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Introduction
Toroidal rotation in tokamak plasmas is beneficial for stabilizing magnetohydrodynamic
(MHD) instabilities, such as neoclassical tearing modes (NTMs) and resistive wall modes
(RWMs), and suppressing turbulence to enhance confinement. While neutral beam injection
(NBI) efficiently induces rotation in current devices, reactor-scale plasmas require alternative
momentum sources due to diminished effectiveness at higher densities and larger scales.
Intrinsic rotation generated by plasma asymmetries thus becomes critical.

Previous studies at TCV have examined intrinsic rotation driven by up-down
asymmetric equilibrium shapes in Ohmic plasmas [1]. Here, we extend these studies to neutral
beam (NB)-heated L-mode plasmas, quantifying intrinsic torque via balanced NBI experiments.
Experimental Setup
Experiments utilized TCV's balanced NBI system to achieve near-zero rotation plasmas,
minimizing momentum transport effects. The plasma current (233 kA) was counter-clockwise
(top view) with co- and counter-clockwise toroidal magnetic fields (±1.44 T). Both positive
and negative up-down asymmetric shapes were investigated. Figure 1 illustrates the shapes
achieved and the evolution of the toroidal angular frequency of Carbon6+, assumed to represent
the main ion rotation, is measured with the charge exchange spectroscopy (CXS). The intrinsic
torque can be estimated for each time slice but is least influenced by the momentum transport
fluxes near the time of rotation reversal when both the rotation and rotation gradients are
smallest. The rate of rotation changes outside mid radius are slow enough to ignore.

These plasmas exhibited sawtooth instabilities (~190 Hz), primarily affecting the core
with minimal impact outside the inversion radius 𝜌tor~0.35 which also marks the innermost
radius of the CXS measurements due to slightly up-shifted equilibria. Despite engineering

Figure 1 (Left) Up-down asymmetric shapes and toroidal magnetic field and current directions; (middle) toroidal rotation
profile evolution throughout the NB torque/power ramp; (right) NB injection powers for the co- and counter-current
directed beams. q95 values are 3.8, 3.3 and -4.2 for the discharges 84002, 84005 and 84006, respectively.
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matches, slight variations in plasma volume, kinetic profiles, and consequently q95 (see Figure
1 caption) necessitated careful analysis and simulations that accounted for all changes.

Figure 2 compares key parameters for the discharges near their minimum rotation phase
(torque step 3 for #84002 and #84005, and step 2 for #84006). The slight differences in plasma
volume and density for #84006 are reflected in the local neutral beam torque density as well.

Analysis Methodology
Intrinsic torque 𝜏int estimation technique follows that of [2] with the exception that the
momentum transport coefficients are now estimated with gradient driven non-linear gyrokinetic
GENE simulations.

𝑉′𝜏int𝑑𝜌 =− 𝑚𝑛𝑅𝑉′ 〈 𝛻ρ 2〉 χφ
𝜕𝑣𝜑

𝜕ρ
− Vc𝑣𝜑 −   𝑉′𝜏NB𝑑𝜌                   (1)

Here, the magnetic equilibrium quantities 〈 𝛻ρ 2〉 and 𝑉′ = 𝜕𝑉/𝜕𝜌, as well as the neutral beam
driven torque 𝜏NB, are evaluated using TRANSP. The density 𝑛 and toroidal rotation 𝑣𝜑 are
measured by Thomson scattering and charge exchange spectroscopy (CXS) diagnostics. The
diffusive (χφ​) and convective (Vc​) momentum transport coefficients are obtained using the
turbulent ion heat diffusion χi inferred via power balance from experimental data, together
with the Prandtl number Pr and pinch coefficient Pn evaluated by GENE, such that χφ =
Pr ⋅ χi and 𝑉c =− Pn ⋅ 𝜒𝜑 / 𝑅0. For plot labels, we use the shorthand notation: 𝑇int =− 𝑇diff −
𝑇conv − 𝑇NB.

These non-linear local GENE simulations capture the ballooning mode spectrum that
arises from asymmetric flux surfaces and can be used to estimate Prandtl number and pinch
coefficient relatively accurately. For the calculation of intrinsic torque, these simulations
neglected higher order terms such as profile shearing. These are not included in the present
analysis due to currently prohibitive computational demands. The local flux-tube simulations
were performed using a general Miller geometry reconstructed from experimental equilibrium
and other plasma parameters at 𝜌tor = 0.4, 0.6, 0.8, 0.9. Linear scans indicated that ion-scale
ITG and TEM turbulence dominate, while ETG modes are subdominant and were therefore
excluded from the non-linear runs. Figure 3 shows the TGLF scan, which supports this

Figure 2 . Comparison of kinetic profiles (a,b,d,e), safety factor (c), and TRANSP-evaluated net neutral beam
torque (f) at the time of minimum rotation, just before core sign reversal. All quantities are averaged over the
corresponding time step (~140 ms). Error bars indicate one standard deviation during this interval.
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assessment. Carbon impurities (5.47–6.6% in
density) significantly reduced linear growth rates,
justifying their inclusion in the non-linear
simulations. Each simulation was evolved to a
stationary state 𝑡 > 150 𝑅0/𝑐s, fromwhich ion heat
and momentum fluxes were extracted. The Prandtl
number and momentum-pinch coefficient were
calculated using the standard approach, based on
additional runs in which rotation and/or its
gradient were suppressed.

Results
The inferred intrinsic torque estimated using Eq.(1) for TCV discharge #84002 is shown in
Figure 4, alongside the contributions from other torque components. The intrinsic torque profile
found is predominantly counter-current in the core and co-current at the edge broadly
compensating the net NB torque at low absolute toroidal rotation. The corrections from
momentum transport fluxes and transient effects are not dominating.

Figure 5 presents the intrinsic torque analysis for discharge #84002 across the full torque ramp.
t demonstrates that intrinsic torque can be reasonably estimated outside the null rotation region,
provided that transport is approximately known. Despite substantial changes in rotation and its
gradient, including sign reversals, the intrinsic torque estimate remains relatively stable. This

Figure 3. OMFIT/TGLF linear growth rate of the
fastest growing mode with experimental parameters
for #84002. Red color indicates TEM and blue color
ITG.

Figure 4. Intrinsic torque analysis for #84002. (left) experimental toroidal rotation v predicted rotation with 𝜏𝑖𝑛𝑡 ignored,
and GENE estimated Prandtl number and momentum-pinch coefficient; (middle) turbulent ion heat conductivity from
power balance with neo-classical heat diffusion subtracted (TRANSP), and the resulting momentum diffusion and
convection; (right) volume integrated torque components: net NB torque, transient, diffusive, convective, NB-1, NB-2 and
the resulting total intrinsic torque.

Figure 5. Intrinsic torque analysis for #84002 throughout the torque ramp. (left) toroidal angular frequency; (middle)
net NB torque; (right) intrinsic torque density.
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suggests that intrinsic torque can be inferred even in regimes where rotation is small but does
not cross zero, enabling studies over broader parameter ranges.

Figure 6 compares the experimentally inferred intrinsic torque profiles both in torque
density and as volume integrated torques. The right-hand side plots show both the GENE-
estimated up-down asymmetry intrinsic torque and the experimental intrinsic torque (dashed
lines), with the central plasma contribution removed such that 𝑇int,exp 𝜌tor = 0.4 = 0. Apart
from the outermost point for 82005 GENE estimates are close to the experimental values.

However, the experimental estimates also include other intrinsic torque sources and potentially
unaccounted contributions, making direct comparison difficult. This is also evident from the
fact that the experimental data remains fully co-current at outer radii, even though a sign change
is expected when either the plasma shape or the toroidal field is flipped [1]. The positive torque
offset appears to be on the order of 0.05 Nm, or approximately 20% of the torque from a single
NB unit.

Summary and Outlook
This study successfully quantified intrinsic torque in up-down asymmetric NB-heated L-mode
plasmas at TCV tokamak. Counter-current intrinsic torque dominated the plasma core, while
edge regions exhibited significant co-current contributions consistent with DIII-D results [5].
Non-linear local GENE simulations of up-down asymmetry intrinsic torque are of similar
magnitude as inferred from experiments but overall uncertainties still leave room for other
intrinsic torque sources such as profile, 𝐸 × 𝐵, or turbulence intensity shearing [6]. Future
experiments will refine shape and profile matches and explore new parameter ranges.
Ultimately, these findings contribute to understanding intrinsic rotation generation, essential
for predicting and optimizing reactor-scale plasma performance.
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Figure 6. (Left) Intrinsic torque density; (middle) cumulative intrinsic torque; (right) comparison between GENE-
predicted up-down asymmetry torque and the experimentally inferred intrinsic torque (dashed lines), excluding
contributions from inside 𝜌𝑡𝑜𝑟 = 0.4 (dashed lines). The 1𝜎 confidence bounds are derived from 1000 Monte Carlo samples
of rotation profiles, assuming 50% relative uncertainty in the Prandtl numbers and momentum pinch coefficients.
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