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Whole Device Modeling (WDM) is generally described as assembling physics models that provide an inte-
grated simulation of the plasma. All components that describe a magnetic confinement device, from macro-
scopic equilibrium to micro-turbulence and control systems, are included in WDM, which describes the evo-
lution of a plasma discharge from start-up to termination. Economical and safe operation of burning plasma
devices requires predictive WDM with a confidence level established by validation and uncertainty quantifi-
cation. Simulations covering the whole device, while certainly not a substitute for experiments, are much
more cost-effective than building multiple billion-dollar facilities to test new ideas or concepts, similar to how
aircraft manufacturers used simulations to reduce the number of physical wings they needed to build in de-
signing superior aircraft (1).
The High-Fidelity Whole Device Model of Magnetically Confined Fusion Plasma is an application (hereafter
referred to asWDMApp) (2,3) in theDOEExascale Computing Project (ECP).The ECP is a DOE 413.3b project—
the largest in the DOE Office of Science— and is governed by the same rigorous rules of operation as major
experimental facilities. The ultimate problem target of the project is the high-fidelity simulation of whole
device burning plasmas applicable to an advanced tokamak regime (specifically, an ITER steady-state plas-
mas with ten-fold energy gain), integrating the effects of energetic particles, plasma-material interactions,
heating, and current drive. The most important step in this project, and one that involves the highest risk, is
the coupling of two existing, well-established, extreme-scale gyrokinetic codes –the GENE continuum code
for the core plasma, and the XGC particle-in-cell (PIC) code for the boundary plasma. We have accomplished
this challenging milestone for the first time in the magnetic fusion community. Fig. 1 demonstrates a coupled
GENE-XGC in a WDMApp simulation for nonlinear ITG turbulence.



Figure 1: Turbulent electrostatic potential from GENE-XGC coupled simulation of ITG turbulence (in-
cluding neoclassical effects) across a spatial interface region marked by two black closed lines. Gyroki-
netic ions and adiabatic electrons are used in fully shaped DIII-D geometry with model H-mode pedestal
profiles of density and temperature.

These developments would not be possible without the remarkable advancements in edge turbulence simula-
tion codes for which XGC is an exemplar, along with COGENT and GKEYLL.
COGENT is a continuumgyrokinetic code for edge plasmas (4, 5). The code is distinguished by its use of fourth-
order conservative discretization and mapped multiblock grid technology to handle the geometric complexity
of a tokamak edge. It solves full-f gyrokinetic equations for an arbitrary number of plasma species, which
can also be coupled to a set of lower-dimensionality fluid equations in cases where a reduced fluid model is
adopted to describe electrons or neutrals. The code offers a number of collision models, ranging from the sim-
ple Krook operator to the fully nonlinear Fokker-Plank operator, and includes an ad-hoc anomalous transport
model that can be utilized for the case of 4D axisymmetric transport calculations. Recent applications of the
COGENT code to the analysis of cross-separatrix edge plasma properties include (a) 4D calculations, which
demonstrate the values of radial electric field and toroidal rotation comparable to those observed on the DIII-D
facility, and (b) 5D calculations of ITG turbulence, which elucidate the role of magnetic shear stabilization in
the X-point region.
The GKEYLL project (6) is developing a continuum gyrokinetic capability that can evolve the electromag-
netic gyrokinetic equations in the tokamak edge. The code uses a Hamiltonian form of the full-f equations,
and for electromagnetic terms, uses a symplectic formulation. A novel version of a high-order discontin-
uous Galerkin scheme is used, ensuring that total energy (particles plus fields) is conserved by the spatial
discretization. GKEYLL has performed the first fully nonlinear full-f continuum simulations of electromag-
netic gyrokinetics in the scrape-off layer (SOL), including sheath boundary conditions. In Fig. 2 we show a
snapshot of the turbulence profiles when statistical steady-state has been obtained. Shown are density and



temperature contours near the midplane. Intermittent blob-like structures are seen ejected from the source
region as they propagate outwards. Comparisons with electrostatic simulations show that the turbulence is
larger amplitude and muchmore intermittent in the electromagnetic case. Also shown are magnetic field lines
between the top and bottom divertor plate being stretched by blobs. Full details of the scheme and detailed
description of the results are described in (7).

Figure 2: Full-f electromagnetic simulation of a helical model scrap-off-layer plasma. Shown are the
density (left) and temperature (middle) for electrons (top) and ions (bottom). The dashed line is where
the source terms are applied. Intermittent blob-like structures are seen that are ejected from the source
region and propagate outwards. The right figure shows magnetic field lines in a (radial, vertical) projec-
tion being bent by blobs near the midplane (at an earlier time t=240 μs). Note the z and x axes are not
to scale, rms dB/B˜10%
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