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Introduction Tokamak plasma confinement is sensitive to a low level of intrinsically 

existing or externally applied three dimensional (3D) magnetic field perturbations. These 3D 

fields can induce the neoclassical toroidal viscosity (NTV) torque which can greatly affect 

the plasma momentum confinement. The NTV torque is a result of drift kinetic non-

ambipolar transport induced by 3D fields [1], where both thermal particles (TPs, the focus of 

most current research [2]) and energetic particles (EPs) can be the candidates to play a 

contributing role. In present tokamaks, the EP population from NBI and ICRH can contribute 

up to half the stored energy, and in future fusion reactors the alpha particles will take up ~15% 

of the plasma energy, which motivated new experiments on DIII-D to validate the NTV 

torque due to trapped EPs. A sophisticated DIII-D experiment, utilizing the full duty cycle 

neutral beam with varying injection angle and beam energy, is designed to measure the 

induced NTV and to verify the existence of EP NTV in the presence of the n=2 3D fields. On 

the other hand, the NTV torque is derived based on the drift-kinetic MHD theory [1,3]. Unlike 

TPs which are always collisional in present tokamak experiments, EPs are in the collisionless 

regime and therefore an ideal candidate to validate NTV modelling in super banana plateau 

(SBP) regime. Since EPs’ bounce and passing frequencies are much faster than ω" (E × B 

rotation frequency), the NTV due to the bounce and transient resonances of EPs is normally 

negligible. Only the precession resonant condition of EPs ω& + 𝜔)~0 can be reached, where 

ω& is the toroidal precession frequency of trapped EPs. Therefore, this work specifically 

focuses on the validation of EP NTV due to the precession resonance in SBP regime. This 

proof of principle experiment and model validation is the first step towards predicting the EP 

NTV for future devices such as ITER, where the NTV is expected to play an important role 

in plasma flow control.  

Theory of Neoclassical Toroidal Viscosity due to EPs In theory, the NTV torque due to 

trapped EPs can be computed based on the equivalence between NTV and the imaginary part 

of the drift kinetic energy perturbation [3]. Here, the NTV torque 𝑇- can be derived from the 

drift-kinetic equation [1,3].  
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𝑇- = ∫𝑑𝑉 234⃗63-
∇ ⋅ Π⃖;⃗ <     (1) 

�⃗�> is the Largrangian displacement and 𝑉	 is the plasma volume. Π⃖;⃗ = 𝑝AI⃡ + (𝑝∥ − 𝑝A)𝑏;⃗ 𝑏;⃗  is 

the anisotropic perturbed pressure tensor. 𝑏;⃗ = 𝐵;⃗ /𝐵  is the unit vector of the equilibrium 

magnetic field, and 𝐵 is the strength of the equilibrium field.  𝑝∥ = ∫𝑑𝛤𝑀M𝑣∥O𝑓>Q and 𝑝A =

∫𝑑𝛤 Q
O
𝑀M𝑣AO𝑓>Q are the parallel and perpendicular components of the kinetic pressure, where 

𝛼	represents the specie of particle. 𝑀Mis the particle mass. 𝛤 is the velocity space of trapped 

particles. 𝑣∥ and 𝑣A	are the parallel and perpendicular velocity components. 𝑓>Q is derived by 

solving the bounce averaged perturbed drift kinetic equation of any concerned particle 

species. Therefore, the anisotropic 𝑓>Q of EPs [5] can also be inserted into Eq. (1) and make a 

contribution to NTV torque.  On the other hand, there is an equivalence between 𝑇- and the 

imaginary part of drift kinetic energy 𝛿𝑊U , 𝑇- = −2𝑛	𝐼𝑚(𝛿𝑊U) [1,3]. Based on this 

equivalence, the NTV torque due to the precession resonance of trapped EPs can be solved 

by MARS-K code which has been developed to compute EPs’ 𝛿𝑊U [5].  

EP NTV experiments To verify the existence of EP NTV, the idea is to vary the EP NTV 

torque contribution by changing the related NBI 

parameters in each discharge. Meanwhile, minimizing 

the change of equilibrium and NTV due to TPs (ion and 

electros) is important to better observe the variation of 

EP NTV. Here, adjusting the beam voltage and the 

injection angle of NBI can change 𝜔Z  in the resonant 

operator and the fraction of trapped EPs is proportional 

to the contribution of EP NTV.  

A code, optimizing the DIII-D NBI beams’ 

configuration is developed. When the preferred beam 

voltages and injection angles are specified, the code 

helps to figure out the best combination of NBI beams 

to match the given torque input and beam power to keep the equilibrium parameters with 

little change in different discharges. In the experiments, two radial beam dominant cases 

(Shot No. 176227 and 176228) and one tangential beam dominant case (Shot No. 176223) 

were achieved. Here, the high beam voltage 73.5kV is applied in discharge 176228 and 

176223. The low beam voltage 56.5kV is used in discharge 176227.  

  
Fig 1. (a) Time evolution of 𝑞\],	𝛽_and 
plasma current (𝐼 ). (b) Measured and 
TRANSP simulated Neutrons for shot 
No. 176224. (c)n=2 upper coil current. 
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Figure 1(a) indicates a small variation of equilibrium parameters among the discharges. The 

n=2 DC fields, generated by I-Coils with 90 deg phasing, is applied to amplify 3D plasma 

response, where the current in the upper and lower I-Coils is 5.5 kA and 3.2 kA respectively. 

The choice of coil phasing is in the middle between resonant phasing (0 deg) and non-

resonant one (180 deg) to have the sufficient plasma response, as well as to avoid the torque 

due to the strong edge density pump out. To better measure the linear torque through the 

change of angular momentum, the same 3D fields are repeated in the separated time intervals 

~ 50ms. In addition, TRANSP simulation in Fig. 1(b) shows that fast ion loss has no 

significant variation and is not sensitive to the applied 3D perturbations shown in Fig. 1(c) 

(fast ion loss can be another torque source in experiments).  

 
Fig 2. (a) Ratio of LFS radial magnetic response (𝐵a) to HFS one. (b) Torque profile evaluated at t=1.96s and 

2.15s in discharge 176227, based on the time derivative of angular momentum profile. (c) Experimentally 

measured total torque and MARS-K simulated EP NTV torque. 

The magnetic plasma response is measured by 3D radial sensor array located at the middle 

plane of the low field side (LFS) and the high field side (HFS). Fig. 2(a) shows similar ratio 

of the LFS radial magnetic response δBc(LFS) (~ 11 Gauss) to the HFS response δBc(HFS) 

(~3 Gauss), indicating that the plasma response is nearly the same in all three discharges. 

During the experiments, the Mirnov coils measured a weak n=2 magnetic perturbation, 

implying a small rotating island near the plasma core. On the other hand, in the other 

discharge (176224) that repeats 176223, quiet Mirnov signal was observed when the ECCD 

aiming location was slightly adjusted. This repeating discharge showed almost the same 

plasma response and rotation variation as that measured in 176223. In addition, only global 

rotation damping was observed in these experiments. Figure 2(b) presents the experimentally 

estimated torque profile showing global structure. There was also no local flattening in 

density and temperature profiles observed. These results suggest that the small islands have 

little impact on the plasma flow variation and the plasma response.  

In experiments, before 3D fields are applied, the rotation reaches steady state due to balance 

among different torques (NBI input torque, fast ion loss induced torque, intrinsic torque, etc.) 
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While applying 3D fields, the NTV torque is expected to play the major role in the rotation 

damping. Particularly, the measured torque in Fig. 2(c) shows the beam angle and voltage 

dependence. Note that only EPs torque contribution should be sensitive to these parameters. 

The radial beam dominant case with lower voltage (shot 176227) has the largest torque. This 

is intuitively understandable, since smaller ω&  at lower voltage enhances the precession 

resonance ω& + 𝜔)~0. Furthermore, the radially dominant beam cases have larger torque 

than tangential dominant case, due to the higher fraction of trapped EPs.   

Toroidal modeling results and discussion The MARS-K code computes the plasma 

response and the EP NTV based on an equilibrium (shot 176224 at 1980 ms) constructed 

using kinetic EFIT. The computed ideal plasma response has δBc(LFS)=14.5 Gauss and 

δBc(HFS)=3.7 Gauss, being close to the experimental measurements as shown in Fig. 2(a). 

The EP NTV is computed in the perturbative approach [6] based on ideal response. Simply 

assuming one beam in the simulation, preliminary MARS-K runs find the net NTV torque 

due to EPs 𝑇)defgh=14.3 Nm in 56kV radial case and  𝑇)defgh=9.5 Nm in 73kV tangential case. 

This is in qualitative agreement with experiments, but somewhat larger in amplitude. The 

computed NTV due to precession resonance of TPs is < 1Nm.  

In this work, the beam voltage and injection angle dependences of measured torque are 

observed experimentally. MARS-K also shows a qualitative agreement with the torque 

tendency in Fig. 2(c). However, further simulation is required to check MARS-K results 

which show certain numerical sensitivity and singularity in the torque profile. A more 

sophisticated MARS-K modelling including multiple beams may help to further verify and 

improve the agreement of EP NTV with the experiments. 
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