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Abstract 

Heat and momentum transport play a key role in achieving high confinement in fusion plasmas. The ion and electron 

profiles were measured with sub-ms temporal resolution in deuterium and helium plasmas, thus allowing to gain insight into 

the dynamics of the pedestal recovery after an edge localized mode (ELM) crash. A local increase of Ti close to the 

separatrix is observed at the ELM onset, thus reducing the gradient in the pedestal. Shortly after the initial separatrix 

increase, the whole profile drops and the pedestal starts to build up again. The pre-ELM profile is fully recovered 3-4 ms 

after the ELM crash. This behaviour is observed in both deuterium and helium plasmas. Transport analysis of the ion energy 

reveals that the ion heat transport is at the neoclassical level before the ELM crash in the region where the edge ion 

temperature gradient is maximal. Further inwards, the ion heat transport is about a factor of 4-5 above the neoclassical level. 

The dynamics of the edge ion heat transport during the pedestal build-up phase after the crash is also consistent with 

neoclassical theory. Comparison to the electron profiles shows that the ion temperature gradient recovers on similar 

timescales as the electron density gradient (3 ms), while the electron temperature gradient takes twice as long to reach its 

pre-ELM values after the ELM crash. Two mechanisms responsible for this delay in the recovery are presented.  

The edge impurity toroidal rotation shows a dependence on collisionality, with negative (counter-current) values at low 

collisionality, and positive (co-current) values at high collisionality. Modelling of the edge toroidal rotation based on the 

toroidal torque balance equation including diffusion, pinch and external momentum sources indicates that diffusion and the 

external sources are the dominant players. The sign change of the impurity toroidal rotation observed at low collisionality 

can be explained by a negative edge torque combined with a large differential toroidal rotation, while the main ion toroidal 

rotation is almost unaffected. 

1. INTRODUCTION 

Spatial gradients in the temperature and density profiles drive plasma turbulence and lead to particle, energy and 

momentum transport that typically exceed the neoclassical level. Stiff profiles have been observed on many 

tokamaks, and describe the fact that the ion and electron temperature profiles are limited by a critical normalized 

temperature gradient R/LT = R|∇T|/T, with R the major radius, T the temperature and ∇T the radial temperature 

gradient. Beyond a critical R/LT the heat diffusivities increase dramatically [1].  

Momentum transport has recently received significant attention as the importance of a certain level of intrinsic 

rotation and rotational shear for an improved plasma confinement in ITER and future burning plasmas was 

recognized [2]. Rotation and rotational shear play a fundamental role for the high confinement mode (H-mode) 

[3]. At the H-mode onset, the edge turbulence level is strongly reduced and a steep edge pressure gradient is 

built up. The sharp temperature and density gradients of the H-mode edge region are limited by the occurrence 

of edge localized modes (ELMs), which are magnetohydrodynamic instabilities that expel particles and energy 

from the pedestal region and lead to a transient degradation of the H-mode transport barrier. Understanding the 

transport processes in the pedestal is essential for a reliable scaling to next step fusion devices. 
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2. EXPERIMENTAL SETUP 

The results presented in this work were obtained in H-mode plasmas at the ASDEX Upgrade (AUG) tokamak. 

Recent advances in the diagnostic capabilities at AUG now allow us to measure the edge profiles on a sub-ms to 

ms time-scale and with a spatial resolution of less than 5 mm, making it ideal to study the profile recovery after 

an ELM crash. The ion temperature, Ti, and toroidal rotation is measured by means of charge exchange 

recombination spectroscopy on a neutral heating beam [4, 5, 6]. The edge system is equipped with 31 toroidal 

and 22 poloidal lines-of-sight, covering 6 cm of the edge of the plasma. The standard system has a time 

resolution of 2.3 ms using two Czerny-Turner like spectrometers that image 24 toroidal and 13 poloidal LOS. 

Up to a maximum of 9 LOS can be connected to an ultra-fast spectrometer which has a time resolution of down 

to 50 μs [4]. Impurity seeding (typically He or N) is required to guarantee a high signal-to-noise ratio at such 

short integration times.  

The electron temperature, Te, profiles are measured with the electron cyclotron emission diagnostic and the 

Thomson scattering system, while the electron density, ne, is measured with Thomson scattering, the Lithium 

beam diagnostic and interferometry. The measured data are fed into an integrated data analysis algorithm based 

on Bayesian probability theory to provide consistent ne and Te profiles.  

For the analysis, the profiles are aligned radially [7] to reduce mapping uncertainties due to the magnetic 

equilibrium. This technique is based on the two-point model [8], which connects the separatrix position with the 

Te profile via a power balance and parallel heat transport argument. In H-mode, the required Te at the separatrix 

is typically 100 eV. The Thomson scattering diagnostic measures both Te and ne and thus, the ne profile is 

rigidly aligned to the separatrix position as well. The CXRS profiles are aligned to the electron profiles using the 

assumption that the position of the steepest gradient in Te and Ti match, which is justified in medium to high 

collisionality plasmas as sufficient coupling between the electrons and ions is provided. In addition, radial plasma 

shifts due to the sudden pressure loss during an ELM have been taken into account. During an ELM crash, the 

plasma moves inward by 5-10 mm. This has an effect on the measurements as different radial locations are seen 

after the ELM onset. The plasma movement has been included in the analysis by mapping the measured data on 

the poloidal magnetic flux coordinate ρpol using a magnetic equilibrium reconstruction with a time resolution of 

100 μs.  

3. ANALYSIS OF TRANSPORT CHANNELS 

3.1. Energy transport 

The energy transport is analyzed by means of power balance analysis using the 1.5D transport code ASTRA [9]. 

ASTRA reconstructs the magnetic equilibrium with a prescribed boundary condition and solves the time 

dependent and flux-surface averaged heat transport equation. The radial component of the energy balance 

equation determines the heat fluxes for both ions and electrons, which are obtained by volume integrating the 

energy sources and losses, Q = ∫ P dV. For the electrons, the ohmic power, external heating such as NBI and 

ECRH, the radiated power, the electron ion heat exchange rate and the power lost via atomic processes, 

including charge exchange losses, ionization and recombination, are taken into account.  For the ions, neutral 

beam injection, the electron to ion heat flux and the power lost via atomic processes play a role: 

Pe = Pe
NBI + Pe

ECRH + Poh − Prad − Pei – Pe
at     (1) 

Pi = Pi
NBI + Pei + Pi

at        (2) 

 

The heat diffusivity is related to the heat flux Q via χ(ρ) = - Q/(n*∂T/∂r). For the power balance analysis, ne, Te, 

Ti, the effective charge and Prad are used as input. The plasma current, toroidal magnetic field, loop voltage, the 

minor and major radius, the elongation and triangularity, and the shape of the separatrix are provided. For the 

analysis the temporal variation in the plasma energy is included. ASTRA can be used in an interpretive and in a 

predictive mode. Using the interpretive approach, the heat diffusivities are determined from Qi and Qe and the 

experimental input profiles. In the predictive approach, the heat fluxes are calculated from the energy sources, 

and the heat diffusivities are prescribed in space and time. The heat transport equations are then solved 

iteratively for Te and Ti. Comparison of the measured and modelled profiles allows us to test whether the 

prescribed diffusivities can reproduce the profile dynamics.  

When running ASTRA in the predictive mode, it is not possible for any single set of diffusivities to reproduce 

both the ELM and inter-ELM phases, due to the highly anomalous heat fluxes during the crash. Therefore, for 

the predictive runs presented here the heat diffusivities during the ELM crash are artificially increased to 

reproduce the behaviour during the ELM crash and the correct starting conditions for the post-ELM evolution. 
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Note that for the ELM crash itself, non-linear MHD modelling is required to understand and reproduce the 

observed high anomalous heat transport [10]. 

 

Dedicated experiments were carried out in D and He to study the dynamics of the edge profiles during the ELM 

cycle. In D, in order to guarantee a high signal to noise ratio, He seeding was included, thus allowing CXRS 

measurements on the He2+ spectral line with a temporal resolution of 65 μs [11]. In this discharge, the plasma 

current was 0.8 MA, the toroidal magnetic field on-axis -2.5 T, the core line-averaged density 7×1019 m-3 and 

the total input power 5.8 MW, divided into 4.8 MW neutral beam injection (NBI, deuterium beams) and 1 MW 

electron cyclotron resonance heating (ECRH). Figure 1 (left panel) shows an overview of the main parameters. 

For the analysis, a time window of 2 s during a steady state portion of the discharge was analyzed and the data 

was synchronized with respect to the ELM onset. By slowly moving the outer radial plasma position (in this 

case by 3 mm every 500 ms) very detailed edge profiles can be obtained when combining the data from the 

whole time window.  

A dedicated discharge was carried out during a helium campaign in AUG (figure 1, right panel) which enabled 

direct measurements of the main ion temperature, density and flows. The charge exchange measurements are 

usually performed on impurity species, such as boron, carbon, nitrogen, amongst others, as presented for the D 

case above. In helium, the discharge was carried out with a toroidal magnetic field of -2.5 T, plasma current of 1 

MA, core line-averaged density of 9×1019 m-3 , 4.5 MW of NBI heating (hydrogen beams) and 3.4 MW of 

ECRH. In this case, one single ELM was analyzed as the ELMs did not have a constant frequency over a long 

period. 

 

 

Fig. 1: Overview of plasma discharges used for the analysis of the ion heat transport. From top to bottom: Auxiliary heating 

power (NBI and ECRH), electron density in the plasma core and edge, outer radial plasma position, thermo-currents in the 

outer divertor used as ELM monitor, ELM frequency. Left panel: deuterium discharge, right panel: helium discharge. 

In both discharges sub-ms measurements of the ion temperature were obtained using the newly designed 

spectrometer dedicated to ultrafast CXRS measurements [4]. In the D discharge the temporal resolution was 65 

μs, while in He it was set to 100 μs. In order to have concurrent measurements of Ti, Te and ne for the 

simulations, the data of the fast edge CXRS system were rebinned to match the time basis of the electron density 

measurements (100 μs in the case of the deuterium discharge, and 250 μs in the case of the helium discharge).  

For the simulations, the full Ti profile is needed and hence, the measurements of the fast edge CXRS system 

were combined with the slower standard edge CXRS diagnostics (temporal resolution 2.3 ms) which also 

measured on helium and the core CXRS system (temporal resolution 5 ms) measuring on boron. The ELM 

synchronized measurements of the slower systems have been fitted for various time windows during the ELM 

cycle and mapped onto the 100 μs time basis by interpolating the profiles. Any impact of the ELMs on the pre- 

and post-ELM profiles was excluded for the slower edge CXRS system. For the core system the ELM averaged 

profile is used due to the limited time resolution. 

In figure 2 the evolution of (a) Ti, (b) the ratio between the experimentally determined and the neoclassical ion 

heat transport coefficient during the ELM cycle, as well as (c) the thermo-current in the inner divertor, which is 
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used as an ELM monitoring signal, are shown. At the ELM onset, the separatrix Ti increases [11], leading to a 

reduced gradient in the pedestal, similar to observations at DIII-D [12]. Shortly after the initial separatrix 

increase, the whole profile drops and the Ti pedestal starts to build up again. The pre-ELM profile is fully 

recovered 3-4 ms after the ELM crash. Figure 2 (d) and (e) show the ion temperature and ion heat diffusivity 

profiles at the edge at four different time points during the ELM cycle.  

 

 

Fig. 2: Analysis in deuterium: Evolution of (a) ion temperature in the pedestal, (b) the ratio between the experimentally 

determined and neoclassical ion heat transport coefficient and (c) thermo-currents in the divertor used as ELM monitor 

during the ELM cycle. (d) Ion temperature and (e) ion heat diffusivity profiles for four time points during the ELM cycle.  

Figure 2 shows that the pre-ELM values of χi at the plasma edge are in agreement with neoclassical predictions 

while, during the crash, χi is increased due to anomalous transport caused by the ELM itself. Note that later in 

the ELM cycle (6 ms after the ELM onset), χi at the very edge of the plasma is higher than the neoclassical 

calculation. This indicates that close to the separatrix anomalous transport may become important.  

 

ASTRA has also been run in a predictive mode to model the dynamics of the ion temperature during the ELM 

cycle with a simple ansatz. Here, the χi  and χe profiles are used as input and the heat transport equations are 

solved for Ti and Te. The χi,PB profile determined via power balance analysis is used for the plasma core, while at 

the edge (ρpol > 0.98) the neoclassical value is used. At the very edge of the plasma (ρpol > 0.997), where the 

neoclassical ordering breaks down, χi,PB is used. The ELM is simulated by increasing χi to an anomalous value at 

the edge of the plasma.  

Note that the assumption of a purely diffusive ion heat flux during the ELM crash does not describe the 

complete physics picture during the ELM. This ansatz is used to describe the overall change in magnitude of the 

transport. To obtain good agreement with the temporal behaviour of Ti, the edge diffusivity profile (ρpol > 0.90) 

is scaled by a linear function, multiplying χi by 100 at ρpol = 0.9 and decreasing to 10 at the separatrix for the 

time window -0.3 ms before and up to 1.5 ms after the ELM onset. Since the time derivative of the plasma 

energy is important for the heat flux calculation, the choice of χi during the ELM also has an effect on later time 

points. The resulting modelled Ti profiles are shown in figure 2(a). Here, a time dependent boundary condition 

for the separatrix Ti and Te taken from the measurements was used. Both before the ELM crash and during the 

recovery phase after the ELM the simple model captures the dynamics of T i and shows that neoclassical theory 

can describe the edge Ti both before the ELM crash and during the pedestal build-up phase.  

 

A similar behavior is observed in helium, also here a local increase of T i close to the separatrix is observed at 

the ELM onset, see figure 3. In helium, the radial coverage of the fast edge CXRS system extended further 

inside, covering the pedestal from ρpol = 0.95 to the separatrix. In the region with the maximum ion temperature 

#31529 
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gradient (0.97 < ρpol < 1.0), the ion heat transport is close to the neoclassical level, while further inward the ion 

heat transport exceeds the neoclassical level by a factor of 4-5.  

Similar as in D, the ion heat transport and the ion temperature gradient recover 3-4 ms after the onset of the 

ELM. At the top of the pedestal the ion heat diffusivity is large, while in the maximum gradient region and in 

the bottom region the ion heat transport can be approximated by the neoclassical value. 

 

 
 

Fig. 3: Pedestal ion heat transport dynamics in helium: (a) Ti at 5 different radial positions, (b) ratio of experimental and 

neoclassical ion heat transport coefficient, (c) thermo-current in the inner and outer divertor. 

 

Combining the measurements of the ion profiles with the electron profiles [11] revealed that the ion temperature 

gradient reaches its pre-ELM value after the ELM crash on a faster timescale compared to the electron 

temperature gradient. The ion temperature and electron density gradient recover on similar timescales and reach 

their pre-ELM values about 3 ms after the ELM onset, while the electron temperature gradient recovers to its 

pre-ELM value only 7-8 ms after the ELM [11, 13] (see figure 4). The recovery of ∇Ti and ∇ne is correlated with 

the onset of medium-frequency fluctuations with a frequency of around 50 kHz. When the ∇Te recovery 

saturates high-frequency fluctuations at around 200 kHz appear. Two mechanisms could be responsible for the 

additional energy transport in the electron channels and thus, the delay in the ∇Te recovery [14]. As no magnetic 

signature is visible during the recovery of ∇Ti and ∇ne, electron temperature gradient modes (ETGs) could be 

responsible for the increased electron transport. A critical gradient formula has been developed based on 

gyrokinetic simulations for the plasma core [15] and was further developed for the edge [16]. If the normalized 

temperature gradient scale length, R/LTe, exceeds this critical threshold ETGs are destabilized [17]: 

χ = 0 if R/LTe < (R/LTe)cr                                                                                                              (3) 

χ = χEM*tanh(R/LTe – (R/LTe) cr) if R/LTe > (R/LTe)cr                                       (4) 

The critical threshold is (R/LTe)cr = max(A, B) where:  

                          A = (1 + τ)(1.33 + 1.91s/q)(1 - 1.5ε)(1 + 0.3ε(dκ/dε) )                                  (5) 

B = 1.2 R/Lne                         (6) 
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Fig. 4: Evolution of edge gradients during the ELM cycle [11]: (a) ion temperature gradient, (b) electron temperature 

gradient, (c) He density gradient, (d) electron density gradient. The ELM monitor is shown in (e).  

Here, τ is defined as (1 + Zeff*Te/Ti), s is the magnetic shear, q the safety factor, ε the inverse aspect ratio, κ the 

elongation. Figure 5 shows the parameters A and B across the pedestal region. Due to the steep density gradient, 

the parameter B dominates the plasma edge. When comparing the temporal evolution of the normalized 

temperature gradient scale length with the critical gradient formula (see figure 6), during the ELM phase, i.e. 

from the ELM onset up to 2.5 ms after the ELM, R/LTe exceeds (R/LTe)cr. Thus, ETGs could be destabilized 

causing additional transport that delays the recovery of Te. In the phase 2.5 ms up to the full recovery of the 

electron temperature gradient R/LTe is very close (R/LTe)cr and hence ETGs may still be present. Gyrokinetic 

simulations to quantify the transport due to ETGs are subject of future work.  

                           

Fig. 5: Profiles of A and B that enter the critical               Fig. 6: Evolution of (R/LTe)cr, R/LTe and R/LTi. 

gradient formula (R/LTe)cr.       

A second possible mechanism for the observed delayed recovery in the electron temperature is the energy loss 

due to ionization of neutrals during the phase when the density is built up [14]. To assess this point, interpretive 

transport simulations were carried out with the ASTRA code. The neutral influx is varied and the impact on the 

ion and electron energy sources is studied. Note that during the ELM crash the neutral influx has not been 

varied. The convective velocity has been set to zero at the plasma edge, and only cold neutrals at the Franck-

Condon dissociation energy of 2.5 eV have been considered.  

As shown in figure 7, the energy losses due to ionization of neutrals is small in both cases, indicating that 

atomic processes play a minor role. In the pedestal region the auxiliary power to the electrons (NBI and ECRH) 

as well as the ohmic power is also small. Radiation and the heat exchange rate between electrons and ions are 

the dominating terms for the electron energy source at the plasma edge. Note also that compared to the large 

energy flux from the core, the local sources and sinks in the plasma edge are rather small, i.e. the transport 

dynamics in the pedestal is strongly affected by the core transport.  
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Fig. 7: Electron energy sources and sinks for two different neutral fluxes [14]. 

3.2. Analysis of the pre-ELM momentum transport  

Previous analysis of the H-mode edge rotation database at AUG showed a collisionality dependence of the edge 

impurity rotation. Below a certain threshold in collisionality, the measured impurity toroidal rotation at the 

plasma edge changes sign from co- to counter-current. At the same collisionality value the neoclassical main ion 

poloidal rotation also changes sign from the electron to the ion diamagnetic drift direction. The behavior of 

these two species, when used to calculate the main ion toroidal rotation via radial force balance and assuming a 

neoclassical main ion poloidal flow, leads to a nearly constant co-current main ion toroidal rotation. Hence, at 

low collisionality, due to a lack of frictional coupling, the main ion-impurity differential rotation can be quite 

large. 

 

 
 

Fig. 8: Workflow for toroidal momentum transport modelling. 

 

The momentum transport is modelled using the toroidal torque balance in ASTRA. The toroidal torque balance 

includes diffusion, pinch and momentum sources (such as NBI and neutrals), while the neoclassical toroidal 

viscous torque and the torque due to turbulence driven residual stress were neglected. Due to the presence of 

poloidal impurity density asymmetries in the pedestal [18, 19] the measured LFS toroidal rotation profile at the 

plasma edge is not representative for the flows on a flux surface. Thus, the flux surface averaged flows based on 

the LFS measurements and a fluid model that was developed for describing the poloidal impurity density and 

rotation asymmetries, is used for the modelling. Figure 8 shows the 

workflow used for the analysis. The poloidal impurity asymmetry is 

imposed to the measured impurity toroidal rotation profile. Using 

the flux surface averaged impurity flow and the neoclassical 

differential toroidal rotation, the main ion flux surface averaged 

flow is calculated. The torque density profiles are calculated with 

TRANSP and ASCOT using torque balance analysis. These are 

then used as input for ASTRA, together with the momentum 

diffusivity and a Coriolis pinch term. The averaged main ion flow is 

simulated and by applying the neoclassical differential toroidal 

rotation the modelled impurity flow is calculated and compared to 

the measurement (see figure 9). Within the experimental Fig. 9: Comparison of experimental and 

simulated flux surface averaged flows of 

impurities and main ions. 
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uncertainties, good agreement between the measured and simulated profiles is obtained, indicating that external 

momentum sources and diffusion are the important terms in the toroidal momentum balance.  

 

4. SUMMARY 

Charge exchange measurements in deuterium and helium plasmas with unprecedented time resolution at AUG 

revealed the dynamics of Ti during an ELM. Using these measurements, the ion heat transport was analyzed 

during the entire ELM cycle. At the ELM onset the ion heat transport increases to strongly anomalous values. 

The separatrix Ti is observed to increase, leading to a reduced Ti gradient in the pedestal, and thus, the perturbed 

ion heat flux increases first at the very plasma edge. Subsequently, the whole pedestal profile reduces during the 

ELM crash. The build-up of the Ti pedestal and the restoration of the ion heat transport to the pre-ELM 

neoclassical values is obtained 3-4 ms after the ELM. Comparison to the electron profiles shows that Ti and ne 

recover on similar timescales, however, the electron temperature gradient takes longer (7-8 ms) to reach its pre-

ELM values. Two possible mechanisms, ETGs and energy loss due to the ionization of neutrals, for the delayed 

recovery of the electron heat transport channel are suggested, the latter one being found to be insignificant.   

The edge toroidal rotation is modelled using toroidal torque balance including diffusion, pinch and momentum 

sources (such as NBI and neutrals), while the neoclassical toroidal viscous torque and the torque due to 

turbulence driven residual stress were neglected. The fact that poloidal impurity density and flow asymmetries 

have been observed at the plasma edge of AUG has been taken into account in the model and the main ion 

toroidal rotation is evaluated by assuming that neoclassical theory describes the main ion poloidal flow. 

Comparison between the experimental flux surface averaged flows and the simulations shows good agreement 

within the experimental uncertainties. This suggests that diffusion and external momentum sources are the 

dominant players for the toroidal momentum at the plasma edge. 
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