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Abstract
An integrated modeling workflow capable of finding the steady-state solution with self-consistent core transport,
pedestal structure, current profile, and plasma equilibrium physics has been developed and tested against a
DIII-D discharge. Key features of the achieved core-pedestal coupled workflow are its ability to account for the
transport of impurities in the plasma self-consistently, as well as its use of machine-learning-accelerated models
for the pedestal structure and for the turbulent transport physics. Notably, the coupled workflow is implemented
within the OMFIT framework, and makes use of the ITER integrated modeling and analysis suite (IMAS) data
structure for exchanging data among the physics codes that are involved in the simulations. Such technical
advance has been facilitated by the development of a new numerical library named OMAS.

1. Introduction

Self-consistent coupling of physics-based models (or their machine-learning-accelerated counterparts) is
of great importance since it reduces the number of free parameters and assumptions that are used in
simulations, thus greatly improving the reliability of our numerical forecasts.

An integrated modeling workflow capable of finding the steady-state solution with self-consistent core
transport, pedestal structure, current profile, and plasma equilibrium physics has been developed and
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tested against a DIII-D discharge . Key features of the proposed core-pedestal coupled workflow are its
ability to self-consistently account the transport of impurities in the plasma, as well as its use of machine
learning accelerated models for the pedestal structure, the neoclassical bootstrap current, and for the
turbulent and neoclassical transport physics.

Notably, the coupled workflow is implemented as part of the STEP (stability transport equilibrium
pedestal) module within the OMFIT framework, which makes use of the ITER integrated modeling and
analysis suite (IMAS) data structure for exchanging data among the physics codes that are involved in
the simulations. Such technical advance has been facilitated by the development of a new numerical
library named OMAS.

2. Interfacing the OMFIT framework with the ITER IMAS data
infrastructure via OMAS

The ITER Integrated Modeling & Analysis Suite (IMAS) [1] defines a data schema, a storage infras-
tructure, and an Application Programmer Interface (API) for interacting with ITER data. All ITER
simulated and experimental data will be served to the ITER parties through IMAS.

The data schema, known as the ITER Physics Data Model (PDM), consists of over 50 ordered hierarchical
Interface Data Structures (IDSs) organized by topical areas across the modeling (equilibrium, kinetic
profiles, sources, etc.) and experimental domains (diagnostic, heating system, etc.). Each IDS is designed
to store all the relevant information of the plasma or tokamak subsystems with which it is associated.
For each quantity within an IDS, the PDM defines its units, coordinates, numerical type, and provides
an overall description. What physics quantities are stored in an IDS, and where they are stored, is agreed
a priori through a formal procedure that is mediated by the ITER-IO.

OMFIT [2] is a framework that has been widely used within the fusion community for performing
experimental analyses and integrated simulations, across a wide variety of physic domains as documented
in the references citing [3, 4]. A distinguishing feature of OMFIT is its ability to perform integrated
modeling simulations using the native files of the physics codes used in its workflows. This is accomplished
by being able to read and write a wide range of scientific data formats, some very specific to the fusion
community. Internally OMFIT organizes the data in a free-form hierarchical data structure (named
the OMFIT tree) which provides a consistent way to access and to manipulate such a collection of
heterogeneous objects, independent of their type and origin. At the expenses of having to handle more
heterogeneous data, this approach has the notable advantage of leaving physics codes untouched.

For all intents and purposes the IMAS data within OMFIT is yet another data format. As such, the
adoption of the ITER PDM does not break the original OMFIT working paradigm. Operating with
IMAS data can be done in coexistence with the existing legacy data formats. The ability to read data
from and write data to IMAS has been implemented in OMFIT with the development of a lightweight
open-source Python library, named OMAS [5].

The OMAS library is designed to replace the Python IMAS API with something that is more agile
within a Python environment. To achieve its goal, OMAS retains full compatibility with IMAS by en-
forcing strict adherence to the PDM, thus guaranteeing that the data within OMAS can be automatically
converted to the IMAS storage infrastructure, and back. OMAS improves upon the IMAS storage infras-
tructure by addressing what the authors believe are some limitations of the IMAS storage infrastructure,
as well as omissions in the PDM definitions.

The OMAS API has been designed to be familiar to Python developers. Within OMAS, the data is
organized in hierarchical sets of OMAS Data Storage (ODS) objects that reproduce the ITER PDM.
These ODS objects extend the most fundamental Python classes (dictionaries and lists) with a rich set of
functionality that leverages knowledge of the ITER PDM that allows it to perform automatic coordinate
convention (COCOS [6]) transformations, grid interpolation, and units conversions for the data that is
either input or requested from the data structure. In addition, ODSs have a growing set of functions
that allow calculating sets of physical quantities that can be derived from more fundamental ones.

The ITER PDM does not go as far as defining which entries are mandatory and which are optional,
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nor does it prescribe the computational grids on which data should be defined. The authors first-hand
experience is that these omissions can seriously undermine the advantages of adopting a centralized data
structure, because it forces developers to handle data differently depending on what physics codes are
in their workflows, and in what order they are executed. The situation is further exacerbated when
different elements of the integrated-modeling workflow are developed by different people, each asserting
their own best judgment where the PDM allows users’ discretion. In other words, a centralized data
storage works best when – ALL – aspects of the data interfaces are defined. If not, the system can quickly
degenerate to a point-to-point communication scenario, with the associated burden of an intermediary
data conversion. It in in this context that the ability to seamlessly interpolate data on different grids,
and calculating self-consistent derived quantities were added to OMAS. These concepts are graphically
summarized in Fig. 1.
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Figure 1: A) The notion that allowing N codes to communicate between each another would require developing
N2 interfaces (so called N2 problem), is correct from a mathematical stand-point, but often does not represent
the status quo. B) Practical integrated modeling applications often only require coupling of a limited number of
physics codes, in a small number of configurations. C) An ideal centralized data communication system enforces
strict rules about the data to be exchanged so that all physics code share exactly the same data format. D) The
ITER PDM does not specify what elements of the data structure ought to be filled, nor the computational grids
on which physics quantities ought to be defined. As a result the data that goes in IMAS depends on what codes
are run and in what order. E) OMAS provides an adaptive layer with routines that can self-consistently calculate
derived quantities as well as perform interpolation of the code inputs/outputs, thus allowing the system to behave
more like an ideal centralized data exchange approach would.

Let us emphasize that the OMAS library itself does not address the problem of mapping the physics
codes I/O to the IMAS data model. Such mappings must be defined in third party Python codes and
frameworks, as done for example with the data classes of the OMFIT framework. To this end, the
OMFIT data classes are being instrumented with two methods .to_omas() and .from_omas() that
translate data from the native OMFIT format to IDSs and back . An important benefit of instrumenting
the OMFIT classes is that there is no additional burden on the developers of the original physics codes
to adapt their I/O scheme to work with IMAS.

3. STEP (Stability Transport Equilibrium Pedestal) workflow

Perhaps the most important reason that has limited the the adoption of a centralized data communication
approach within OMFIT has been the lack of a standard format for fusion simulation and experimental
data. The advent of ITER, and the stakes of each of the member countries, will likely be a driving force
towards the world-wide adoption of the ITER PDM as a standard for managing tokamak fusion data.

Such perspective has motivated the development of an extensible integrated-modeling module within
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OMFIT, which leverages OMAS for centralized data communication among its physics modules. The
new module, named STEP (Stability Transport Equilibrium Pedestal), defines a series of “steps”, each of
which reads all necessary input information from an ITER PDM, sets-up and executes a physics code, and
then writes the code’s output back to the PDM. The history of the centralized data structure is kept to
allow capturing provenance and full traceability of the workflow. At any stage of the workflow execution,
the data stored in OMAS can be readily converted to IMAS, thus satisfying the ITER requirement for
handling ITER data.

The centralized data communication approach upon which the STEP module is developed is a significant
departure from the original point-to-point communication approach that has characterized OMFIT in
the past (see Fig. 1). The new strategy hides the complexities of translating data from one format to
another within the routines of the OMFIT classes, thus greatly simplifying the implementation of the
physics workflow within STEP. Also, new physics codes can be easily coupled to STEP, as long as their
I/O has been mapped to the ITER PDM format using OMAS. But perhaps the main advantage that
a centralized data structure provides is that it decouples the data flow and the execution workflow,
meaning that the individual components can be executed in any order, allowing for the flexible design
of workflows that suit different physics applications. These include open-loop self-consistent predictive
workflows (as described in the following section), as well as closed-loop predictions, and multivariate
constrained optimizations and parametric scans [7].
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Figure 2: The OMFIT STEP (Stability Transport Equilibrium Pedestal) workflow leverages OMAS for centralized
data communication among its physics modules. This figure illustrates the data flow for the OMFIT physics
modules involved in the workflow presented in this paper. We note that the workflow can be initialized from
experimental data provided via the OMFITprofiles module, or from data stored within an IMAS database. At any
moment, the data stored in OMAS can be converted to IMAS format.

4. Self-consistent core-pedestal simulations with transport of
impurities

Impurity transport is an important element in the coupled simulations because it influences both core
performance, through dillution and line radiation, and pedestal stability via its effect on the bootstrap
current. Previous coupled core-pedestal simulations were shown to be able to reproduce experimental
profiles [8, 9], but relied on prior knowledge of the plasma Zeff across the plasma.

To self-consistently account for the effect of impurities, the tightly-coupled TGYRO-EPED-NN core-
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pedestal workflow described in Ref. [9] has been iteratively coupled to the 1D impurity transport code
STRAHL [10]. In this scheme NEO [11] and TGLF [12] (or their neural network accelerated counterparts)
provide the transport fluxes that are used to calculate the diffusion D and pinch v profiles that are
input to STRAHL to compute the impurity profile as well as the radiated power. The resulting core-
pedestal profiles (now with self-consistent impurities) are then finally iterated with the calculation of
the plasma equilibrium and sources. Figure 3 summarizes the workflow, complete with its three nested
self-consistency loops.
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Figure 3: The core-pedestal coupled workflow described in [9] has been extended to account for the effect of
impurities self-consistently.

Because the inward flow of neutrals at the last closed flux surface is not known, we set its value in
STRAHL either to maintain the number of impurity particles in the plasma equal to a constant, or to
match a predefined plasma effective charge at one point in the plasma (typically at the top of the pedestal
Zeff,ped). While the integrated (or local) impurity density is prescribed, the shape of the impurity density
profile from the magnetic axis to the separatrix is predicted based on the first-principles NEO and TGLF
transport models.

4.1. Impurity diffusion and convection workflow

The impurity particle transport model in STRAHL is based on the ansatz that the radial particle flux
density can be split into a diffusive and a convective part:

ΓI = −D
∂nI
∂r

+ v nI (1)

where ΓI is the impurity particle flux of impurity I, ∂nI is its density, and D and v are the flux surface
averaged diffusion and convection (drift velocity) coefficients, respectively.

The NEO and TGLF neoclassical and turbulent transport models do not use this assumption and output
directly the transport fluxes. For the purpose of using these particle transport models in STRAHL, we
compute the particle diffusion and convection coefficients by linearizing the neoclassical and turbulent
fluxes in their density dependence. We thus evaluate the fluxes Γ1 and Γ2 for two values of the impurity
density scale-length L1 = n1 ∂r/∂n1 and L2 = L1 + ∆L

D =
Γ1 n2 − Γ2 n1

n′2 n1 − n′1 n2
(2)

v =
Γ1 n

′
2 − Γ2 n

′
1

n′2 n1 − n′1 n2
(3)
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where the prime superscript indicate radial derivatives.

The TGLF transport model is generally not applicable near the very core of the plasma as well as in
the pedestal region. Within TGYRO such issue is elegantly resolved by integrating the flux-matching
scale-lengths from the pedestal boundary condition (provided by EPED-NN) to the axis, assuming that
the profiles’ inverse scale-length is piece-wise linear and continuous [8, 13]. However, the same approach
cannot be applied to STRAHL, which instead requires prescribed diffusion and convection coefficients
at every point of its computational grid. Figure 4 illustrates the D and v terms as calculated by NEO
and TGLF, as well as the values that are input into the STRAHL simulation.

TGLF is generally applicable in the core region of the plasma (0.3 < ρ < 0.9), and theD and v coefficients
are simply calculated from the sum of the neoclassical and turbulent fluxes contributions. Near the axis
(0. < ρ < 0.3), the source of carbon is negligible, and as such at equilibrium the carbon flux should
also be zero. Under these conditions, Eq. (1) becomes v/D = n′ / n = 1/L. In this region the diffusion
coefficient is held fixed at neoclassical level, while the convection term is calculated so that the impurity
scale-length goes linearly to zero on axis (consistent with the TGYRO treatment of the profiles in this
region). Since the impurity particle source from the wall can be significant, the same approach cannot
be applied in the pedestal (ρ > 0.9). At first one could expect the transport in this region to be mostly
neoclassical, since the pedestal structure must be consistent with the kinetic-ballooning-mode (KBM)
constraints of the EPED model [14]. However, a minimum amount of diffusion (above the neoclassical
level) is necessary for the impurity density not to runaway in the core plasma and for the STRAHL
solution to converge. Based on this observation the impurity convective term is set at its neoclassical
level, while the diffusion coefficient is maintained constant at its value at the pedestal-core interface. We
note that the addition of an anomalous diffusion in the pedestal is consistent with the idea of capturing
in a steady state simulation the time-averaged effect that ELMs would have on impurities, and with the
observation that the impurity density in ELM-free H-mode discharges tends to quickly rise (until the
plasma terminates in a radiative collapse).
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Figure 4: Carbon diffusivity (A) and convection (B) terms as a function of normalized toroidal flux ρ, as
calculated by NEO and TGLF, and as input to STRAHL. We point out that the evaluation of the NEO and
TGLF fluxes done as part of the impurity D and v calculation were done by running TGYRO, which in this case
is not used as a transport solver but rather as a tool to conveniently evaluate the transport fluxes from on-axis to
the separatrix in parallel.

4.2. Neural-network accelerated TGLF transport model for impurity transport

Neural-network based models have been shown to accelerate two of the most critical aspects for functional
whole device modeling applications: 1) the H-mode plasma pedestal structure, with the EPED1-NN
model; and 2) the prediction of the turbulent transport fluxes in the core of the plasma, with the TGLF-
NN model. The TGLF-NN model originally described in Ref. [9] was trained on a reduced set of DIII-D
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discharges, and assumed a deuterium-carbon plasma to predict the electron and ion energy fluxes, the
electron particle flux, and total ion momentum flux. In this work we extended TGLF-NN by adding the
prediction of the the particle fluxes for all ion species to the outputs of the NN (as is required for any
impurity transport simulations) and we significantly expanded the training database to cover a much
wider DIII-D operation range.

4.3. Core-pedestal prediction with self-consistent transport of impurities of a DIII-D
discharge

We report the application of the core-pedestal workflow with self-consistent transport of impurities to
DIII-D discharge #168830, which was chosen because of its relevance to the ITER baseline scenario and
is characterized by low torque and dominant electron heating. In these simulations, the plasma effective
charge at the pedestal Zeff,ped is an input parameter.

Fig. 5A illustrates how after a few iterations, the TGYRO-STRAHL iteration converges, and the workflow
is able to reproduce well the carbon impurity density that is measured in the experiments. Fig. 5B shows
the predicted carbon impurity profile when the boundary condition is varied to be half and twice the
nominal experimental value.
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Figure 5: A) Evolution in 15 iterations of the TGYRO-STRAHL workflow, showing the carbon impurity density
profile for DIII-D shot #168830 at 3500 ms. The profiles evolves from blue to yellow; B) predicted carbon impurity
profile when the boundary condition is varied to be half and twice the nominal experimental value.

5. Summary

An integrated modeling workflow capable of finding the steady-state solution with self-consistent core
transport, pedestal structure, current profile, and plasma equilibrium physics has been developed and
tested against a DIII-D discharge. Key features of the proposed core-pedestal coupled workflow are its
ability to account for the transport of impurities in the plasma self-consistently, as well as its use of
machine-learning-accelerated models for the pedestal structure and for the turbulent transport physics.
Notably, the coupled workflow is implemented within the OMFIT framework, and makes use of the
ITER integrated modeling and analysis suite (IMAS) data structure for exchanging data among the
physics codes that are involved in the simulations. Such technical advance has been facilitated by the
development of a new numerical library named OMAS.
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