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Abstract. Dedicated intrinsic torque experiments using a novel 2Hz NBI modulation technique have been 
performed for the first time in AUG. The analysis method to extract the intrinsic torque from plasma with any 
arbitrary NBI power has been optimised for the 2Hz NBI modulation technique. A 4-point plasma current scan 
with q95 ranging from 4 up to 11 was performed. The integrated intrinsic torque increases from 1.5Nm at 
Ip=0.4MA to 4Nm at Ip=1.0MA. The intrinsic torque profile is quite broad, most of it originating at ρ>0.5. With 
increasing plasma current, the pedestal height also increases significantly, making it impossible to distinguish 
whether the increased intrinsic torque drive originates from the changes in q or pedestal height. The effect of 
ECRH was studied in two 600 kA H-mode plasmas by injecting  ECRH in the latter half of the NBI heated 
discharge. All the evidence indicates that the experimental data is best reproduced with a combination of off-axis 
counter-current torque (and possibly a small co-intrinsic torque in the centre at ρ<0.2) together with outward 
convection around the radius where the ECRH power is deposited. The present intrinsic torque profiles have 
quite large error bars and the profiles will change a bit when taking into account the small time variation in the 
confinement time due to modulation. 
   
1. Introduction  
 
Previous work performed within the framework of the International Tokamak Physics 
Activity (ITPA) has amassed a substantial database of intrinsic rotation measurements in 
various tokamak devices [1].  Initial estimates from this database project to a large intrinsic 
velocity (~300 km/s) for ITER.  However, more recent data, particularly from JET, have 
shown very small intrinsic velocities, which can even go counter current depending on the 
level of ripple [2]. As our understanding of momentum transport has evolved tremendously in 
recent years [3,4], it has become clear that although a velocity prediction is ultimately what is 
desired for ITER, other torques on the plasma, as well as the need to distinguish between 
velocity and angular momentum, makes it difficult to make further progress on understanding 
intrinsic rotation generation without looking at the underlying drive mechanisms. Therefore, 
the necessary extension of the work on intrinsic rotation is to characterize the “intrinsic 
torque” associated with its generation.  
 
The NBI torque source is well established, and a lot of work has been done recently to 
compare and benchmark different codes in particular within the context of NBI modulation 
experiments [5,6,7,8]. These benchmark activities have been performed to be sure that the 
torque calculation between different codes agrees sufficiently well that no significant error is 
propagated into the intrinsic torque analysis of the NBI modulation experiments analysed in 
this work. Besides NBI, there are several other core torque sources and sinks, which are less 
well understood, responsible for intrinsic rotation [9,10,11], originating for example from fast 
ion losses, toroidal field ripple [2], ion cyclotron resonance heating (ICRH) flow drive 
[12,13], and neo-classical toroidal viscosity [14,15,16]. Throughout this paper “intrinsic 
torque” is defined to mean any form of unknown torque, e.g. any other torque except the NBI 
torque that is assumed to be known precisely. Therefore, it may include contributions from 
other sources than turbulence, but the assumption here on these ASDEX-Upgrade (AUG) 
plasmas is that the turbulence driven intrinsic torque is the dominating one.  
 
Theoretically, there are many residual stress terms that scale with ρ* although experimental 
evidence on that is quite limited [3,4] while some part of it does not scale with ρ* like up-
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down asymmetry [17]. In the core of tokamak plasmas, this means that there should be some 
scaling of the residual stress inversely with the minor radius of the machine, making core 
residual stress contributions potentially unimportant in large tokamaks. In the pedestal, the 
residual stress  should scale with the local spatial scales, i.e. the pedestal width.  Comparisons 
of the pedestal widths between present day devices suggest that pedestal width does not scale 
as strongly as machine size, a positive result as it suggests pedestal intrinsic torque generation 
in large machines can still be quite large [4,17].  However, the size and scaling of the intrinsic 
torque in present day devices have not been thoroughly investigated to confirm or refute this 
supposition, this information being necessary ultimately to predict the velocity profile on 
ITER.  Therefore, in this paper the primary goal is to clarify whether or not the intrinsic 
torque scales with pedestal width by carrying out a plasma current scan in the ASDEX-
Upgrade tokamak. Furthermore, the intrinsic torque drive and/or changes in momentum 
transport in the core of NBI and ECRH heated plasmas will be reported. 

2. Experimental Setup to Study Intrinsic Torque on AUG 
 
In stationary plasma discharges, it is impossible to distinguish between diffusive, convective 
and intrinsic source components. However, through the use of modulation techniques it is 
possible to identify these fluxes separately. This technique has already been used in AUG 
[19], JET [5,20,21], DIII-D [22], JT-60U [23] and NSTX [24] to study momentum transport. 
For this work, the modulation technique has been further developed and tailored to be better 
optimised for intrinsic torque studies on AUG.  
 
This new intrinsic torque optimised technique employs a 2Hz on-axis NBI power modulation 
of ±0.625MW (60kV) above a baseline NBI power level of at least 3MW, often significantly 
higher. This results in a ∼10% modulation in the observed rotation, which is an ideal situation 
as the signal is clear, while the changes to the background heat and momentum transport are 
kept to a minimum, i.e. Ti modulation is around 5% (maximum) and Te and ne significantly 
less. The core CXRS system was used to measure both Ti and Vφand was set to either 5 or 
10ms integration time, thus providing detailed time histories of the plasma rotation response.  
 
Time traces of the most important parameters are illustrated in figure 1. The beam modulation 
creates a visible modulation in the angular momentum. This shot has two separate phases, 
from 1.5s until 5s with NBI heating only and only a low level of ECRH power to prevent 
tungsten accumulation and the second phase with 3.6MW of ECRH power in addition to the 
NBI power. The intrinsic torque analysis of this shot is presented in section 5. For many of 
the shots at 2 Hz modulation, an identical shot was executed at 10Hz NBI modulation as it 
provides independent and complementary information to verify the intrinsic torque profile 
while also providing sufficient data to obtain momentum diffusion and convection 
coefficients.   
 
 
 
 
 
 
 
 
 
Figure 1. Time traces for AUG discharge number 29215.  
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3. Analysis method  
 
The analysis of the intrinsic torque used in this paper adapts the shell peeling technique that 
was validated in DIII-D experiments with co- and counter-beams cancelling each other for 
regular beam driven plasmas [22]. Here NBI torque modulation is used to induce a roughly 
5% perturbation in toroidal rotation while avoiding significant time dependent changes in 
turbulence and thus momentum transport.  The analysis is based on the momentum balance 
equation 

where L(ρ,t) is the angular momentum defined as ∫ 𝑚𝑛𝜌 (𝜌, 𝑡)〈𝑣𝜙(𝜌, 𝑡)𝑅〉𝑑𝑉, T is the total 
torque composed of the NBI driven torque TNBI(ρ,t) and the time-independent plasma intrinsic 
torque Tintr(ρ). Tintr is expected to originate primarily from residual stress as discussed earlier 
although in practice it is not possible to separate the other possible torques that may be 
present. τφ(ρ) is assumed to be time-independent momentum confinement time. The 
implication of this assumption is discussed in section 6. Here, TNBI and L are considered to be 
the known quantities; the angular momentum L is calculated based on the experimental 
measurements of plasma rotation, density and equilibrium and TNBI(ρ,)  is the time-
dependent NBI torque calculated with TRANSP [26]. The applied NBI torque was evaluated 
with TRANSP simulations which were run with 1ms time resolution to capture the full 
dynamics of the torque, temperature and equilibrium changes, and with 200 000 Monte Carlo 
particles to ensure an accurate rendering of the fast ion population and its effects on the 
plasma transport. 
 
The unknowns Tintr(ρ) and τφ(ρ) are 
solved using a non-linear 
optimization algorithm that iterates 
these parameters until the calculated 
angular momentum best fits the 
experimentally measured angular 
momentum in a  𝜒2  sense. The 
procedure is repeated at each radial 
position independently so that each 
time it involves fitting of only two 
parameters. An illustration of a 
typical fit is given in Figure 1. The 
frames (a) and (b) show the NBI 
torque as calculated with TRANSP 
and the measured total angular 
momentum for one modulation cycle 
and for two radial locations. The 
best fitting simulations are shown in 
magenta together with the error 
estimates that correspond to  𝜒2 =
1.5 ∙ 𝜒opt2 . The frames (c) and (d) 
illustrate the typical  𝜒2 landscape in the optimisation. As already evident from equation (1), 
the quantities Tintr(ρ) and τφ(ρ) are coupled. Deviations from the optimum of one parameter 
can be partially compensated by changing the other appropriately. Together with the 
measurement noise this often leads to a sizable uncertainty regardless of the precision of 

 
𝜕𝐿
𝜕𝑡

= 𝑇𝑁𝐵𝐼 + 𝑇𝑖𝑛𝑡𝑟 −
𝐿
𝜏𝜙

 ,                                                (1)  

Figure 2. Volume integrated (a) NBI torque and (b) plasma angular 
momentum at two radial locations and (c) a typical valley in  𝝌𝟐 at one 
radial location and (d) normalised  𝝌𝟐 within the valley for AUG shot 
29239. The (red) points in frames (c) and (d) correspond to the fit 
uncertainty of one standard deviation, also visualised with dashed lines 
in the frame (b). 
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finding the optimum intrinsic torque. Therefore, maximizing the length of the discharges and 
number of modulation cycles is of prime importance to minimize the error bars. 
 
Most of the 2Hz modulation shots were repeated at 10Hz to yield an independent method to 
verify the intrinsic torque values obtained from the 2Hz discharges. The experimentally 
observed rotation modulation is Fourier analysed to obtain radial phase and amplitude profiles 
which are simulated with the JETTO [27] code in conjunction with the steady-state rotation 
profiles to determine the best fit 𝜒φ and vpinch profiles. Here, one can either add the extracted 
intrinsic torque in JETTO analysis from the 2Hz analysis in addition to NBI torque to fit the  
𝜒φ and vpinch profiles or alternatively fit the three unknowns iteratively together in JETTO. 
Then one can document the consistency between the two independent analysis methods and if 
they agree, be more certain of the inferred intrinsic torque profile.  

4. q95-scan Creating Effectively a Pedestal Height Scan 
 
The effect of the q-profile on the intrinsic rotation was studied by performing a plasma 
current scan ranging from 400 kA to 1 MA while keeping the toroidal magnetic field constant 
at Bt=2.5T. This resulted in q95 variation by almost a factor of 3 ranging from about 4 to 11. 
However, since the plasma density in the tungsten walled AUG is strongly linked to plasma 
current via the Greenwald density, it is practically impossible to change the q95 value without 
changing plasma density. Therefore, more heating was applied in the high current, high 
density discharges to keep the collisionality as constant as possible (υeff difference remained 
below 30%). The resulting integrated intrinsic torque profiles from this 4-point q-scan are 
shown in the Figure 3. While the associated uncertainties remain large, there is a clear trend 
indicating that the intrinsic torque increases with increasing plasma current. Note that while 
this set of data was intended primarily as a q-scan, it also effectively forms a pedestal height 
scan where the 1MA pulse has about two times higher pedestal top density than the 0.4MA 
discharge. Also, the pedestal temperature is some 20-30% higher in the 1MA discharge than  

 
in the 0.4MA discharge. It is therefore likely that both the q and the pedestal height contribute 
to the derived torque changes. The experimental evidence from C-Mod also indicates that 
density and temperature pedestals may have a different impact on intrinsic torque drive [18].  

Figure 3. Volume integrated intrinsic torque profiles and the time averaged plasma profiles in the4-point q-scan. 
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5. Intrinsic Torque in Electron Cyclotron Resonance Heated Plasmas  
 
Electron cyclotron resonance heating (ECRH) is known to influence not only electron 
temperature but also electron density and the toroidal rotation [19,25,28,29]. On AUG when 
central ECRH is added to low-current, beam driven co-current rotating plasmas the rotation 
profile typically flattens or even becomes slightly hollow [19]. Simultaneously, electron 
temperature is increased while the ion temperature tends to remain relatively unaffected and,  
electron density is observed to peak. The physics behind the density peaking is discussed in 
detail in reference [30]. In addition, on AUG the intrinsic torque is well correlated with the 
changes in the density profile  [28,32]. In general, the rotation behavior tends to be more 
complicated and the causes behind it are not well understood. In the JT-60U balanced beam 
scenario the addition of ECRH made the weakly counter current rotating plasma spin more 
rapidly in the counter current direction while in both the co- and counter current NBI 
discharges, the additional ECRH reduced the absolute rotation magnitude [29]. This would 
seem to indicate that ECRH is able to induce both transport changes via the changes in 
effective transport coefficients and/or induce a torque source. A further observation, which 
suggests that ECRH is able to modify the plasma in a way of inducing a torque source, comes 
from DIII-D Ohmic H-mode discharges where after adding ECRH the initially co-rotating 
plasmas developed a hollow profile with a counter rotating core [31]. 
  
Here the effect of ECRH was studied in two 600 kA H-mode plasmas with 2Hz and 10 Hz 
NBI modulation by injecting 3.5 MW of ECRH in the latter half of the discharge, see figure 
1. Discharge number 29216 had 2.5 MW of steady state NBI power on top of the 2Hz 
modulated 1.3 MW while pulse number 29215 had 3.7 MW of NBI potentially putting the 
latter more deeply into the ITG dominated regime. Discharge number 29217 is a repeat of 
shot 29216 but with 10Hz NBI modulation frequency. The main plasma profiles are shown in 
figure 4, dashed lines indicating the first half of the shots without the ECRH power and solid 
lines with the ECRH power switched on. Pulse number 29215 has higher temperatures due to 
the higher NBI power, and the energy confinement time τΕ is smaller, suggesting also smaller 
momentum confinement time τφ. 

 
Figure 4. Density, ion and electron temperature, plasma rotation, NBI torque and energy confinement time 
profiles for shots #29215 (black), #29216 (blue) and #29217 (red) without ECRH (dashed curves) and with 
ECRH (solid curves). 
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The comparisons of the calculated intrinsic torques and confinement times from the 2Hz 
modulation analysis as well as the steady state rotation before and after the ECRH are given 
in figure 5. In both discharges the addition of 3.5 MW of ECRH at around 𝜌=0.2 reduces the 
core rotation by about 20 krad/s.  However, for pulse #29216 the rotation profile becomes 
slightly hollow, while the rotation profile for shot #29215 remains peaked. Furthermore, the 
intrinsic torque analysis suggests that the drops in rotation are due to different reasons. In the 
case with higher beam heating (#29215) the change in rotation is better explained with ECRH 
reducing co-Tint that even goes counter current in the centre while the case with less beam 
heating (#29216) the decrease is more consistent with reduced momentum confinement time.  

 
Figure 5. Comparison of intrinsic torque (upper frames), momentum confinement time (middle frames) and 
steady-state rotation (lower frames) before and during the ECRH phase for two AUG shots at different NBI 
power.  

To investigate this further and independently of the previous analysis, momentum transport 
simulations were performed for #29217 (very similar to shot 29216 and 29215 as well, but 
with 10Hz NBI modulation). The results are summarised in figure 6 for the two phases of the 
discharge. In this analysis, the Tint profiles from the 2Hz experiments were not used. There are 
two particularly interesting features in the experimental data with PECRH=3.5 MW: (1) the  
peaks in both the steady state rotation and in the rotation amplitude are off-axis and (2) the 
peaks (middle frames) are located at different radii. It is immediately clear that these features 
cannot be explained with diffusion and inward convection if the applied torque source is 
peaked as it is with on-axis NBI alone. Assuming precise NBI torque calculation from 
TRANSP and that the intrinsic torque induced by ECRH is  independent of time, the only 
chance of reproducing the amplitude profile is with outward convection inside 𝜌<0.35. 
However, outward convection without additional sources will put the steady state off-axis 
peak at the same location i.e., too close to the axis and it also makes the steady state rotation 
too hollow. In the end the experimental data in the ECRH heated phase is best reproduced 
with a combination of off-axis counter-current torque (and possibly a small co-current 
intrinsic torque in the centre at ρ<0.2) together with outward convection as shown with the 
blue lines in the middle and bottom panels. In the outer-half of the plasma the intrinsic torque 
is found to be slightly co-current (0.5<ρ<0.8).  The full red lines show the extracted intrinsic 
torque and convection (inward pinch) profiles from the phase without ECRH power. The 
dashed red lines in the middle frames are the resulting amplitude and steady-state rotation 
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profiles assuming the same 𝜒φ and vpinch (red solid) during the ECRH phase as optimized for 
the non-ECRH phase. Clearly, this set does not reproduce the amplitude and steady-state 
rotation satisfactorily.   
 
Note that the intrinsic torque profiles shown in Fig. 6 for the 10Hz analysis are actually torque 
densities.  When these profiles are integrated over the plasma volume one sees that the two 
analysis methods actually produce qualitatively similar intrinsic torque profiles; i.e. co-torque 
at large minor radii and counter-torque near the plasma core. The seemingly large counter-
current torque shown in Fig. 6 (bottom right) from the 10Hz analysis is mitigated by the small 
plasma volume in that region, while the small co-current torque at larger minor radii is 
emphasized by the larger plasma volume. Moreover, the 2Hz method for solving the 
momentum balance equation is believed to be more accurate at the edge, while the 10Hz 
method should be more precise in the core region.  Hence, although the 2Hz analysis for 
29216 does not show a significant counter-torque in the core compared to the NBI only case, 
the two analyses are not inconsistent within the error on the data. Rather, the information 
provided by the two methods in their respective regions of applicability should be regarded as 
complementary. Lastly, the outward convection found from the 10Hz analysis of discharge 
29217 is qualitatively consistent with the reduced momentum confinement time found in 
29216. Indeed, the global effect of a core localized outward momentum convection would be 
an overall reduction in plasma momentum confinement as seen in the 2Hz analysis of 29216.

 
Figure 6. Momentum transport analysis for shot number 29217.The comparison of the experimental and 
simulated amplitude and steady-state rotation during the NBI dominant phase (top row) and during the ECRH 
dominant phase (middle row) and resulting pinch velocity profiles (bottom left) and intrinsic torque profiles 
(bottom right). The dash-dotted lines in the middle panel show the best fit during the ECRH phase when taking 
the transport coefficient from the NBI dominant phase (from the fit of the top row).  

6. Conclusions 
 
The NBI modulation technique has been exploited to study intrinsic torque in NBI on AUG. 
The experimental analysis method capable of extracting the intrinsic torque profiles has been 
optimized for 2Hz NBI modulation experiments. The 2Hz NBI modulation discharges are 
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repeated with 10Hz modulation shots, allowing the comparison of the intrinsic torque profiles 
independently and to obtain the momentum diffusion and convection coefficients in addition. 
 
The effect of the q-profile on the intrinsic rotation was studied by performing a plasma 
current scan ranging from 400 kA to 1 MA while keeping the toroidal magnetic field 
constant. There is a clear trend indicating that the intrinsic torque increases with increasing 
plasma current, roughly from 1.5Nm to 4Nm. This q-scan also effectively forms a pedestal 
height scan where the 1MA pulse has about two times higher pedestal top density than the 
400kA discharge and some 20-30% higher temperature as well. It is therefore likely that both 
the q and the pedestal height contribute to the derived torque changes. Further experiments 
where q and pedestal height are varied independently are needed to distinguish between the 
two effects. Furthermore, in all cases the intrinsic torque has a rather broad profile between 
0.5<ρ<1.0 which is somewhat different to what has been previously observed on DIII-D [24] 
where the co-current torque was found to be dominantly edge localized (ρ>0.8).    
 
The effect of ECRH was studied in 600 kA H-mode plasmas by injecting 3.5 MW of ECRH 
in the latter half of the discharge. Experimental data using both the momentum balance 
equation and momentum transport simulations suggest qualitatively that the combination of 
off-axis intrinsic counter-current torque together with outward convection in the inner half of 
the plasma around the ECRH power deposition location is needed to explain the behavior of 
the amplitude, phase and steady-state rotation profiles in the high power ECRH phase. As 
high power ECRH is limited to 2s, we have only a few modulation cycles for this analysis and 
therefore, the noise level is quite significant. Further experiments are needed to confirm and 
quantify the effect of ECRH well beyond the noise level. Moreover, the assumption that the 
background plasma is time-dependent may have an influence and the non-linear analysis with 
time-dependent background may modify the intrinsic torque profiles presented in this paper. 
 
While the experiments suggest that q-profile and/or pedestal height as well as the ECRH 
power have an  influence on intrinsic torque in AUG, the scaling of intrinsic torque to larger 
devices like ITER remains open. Therefore, multi-machine experiments, within the 
framework of ITPA, are planned to study 𝜌* scaling of core intrinsic torque and the pedestal 
scaling of edge intrinsic torque. These experiments will also produce data for momentum 
transport studies so that a much more solid ground to predict the ITER rotation is achieved.   
 
This work has been carried out within the framework of the EUROfusion Consortium and has received funding from the European Union’s 
Horizon 2020 research and innovation programme under grant agreement number 633053 and from Tekes – Finnish Funding Agency for 
Technology and Innovation. The views and opinions expressed herein do not necessarily reflect those of the European Commission. 
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