
1

Multiscale Analysis of Improved Confinement Regimes in D-T Plasmas

By E.A. Belli1
J. Candy1, I. Sfiligoi2 , 
A. Dudkovskaia3, J. Garcia4,
W. Guttenfelder5, 

& JET Contributors 
1 General Atomics
2 UCSD
3 Tokamak Energy
4 CEA
5 Type One Energy

Presented at EFTC
Sep 2025

Supported by U.S. DOE Grants DE -FG02-95ER54309 and DE-SC0024425



2

! Confinement is limited by slow particle and energy losses due 
to turbulence.

! Predicting turbulence and transport is at the forefront of 
modern gyrokinetic (GK) research.

! Only recently, in the era of exascale computing, have 
fundamental aspects of burning plasmas involving multiscale 
physics been studied in the GK framework.  

A quantitatively accurate simulation capability for plasma turbulence 
is essential to optimize and develop scenarios for ITER and FPPs.
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! Challenges of multiscale gyrokinetic simulation in the 
H-mode pedestal

! Leveraging exascale computing for efficient GK 
multiscale simulation

! Critical assessment of “separability approximation” 
between ion-scale and electron-scale turbulence

! Analysis of improved confinement regimes with fast-
ion turbulence in the core in JET DTE 2/3
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Steep gradients drive multiple instabilities 
across broad range of spatial scales
! Ion-scales ! ! " " # $ : ITG, TEM, MTM
! Electron-scales ! ! " "#% $&'( &! ! " $) $ : ETG
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In comparison to the core, GK simulation in the H-mode pedestal is 
far more challenging due to the multiscale nature of turbulence.

! Typically, only single-scale GK 
simulations are done

! Multiscale needed for H -mode 
pedestal turbulence

! Complex nonlinear cross-scale mode 
coupling requires extremely fine mesh 
in real space 
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2304 x 4608 FFT  (Frontier)

Multiscale GK pedestal simulation requires leadership-scale 
computing resources and highly optimized solvers.
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Advances in supercomputing have accelerated multiscale simulation.

Physics System Core hrs 
used

System 
Rpeak  (PF)

GYRO* 
2007, Candy

Reduced 
%)$%*

OLCF-1 
Phoenix (2004)

0.018
Terascale

OLCF-2
Jaguar  (2005-10)

0.025! 2.3
Petascale

GYRO*

2015, Howard
First full mass 
(core)

NERSC 
Edison

125M 
CPU hrs

2.5

OLCF-3   (GPU)
Titan       (2012)

27

CGYRO 
2022, Belli

First full mass 
(pedestal)

OLCF-4   (GPU)
Summit   (2018)

250k GPU 
node hrs

200

CGYRO 
2024/25

EM full mass 
(pedestal) 

OLCF-5   (GPU)
Frontier   (2022)

100k GPU 
node hrs

2055
Exascale

* Also GENE, 2008, Gorler * Also GKV, 2015 Maeyma ; GENE, 2021, Mariani
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1 Pitch angle pseudospectral
v Velocity psuedospectral

CGYRO implements highly 
efficient spectral/pseudo-spectral 
numerical schemes optimized for 
multiscale.

CGYRO: A scalable, GPU-optimized (spectral) GK 
solver for multiscale turbulence
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x Radial spectral
y Binormal spectral
3 Poloidal Finite diff
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x Radial spectral
y Binormal spectral
3 Poloidal Finite diff

1 Pitch angle pseudospectral
v Velocity psuedospectral

CGYRO: A scalable, GPU-optimized (spectral) GK 
solver for multiscale turbulence
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Main numerical difficulties of scalable 
multiscale GK simulation:

! High dimensionality (6D grid): 3D 
spatial + 2D velocity  + 1D species

! Allows for massive parallelism 
but memory intensive
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CGYRO: A scalable, GPU-optimized (spectral) GK 
solver for multiscale turbulence
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Main numerical difficulties of scalable multiscale GK simulation:

! Gyro-averaging
! To evolve position & velocity of gyrocenters, need gyro -avg 

transformation for EM fields and charge density
! Fully spectral in 567  provides m ost efficient & accurate evaluation
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CGYRO: A scalable, GPU-optimized (spectral) GK 
solver for multiscale turbulence
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Main numerical difficulties of scalable multiscale GK simulation:

! Nonlinearity (mode -mode coupling)
! Convolution over 2D wavenumber space
! Evaluation of nonlinear term on GPUs ( cuFFT/rocFFT) ensures 

maximum performance and scalability.
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Main numerical difficulties of scalable multiscale GK simulation:

! Field solve (integro -differential)
! EM fields dynamically coupled with the distribution functions
     (GK Maxwell eqns )

CGYRO: A scalable, GPU-optimized (spectral) GK 
solver for multiscale turbulence
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! Innovative wavenumber advection 
algorithm allows for implementation 
of radial equilibrium variation (e.g. 
n, T, I !  profile shearing & ExB shear)

! Retains high accuracy and 
scalability of local simulations at 
arbitrary wavelength (multiscale)

! Avoids spurious effects related to 
artificial (Dirichlet) real -space 
boundary conditions

A novel “global-spectral” GK formulation for non-periodic dynamics

Profile of effective a/L T

Global energy 
flux profile agrees 
w/ 12 local sims

Candy et al., PRE 111, L053201 (2025)
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! Pseudo -spectral vel discretization
! Legendre polynomials in 1
! Nonstandard orthogonal polynomials 
 (Steen) in v: 

! 2D diffusion
! Requires implicit time advance 
! Trade memory intensity for lower compute

! Compute matrix once per sim
! Accounts for > 10x size of all other memory buffers  
! Complex matrix -vector multiply fast on GPUs

CGYRO has the first pseudo-spectral implementation of 
the collision operator in a GK code.
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Main numerical difficulties of scalable multiscale GK simulation:

! Multi-species collisions
! spans equivalent of factor 
     of 10 5 in effective collision
     frequency

Lowest 6

Highest 6

passing

passing

trapped

ÒcollisionalÓ

ÒcollisionlessÓ

The GK solve exhibits highly-collisional behavior at the lowest 
energies, transitioning to collisionless behavior at high energies.
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CGYRO uses a spatial discretization and array distribution scheme that 
targets scalability on next-generation exascale systems.

! 5!

!#
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Collisionless +nonlinear step:

Operator splitting for time integration

! N " #$#%#&#'

Collisional : 89#

8:
( 7 2 #*3 . ; ! N " #$#%#&#'

All compute kernels ported to GPUs
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The code is communication heavy, but critical use of GPU-aware 
MPI minimizes cost of memory movement.

Kernel Data dependence Dominant 
operation

Collisionless nc  ! 362& P! 4Q56PRSQ6 Loop ( lin)

Nonlinear nt ! 36! 4&26 RS 6 7 FFT

Collisional nv             P! 4Q56RT 6 Mat -vec

Sfiligoi, PEARC, 2023; ICPP, 2025
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ion-ion multiscale

ion-ele multiscale

> 20% Frontier

strong scaling
weak scaling

CGYRO multiscale simulation is well-suited to capability 
simulation on accelerated systems like Frontier.

Weak scaling: varying species

Requires >30 TB of 
GPU memory
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! Challenges of multiscale gyrokinetic simulation in the 
H-mode pedestal

! Leveraging exascale computing for efficient GK 
multiscale simulation

! Critical assessment of “separability approximation” 
between ion-scale and electron-scale turbulence
" [ITG + ETG] and [MTM + ETG]

! Analysis of improved confinement regimes with fast-
ion turbulence in the core in JET DTE 2/3



21

* ! +%

Ion-
scale

Electron -
scale

Multiscale

* ! +&

!

! "# !

#

To avoid high computational expense of 
multiscale coupling, GK analysis is 
typically done at  single -scales and relies 
on validity of separability.

Assume that ion-scale and electron 
scale components of the fluxes are
! Calculable

" Do single -scale simulations 
numerically saturate?

! Additive 
" No significant cross -scale or 

intermediate -scale interactions
 

+
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!

Separability Approximation
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DIII-D H-mode #179447

In the steep 
gradient region,
! < % is mostly 

neoclassical
! < & likely driven by 

turbulence

Ion-scale transport can be reduced to neoclassical levels in the 
H-mode pedestal due to strong ExB sheared flows.  
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Ion-scale transport can be reduced to neoclassical levels in the 
pedestal due to strong ExB shear.  
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Spectral transition from ion-scale-dominated to multiscale 
transport regimes are observed in DIII-D H-mode pedestals.

DIII-D ITER Baseline H-mode #164988, r/a=0.92

Experiment lies in bifurcation 
region between ion-scale-
dominant and multiscale-
dominant turbulence 
regimes.

Belli et al., PPCF 65, 024001 (2023); PPCF 66, 045019 (2024)
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Multiple drift modes are linearly unstable across a broad range of 
spatial scales from ion-scales to electron-scales.
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A complex hybrid mode that is strongly destabilized by toroidal 
rotation shear is the dominant ion-scale drift-mode.
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Multiscale branch

Ion-scale branch
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The nonlinear wavenumber spectrum shows a sudden shift from 
broad multiscale to ion-scale-dominant turbulence regimes.
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Time evolution of multiscale ITG-ETG simulation
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Time evolution of multiscale ITG-ETG simulation
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The electron-scale turbulence is reduced by ion-scale fluctuations 
through nonlinear mode-mode interaction and increase in zonal flows.
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Electron-scale simulations do not converge!

Runaway (non-saturation) of transport
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! Missing intermediate -k 
coupling (multiscale 
branch)

! Missing long -
wavelengths zfs  (ion -
scale branch)
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Multiscale analysis of electromagnetic pedestal turbulence in STs

0.0 0.2 0.4 0.6 0.8 1.0
r/a

0

2

4

6

8

10

ne (1019/m 3)

0.0 0.2 0.4 0.6 0.8 1.0
r/a

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

Te (keV)

Ti (keV)

NSTX H-mode#132588

Due to high d, EM drift-
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dominate over electrostatic 
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steep -gradient !
region

Exp demonstrated access 
to wide pedestal and 
enhanced performance 
regime free of ELMs.

Belli et al., PPCF, accepted (2025)
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In the linear analysis, an MTM is the dominant mode at 
long wavelengths.
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The linear wavenumber spectrum is “separable” in that there are no 
unstable modes at intermediate wavenumbers.
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with single-scale simulations
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The primary source of separability in the linear spectrum is the 
large density gradient.
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The finite-@+ mode dominates for ETG, but there is still a wide 
range of separability.
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Electron-scale, Ion-scale, & Multiscale Resolution for Nonlinear Simulation

Lx Ly h ! 3" B h ! C" B ! 3" B D13 ! C" B D13 i 8 i E

E-SCALE 4 += 4 += 1.5 1.5 25 14 34 10

I-SCALE 146 += 349 += 0.043 0.018 4.1 0.9 192 48

MULTI 146 " B 349 " B 0.043 0.018 25 14 1152 768

Multiscale

Ion-
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* ! +&

* ! +%

Electron -
scale

!

!

#

! "#

Required 100k 
node-hrs on the 
exascale Frontier 
supercomputer

(MTM+ETG multiscale 
done only once before: 
Maeyama PRL 2017)
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Multiscale analysis of coupled MTM-ETG Turbulence
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The electrostatic fluctuations are characterized by small scales, 
while electromagnetic fluctuations have large scales.
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Electron-scale energy fluxes closely follow the multiscale fluxes.
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Unlike ITG-ETG turbulence, here the ETG turbulence is largely 
unaffected by the ion-scale (MTM) turbulence.
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Low wavenumbers do not contribute significantly to the transport due 
to extreme localization of the spectral density.
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The ion-scale simulation generates spurious MTM-driven transport 
that significantly overestimates Qe.
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Multiscale simulation may be required for reproducing the turbulence 
spectrum for systems with coupled MTM-ETG pedestal turbulence.
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valid for predicting the electron 
transport levels, it is not possible 
to accurately simulate the MTM 
turbulence in this case w/ 
separable ion -scale simulations.
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! Challenges of multiscale gyrokinetic simulation in the 
H-mode pedestal

! Leveraging exascale computing for efficient GK 
multiscale simulation

! Critical assessment of “separability approximation” 
between ion-scale and electron-scale turbulence

! Analysis of improved confinement regimes with fast-
ion turbulence in the core in JET DTE 2/3
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! First experiments with D-T since 1997 and the first ever with D-T and an 
ITER-like-wall with a W divertor

Analysis of JET DTE2/3 is a unique and timely opportunity to assess 
predictability of D-T plasmas in conditions expected in ITER and FPPs.

! New world fusion energy record: 
" 59MJ (2021), 69MJ (2023)
" High NBI power

! Other exps aimed to capture characteristics 
unique to core burning plasmas:
" High heating fraction to electrons (~ 60%)

" MeV ions at low concentration (~ 2%)
" Low input torque
" Destabilized fast -ion modes
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MBC9 ( <9=NO

Time (s) 106

Sustained good thermal confinement
(15% better in DT than D)

Alfven waves 
destabilized

JET DTE2 experiments suggest reactor-level operation with D-T & alphas 
may provide access to surprising new regimes with high confinement. 

Garcia et al., Nature Comm 15, 7486 (2024)

ICRH used to achieve reactor -relevant conditions. 
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CGYRO analysis shows the importance of fast ions to favorably 
reduce thermal-particle transport and enhance confinement.

10! 1 100

k! " s

10! 2

10! 1

100

#
a/

c s

no fast
with fast

ITG
AE

D%>D& E'()* >E& D'()* >D&

JET #99896 0.76 2.9 21.1

FIRE mode
[Han, Nature 2022]

2 40 14

JET #73224
[Citrin , PRL 2013; 
 Di Siena, NF 2019]

1 6-7 9.8-6.9

JET #75225
[Citrin , PPCF 2015;
 Garcia, NF 2015]

1.6 12 7.3

Dilution and pressure -
gradient stabilization 
from fast ions are weak



54

0.0 0.2 0.4 0.6 0.8 1.0
k! " s

0

5

10

15

20

25

÷ Q
(k

)
a

/Q
G

B

D-T (no fast)

no fast
0

5

10

15

20

25

30

E
ne

rg
y

F
lu

x
Q

[G
B

]

Qexp
i

e D T ITG turbulence

With no fast ions, the turbulence is ITG-driven.



55

0.0 0.2 0.4 0.6 0.8 1.0
k! " s

0

5

10

15

20

25

÷ Q
(k

)
a

/Q
G

B

D-T (no fast)

fast
e
D-T

no fast with fast
0

5

10

15

20

25

30

E
ne

rg
y

F
lu

x
Q

[G
B

]

Qexp
i

e D T

j %
&LM - 0bkj N)

Fast-ion turbulence

With fast ions, the D-T energy flux is near threshold, in agreement 
with experiment.
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Triggers for bifurcation between ITG and fast-ion-dominant 
turbulence regimes
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CGYRO simulations predict an “isotope effect” with better energy 
confinement in DT vs. D, which is favorable for reactors.
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Summary & Outlook

! Burning fusion plasmas exhibit a broad spacetime spectrum of weak 
turbulence that requires high numerical resolution to simulate.

! CGYRO was designed as a scalable, GPU-optimized GK solver for 
multiscale turbulence, leveraging exascale computing.

! Since most GK analysis is done at single -scales, multiscale simulation is 
needed to define practical limits of scale separability.
" Spectral transition of ITG+ETG multiscale tokamak pedestal turbulence
         (not separable)

" MTM+ETG turbulence  in high -m ST pedestal shows validity of E -SCALE; 
     I-SCALE not accurate for MTM turbulence

" Other c ases in progress (e.g. JET DTE2 pedestals; hybrid EM; slab ETG)


