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• Since the beginning of General Atomics in the 1950’s there has been 
a theory department that proposed the doublet concept and 
partnered in the experimental validation of physics models

• GA-Theory has been a productive partner in defining and achieving 
the goals of the DIII-D experimental program since 1987

• The GA-Theory team will work closely with PPPL and the NSTX-U 
collaborators to help achieve the NSTX-U 5-year plan goals for 
physics validation

• The GA-Theory collaboration will hire two ORAU fellows and train 
them in the art of experimental validation of physics using the suite 
of codes and methods we have developed
• These ORAU fellows will work on-site at NSTX-U

• Pedestal stability and gyrokinetic turbulent transport are the areas of 
focus for this collaboration

GA-Theory partnership with DIII-D experimental science
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• The ELITE code predictions of the peeling-
ballooning mode stability of H-mode pedestals 
has been successful in tokamaks

• A new version of ELITE is in development with the 
higher accuracy required for low aspect ratio 
geometries like NSTX-U 

• Extension of the EPED reduced model for 
pedestal structure to NSTX-U is a goal of the 
collaboration

A new ELITE code for pedestal stability in low aspect ratio geometry 
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• The quasi-linear approximation to 
gyrokinetic turbulence has proven to be 
accurate for tokamaks

• A new SAT2 saturation model has been 
developed from CGYRO simulations

• The SAT2 model was fit with CGYRO linear 
eigenmodes (QLGYRO)

• The SAT2 model is designed for the low 
aspect ratio and high shaping of spherical 
torus geometry

• A new fast linear eigensolver is being 
developed to resolve the parallel magnetic 
field fluctuations better than the TGLF 
eigensolver

Validation of quasi-linear turbulent transport in NSTX-U 
Nucl. Fusion 51 (2011) 083001 J.E. Kinsey et al

3. Validation of TGLF: transport modelling of
experimental profiles

The TGLF-09 model has been validated against a large profile
database of 151 L- and H-mode discharges from the DIII-D,
JET and TFTR tokamaks. Included are 25 DIII-D L-mode
discharges (DB1), 40 DIII-D H-mode discharges (DB2),
30 DIII-D hybrid discharges (DB6), 8 DIII-D ITER Demo
discharges (DB7), 28 JET H-mode discharges (DB4), 4 JET
hybrid discharges and 16 TFTR L-mode discharges (DB9). We
note that two of the DIII-D hybrid discharges have a similar
ITER shape and were included in DB6 instead of DB7. The
profile data for all JET and TFTR discharges and many of
the DIII-D discharges were obtained from the ITER Profile
Database [17, 18]. The rest of the DIII-D data were obtained
by private means. We first examine the global figures of merit
which include the average ⟨RW ⟩ and RMS error !RW in the
incremental stored energy (energy stored above the boundary
condition) where

⟨RW ⟩ = 1
N

∑

i

(Wsi/Wxi ) (1)

and

!RW =
√

1
N

∑

i

(Wsi/Wxi − 1)2. (2)

Here, i is the discharge index, N is the total number of
discharges and Ws,x refer to the simulation and experimental
incremental stored energies, respectively. The incremental
stored energy Winc is given as

Winc =
ρ̂BC∑

ρ̂=0

[neTe + niTi] dV −
ρ̂BC∑

ρ̂=0

[
neTe,BC + niTi,BC

]
dV,

(3)
where ρ̂BC is the radius of the boundary condition and TBC is
temperature evaluated at the boundary location. For all 151
discharges, the RMS error in the incremental stored energy
Winc (energy above the boundary location) is !RW = 19% for
TGLF-09 which is lower than !RW = 32% obtained using
GLF23. The effective offset for TGLF is ⟨RW ⟩− 1 = 1% while
GLF23 has a value of ⟨RW ⟩ − 1 = − 17% (underpredicted).
Figure 4 shows the predicted versus experimental Winc using
the TGLF-09 model. Examination of the local figures of
merit (the RMS error σT and offset fT) shows that TGLF-09
exhibits better agreement with the temperature profiles for
all 151 discharges than GLF23. The average RMS errors
in [Ti, Te] are [13%,15%] for TGLF-09 and [21%,23%] for
GLF23. The average offsets are [0.002,0.006] for TGLF-09
and [− 0.05,− 0.10] for GLF23. Here, we predicted the
temperature profiles using the XPTOR transport code with the
same methodology described in [2]. The results for TGLF-
APS07 are nearly identical to the TGLF-09 results because the
change in the collision model mainly impacts the very low-k
modes which tend to be quenched by E × B shear effects in
most of discharges in the database. This is not found to be the
case in our ITER predictions.

TGLF-09 has also been validated against recent DIII-D
experiments designed to evaluate the four primary ITER
operational scenarios incorporating the same shape and aspect

∆RWinc = 19%
〈RWinc〉 -1 = -1%

TGLF-09 
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Figure 4. Predicted incremental stored energy Winc from the
TGLF-09 model versus experimental Winc for 151 DIII-D, JET, and
TFTR L-, H-mode, and hybrid discharges.

ratio as ITER [19]. Overall, we find the level of agreement
with the profiles from these ITER shaped discharges is as good
as what was obtained in the 151 discharge database study.
The one exception is discharge #133137 where TGLF-09
underpredicts both temperature profiles. Figure 5 shows the
RMS errors (defined below) in the temperature profiles for 92
DIII-D and JET H-modes and hybrids in the top panel and
11 DIII-D ITER demo discharges in the bottom panel. The
ITER demo database includes 8 discharges from DB7, two
DIII-D hybrids with a similar ITER shape from DB2, and
DIII-D ITER demo discharge #133137 which was not shown
in figure 4. The horizontal dashed lines indicate the average
RMS errors for Te,i. Here, the four ITER scenarios include
the baseline conventional edge-localized mode (ELM)y H-
mode scenario, which targets Q = 10 at a plasma current of
15 MA the hybrid scenario, which targets high neutron fluence
at a reduced current of 12.5 MA the steady-state scenario,
which seeks fully noninductive operation at 9 MA with Q ≈
5; and the advanced inductive (AI) scenario which targets
high fusion gain by optimizing high plasma current operation
with increased magnetohydrodynamic (MHD) stability limits
characteristic of hybrids.

The RMS error σT and offset fT between the predicted
and experimental temperature profile for a given discharge are
computed using the ITER Profile Database [17] definition,

σT =

√√√√ 1
N

∑

j

ϵ2
j

/√√√√ 1
N

∑

j

T 2
x,j

fT = 1
N

N∑

j=1

ϵj

/√√√√ 1
N

∑

j

T 2
x,j ,

where ϵj = Ts,j − Tx,j is the deviation between the j th radial
simulation point Ts,j and the corresponding experimental point
Tx,j and T is the local ion or electron temperature. The
RMS error quantifies the scatter of the simulated profile about
the experimental data normalized to an average value. The
offset provides a measure of the amount by which the overall
simulated profile needs to be shifted downwards (positive) or
upwards (negative) in order to minimize σT. Both fT and σT
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• The collisional transport code NEO and 
gyrokinetic code CGYRO have general 
geometry, high rotation physics, and 
multi-ion collisions

• The CGYRO gyrokinetic code has been 
highly optimized for GPU computing for 
multi-scale turbulence (electron + ion 
scales) 

• A database of CGYRO runs performed 
for NSTX-U by Walter Guttenfelder will be 
used to verify the TGLF-SAT2 model as a 
first project

CGYRO and NEO are NSTX-U ready
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• Gary Staebler GA-Theory – PI 
– Developer of the TGLF quasi-linear model for GK turbulent transport

• Emily Belli  GA-Theory
– Developer of the NEO collisional transport and CGYRO gyrokinetic 

turbulence codes
• Phil Snyder ORNL

– Developer of the ELITE edge MHD stability code and the EPED 
model

• Jon Kinsey CompX
– Expert in large database validation of transport models 
– Contributor to TGLF, and MM95 models

• Tom Neiser GA-Theory  

GA-Theory brings experience to the NSTX-U collaboration



7 Staebler NSTX-U Science meeting,  Oct. 4,  2021

• Verify the turbulence intensity of the new SAT2 saturation model with the existing 
large CGYRO ST turbulence simulation database

• Install the QLGYRO code (SAT2 + CGYRO linear eigenmodes) in the OMFIT STEP 
workflow for use on a PPPL cluster.

• Validate the micro-tearing mode (MTM) transport predicted with the QLGYRO 
code against previously identified NSTX discharges that have MTMs

• Install Rafiq MTM model in TGYRO.
• Compare the QLGYRO and Rafiq models for MTM stability and transport.
• Perform CGYRO linear stability and non-linear turbulence analysis of the H-mode 

barrier region extending the range of analysis already done by NSTX-U staff. 
• Build a database of CGYRO calculations of the KBM critical pedestal profile in STs.

Milestones of the collaboration Oct. 2021-2023
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• Validate the new ELITE peeling ballooning stability calculations with NSTX-U 
data

• Investigate the energy confinement scaling with collisionality on NSTX-U with 
QLGYRO and reduced models TGLF and Rafiq MTM

• Predict with new EPED model if NSTX-U can access the super-H or other 
enhanced, pedestal regimes

• Investigate the impact of low particle fueling on EPED pedestal structure 
modeling with Lithium wall conditioning discharges as a proxy for ITER 
opaque SOL

• Validate the new TGLF with transport modeling of high bootstrap fraction 
NSTX-U discharges

Milestones of the collaboration Oct. 2023-2025
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Postdoctoral Positions in theoretical and computational plasma physics, 
through Oak Ridge Associated Universities

The gyrokinetic theory of turbulent transport, and the magnetohydrodynamic theory of peeling-ballooning stability, have proven to 
be accurate physics models of conventional aspect ratio tokamak plasmas. The General Atomics Theory and Computational 
Science (GA-Theory) division has been awarded a grant to extend the validation of these theories, and reduced models for 
transport and pedestal structure, to the low aspect ratio geometry of the National Spherical Torus Experiment Upgrade (NSTX-U) 
operated by the Princeton Plasmas Physics Laboratory (PPPL). 
We currently have two exciting opportunities for outstanding candidates to undertake postdoctoral positions onsite at PPPL 
representing GA-Theory in close collaboration with NSTX-U researchers. Appointments are administered by Oak Ridge 
Associated Universities (ORAU). The successful candidates will be given training as a theoretical analyst, validating codes 
developed by GA-Theory for turbulent transport and pedestal structure with existing and new NSTX-U data. A theoretical analyst 
participates in the planning, execution, and analysis of experiments as a collaborator in the experimental program.  In addition, the 
fidelity of reduced transport models to gyrokinetic turbulence simulations and linear stability will be verified. A validated reduced 
model for pedestal structure and stability is a shared goal of this grant with the NSTX-U research plan. Two positions, one focused 
on transport and the other on pedestal structure are open. The training given by GA-Theory scientist will equip the candidate with 
state-of-the-art gyrokinetic simulation experience with the CGYRO code that is optimized for the exascale computing environment. 
The candidate will learn the methods used to construct the quasi-linear transport model TGLF and the pedestal structure model 
EPED from their primary developers. They will also learn to run a new, high resolution, version of the peeling-ballooning code 
ELITE and a new variable resolution gyro-fluid eigensolver that have been developed for spherical tori. This knowledge, and the 
experience of working in the exciting collaborative environment of NSTX-U, will build the foundation for a career in fusion energy 
research. Interested candidates should contact Gary Staebler (staebler@fusion.gat.com).

mailto:staebler@fusion.gat.com)

