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Abstract 

The ITER Integrated Modelling & Analysis Suite (IMAS) is the software infrastructure being developed using 

expertise from across the research institutes within the ITER Members to meet the needs of the ITER Integrated Modelling 

Programme.  It builds around a standardised representation of data described by a Data Dictionary that is both machine 

independent and extensible.  Machine independence is important for allowing tools developed in IMAS to be tested on 

existing devices, whilst extensibility allows the Data Dictionary to grow and evolve over time as more and more Use Cases 

are addressed.  In addition to providing all the scientific tools for the exploitation of ITER once operations start, IMAS also 

has a role to play during the construction phase by providing simulation data to support systems design, in particular for 

diagnostics, heating, fuelling and control systems.  An IMAS workflow developed from the DINA and JINTRAC code suites 

and coupling the transport across the core, edge and SOL regions has now, for the first time, performed simulations of the 15 

MA / 5.3 T Q=10 DT ITER baseline scenario from the X-point formation during ramp-up to the X-point to limiter transition 

in the ramp-down.  Recently an IMAS database of ITER simulations has started to be developed to help manage the 

exchange of data with ITER collaborators and Domestic Agencies.  The database is being populated by translating existing 

data and running new simulations.  The codes used to initially populate the database are ASTRA, CORSICA, DINA, 

JINTRAC, and METIS.  Additional data structures consistently describing other aspects of the scenarios are being added to 

the database upon request.  Scenarios for all stages of the ITER Research Plan are represented in the database which is 

accessible to all ITER contributors through the IMAS Access Layer, either for visualisation or as input to IMAS-adapted 

workflows and codes. 

1. INTRODUCTION 

The principal objective of the ITER Integrated Modelling Programme and its associated software infrastructure, 

IMAS, is to provide the validated physics tools required for the successful execution of the ITER Research Plan.  

The complete software infrastructure therefore consists of: physics software, largely supplied by the community; 

elements to support the interaction with storage and the passing of data between components; as well as 

installation tools to support the use, and thus validation, of IMAS workflows on different hardware installations 

within the research institutes of the ITER Members. 

The ITER Integrated Modelling (IM) Programme is expected to provide a comprehensive integrated modelling 

capability to support the ITER Research Programme during the construction and operation phases. The overall 

aims of this programme are: to meet the initial needs of the ITER Project for more accurate predictions of ITER 

performance and for efficient control of ITER plasmas; to support the preparation for ITER operation; and, in 

the longer term, to provide the modelling and control tools required for the ITER exploitation phase. It is, in 

addition, one of the co-ordinated physics research activities that will help develop the physics basis for ITER 
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operation, integrate the expertise of the international fusion community into ITER, provide a pathway to exploit 

the capabilities of existing fusion programmes in support of ITER, and integrate results of the fusion 

programmes of the ITER Members into planning for ITER operation. The development of the modelling 

resources for the IM Programme will require extensive coordination with the ITER Members in order to ensure 

that both on-site and remote needs are adequately addressed. 

1.1. Coordination with ITER Members 

The interfaces between the ITER Members’ fusion communities and the ITER Organization (IO) from the 

perspective of the ITER Integrated Modelling Programme are shown in Fig. 1.  The Integrated Modelling Expert 

Group (IMEG) helps define the IM needs and procedures, and provides a conduit for incorporating and adapting 

elements developed by the Members’ fusion programmes into the IM Programme. The IMEG operates within 

the framework for coordinated physics research activities of the IO, as endorsed by the ITER Council. 

 

FIG. 1. The Integrated Modelling Programme requires extensive coordination within the IO and with the ITER Members’ 

fusion programmes. The primary interfaces with the fusion community are IMEG, the ITPA Topical Groups and the ITER 

Scientist Fellows’ (ISF) Network.  IMEG activities address the IM Programme and the development of an infrastructure to 

integrate models into a suite of ITER application tools, whilst ITPA activities focus on the development and validation of 

fundamental physics models.  The activities of the ITER Scientist Fellows support the modelling of ITER plasmas and their 

development to address specific high priority modelling issues for ITER. 

IMEG complements the voluntary R&D performed under the ITPA which is directed towards establishing 

validated models.  The ITER Integrated Modelling Programme is also further supported by work performed by 

Visiting Researchers (VRs), ITER Project Associates (IPAs), and Monaco Postdoctoral Fellows.  This is in 

addition to the work programmes of the ITER Scientist Fellows’ Network (ISFN) and the ITER Operations 

Network (ION), as well as activities within the domestic programmes of the ITER Members. 

In recent years the ITPA Topical Group for Energetic Particle Physics has coordinated an activity to benchmark 

fast ion distributions arising from different heating sources with the longer term aim of helping to prepare a 

workflow to assess the fast ion stability of ITER scenarios.  This group has also started to address the integrated 

interpretation of diagnostic signals to perform fast ion velocity-space tomography.  The ITPA Topical Group for 

Integrated Operation Scenarios has conducted integrated interpretive simulations of ITER-like scenarios 
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performed in present day devices.  These simulation results have subsequently been represented in the IMAS 

Data Dictionary and can be accessed using the IMAS data access tools. 

More recently a joint modelling has been initiated involving both the ITPA Integrated Operation Scenarios and 

Transport & Confinement Topical Groups to assess H-mode accessibility in the early ITER Pre-Fusion Power 

Operation (PFPO) operation using 5 MA / 1.8 T scenarios.  Integrated interpretive modelling of existing 

relevant experiments from present tokamaks with Te >> Ti will be used to validate the models used for ITER 

predictions using IMAS workflows at 5 MA / 1.8 T. 

The ISF Network supports the ITER Project through the formation of stronger links with individuals within the 

ITER Members who are able to contribute to specific areas of expertise that are identified by the ITER Project.  

In particular, the construction of modelling workflows and distinct physics models within IMAS to address 

issues identified as high priority, as well as extensions of the integrated modelling infrastructure.  The work 

involves close collaboration between the IO and the modelling and experimental efforts performed within the 

ITER Members’ fusion communities and with the relevant ITPA activities. 

Under the ISF Network, an optimization of the heating scheme for the 5 MA / 1.8 T scenarios was carried out 

using the TOMCAT code [1], a variational principle code for studying fast-wave mode conversion that has been 

adapted to IMAS.  The input kinetic profiles were calculated by the METIS fast transport solver [2] assuming 20 

MW of ECRH and 10 MW of ICRH for a density of 0.5 nG. The best absorption was found for 2
nd

 harmonic H 

heating with f = 52−54 MHz, both as a majority (in H plasmas) and as a minority (in He plasmas), here with 7% 

of H. Achieving efficient 2
nd

 harmonic minority heating in He plasmas was somewhat unexpected because of 

the low concentration of minority species. However, operating at low field enhances the 2
nd

 harmonic IC 

absorption, since this process is based on finite Larmor radius effects for which the absorption efficiency scales 

inversely proportional to the square of the magnetic field [3]. The resulting power density profiles are displayed 

in Fig. 2 for both H and He plasmas where power densities range up to 0.2 MW/m
3
 near the plasma centre. 

 
FIG. 2: Absorbed power density (top) and integrated power (bottom) for 2nd harmonic H 

ICRH in H (left) and He (right) plasmas with 5 MA / 1.8 T, as calculated by TOMCAT [1]. 
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FIG. 3: Overview of evolution of kinetic parameters for H plasma used for calculations depicted in Fig. 2 extracted from 

IMAS Scenario Database.  Profiles shown on right correspond to vertical dotted line in time traces on left.  This case 

corresponds to that shown in Fig. 6. 

To further strengthen the links between the ITER Members’ domestic modelling programmes and ITER, two 

IMAS Code Camps have now been held at the ITER Organization Headquarters.  The first one specifically 

aimed to enhance collaboration with the EUROfusion WPCD and CPT Projects, as well as the associated 

voluntary contributions from the ITER Members’ institution’s to IMAS and focused on the Adaptation of 

Physics Codes/Workflows to IMAS.  The second Code Camp focussed on the development of physics 

workflows in IMAS and had a wide participation of experts from most ITER Members.  Both Code Camps 

provided opportunities to learn more about IMAS and to work on what should become some of the most 

sophisticated models addressing some of the most important Use Cases for ITER.  The outputs from the 

meetings were useable physics codes and workflows (or elements thereof) that exchange data following the 

ITER Data Model and could be applied to ITER.  Specific elements addressed included: diagnostics models; 

actuators (H&CD, fuelling); transport simulators; equilibrium (including free-boundary and 3D); and stability 

(including fast ions). 

In addition to these Code Camps focused on progressing ITER’s physics modelling capabilities, an IMAS 

Technical Review Meeting of ITER’s Integrated Modelling Infrastructure with experts from across the ITER 

Members was held.  The aim of the meeting was to deliver a set of recommendations for the further 

development of ITER’s Integrated Modelling & Analysis Suite (IMAS).  Participants were invited to critically 

examine the IMAS software stack in view of meeting its expected requirements and to present their findings and 

recommendations for consideration. Deficiencies were identified and an evaluation made as to how they may be 

addressed, together with resource estimates and a consideration of the impact on present IMAS usage. 

Complementary technologies and approaches were identified and a roadmap for their possible incorporation 

within IMAS outlined. 

2. PROGRESS IN ITER INTEGRATED MODELLING PROGRAMME 

2.2. Scenario Simulation Capabilities 

A comprehensive capability to describe the key physics and technology elements involved in the operation of 

ITER is critical to being able to accurately model the plasma scenarios that are foreseen to run in ITER.  The 

free-boundary equilibrium code DINA [4,5] and the JINTRAC suite of codes [6] have separately both been 

adapted to use the IMAS Data Dictionary for exchanging data and are now embedded in IMAS [7, 8].   
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A workflow encompassing both of these codes has been used to simulate the 15 MA / 5.3 T DT baseline 

scenario operation, including a description of the plasma evolution from its core up to the plasma facing 

components respecting the principal engineering limitations of the poloidal field (PF) coil system and divertor 

power fluxes, demonstrating that the foreseen scenario could be executed respecting all operational constraints 

by optimisation of the scenario layout and control schemes for the plasma shape control, current induction, 

heating, fuelling and seeding actuators.  For the first time, this scenario has been assessed for the entire 

evolution from the early ramp-up phase (from X-point formation) until the late ramp-down phase (to X-point-

limiter transition) by means of integrated simulations with consideration of core, edge, and SOL transport with 

time-dependent free boundary plasma geometry and with the pedestal pressure being determined by continuous 

self-consistent edge MHD stability analysis. 

Time traces for the ramp-up and early flat-top phases for the first and second iterations of the complete ITER 

DT Q=10 15 MA/5.3 T baseline scenario calculation with the IMAS DINA-JINTRAC workflow are shown in 

Fig. 4, demonstrating that simulations converge very quickly, i.e. the same solution is obtained in both codes 

within an error margin of ~1%, and the deviation in simulation results between two consecutive iterations also 

approaches a level of 1%. These conditions are fulfilled after the third iteration. Without adaptations of the 

scenario conditions that have been applied after the first iteration, convergence could even be achieved within 

two iterations. Due to the low number of iterations required, a fully converged solution for the whole scenario 

may typically be obtained with the DINA+JINTRAC IMAS workflow on the ITER computing cluster within a 

time of two weeks. 

   

FIG. 4. Comparison between first (blue) and second (red) iteration for the ramp-up and early flat-top phase of the complete 

ITER 15 MA/5.3 T DT Q=10 baseline scenario calculation with the IMAS DINA-JINTRAC workflow. Left, from top to 

bottom: Total plasma current, plasma volume, internal inductance li(3), safety factor on axis, poloidal flux variation at the 

separatrix, right, from top to bottom: Greenwald density fraction, total input power, thermal energy content, fusion Q, Mach 

number for toroidal rotation on axis. Deviations in time traces are mainly triggered by minor adjustments in scenario 

conditions for optimisation after the first iteration (ramp-up duration reduced from 80 to 75 s, slightly delayed start of H-

mode after ramp-up). Full convergence is achieved after the third iteration with fixed scenario conditions. 

An extension to the workflow allows the possibility to consistently determine the MHD limit for the pedestal 

pressure gradient in accordance with MHD stability calculations carried out with the HELENA [6] and 

MISHKA [7] codes. The core, edge, and SOL coupled transport calculations within the workflow using the 

JETTO [8] and SANCO [11] codes coupled to EDGE2D-EIRENE [12-14] have also been extended to support a 

time-evolving 2D SOL grid derived from the DINA equilibrium. 

In separate simulations the DINA-JINTRAC IMAS workflow has shown that W accumulation may be 

efficiently prevented in flat-top conditions, and that the core contamination by medium-Z impurities due to 

seeding requirements may actually be beneficial for core confinement [15]. 
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2.3. Infrastructure Development and User Support 

Issues raised by IMAS users and developers are managed using a web-based issue tracking system that allows 

automatic assignment of an RO based on the particular component associated with the issue.  At the time of 

writing nearly 1800 issues have been reported and approximately 75% of these have been resolved.  Issues are 

resolved both by the IO and by voluntary effort from within the ITER Members’ domestic modelling 

programmes. Fig. 5 shows the evolution of the number of open issues over the past 4+ years as well as the 

breakdown of the open issues by component.  Perhaps not unsurprisingly, most issues are associated with the 

Universal Access Layer (UAL) and Data Dictionary which form the cornerstones of the IMAS infrastructure. 

 

 

FIG. 5.  Top left panel: Evolution of total number of IMAS issues created (red circles) and the number of issue resolved 

(green circles).  Also shown as vertical grey lines are the releases of new versions of the IMAS Access Layer and Data 

Dictionary.  Bottom left panel: Number of open issues (number created – number resolved). 

Right panel: Breakdown of open issues against IMAS components 

To facilitate the portability of the IMAS infrastructure and allow its installation within existing computing 

environments within the ITER Members’ research institutes, the installation process for key components has 

been streamlined using standard procedures to configure, build and install the software.  On the ITER 

computing cluster, access to software elements is provided through environment modules which allow the 

concurrent installation of multiple versions. 

3. ITER SCENARIO DATABASE 

Recently an IMAS database of ITER simulations has been created to help manage the exchange of physics data 

with ITER collaborators and Domestic Agencies.  The database is being populated through a combination of 

translating existing data and running new simulations.  The scenario simulation codes used to initially populate 

the database are ASTRA [16], CORSICA [17], DINA [18], JINTRAC [6], and METIS [2].  Additional data 

structures consistently describing other aspects of these scenarios, for example the fast ion distribution 

functions, are being added to the database upon request to facilitate the design of specific systems. 

Scenarios for all stages of the ITER Research Plan are represented in the database and are at least populated 

with a description of the plasma equilibrium and profiles in the core of the plasma.  This includes operation at 

third-field (5 MA / 1.8 T), half-field (7.5 MA / 2.65 T) as well as the full-field baseline scenario (15 MA / 

5.3 T).  Additional intermediate scenarios, as well as a case with 17 MA, are also included.  The long-pulse 

steady-state scenario is represented with scenarios at 9 MA / 5.3 T as well as hybrid scenarios at 12.5 MA / 

5.3 T. 

To accompany the assembly of a central database of IMAS simulations, a selection of tools have been 

developed to make the data more accessible.  These include tools to list and filter the datasets contained, as used 

for generating the information shown in Table 1, as well as tools to visualise the 2D magnetic equilibrium and 

the plasma profiles, waveforms and other scenario-relevant quantities, as used to generate Figs. 3 and 6. 
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TABLE 1: Selection of entries in ITER Scenario Database which currently contains 115 datasets 

A useful feature of the database is the ability to subscribe as a watcher for a particular dataset in order to be 

informed about any changes to the data or metadata, e.g. data quality or validation flags.  This database is 

accessible by all ITER contributors through the IMAS Access Layer, either for visualisation or as input to 

IMAS-adapted workflows and simulation codes.  Subsequently generated data can be stored in the database 

subject to acceptance criteria and provenance requirements being met.  The final implementation of the database 

will include strict acceptance and validation procedures, and full provenance tracking for all entries. 

 

FIG. 6: ITER scenario at 5.0 MA / 1.8 T in H from ITER scenario database.  This case corresponds to that in Figs. 2 and 3. 
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4. SUMMARY AND OUTLOOK 

The ITER Integrated Modelling & Analysis Suite (IMAS) continues to mature and strengthen its capabilities 

through collaboration with developers within the ITER Members. 

A new IMAS scenario simulation workflow based around the DINA and JINTRAC codes has been developed 

and used to examine the ITER 15 MA / 5.3 T Q=10 DT baseline scenario.  For the first time the scenario has 

been assessed for its entire evolution from the early ramp-up phase (from X-point formation) until the late ramp-

down phase (X-point to limiter transition) by means of integrated simulations including core, edge, and SOL 

transport with time-dependent free boundary plasma geometry and with the pedestal pressure being determined 

by continuous self-consistent edge MHD stability analysis.  It could be shown that a robust execution of the 

baseline scenario discharge can be assured by means of optimisation of the scenario design with plasma 

conditions being well within operational limits at all times. For the optimisation of core impurity control, 

complementary modelling studies have been carried out for the flat-top phase of the ITER baseline scenario 

assessing the impact of improved core transport conditions due to the presence of medium-Z impurities and has 

shown that no W accumulation takes place in these conditions. 

An initial ITER scenario database has been set up on the ITER computing cluster and populated with scenarios 

representing all stages of the ITER Research Plan.  It represents a robust point of traceable access to ITER 

simulations and is expected to grow in response to ITER needs.  Initial tools for listing, filtering and visualising 

the data contained have been implemented.  In the near future it is expected that this IMAS scenario database 

will become the single point of access for ITER scenario data for all ITER collaborators. 
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