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• Promising operational regime for future 
fusion devices

• Characterized by good confinement and 
steep gradients near the plasma edge

• Limited by ELMs[1]

– Intolerable for future fusion devices

• ELM-suppressed or natural ELM-free 
regimes must be investigated
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Future tokamaks are expected to operate in H-mode

[1] H. Zohm, Plasma Phys. Control. Fusion 38, 105 (1996)
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• QH-mode[1, 2] operates with H-mode-like confinement but 
without Edge Localized Modes

• Transition to WPQH observable with low NBI torque[3, 4]

• Broadband turbulence regulates WPQH in contrast to the 
EHOs of standard QH
– Ion/electron directed modes
– Motivates usage of models that decouples electrons and ions

• QH-mode plasmas have high impurity concentration

5

Quiescent H-mode might be attractive for future fusion devices

[1] K.H. Burrell et al., Phys. Plasmas 8, 2153 (2001)
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• Extended-MHD and ion multispecies collisional effects are needed to model 
plasmas where it is important to decouple electrons/ions and with high impurity 
concentration

– Linear simulations show peeling-ballooning modes
– Ion multispecies collisional effects (des-)stabilize modes in (single-fluid) extended-MHD 

simulations
– WPQH + metal wall still accessible by MHD modes if same profiles are achievable

• Nonlinear extended-MHD simulation shows interesting mixture of instabilities

– Nonlinear simulations show low-n + n ~ 20 activity
– Preliminar analysis shows qualitative agreement with ECEI measurements
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• WPQH-mode discharge 184971

• Simulation set up with full-extended MHD NIMROD

• Simulation results
– Linear MHD simulations
– Nonlinear axisymmetric simulations
– Nonlinear simulations with fluctuation-driven transport

• Conclusions & Outlook
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Wide-pedestal QH-mode 184971 @ 3.2 s shot chosen for 
diagnostic availability

• BES and ECEI measurements available

–Allows comparison between simulation and 
experiment

• Normal Ip and normal BT (𝑩𝑩𝐓𝐓 ⋅ 𝒋𝒋𝐓𝐓 < 𝟎𝟎) QH-mode shot

–BES measurements aligned with field lines

• ECEI and BES agree on frequencies for n = 4 - 6

G. Yu et al., PPCF 64, 095014 (2022)



• WPQH-mode discharge 184971
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𝜕𝜕𝐵𝐵
𝜕𝜕𝜕𝜕

= ∇ × 𝑢𝑢 × 𝐵𝐵 −
𝚥𝚥 × 𝐵𝐵 − ∇𝑝𝑝e

𝑛𝑛e𝑒𝑒
−

𝑚𝑚e

𝑒𝑒2𝑛𝑛e
𝜕𝜕𝚥𝚥
𝜕𝜕𝜕𝜕
− 𝜂𝜂𝚥𝚥 − 𝑆𝑆𝐵𝐵 + ∇ 𝐷𝐷𝐵𝐵∇ ⋅ 𝐵𝐵

𝜕𝜕𝑛𝑛d
𝜕𝜕𝜕𝜕

= −∇ ⋅ 𝑛𝑛d𝑣⃗𝑣 + ∇ ⋅ 𝐷𝐷𝑛𝑛∇𝑛𝑛d − 𝑆𝑆𝑛𝑛d
𝜕𝜕𝑛𝑛imp
𝜕𝜕𝜕𝜕

= −∇ ⋅ 𝑛𝑛imp𝑣⃗𝑣 + ∇ ⋅ 𝐷𝐷𝑛𝑛∇𝑛𝑛imp − 𝑆𝑆𝑛𝑛imp

𝜌𝜌
𝜕𝜕𝑣⃗𝑣
𝜕𝜕𝜕𝜕

= −𝜌𝜌𝑣⃗𝑣 ⋅ ∇𝑣⃗𝑣 − ∇𝑝𝑝 + 𝚥𝚥 × 𝐵𝐵 − ∇ ⋅ Π − 𝑆𝑆𝑣𝑣
𝑛𝑛I𝑘𝑘B
Γ − 1

𝜕𝜕𝑇𝑇i
𝜕𝜕𝜕𝜕

= −
𝑛𝑛I𝑘𝑘B
Γ − 1

∇ ⋅ 𝑇𝑇i𝑣⃗𝑣 + Γ − 2 𝑇𝑇i∇ ⋅ 𝑣⃗𝑣 − ∇ ⋅ 𝑞⃗𝑞I − 𝑆𝑆𝑇𝑇i
𝑛𝑛e𝑘𝑘B
Γ − 1

𝜕𝜕𝑇𝑇e
𝜕𝜕𝜕𝜕

= −
𝑛𝑛e𝑘𝑘B
Γ − 1

∇ ⋅ 𝑇𝑇e𝑣⃗𝑣e + Γ − 2 𝑇𝑇e∇ ⋅ 𝑣⃗𝑣e − ∇ ⋅ 𝑞⃗𝑞e − 𝑆𝑆𝑇𝑇e
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Full extended-MHD code NIMROD is well suited to study interplay 
between impurities and QH-mode plasmas
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Full extended-MHD code NIMROD is well suited to study interplay 
between impurities and QH-mode plasmas
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• Relaxation sources applied to 
constrain profiles to experimental 
measurements

• Transport coefficients are 
enhanced beyond the limiter 
(there is no plasma out there)
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NIMROD applies relaxation sources where most of profiles are 
measured. Diffusion is enhanced beyond the limiter

𝑟𝑟m 𝑥⃗𝑥 𝑑𝑑s 𝑥⃗𝑥

𝑆𝑆𝑓𝑓 = 𝑟𝑟m 𝑥⃗𝑥 𝜈𝜈𝑓𝑓 < 𝑓𝑓 >𝜑𝜑 −𝑓𝑓 𝑡𝑡 = 0

𝜂𝜂 = 𝑑𝑑s 𝑥⃗𝑥
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• Spatial coordinates: 2D poloidal plane (non-uniform 
meshing) + finite Fourier series (toroidal direction)

– 𝜑𝜑 decomposition into Fourier modes of 2D planes
– 2D planes are decomposed in blocks containing information 

of all Fourier modes or a real-space representation in 𝜑𝜑

22

Spatial and temporal discretization in NIMROD

Linearized terms          / mode-mode coupling



C.R. Sovinec et al., J. Comput. Phys. 195, 355 (2004)
C.R. Sovinec and J.R. King, J. Comput. Phys. 229, 5803 (2010) 

• Spatial coordinates: 2D poloidal plane (non-uniform 
meshing) + finite Fourier series (toroidal direction)

– 𝜑𝜑 decomposition into Fourier modes of 2D planes
– 2D planes are decomposed in blocks containing information 

of all Fourier modes or a real-space representation in 𝜑𝜑

• Time-evolution considers semi-implicit/implicit Leapfrog

– T, n, B at j+1/2 are known and used to get vj+1

– vj+1 is used to determine n, T, B at j+3/2

23

Spatial and temporal discretization in NIMROD

Linearized terms          / mode-mode coupling
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NIMROD is parallelized to handle Fourier modes
+ 2D plane block decomposition

Linearized terms          / mode-mode coupling

• Preconditioning is achieved using block-Jacobi 
decomposition by Fourier mode

– Modelling different time scales (e.g. electron vs ion dynamics) 
and large 𝜅𝜅∥ produce ill-conditioned matrices

– Parallelization partioned over FEs and Fourier modes (MPI)

• Solution is obtained with Matrix-free iteration GMRES

• The semi-implicit/implicit Leapfrog allows to solve Ax = b 
for v, n , T and B independently
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NIMROD is parallelized to handle Fourier modes
+ 2D plane block decomposition
• Preconditioning is achieved using block-Jacobi 

decomposition by Fourier mode

– Modelling different time scales (e.g. electron vs ion dynamics) 
and large 𝜅𝜅∥ produce ill-conditioned matrices

– Parallelization partioned over FEs and Fourier modes (MPI)

• Solution is obtained with Matrix-free iteration GMRES

• The semi-implicit/implicit Leapfrog allows to solve Ax = b
for v, n , T and B independently

• NIMROD shows good weak scalability in perlmutter (NERSC)
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Outline



• Presumably, these are regarded as peeling-ballooning modes

– Role of C/W collisional effects on growth rate? Role of 2F/FLR?

27

Linear extended-MHD simulations show edge modes



• Modes are linearly more unstable without carbon  carbon has stabilizing impact
– Resistivity decreases without carbon (destabilizing effect on peeling-ballooning modes)

28

Ion multispecies collisional effects impact the linear stability

[1] D. Banerjee et al., Nucl. Fusion 57, 076005 (2017)
[2] X. Lin et al., Plasma Phys. Control. Fusion 62, 035011 (2020)
[3] T.F. Tang et al., Plasma Phys. Control. Fusion 67, 085015 (2025)
[4] J.J. Dominguez-Palacios Duran et al., Nucl. Fusion 66, 036003 (2026)

Extended-MHD Extended-MHD Single-fluid



• Modes are linearly more unstable without carbon  carbon has stabilizing impact
– Resistivity decreases without carbon (destabilizing effect on peeling-ballooning modes)

• Tungsten collisional effects have modest effect on linear mode stability
– Resistivity increases with tungsten, having (des-)stabilizing impact in (single-fluid)

extended-MHD[1-4]
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• Modes are linearly more unstable without carbon  carbon has stabilizing impact
– Resistivity decreases without carbon (destabilizing effect on peeling-ballooning modes)

• Tungsten collisional effects have modest effect on linear mode stability
– Resistivity increases with tungsten, having (des-)stabilizing impact in (single-fluid) 

extended-MHD[1-4]
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Ion multispecies collisional effects impact the linear stability
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• Mode frequency exceeds frequencies observed experimentally

• We believe nonlinear physics will broaden mode structure
– Mode scale length in nonlinear simulations could be ~ to ion length scales and, 

presumably, frequency would be given mostly by ExB

31

Nonlinear physics might be key to get frequencies according to 
the experimental observations
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Outline



• There can be different transport mechanisms

– Convective n = 0 transport
– Diffusive n = 0 transport
– Fluctuation-driven transport (i.e., due to MHD instabilities, turbulence, etc.)

• With n = 0 only runs, we can neglect the fluctuation-driven transport

• Here we present n = 0 only runs aimed to understand the role of the 
convective/diffusive transport
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What are the possible transport mechanisms in NIMROD simulations?



• OMP profiles are constrained by relaxation sources, which might be crucial for 
future comparison against the experiments
– We want to avoid overdriving our MHD equations, which can lead to a computationally 

challenging simulation 
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D = 0.25 m2s-1

𝜈𝜈n = 20 kHz
𝜈𝜈v = 50 kHz

OMP

Relaxation sources help to constrain profiles in WPQH

Relaxation sources:
𝑺𝑺 𝒇𝒇 = −𝑟𝑟m 𝑥⃗𝑥 𝜈𝜈𝑓𝑓 < 𝑓𝑓 >𝜑𝜑 −𝑓𝑓 𝑡𝑡 = 0



• WPQH-mode discharge 184971

• Simulation set up with full-extended MHD NIMROD

• Simulation results
– Linear MHD simulations
– Nonlinear axisymmetric simulations
– Nonlinear simulations with fluctuation-driven transport

• Conclusions & Outlook

35

Outline



• Ti increase further in the nonlinear simulation

• Rest of variables flatten more in the presence of 𝒏𝒏 ≠ 𝟎𝟎 fluctuations
– Most notable is Te flattening, which we do not see in the axisymmetric simulation
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D = 0.25 m2s-1

𝜈𝜈n = 20 kHz
𝜈𝜈v = 50 kHz

OMP

Fluctuation-driven transport is notable in nonlinear 
simulation of WPQH



• The mode energy shows a mixture as 
observed in BOUT++[1]

37

Our nonlinear simulation shows low and intermediate-n

[1] Z. Li et al., Nat. Commun. 16, 11526 (2025)



• The mode energy shows a mixture as 
observed in BOUT++[1]

– Low-n modes peaking at the energy 
spectrum

– Intermediate n ~ 20 together with low-n

– We are continuing the simulation to have 
more time window to resolve ~ 10 kHz in 
spectrograms that will help with the mode 
identification
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Our nonlinear simulation shows low and intermediate-n

[1] Z. Li et al., Nat. Commun. 16, 11526 (2025)

Low-n

Intermediate-n
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Perturbation rotation in the poloidal plane is 
qualitatively consistent with ECEI

• Perturbation rotates downwards (ion diamagnetic drift) as ECEI observes with similar 
wavelength

G. Yu et al., PPCF 64, 095014 (2022) 𝛿𝛿𝑇𝑇e of simulation result
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Outline



• WPQH edge mode stability weakly impacted by collisionality change with 
conversion of C->W

• WPQH + metal wall still accessible by MHD modes if same profiles are achievable

• Nonlinear extended-MHD simulation has shown rich dynamics

– The mode energy is a mixture of low and intermediate-n
– Te perturbation rotates downwards and with similar wavelength as observed in ECEI
– Fluctuation-driven transport has a strong effect on profile flattening
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Conclusions



• Address impurity species effects in the nonlinear stability

– Will collisional effects matter in nonlinear extended-MHD?

– Also, impact of radiation terms on profiles? Can they influence the WPQH-regime?

• We will keep working on our existing nonlinear case and validating it against BES/ECEI

• We are currently performing nonlinear extended-MHD simulations of a std. QH-mode

– How will this simulation compare against our present WPQH-mode simulation?

– Also, for this case we have BES measurements available, suitable for simulation validation

42

Outlook



43

Back up



• The radial electric field we use in 
the simulations is consistent with 
the experiment

– Our COM speed formulation uses 
the experimental ExB shear + mass-
weighted averaged diamagnetic 
rotation

• Role of ExB shear is crucial for 
QH-mode plasmas[1, 2]

44

Our center of mass (COM) formulation keeps ExB shear consistent 
with experimental equilibrium reconstruction

[1] A. Garofalo et al., Nucl. Fusion 51, 083018 (2011)
[2] J.R. King et al., Phys. Plasmas 24, 055902 (2017)
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How is Center-of-mass described in NIMROD?

• Rotation profile for carbon (deuterium) is (not) available from experiments

• We assume the simulation starts from a steady state, where the flow is 
incompressible. Neglecting viscosity, then center-of-mass speed is

𝒖𝒖𝐝𝐝 = 𝑲𝑲𝐩𝐩𝑩𝑩 + 𝛀𝛀𝐄𝐄𝐄𝐄𝐄𝐄 − 𝛀𝛀𝛁𝛁𝛁𝛁
𝐝𝐝 𝑹𝑹�𝝓𝝓,

𝒖𝒖𝐜𝐜 = 𝑲𝑲𝐩𝐩𝑩𝑩 + 𝛀𝛀𝐄𝐄𝐄𝐄𝐄𝐄 − 𝛀𝛀𝛁𝛁𝛁𝛁
𝐜𝐜 𝑹𝑹�𝝓𝝓

𝒖𝒖𝐂𝐂𝐂𝐂𝐂𝐂 ≈
𝟏𝟏
𝝆𝝆
𝝆𝝆𝐝𝐝𝒖𝒖𝐝𝐝 + 𝝆𝝆𝐜𝐜𝒖𝒖𝐜𝐜 = 𝑲𝑲𝐩𝐩𝑩𝑩 + 𝛀𝛀𝐄𝐄𝐄𝐄𝐄𝐄 − 𝛀𝛀𝛁𝛁𝛁𝛁 𝑹𝑹�𝝓𝝓,

𝛀𝛀𝛁𝛁𝛁𝛁 =
𝟏𝟏
𝝆𝝆
𝝆𝝆𝐝𝐝𝛀𝛀𝛁𝛁𝒑𝒑

𝐝𝐝 + 𝝆𝝆𝐜𝐜𝛀𝛀𝛁𝛁𝛁𝛁
𝐜𝐜

𝝆𝝆 ≈ 𝝆𝝆𝐜𝐜 + 𝝆𝝆𝐝𝐝

• 𝑲𝑲𝐩𝐩 and 𝛀𝛀𝐄𝐄𝐄𝐄𝐄𝐄 are taken from CER measurements



• NIMROD calculates the ion species density advection using the COM speed

• Time evolution of hot particle distribution moments is not considered

• Electron density is deduced from quasineutrality

46

NIMROD solves main ion and impurity species continuity 
equations to be consistent with kinetic EFIT



To evaluate perturbed poloidal flux, we use the technique 
developed in E.C. Howell et al., Phys. Plasmas 29, 022507 (2022)

• 𝝎𝝎𝐞𝐞𝐞𝐞𝐞𝐞𝐞𝐞𝐞𝐞𝐞𝐞𝐞𝐞𝐞𝐞 = 𝒏𝒏∑𝐫𝐫𝐫𝐫𝐫𝐫 �𝜳𝜳𝐫𝐫𝐫𝐫𝐫𝐫𝛀𝛀𝐞𝐞𝐞𝐞𝐞𝐞𝐞𝐞𝐞𝐞𝐞𝐞𝐞𝐞𝐞𝐞 𝒒𝒒𝐫𝐫𝐫𝐫𝐫𝐫
∑𝐫𝐫𝐫𝐫𝐫𝐫 �𝜳𝜳res

 electron-directed peeling-ballooning modes

• Jumps could be due to where modes resonances are located

• The trend is roughly captured, like jump between n = 6 and 8 (w/ C) and n = 10 – 12 
(w/o C), but fails n = 8 – 10 w/o C
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Mode frequency is closely connected to mode activity in 
resonant surfaces

q = 5, 5.5, 6
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Te perturbation is qualitatively consistent with ECEI

G. Yu et al., PPCF 64, 095014 (2022)
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Te perturbation is qualitatively consistent with ECEI

G. Yu et al., PPCF 64, 095014 (2022)
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Te perturbation is qualitatively consistent with ECEI

• Electron temperature perturbation shows 
mode numbers at the pedestal that are 
qualitatively consistent with ECEI

G. Yu et al., PPCF 64, 095014 (2022)
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