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Abstract.
Accurate and validated tools for calculating toroidal momentum sources are necessary to make 
reliable predictions of toroidal rotation for current and future experiments. In this work we present the 
first experimental validation of torque profile calculation from neutral beam injection under toroidal 
field ripple. We use discharges from a dedicated experimental session on JET where neutral beam 
modulation technique is used together with time dependent torque calculations from ASCOT code 
for making the benchmark. Good agreement between simulations and experimental results is found.

1.	 INTRODUCTION
Toroidal momentum transport and rotation have been very active research topics during the last years. 
Toroidal rotation and rotation shear have been shown to improve confinement [1] and to increase 
the stability against resistive wall modes [2] of fusion plasmas. Recently it has been shown both 
theoretically [3,4] and experimentally [5–8] that inside the plasma pedestal momentum transport 
is not purely diffusive but that a convective (pinch) term also exists. Inward momentum pinch may 
help to achieve a peaked rotation profile in ITER even with the small external torque sources or 
with other seed rotation sources at the plasma edge [9].
	 One important ingredient in predicting rotation in ITER is the capability to calculate the torque
generated by the NBI under toroidal magnetic field ripple. Even with the ripple compensating 
ferromagnetic inserts included in the design the expected ripple magnitude δ = (Bmax − Bmin) /
(Bmax + Bmin) in the full field will be δ ~ 0.35% which, although shown to be acceptable in terms 
of fast ion energy losses [10], may still cause a significant counter current torque contribution via 
non-ambipolar radial diffusion of fast ions. In recent JET experiments [11] with enhanced ripple (δ 
~ 1%) the plasma edge was found to counter rotate with co-current NBI while similar plasmas with 
smaller ripple were co-rotating. It was found that taking into account the NBI torque modification 
due to the ripple the observations could be largely explained. In Ohmic JET plasmas with ripple up 
to 1.5% non zero toroidal rotation has also been observed but the level of rotation has been small 
compared to NBI heated discharges [12].
	 Non-axisymmetric magnetic perturbations such as toroidal field ripple can also lead to non- 
ambipolar radial transport of thermal ions giving rise to the neoclassical toroidal viscosity (NTV) 
torque, see e.g. a recent review [13] and references therein. Plasma breaking, associated with NTV, 
has indeed been observed experimentally on several tokamaks, e.g. DIII-D and JET using low 
toroidal harmonic magnetic perturbations. Toroidal field ripple, on the other hand, has a weak radial 
component which decays rapidly toward the plasma centre and the associated torque whether small 
or significant is expected to be edge localised. It is assumed that in the discharges analysed here 
NBI is the dominant core torque source and subsequently other possible torque sources such as the 
NTV or the residual stress [14] are neglected.
	 While ripple diffusion and trapping are well understood in theory, the rigorous validation of fast 
ion ripple torque calculations against experimental data are still lacking. In previous works  e.g. [11, 
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15] from JET ripple campaign the ripple induced fast ion losses and torque have been identified as the 
likely candidate to explain the observed reduction in rotation. However, without detailed knowledge 
of the momentum transport in the discharges only rough estimates for the volume integrated total 
torque due to ripple can be obtained. For validating the torque calculations dedicated experiments 
are required in which both the diffusive and convective momentum transport (χφ and vpinch) and 
the effect of ripple on NBI torque can be resolved simultaneously.
	 In this work, discharges from JET enhanced ripple session designed for benchmarking the NBI
torque calculations in the presence of toroidal field ripple are analysed. The guiding centre following 
Monte Carlo code ASCOT [16] is used for the torque calculations. ASCOT has been used for fast 
ion loss calculations with ripple in, e.g. [17, 18] but has not yet been experimentally validated for 
the ripple torque.
	 The remainder of the paper is organised as follows. First the experimental set-up is described 
and the justification is given for the assumption of having an identical, ion temperature gradient 
(ITG) dominated momentum transport between the discharges. This is followed by description of
the plasma response to the applied NBI torque and power modulation. In Section 3 ASCOT code
is first briefly described after which the ASCOT benchmark against OFMC [19, 20] and NUBEAM
(inside the TRANSP transport code) [21] are presented. In Section 4 the ASCOT evaluated time 
dependent NBI torque profiles are reviewed and the experimental toroidal rotation measurements
and their Fourier transformed amplitude, phase and steady state profiles are plotted and compared
against torque calculations. Section 5 describes the optimisation scheme used to evaluate the 
momentum transport coefficients and presents the comparison between the simulated toroidal 
rotation, using NBI torque with ripple from ASCOT, and the experimental data. Finally, the results
are discussed and conclusions of the work are drawn in Section 6.

2.	 EXPERIMENTAL SET-UP
The Neutral Beam Injection (NBI) system at JET [22] is well performing with a total of 16 units 
each delivering roughly 1-1.5MW of power and 1-1.5Nm of torque depending on the voltage and
injection angle used. Half of the units are aligned with a tangency radius of RT = 1.31m (normal
injection) while the rest have a tangency radius of RT = 1.85m (tangential injection) in the usual
co-current direction. The major radius of the JET torus is R0 = 2.95m. Their acceleration voltages
can be adjusted from about 60kV to 130kV as required by the experiment. NBI power can also 
be turned on and off relatively reliably thus lending itself to transport studies utilising modulation
techniques [23, 24].
	 A set of discharges were selected for this study (Pulse No’s: 77089, 77090 and 77091) 
characterised by L-mode confinement and hence a relatively low density (ne0 ≈ 3×1019 m−3) and 
low temperature (Te0 ≈ Ti0 ≈ 3keV), all with a plasma current of Ip = 1.5MA and the average central 
toroidal field B0 = 2.2 T (q95 =

 5). The three discharges did not exhibit MHD activity. In each discharge 
two 90keV NBI units (total of 2.5MW) are injected continuously to collect ion temperature and 
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toroidal rotation data and to keep that plasma relatively stationary during the experimental window. 
Additionally, two/three modulated 65keV units (≈4.5MW) are used with a duty cycle of 50/110 
ms (on/off). The modulation cycle is short enough to avoid reaching steady state yet long enough 
to yield plasma rotation modulation sufficiently large to make the analysis. Pulse No: 77089 is the 
reference without ripple and with normal NBI modulation (3 units). Pulse No’s: 77090 is identical 
to 77089 but operated with 1.5% toroidal field ripple (3 units). Pulse No: 77091 is again similar 
discharge with ripple and modulation from tangential NBI units (2 units).
	 Figure 1 shows time traces of a number of important plasma and heating parameters for Pulse No: 
77089 with normal NBI modulation without ripple. The time interval shown is the same which is 
used for transport and torque analysis as well as for the Fourier analysis of the experimental profiles. 
One can observe that all the chosen quantities are modulated with the NBI except the thermal energy 
which within the experimental uncertainty shows no correlation with NBI power. This is consistent 
with the negligible density modulation that could be seen from the High Resolution Thompson 
Scattering (HRTS) diagnostics data (not plotted).
	 A more careful study, involving Fourier analysis, shows that in all discharges ion and electron 
temperature modulation are both between 2-5% of their steady state values while toroidal rotation
modulation amplitude is significantly higher reaching up to 10% of the steady state. The small 
levels of the perturbations caused by the NBI modulation is the basis for our simplifying assumption 
that the momentum transport (χφ and vpinch) is independent of the NBI power modulation and thus 
remains constant (in time) during the time interval of interest.
	 The similarity of the plasmas and equilibria across the discharges is illustrated in figure 2 which
shows the experimental steady state profiles for the discharges 77089-77091. Ion and electron 
temperature profiles as well as the q-profiles are practically the same for all shots and the difference
in electron density between the ripple and non-ripple reference discharges is below 10%. Based 
on the similar profiles among the three discharges we assume that the transport of momentum is 
the same between them and that the difference in the rotation is due to the difference in the torque
source. This should be a reasonable assumption for ITG dominated turbulent transport since it mainly 
scales with ∇Ti [25] and they are identical.
	 In addition to the plasma properties also the location of the magnetic axis is modulated due to the 
NBI driven change in the plasma pressure. In fact the whole plasma moves rigidly without changing 
the shape. During the high power phase the plasma shifts around 1 cm towards the low field side. 
The equilibrium modulation combined with radial gradients in the profiles can generate spurious 
components in signals which are collected along fixed lines of sight. A simple estimation, using the 
5mm radial modulation and the gradients involved shows that this could contribute about 5-20% to 
the modulation amplitudes if not subtracted in an appropriate way. In the following we eliminate 
the effect by mapping the data into time independent flux surface coordinates prior to the analyses.
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3.	C ODE-TO-CODE BENCHMARKING
Multiple studies have been conducted to study the ripple effects, e.g. [26–28] giving analytical 
formulas and insights into the physical mechanisms. However, the analytical approach remains 
tricky for realistic simulations when complicated factors arise from e.g. toroidal field coil and NBI 
geometry, plasma shaping and from asymmetric fast ion distributions. These effects are, however, 
straightforwardly included in the orbit following Monte Carlo codes where also Coulomb collisions 
and their synergy with ripple are easily included. Nevertheless, it is useful, and helps to interpret the 
results later on, to see roughly what parameters are involved in ripple banana diffusion

[1]

Here Δ is the radial step size in ripple diffusion at the banana tip, N is the number of toroidal field 
coils, θt and φt are the poloidal and toroidal angles of the turning point, q is the safety factor, ∈ the 
inverse of the aspect ratio, ρ the gyro-radius of the ion and δ the ripple amplitude δ = (Bmax − Bmin)/
(Bmin + Bmax). Even though this formula has been derived for circular plasmas with circular coils 
it shows that, since the diffusion coefficient D = Δ2τ−1 (τ = bounce time), under similar plasma 
conditions the diffusion is stronger for ions with higher energy and smaller pitch angle (=smaller 
θt) and in areas where the ripple is larger.

THE RIPPLE MODEL IN ASCOT
The ripple effect in guiding centre orbit following codes is included by tracing the ions in the 3D 
rippled magnetic field. For simulating JET plasmas with ASCOT we superimpose a sinusoidally 
varying toroidal magnetic field ripple on top of the axi-symmetric equilibrium field, B0 

[2]

Here, the axi-symmetric part is taken from EFIT. The numeric subscripts denote the 16th and 32nd

toroidal harmonic of the Fourier decomposed vacuum ripple map. In normal JET operation all 32 
toroidal field coils are driven with an equal amount of current which leads to very low ripple (0.08% 
at the separatrix on the outboard midplane). However, during enhanced ripple operation, where even 
and odd numbered toroidal field coils are driven with unequal currents δ16 becomes dominant since 
the ripple magnitude scales with the imbalance current roughly as δ16 ∝ (Imax − Imin)/(Imin + Imax), 
where min and max denote the smaller and the larger of the currents in the odd and even numbered 
sets of coils.
	 Figure 3 shows the ripple contours (log10 δ) of the 16th Fourier harmonic amplitude. Ripple is
largest at the outboard side of the plasma close to the midplane where it can reach levels up to 3.5%. 
In practice, to limit the heat loads, ripple magnitude is restricted to a maximum of ~ 1.5%. Ripple 
magnitude decays rapidly towards the core of the plasma and in practise inside the inner half of the 
plasma the ripple effect is negligible even at the highest allowed ripple.

∆ = (Nπ / sinθ t) 1/2 (qЄ) 3/2 ρδ ⋅ cos Nøt

B(r, z, φ) = B0 (r, z) [1 + δ16 (r, z) cos 16φ + δ32 (r, z) cos 32φ]
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4.	 ASCOT BENCHMARK AGAINST OFMC AND TRANSP
Before presenting our time dependent NBI torque evaluation for the NBI modulation under toroidal
field ripple we compare ASCOT steady heat load calculations against those of the Orbit Following
Monte Carlo code OFMC [10, 19]. OFMC has been developed and used extensively for JT-60U 
where it has been successfully benchmarked against experimental heat load data [29, 30]. More 
recently it has been used also for JET in preparation and analysis of JET ripple campaign analysis
where a good quantitative agreement between the OFMC calculated heat loads due to fast ion losses
and experimental values determined by the Infra Red camera were found [31].
	 Figure 4 shows an example of ASCOT calculation of the heat load on limiters and on the first wall 
on the low field side of the vacuum vessel. The main heat load from NBI is deposited on the poloidal 
limiters (grey bars) near the equatorial plane both with and without ripple. Heat load on limiters 
increases with ripple while at the same time localised heat loads below the mid-plane appear due 
to ripple trapping. This toroidally periodic heat load pattern, here around θ ~ −70 deg, is due to the 
ripple trapped ions drifting vertically down from the high ripple region. The pattern and localisation 
of these heat loads are well suited for a code-to-code comparison of ripple losses. Both ASCOT and 
OFMC have been used extensively in the preparation and in the analysis of the JET ripple campaigns 
in 2006-2008 during which they have been cross checked against each other. Here we present one 
of the comparisons where both codes use a toroidally symmetric 2D limiter surface for clarity and 
statistics. We use EFIT equilibrium of the JET Pulse No: 60856 for making the benchmark together 
with the experimental temperature and density profiles. In this example we show data from simulations 
with artificially high ripple (δ ≈ 3%) with 1MW of 130keV NBI. Both codes use their own model 
for the NBI geometry and for calculating the initial ionisation (birth profile).
	 One can see in the left frame of figure 5 that the codes predict nearly identical heat load patterns
with the maximum loads deviating less than 10%. The toroidal angles φ = 0° and φ = 22.5°correspond 
to the location of the high current coils, i.e. ripple minima and the dashed line at φ = 11.25°correspond 
to the ripple well. Also, as expected, due to the 1/R dependence of the toroidal magnetic field, both 
codes show a slight shift of the maximum heat load from the ripple minimum in the co-current 
direction (here φ increases in counter current direction). The right frame shows a comparison of 
the energy distribution of the ions that cause the heat load on the limiter surface. At higher energies 
the curves are nearly identical. The deviation at lower energies is due to different lower energy 
thresholds in use for this comparison. Here ASCOT stops at higher average energy which naturally 
yields smaller losses at lower energies.
	 To validate ASCOT torque calculations without ripple it is compared against TRANSP for the 
non-ripple reference discharge (Pulse No: 77089). The calculated time dependent torque profiles from 
both codes are Fourier transformed at the 6.25Hz NBI modulation frequency and the resulting torque 
amplitude, phase and steady state profiles are compared in figure 6. The agreement between the codes 
is good with deviation of only about 10%. In previous work [24] ASCOT and TRANSP torques were 
additionally compared for collisional and j × B torque components with a good agreement.
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5.	 EXPERIMENTAL DATA ANALYSIS
5.1. TORQUE EVALUATION
For calculating the NBI torque we use the experimental NBI power waveforms, acceleration voltages 
and fractions for the E, E/2 and E/3 energy components. For simplicity, since the plasma profiles 
are not significantly modulated by the NBI, we time average all the profiles and keep them constant 
during beam ionisation and slowing down calculations. We take the initial NBI ionisation profile 
from PENCIL [32] while the beam slowing down calculation and the ripple effect is accounted for 
with ASCOT.
	 Figure 7 summarises the result of torque evaluation for the three discharges. It shows the time 
traces of the volume integrated torque components and the time averaged torque densities for the 
modulated NBI units only. For better illustration only one NBI modulation cycle is pictured. The 
total torque is split to three components each with distinct time-scale: collisional torque due to 
Coulomb collisions, instantaneous torque which is essentially the toroidal component of the j × B 
force arising from the difference in the initial and bounce averaged flux surface of the ions. Thirdly, 
the ripple torque is due to the non-ambipolar radial diffusion of the NBI ions in the non-axisymmetric 
magnetic field. They all have different time scales and must be correctly resolved for simulating 
the inherently time dependent NBI modulation experiments.
	 As shown in figure 7, collisional torque is the slowest of the torque transfer mechanisms and 
takes place in about one collisional time (~150 ms). Instantaneous torque, like the name suggests,
is almost instantaneous when compared to the usual slowing down time. Even in the absence of 
collisions it will take place in about one bounce time (~50μs) during which the initial bounce phases 
of the injected ions are randomised. Note that due to technical reasons in all the plots in this section 
the instantaneous torque further includes a small, and delayed, j × B torque component which arises 
when collisions (or ripple) move passing ions into trapped ones or vice versa. It is relatively easy 
to see that the time scale for the ripple torque must be somewhere between the j × B and collisional 
torques. This is because ripple diffusion only occurs at the tips of the trapped ion banana orbits and 
it necessarily takes several bounce times before any significant effect is accumulated. On the other 
hand, ripple diffusion scales with the fast ion energy (see Eq.1) making the effect faster than the 
collisional time. This is confirmed in the simulations which take into account these and other effects 
such as the injection angle (see figure 7). It is, furthermore, interesting to note that in the case of 
normal NBI modulation the fast ion ripple torque is stronger than the sum of the co-current torque 
components making the total modulated torque near the edge negative. In the tangential injection case 
the total torque is also considerably reduced due to the ripple but is only weakly negative at the edge.
	 Figure 8 clarifies the cause behind the differences in both the magnitude and the speed of response 
between the normal and tangential injections. The plot on the top left shows the initial turning point 
density together with a contour for ripple trapping boundary. This can be compared with figure 3 to 
see that with the normal injection the turning points locate in a region where the ripple amplitude is 
higher. The location of the turning points is governed by the pitch ξ = v||/v which for the tangential 
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case is larger (see top right frame). The bottom frames show that the difference in the trapped ion 
initial energy density is mainly due to the one less modulated NBI unit, not the trapping fraction 
which is the same for both. The difference in the injection power, however, is less than 1/3 while the 
difference in ripple torque (see figure 7) is a factor of 3 and can only partly explain the difference 
in the magnitude. The main cause for the difference in the magnitude of the ripple torques is the 
turning point location (=injection angle). The slower pace at which the ripple torque occurs with 
tangential injection is also due to the location of the turning points; while with normal injection 
the trapped ion turning points are instantaneously close to the maximum ripple level for a given 
flux surface, it will take a sizeable fraction of a collisional time before the pitch angle scattering 
has diffused the turning points of the tangentially injected trapped ions into the stronger ripple 
region. This will and add delay and reduce the magnitude of the ripple torque and is in line with 
the simulations. More details of the torque profiles are shown in the next section where they are 
Fourier transformed and plotted side-by-side with the corresponding experimental rotation profiles.

6.	R OTATION MEASUREMENTS
The toroidal rotation of the plasma is measured with a Charge eXchange Recombination Spectroscopy 
(CXRS) diagnostic based on Carbon emission lines. The diagnostics has 12 horizontal lines of sight 
into the plasma which in this configuration cover the radius from the centre up to the pedestal top 
with a time resolution of 10ms and ±5% error in magnitude [33]. Based on earlier experiments on 
JET [34] and the weak temperature gradients in these discharges we expect that the bulk plasma 
(deuterium) rotation is nearly identical to that of the Carbon.
	 Figure 9 shows the toroidal angular frequency of the 3 discharges as a function of time for 
three modulation cycles within the analysis window. The greyed areas in the figures indicate the 
modulated NBI on time. From this data one can already qualitatively see the spin-up of the plasma
when NBI is turned on. However, for Pulse No: 77090 with ripple, near the separatrix (lines at the
bottom) the plasma actually accelerates in the opposite direction indicating that near the edge the
ripple torque exceeds the co-current momentum from the NBI.
	  For a more quantitative analysis of the experimental rotation profiles we Fourier transform the 
data for all radial locations. The result at the 6.25 Hz NBI modulation frequency is shown in figure 
10 (left column) where the rotation amplitudes, phases and the steady state profiles are plotted for 
the three discharges. For comparison the corresponding source terms from ASCOT, i.e. toroidal 
torque amplitude, phase and steady state are plotted adjacent on the right column.
	 The similarity of the experimental rotation amplitude and phase profiles and the correspondent 
calculated torque amplitude and phase profiles is striking. Note that information of rotation is not
used in the torque calculation. This clearly indicates that the toroidal rotation is strongly influenced
by the NBI torque. Even before the momentum transport analysis, the topic in the next section, one
can see that the rotation profiles and their shapes seem to be consistent with the source profiles.
	 One of the most obvious differences between the discharges is the higher steady state rotation in 
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the non-ripple discharge (Pulse No: 77089) giving a clear indication of a large counter current torque 
in the rippled discharges. In Section it was found that ions from normal NBI experience stronger 
ripple effect than those from the tangential NBI. This is also clearly visible in the amplitude and 
phase plots for both the rotation and torque where the normal NBI with ripple (Pulse No: 77090) 
has larger and deeper penetrating amplitude than the one for the tangential NBI (Pulse No: 77091) 
even when accounting for the ~ 15% larger torque from 3 normal NBI units compared to 2 tangential 
units. The stronger ripple effect on normal NBI is also evident in the steady state profiles for rotation 
and torque. It is interesting to note that the radius of the minimum amplitude for the rotation and 
the torque for the normal NBI with ripple (Pulse No: 77090) coincide at ρtor = 0.6. This is, in fact, 
an important feature since it is found to improve the robustness of the torque validation by making 
the analysis less sensitive to the details of the toroidal momentum transport It may first seem odd 
that inside the mid radius where the ripple amplitude is negligible and where the torque profiles are 
identical for the normal NBI cases with (Pulse No: 77090) and without (Pulse No: 77089) ripple 
that there is a difference in the rotation phases. This feature, however, is well reproduced in the 
momentum transport analysis when both the pinch and the diffusion terms are included.

7.	R IPPLE TORQUE VALIDATION
As already mentioned, no diagnostic exists that can measure the injected torque directly. CXRS 
diagnostics can measure the Carbon rotation but momentum transport analysis are required to relate
the calculated torque source with the rotation. In our transport analysis we assume that for the 
non-ripple reference discharge the torque source is calculated accurately with ASCOT allowing us
to use the NBI modulation technique to determine the momentum transport coefficients (χφ, vpinch)
without resorting to theoretical models or assumptions other than the momentum transport being
independent of the NBI power modulation.
	 In this work we build on the scheme used in an earlier work [6,23,24,35,36] to find the optimal
profiles for the Prandtl number, Pr = χφ/χi, and the pinch velocity. Here we replace the manual trial 
and error profile optimisation with a non-linear minimising routine that allows simultaneous
fitting of both pinch velocity and Prandtl number profiles. We also make an effort to set suitable 
optimisation criteria a priori and let the minimisation routine to find the Pr and vpinch profiles that
best reproduce the measured rotation profile in an automated way. Note that the fit is only done for
the non-ripple discharge for which the torque calculations can be assumed to be accurate. 
	 Similar to the previous work we use JETTO transport code to calculate the plasma response 
to the injected torque for given Pr, vpinch profiles. We take the resulting time dependent rotation 
profile and Fourier transform it on all radii to obtain rotation amplitude and phase profiles at the 
NBI modulation frequency, and to get the steady state profile. The minimisation routine varies the
Pr, vpinch profiles until they produce the best possible match between the simulated rotation response 
and the experimental data for the amplitude, phase and steady state profiles simultaneously. As a 
figure of merit for the error in each profile we use the mean square error against the experimental 
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data which we normalise so that the error for the amplitude, phase and the steady state all yield 
roughly the same value near the optimum. The individual normalised errors are added together and 
the resulting error is the target of the minimisation.
	 Typically in one optimisation, with 5 radial points each for pinch and Prandtl number profiles,
hundreds of transport simulations are needed for converged solution. To ensure the robustness 
in finding the global optimum in the multi dimensional parameter space we launch the above 
optimisation cycle several times, each with a randomly selected initial Pr and vpinch profiles. Once
repeated many times we usually find that most of the optimised profiles convergence to the same 
solution giving the assurance that the global optimum is found. During the optimisation the torque
source is taken from ASCOT calculation.
	 In Figure 11 the result of the above optimisation cycle is shown for Pulse No: 77089. Black 
squares are the experimental data and the ensembles of red lines show the amplitude, phase and 
steady state profiles from all converged and nearly converged states where the total error is within 
10% of the best fit. The dashed lines in the plots show the ±20% variation for the amplitude and 
the steady state and are there to help quantify the level of agreement achieved. The dashed line 
in the phase plot shows the ±11.25 deg variation corresponding to a 5ms time resolution. In the 
simulations we use 3-5ms resolution for the data while the time integration period for the rotation 
measurement is 10ms putting the 5ms as a reasonable estimate for the phase error. The bottom right 
frame in figure 11 shows the set of the pinch velocity and Prandtl number profiles that correspond 
to the described amplitude, phase and steady state profiles.
	 We find that roughly 30% variation in transport coefficients near the optimum is allowed while
still giving a good fit against the experiment. There are a few reasons why this can be expected. 
Firstly, to some extent, small changes in the diffusion coefficient can be compensated by appropriate 
changes in the pinch velocity without increasing the total error significantly. Secondly, the definition 
of the total error (sum of mean squared errors) is not very sensitive to the profile shapes and can yield 
similar errors for qualitatively different profiles. Furthermore, as typical for profile optimisation, a 
small change in one profile point can partly be compensated by changes in the neighbouring points. 
However, even with the scatter in the profiles one can easily recognise the increasing trend towards 
the edge in both profiles which is consistent with the earlier work [6, 11].
	 The optimal profiles for the Prandlt number and the pinch velocity are shown in figure 12. We
find that apart from the centre of the plasma the Prandtl number stays above unity in these L-mode
discharges while slightly smaller values were previously found for the H-mode discharges [24] 
and in theory [37]. It is noteworthy also that for the first time on JET L-mode plasmas we find that 
non-zero pinch velocity is required to fit the rotation amplitude, phase and steady state profiles 
simultaneously.
	 The main piece of evidence in the experimental ASCOT NBI torque validation effort is shown
in figure 13 where the comparison between the simulated toroidal rotation and the experimental 
measurements are plotted for each discharge. Note that the momentum transport is assumed to be
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the same across all discharges as discussed earlier. It is seen that the simulated rotation response to
the NBI modulation agrees well with the measurements. For all cases the time response (phase) is
matched within about 11.25 deg corresponding to about 5 ms time resolution. Also the amplitude and 
steady state rotation profiles are well reproduced and largely stay within 20% of the experimental 
data. Furthermore, during the analysis it was seen that for the normal injection with ripple (Pulse 
No: 77090) the radius where the phase of simulated rotation changes its sign,  ρtor  = 0.6, is almost 
entirely determined by the torque source profile. When using Prandtl numbers that were smaller than 
the optimal found made the step too steep and accordingly Prandtl numbers larger than the optimum 
flattened the step while the radius where the sign reversal occurs remained nearly unaffected. These 
observations suggest that the NBI torque profiles with large ripple are consistent with measurements, 
a conclusion which is not very sensitive to the details of the momentum transport.
	 For completeness we used the optimisation scheme also for the discharges with ripple to see if 
the optimised transport would differ from the one obtained from the non-ripple reference case (see 
figure 12). We found that the agreement between the simulated and the measured rotation amplitude, 
phase and steady state profiles were only marginally improved compared to using the transport from 
the non-ripple discharge. This also implies that the momentum transport is indeed similar among 
the 3 discharges.

CONCLUSIONS
We have shown for the first time an experimental validation of a NBI torque profile calculation in
the presence of large magnetic field ripple. We have used NBI modulation technique to deduce 
the prevalent momentum transport and time dependent torque calculations from ASCOT to make 
the comparison. We have developed a semi-automated way to analyse the transport in the NBI 
modulation experiments by building a scheme around a minimisation routine for getting a more 
comprehensive picture of the transport sensitivity. We have also validated ASCOT ripple operation
numerically against OFMC by comparing heat load from ripple trapped ions and showed good 
agreement against TRANSP for the time dependent NBI torque evaluation without ripple. This work
has shown that the guiding centre following Monte Carlo approach as used in ASCOT to calculate
the NBI torque in presence of toroidal field ripple is accurate and can be used for predicting torque
in conditions where the guiding centre approximation holds, such as ITER.
	 In this work we did no consider other torque sources besides the NBI. For the modulation part
it can be well justified because the small induced plasma perturbations (δTe, δTi, δq, δne) are not
expected to modify the ITG turbulence significantly. However, it is possible that some intrinsic 
sources were contributing to the steady state part. While they are mainly expected to be edge 
localised [37] experimental evidence for intrinsic core sources have also been reported [38]. In the
transport optimisation we observed, similar to some earlier H-mode cases [6, 24], that for the best
overall fit (simultaneous fit of the amplitude, phase and steady state rotation) the simulated rotation
amplitudes tended to be slightly overestimated and the steady state rotation was underestimated.
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While this on one hand could indicate a small error in the NBI torque calculations it may also point
to an intrinsic core torque contribution like residual stress in co-current direction. It must be noted,
however, because of the good agreement shown here, that the intrinsic core torque source in these
discharges should be small.
	 For future work this method will be modified to allow systematic estimation of the magnitude 
of the intrinsic torque source in the core plasma even in the presence of NBI torque. For edge 
localised torque source studies this scheme would not seem to be as promising due to less accurate 
measurements in the pedestal region which makes it more difficult to separate the sources from the
boundary contribution.
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Figure 1: Time traces of plasma and heating parameters over the time interval of interest for Pulse No: 77089. 
Temperature and rotation values are taken near plasma mid radius and magnetic axis from EFIT reconstruction.

2

2.96

2.97

4

1.4
1.6

25

8

9

7

20

1.2

2

6

6.2

Magnetic axis location

Neutron rate

Ion temperature

Electron temperature

Toroidal angular frequency

Thermal energy

6.6 7.0 7.45.8

R
0

(m
)

W
di

a
(M

J)
P N

BI
(M

W
)

ω
φ

(k
ra

d)
T i

/T
e 

(k
eV

)
f

(a
.u

.)

Time (s)

JG
10

.3
20

-8
c

NB heating

http://figures.jet.efda.org/JG10.320-8c.eps


15

0

2

4

6

0

1

2

3

0 0.5 1.0
0

1

2

3

ρtor

0 0.5 1.0
ρtor

0

1

2

3

q

T
e 

(k
eV

)
n e

 (1
01

9 
m
-

3 )

T
i (

ke
V

)

Pulse No: 77089
Pulse No: 77090
Pulse No: 77091

JG
10

.3
20

-1
4c

−4

−
3.

5

−
3.5

−3.5

−
3.

5
−3.5

−3
.5

−
3

−
3

−3

−3

−3

−3

−3

−
3

−
2.

5

−
2.5

−2.5

−2.5

−2
.5

−
2.

5

−2.5

−2.5−2
.

5

−
2

−
2

−
2

2

−2

−2

−
2

−2

−2

−2

−
2

.5

−1
.5

−1
.5

−1.5

−1.5

−1.5

−1.5
−1

−1

−1

− 1

0.5

−
0

−0.5
−0

R (m)

JG
10

.3
20

-1
5c

2.0 2.5 3.0 3.5 4.0

Z
 (

m
)

-1.5

-1.0

− 0.5

0

0.5

1.0

1.5

2.0

Figure 2: Time averaged plasma and q-profiles over 9 modulation cycles between 6.0s – 7.44s for the Pulse No’s: 77089 
(diamond), 77090 (triangle) and between 7.0s – 8.44s for Pulse No: 77091 (circle).

Figure 3: Ripple map for JET 16 coil harmonic together with the cross section of the limiter surface and a seperatrix 
for a typical equilibriam. Number on the contours give the log10 of the ripple amplitude.
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pinch velocity profiles for Pulse No: 77089 (see figure 12). First column correspond to the Pulse No: 77089, second 
column to Pulse No: 77090 and third coloumn to Pulse No: 77091. Dashed lines are to guide the eye and give rough 
estimates of the error.
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