the filamentary structure observed by the camera. The

nonlinear simulation is also consistent with the experimentally measured energy loss during an

ELM crash and with the radial speed of ELM effluxes measured using a gas puffing imaging

diagnostic. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4895799]

High-performance (H-mode) discharges1 with an edge

transport barrier are the current baseline operating scenario

for ITER. The steep pressure gradients and associated boot-

strap current destabilize magneto-hydrodynamic peeling-bal-

looning modes and generate repetitive unstable edge

localized mode (ELM) events,2 which lead to eruptions of

filamentary structures from the plasma. The energy released

during the ELMs is deposited on the divertor and may

quickly erode the material surfaces of divertors in future

devices. Understanding the structure of peeling-ballooning

modes has been developed using linear codes such as

ELITE3 and GATO,4 and nonlinear simulations have been

performed with NIMROD5 and JOREK.6 This letter

describes the first comparison between measurements of

ELMs on the EAST tokamak and nonlinear simulations of

ELM physics using the BOUTþþ code.7 Simulation predic-

tions are compared to the poloidal mode structure of the

ELM measured using a visible camera, the total energy

losses during the ELM measured from equilibrium recon-

struction, and the speed of the ELM effluxes measured with

a gas puff imaging diagnostic (GPI).

The BOUTþþ simulations are based on the peeling-

ballooning model with non-ideal physics effects such as the

diamagnetic drift, E�B drift, resistivity, and anomalous

electron viscosity. A minimum set of nonlinear equations for

perturbations of the magnetic flux Ak, electric potential /,

and pressure P can be extracted from the complete set of

BOUT two fluid equations7 with the additional effects of

hyper-resistivity8 and parallel viscosity. The BOUTþþ three

field model,9,10 which evolves vorticity, pressure, and paral-

lel vector potential, has been used to simulate peeling-

ballooning modes on DIII-D, C-mod, K-STAR, and EAST.

The three-field equations used here are given explicitly in

Ref. 11. An important assumption of the model is that the

axisymmetric electric and ion diamagnetic drifts cancel to

provide radial ion force balance. The diamagnetic effects sta-

bilize the ELM instabilities at large toroidal mode number.12

The filamentary structure of an ELM instability can be

clearly identified during the initial phases of a simulation.

Images of electron temperature fluctuations near the separa-

trix were first observed using the electron cyclotron emission

(ECE) imaging system on K-STAR in 2012, which capture

the filament structure clearly during the initial phase.13

However, the time of the initial phase is very short and the

electron temperature is too high to generate visible radiation

observable by a typical CCD camera. Thus, it is difficult for

most tokamaks to view the ELM structure directly from a

CCD camera. The earliest observation of the filament struc-

ture of ELMs was obtained by a high-speed camera with a

short (20 ls) exposure time on MAST in 2004. The structure

was obtained at the start of an ELM, and ELM effluxes are

observed radially up to 20 cm from the plasma edge,14 where

the filament becomes sufficiently cool to be observed. On

EAST, a CCD camera facing a movable limiter has been

used to image ELM filaments located below the outer mid-

plane. The filamentary structures of an ELM instability cool

down as they contact the movable limiter and, thus, become

cool enough to emit visible radiation that is captured by the

CCD camera.

Linear BOUTþþ simulations predict that the dominant

toroidal mode number of ELMs becomes larger for lower

total plasma current.11 To verify these simulation results, we

varied the current in EAST plasma discharge #41019. This

discharge was operated with a combination of ion cyclotron

resonance frequency (ICRF) and lower hybrid wave (LHW)

heating power. During the H-mode phase, the toroidal field

is 2 T, the line-averaged density is 3.9� 1019 m�3, the elec-

tron temperature near the pedestal top is about 0.45 keV,

PLHW is 1 MW, and PICRF is 0.8 MW. The plasma current

(Ip) is decreased rapidly from 400 kA at time 3100 ms to

300 kA within about 1500 ms. Filamentary structures, shown
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in Fig. 1(a), were observed using the CCD camera for the

cases of Ip¼ 400 kA (time 3034 ms) and Ip¼ 300 kA. A com-

parison of the two images shows that the filaments for

Ip¼ 400 kA (time 4089 ms) are obviously denser than for

Ip¼ 300 kA. To obtain a quantitative result, the images are

mapped to absolute spatial coordinates and a window,

enclosed by the red and blue line rectangular boxes shown in

Fig. 1(a), is selected for analysis. A Fourier transform along

the vertical direction yields the poloidal mode number of the

filament kp. Assuming that the filaments are aligned with the

magnetic field, the poloidal mode number is proportional to

the toroidal mode number via n¼m/q¼ kpRBp/BT, where the

safety factor q is related to the plasma current. The toroidal

spectrum shown in Fig. 1(b) shows the amplitude peaks at

n¼ 25 (kp¼ 104 m�1) for Ip¼ 400 kA and at n¼ 30

(kp¼ 150 m�1) for Ip¼ 300 kA. Although the experimental

results are only 630%–50% accurate based on the

half-width at half height of the measured peak, they are

qualitatively consistent with the results of the previous linear

simulations.11

Linear and nonlinear simulations based on the ELMy

H-mode discharge #41019 were performed using the

BOUTþþ two fluid framework. Shot #41019 at 3034 ms did

not have enough experimental data to construct a kinetic

EFIT equilibrium reconstruction. Instead, we generated an

equilibrium by modifying a kinetic EFIT reconstruction for a

similar shot #33068 at 2900 ms using the Corsica transport

code.15 The original profiles for #33068 at 2900 ms are

shown in Ref. 16. To generate an approximate “kinetic

EFIT” for #41019, we scaled the pressure by the line-

averaged density (3.9� 1019 m�3 in shot #41019 vs.

3.5� 1019 m�3 in shot #33068) and scaled the total current Ip

(400 kA in shot #41019 vs. 500 kA in shot #33068). Shot

#41019 is a double-null discharge with dRsep¼ 0.1 at time-

¼ 3034 ms, which means that the configuration is closer to

upper single-null. (Magnetic divertor balance is described by

FIG. 1. (a) Filament structure captured by the CCD camera at time 3034 ms and time 4985 ms. The dashed line rectangular windows are selected for analysis

of the poloidal wavenumber. (b) The toroidal mode # spectrum inferred from the CCD images. (c) Predicted linear growth rate vs. toroidal number for different

plasma currents.

FIG. 2. (a) ELM pressure perturbations

(a.u.) from the simulation as observed

by a synthetic ray-tracing diagnostic

(bright white lines). (b) Mesh used for

the simulation: black lines show the

poloidal (y) grid and blue lines show a

subset of flux surfaces used for the ra-

dial (x) grid. The GPI observation win-

dow is marked as a pink rectangle.

090705-2 Liu et al. Phys. Plasmas 21, 090705 (2014)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

202.127.206.120 On: Thu, 16 Jul 2015 02:07:46



dRsep, the radial separation at the low-field side mid-plane

between the flux surfaces connected to the upper and lower

divertor X-points.) For simplicity, we choose the region to

vary in normalized poloidal flux w from 0.8 to 1.02 to make

the selected region single-null. The radial simulation dimen-

sion is about 4 cm, which has been divided into 516 grid

points. The number of grid points in each direction is

nW¼ 516, nh¼ 64, and nf¼ 64, where W, h, and f are the

radial, poloidal, and toroidal coordinates, respectively.

The resistivity g is determined by Lundquist number

S¼ (l0R0�A)/g, and the hyper-resistivity is fixed via

gH¼ 10�4g. The experimental pedestal Lundquist number S

varies from 4� 105 to 1.89� 107 and is S¼ 1.15� 107 at the

peak gradient position at 3034 ms. In the linear and nonlinear

simulations, the Lundquist number is a constant S¼ 107, the

parallel viscosity is a constant (0.01 in normalized units),

and we simulate a toroidal wedge that is 1/5 of the full toroi-

dal angle.

The dependence of the linear ELM growth rate on toroi-

dal mode number is shown in Fig. 1(c) for various assumed

values of total plasma current. The 300 kA and 750 kA

results in Fig. 1(c) are also based on equilibrium EFITs gen-

erated by the Corsica transport code after scaling Ip. The

dominant toroidal mode number is n¼ 25 for Ip¼ 400 kA

and n¼ 30 for Ip¼ 300 kA, which is consistent with the ex-

perimental result in Fig. 1(b). The dominant toroidal mode

for Ip¼ 750 kA is n¼ 10, following the trend that lower to-

roidal mode numbers become dominant when the plasma

current increases. Since 1/5 of the torus is simulated, the the-

oretical results yield an error dn¼62.5, which is only accu-

rate to 610%–25%. The simulated pressure perturbation of

the dominant n¼ 25 Fourier mode (for Ip¼ 400 kA) has been

mapped to real space in Fig. 2(a). The bright stripes are the

projection of simulated ELM filaments from a synthetic cam-

era diagnostic. The dominant mode also appears at n¼ 25

during the initial linear phase of the nonlinear simulations

described next.

Four phases of the ELM crash can be seen in the nonlinear

runs. (We note that seven phases of an ELM crash were dis-

cussed in Ref. 17.) The normalized rms value of the pressure

perturbation hPrmsi ¼ hdP2i1=2
, averaged over toroidal angle,

is shown in Fig. 3(a). The dotted blue curves separate the four

phases of the ELM crash: linear phase-I, nonlinear saturation

phase-II, crash phase-III, and L-mode like phase-IV. The struc-

ture of the corresponding pressure perturbations is shown in

Fig. 3(b). During the linear phase-I, the perturbations increase

exponentially. Then, during the nonlinear saturation phase-II,

FIG. 3. Four phases of the ELM crash

from the nonlinear simulation. (a) The

normalized rms value of the pressure

perturbation (dashed blue line) and the

ELM loss (solid red line). (b) The pres-

sure perturbations at different phases

of the ELM crash.

FIG. 4. Simulated axisymmetric pressure profile at different phases of the

ELM crash (a) nonlinear saturation phase-II, (b) crash phase-III, and (c) L-

mode like phase-IV.
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hPrmsi drops at the beginning (t¼ 203sA) and then increases

rapidly, while the ELM structure appears blurred. During the

crash phase-III (t¼ [237, 255]sA), hPrmsi decreases sharply

and the structure becomes detached from the pedestal via a

magnetic reconnection event. Strong ELM effluxes can be

observed during the crash phase. Finally, during the L-mode

like phase-IV, hPrmsi becomes steady and the filamentary

structure of the ELM instability is replaced by broadband tur-

bulence. Finally, about 2% of the total energy is ejected as cal-

culated from the nonlinear simulation. The energy loss during

the ELM crash in the simulation is defined as

DELM tð Þ ¼

ðWout

Win

dW�Jdhdf P0 � hP tð Þif
� �

ð
dW�JdhdfP0

: (1)

Here, Win is the inner boundary of the simulation domain

and Wout is chosen to be the location of the peak pressure

gradient. P0 is equilibrium pressure and J is the Jacobian.

This is consistent with the average energy loss measured

using the change in stored plasma energy DWMHD/WMHD

derived from the EFIT equilibrium reconstruction which is

approximately 1.75% during the ELM of shot #41019 just af-

ter time¼ 3034 ms.

The ELM crash starts at the outer midplane and then

spreads to the X-point region. Figure 4 shows the evolution

of the total pressure profile. The location at y¼ 26 is near the

outer mid-plane as shown Fig. 2(b). The collapse of the pres-

sure starts from the outer mid-plane at t¼ 203sA. A mass of

ELM efflux crosses the last closed flux surface at t¼ 245sA.

Finally, the pressure as a whole decreases to a lower level

and becomes steady at t¼ 311sA. The final pressure perturba-

tion profile matches the direction of the measured in-out

asymmetry of the power to divertor targets, favoring the

outer divertor. This is also consistent with previous measure-

ments of the divertor power asymmetry for EAST.18

However, this simulation is missing the thermal conduction

and sound wave physics that is necessary to fully equilibrate

the pressure in the parallel direction.

GPI19 offers a direct and effective diagnostic to measure

the structure and velocity of turbulence in the edge plasma.

ELM effluxes were first observed using GPI on EAST dis-

charge #41363 in which parameters are similar to #41019. A

typical frame from the GPI diagnostic is shown in Fig. 5(a).

The bright stripe shows toroidally averaged ELM effluxes

which move from the inside to the outer side in the scrape-

off layer. The speed of the ELM effluxes along the direction

of the black line in Fig. 5(a) is calculated to be on the order

of 1 km/s from the space time plot, shown in Fig. 5(b), which

is constructed from a sequence of images. A similar mea-

surement of the speed of ELM effluxes can be made for the

nonlinear simulation. We have matched the position of the

GPI observing window, the pink rectangle in Fig. 2(b), and

the simulation position (poloidal index y¼ 23 is just within

the GPI observing window). The speed of the simulated

ELM effluxes is also on the order of 1 km/s as shown in Fig.

5(c). In Fig. 5, r0 is the radius of the separatrix, so the experi-

mental results are measured outside the separatrix, while the

simulation results are measured inside the separatrix.

Although the agreement may be fortuitous, since the compar-

ison is between data from two different discharges, these

results motivate additional research.

In conclusion, experimental analysis of EAST plasma

discharge #41019 indicates that the dominant toroidal mode

number of ELMs becomes larger for lower current, as pre-

dicted in Ref. 11. Nonlinear simulations based on this dis-

charge show four distinct phases during the ELM crash. The

simulated mode structure of the ELM instability and the

asymmetric deposition of the power fluxes toward the outer

divertor are in good agreement with experimental results.

The 2% energy loss of the ELM crash and the 1 km/s speed

of the ELM effluxes calculated by the simulation are compa-

rable to measurements.
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FIG. 5. ELM effluxes measured by the GPI system for discharge #41363: (a) single frame and (b) fluctuations vs. time and radial position along the black

dashed line shown in (a). (c) Simulated pressure for discharge #41019 vs. time and radial position along poloidal index y¼ 23, which is inside the GPI window

shown in Fig. 2(b).
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