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Abstract 

For the development of scenarios for future fusion devices a valid quantitative model of the non-inductive current drive 

mechanism is necessary. Neutral beam current drive is the largest non-inductive current drive mechanism for ITER. This 

NBCD is driven by fast ions and in the literature doubts about the neoclassical behavior of these fast-ions in off-axis neutral 

beam current drive experiments can be found. To investigate this, experiments at ASDEX Upgrade were revisited with 

improved diagnostic capabilities. Again a deviation of the neoclassical prediction was found. For this deviation two 

independent explanations were found, which are in agreement within all measurements.  

Furthermore, quantitative investigations of the non-inductively driven current were done in almost fully non-inductive 

experiments. An initial overestimation of the non-inductive contribution was explained by an overrated fast ion content. An 

equilibrium based technique to get rid of the overestimation, was independently proven using fast-ion D-alpha spectroscopy. 

The predicted current composition using this reduced fast ion content is in good agreement with the experimental proven 

remaining inductive current fraction. 

1. INTRODUCTION 

In the literature, both disagreement [1, 2] and agreement [3, 4] between neoclassical prediction and measurement 

in off-axis neutral beam current drive experiments can be found. Also at ASDEX Upgrade both cases were found. 

On the one hand, motional Stark effect polarimetry (MSE) indicated deviations of the current profile from the 

neoclassical predictions that were explained with anomalous fast ion transport [1]. On the other hand there were 

experiments where the measured radial fast ion distribution was in good agreement with the neoclassical 

predictions [3]. To investigate this apparent contradiction the experiments were repeated with improved diagnostic 

capabilities. 

Scenario development for future experiments, such as ITER and DEMO, require validated quantitative predictions 

of all current drive mechanisms. Therefore, experiments at ASDEX Upgrade were performed with an almost 

vanishing inductive current fraction, as the quantification of remaining inductive current has the largest 

uncertainties. The analysis demonstrates the importance of the quantitative prediction of anomalous fast-ion 

transport.  

 

 

2. ANOMALOUS FAST ION TRANSPORT 

The investigation of anomalous fast-ion transport in ASDEX Upgrade uses similar discharges as those of 

earlier experiments [1] while exploiting improved diagnostic capabilities. Like in earlier experiments, 5 

MW of NBI power are switched from on-axis to off-axis and back to on-axis deposition. The NBI heating 

scheme can be seen in figure 1a). 

An additional neutral beam is running throughout the whole discharge for the main diagnostics the Motional Stark 

Effect polarimetry (MSE) for current profile measurement and the Fast Ion D-Alpha spectroscopy (FIDA) for fast 

ion population. The four available ECRH gyrotrons are used with various functions: A first gyrotron drives central 

current counter current direction to increase the sawteeth period [5,6]. A second gyrotron is used for central 

heating, as higher electron temperature increases the neutral beam current drive efficiency and therefore increases 

the response of the current profile to small fast ion profile changes to make them more easily measurable. A third 

gyrotron is used for feedback controlled heating close to the center [7] in order to keep the electron temperature 

constant, and it is therefore turned on mostly in the off axis phase. This makes the interpretation of current profile 

comparison between the on-axis and off-axis phases more accurate. The resulting constant electron temperature 
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profile can be seen in figure 1c). Furthermore also the density is kept constant, shown in figure 1d). The fourth 

and last gyrotron is used for preemptive NTM stabilization of an otherwise appearing 3/2 NTM [8,9]. The ECRH 

heating scheme can be seen in figure 1b). 

In figure 2 a first comparison of the measured FIDA data with predictions from TRANSP processed with 

FIDASIM [10] is shown. FIDASIM is a tool to post process TRANSP calculated fast-ion distributions towards a 

synthetic diagnostic. The plotted quantity is the FIDA intensity normalized to the beam emission intensity of the 

neutral beam used for the measurement. Due to this normalization the signal corresponds more closely to the 

radially resolved fast ion density in the observed energy and pitch angle range than the raw FIDA intensity would. 

Two points in time are shown, one in the on-axis (a) and one in the off-axis phase (b). 

In the on-axis phase the neoclassical prediction overestimates the measurement, while the assumption of 

anomalous fast ion diffusion with an arbitrary value of 0.3 m2/s constant over the radius is in better agreement. In 

the off-axis phase both assumptions fit to the data within the error bars, however the neoclassical prediction 

describes the shape of the measured profile better. 

A first attempt to explain the overestimation of the neoclassical prediction in the on-axis phase is shown in figure 

3. In the Fourier transformed and mode number classified measurement of the magnetic probes the MHD 

instability in the on-axis phases can be identified as fishbones. 

FIG 1. Discharge overview: a) NBI power. b) ECRH Power. Color maps of time-dependent electron 

Temperature c) and electron density d) profiles 

FIG 2. FIDA measurement in comparison with neoclassical prediction and the assumption of time and 

special constant anomalous fast ion diffusion. In a) for a point in time in the On-Axis phase and in b) in the 

Off-Axis phase. 
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In the literature there are examples for fast-ion redistribution by fishbones [11], giving support to this assumption 

also in this case. There is no quantitatively useful model to describe the redistribution of fast ions by fishbones. 

Therefore, simply fast ion diffusion with a value of Dfi = 0.3 m2/s inside the q = 1 surface was assumed during 

fishbone activity. The q = 1 surface in this case is close to ρtor = 0.3. Figure 4 shows the comparison of FIDA 

measurements with TRANSP calculations post processed by FIDASIM. 

In the on-axis phase as well as the off-axis phase good agreement between modeling and measurement is achieved, 

although the assumption for the fast-ion redistribution due to fishbones is quite simple. 

An alternative explanation for the disagreement with the neoclassical prediction is fast-ion redistribution by micro 

turbulences, as was already speculated in Ref. [1]. Triggered by this assumption a model, based on gyrokinetic 

calculations, was published that allows to calculate the fast ion diffusion coefficient due to micro-turbulence, from 

experimentally accessible parameters [12]. These diffusion coefficients were calculated as a function of tor, time, 

energy and pitchangle. Figure 5 shows the pitchangle and energy averaged color map of the diffusion coefficients. 

FIG 3. MHD activity with the fishbone activity in the on-axis phase and a MHD quiescent off-axis phase. 

FIG 4. FIDA measurement in comparison with neoclassical predictions in contrast assumption of anomalous 

fast ion diffusion from fishbones. The anomalous fast ion diffusion with a value of 0.3 m2/s is only assumed 

within q = 1 and in phases with active fishbones. 
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Applying these diffusion coefficients in a TRANSP calculation and post processing this simulation by FIDASIM 

leads to the FIDA prediction shown in figure 6. Like the fishbone hypotheses, the assumption of anomalous fast-

ion diffusion due to micro-turbulence leads to good agreement of the predictions with the data. 

In figure 7 the comparison of the measured MSE angles with the TRANSP predictions for the two hypotheses 

can be seen. As the now quantified uncertainties are still larger than the predicted difference between the 

neoclassical and anomalous-fast-ion-transport cases, the MSE does not yet contribute to the desired clarification. 

FIG 6. FIDA measurement in comparison with neoclassical predictions in contrast assumption of anomalous 

fast ion diffusion from micro turbulent transport of fast ions. 

FIG 5. Color map of anomalous fast ion diffusion coefficients due to fast ion redistribution by micro turbulent 

transport. [12] 
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In summary, a deviation of the neoclassical prediction of the radial fast-ion distribution by on-axis neutral beam 

current drive experiments was found. This deviation can be explained independently by two different hypotheses. 

Due to the fact, that the assumed anomalous fast ion diffusion coefficient for the fishbone hypothesis is empiric, 

also a mixture of both effects, with a slightly small value for the fishbone effect, is conceivable. The final answer, 

which of the two hypothesis or if the mixture is correct, requires further experiments. 

The detailed analysis can be found in ref [13]. 

 

3. QUANTIFICATION OF NON-INDUCTIVE DRIVEN CURRENT 

The quantification of non-inductively driven current is in most cases hampered by large uncertainties of the 

inductive current. To circumvent this problem, discharges with almost vanishing inductive current drive were 

designed. These experiments aim to achieve conditions with maximized bootstrap and neutral beam driven current 

[14]. In figure 8 a discharge overview is shown. 

The conditions for a high bootstrap current fraction are high pressure gradients, achieved by large central 

temperatures, and a flat q-profile, achieved by off-axis current drive. The maximization of the neutral beam driven 

FIG 8. Discharge overview: a) heating power, b) electron temperature profile and c) electron density profile. 

FIG 7. MSE measurement in black including uncertainties in comparison with neoclassical predictions and the 

assumption of the two hypotheses. 
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current is achieved by high temperature and low density in combination with a maximized neutral beam power, 

operating close to the stability limit. This is practically made feasible by a beta-feedback controller for the NBI 

power. 

The current composition is analysed by predictive TRANSP simulations and the equilibrium code IDE [15]. In 

figure 9 the result of an initial calculation can be seen. 

 

In the phase from 5 to 7 seconds a non-inductive current fraction larger than 100% is predicted. However, the 

observation that the magnetic flux consumption has not changed sign, experimentally contradicts this prediction. 

A hint to the reason for the overestimation of the non-inductive current fraction comes from the comparison of 

the pressure from equilibrium reconstruction with the IDE code and the sum of the measured kinetic pressure and 

the TRANSP-calculated fast-ion pressure, shown in figure 10. 

The sum of kinetic and fast ion pressure apparently overestimates the total pressure, when assuming neoclassical 

fast-ion transport. As the kinetic pressure is the sum of measured kinetic profiles, the primary suspect as the source 

of the pressure discrepancy is the simulated fast ion pressure. As a brute force method of reducing the fast-ion 

pressure, fast-ion losses were forced by introducing a time-dependent, spatially global anomalous fast-ion 

diffusion coefficient in such a way that the pressure sum matches the equilibrium pressure.  

The thus reduced fast-ion population also leads to reduced predicted FIDA signal. Figure 11 shows the comparison 

of the FIDA measurement with both the neoclassical prediction and the prediction with reduced fast-ion content. 

 

FIG 9. Initial current distribution calculation with prediction of negative inductive current. 

FIG 10. Comparison of equilibrium pressure with sum of fast-ion pressure and kinetic pressure. 
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Overestimation of the data by the neoclassical prediction are seen in phases where negative inductive current is 

predicted, while the calculation with the reduced fast-ion content is in much better agreement with the data. As 

the FIDA data were not used to derive the assumed diffusion content, this comparison delivers independent 

confirmation of the reduced fast-ion population. Considering this reduced fast-ion content in the TRANSP 

simulation also reduces the predicted non-inductive current fraction, as can be seen in figure 12. 

 

In this prediction there is a remaining inductive current, in agreement with the observed sign of the magnetic flux 

derivative. Furthermore, the amount of inductive current is in agreement with rough estimations for the inductive 

contribution. A potential candidate for the fast-ion loss mechanism is a 3/2 NTM, which is active from 4.5 seconds 

on. Qualitative reports of fast-ion losses due to NTMs are found in the literature [16, 17]. However, a quantitative 

model to describe the fast-ion losses due to the mode is still missing. Furthermore in comparable discharges with 

high β also an overestimation of the fast ion content was found although no NTM was active in these discharges. 

The detailed analysis can be found in ref [13]. 

 

4. SUMMARY AND CONCLUSION 

In almost fully non-inductive experiments the models for the non-inductive current drivers, used in TRANSP, 

were successfully quantitatively evaluated. However, it was also shown, that a valid description of the fast-ion 

content is necessary. Therefore, for the prediction of the current composition in future fusion devices a 

quantitatively validated fast-ion transport model is necessary. 

Beside the fast-ion losses due to a NTM, also deviations from the neoclassical fast-ion behaviour in revisited off-

axis neutral beam current drive experiments were investigated. A deviation from the neoclassical predictions was 

found and could be explained by two independent hypotheses. The first hypothesis is a fast-ion redistribution by 

FIG 12. Improved current distribution calculation. 

FIG 11. Comparison of predictions with independent FIDA measurements. 
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fishbones and the second hypothesis is a fast-ion redistribution due to micro turbulence, which was also proposed 

in a former publication. To unequivocal distinct which of the two hypotheses is the reason for the deviation from 

the neoclassical predictions further experiments are necessary. 
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