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1 Abstract

The present specification is for the provision of support to the ITER Organization in the field of Energetic Particles and Plasma Disruptions. The task is to provide results of the modeling and characterization of runaway electrons produced during plasma disruption in ITER as well as to perform simulation of mitigation techniques for runaway electrons. The task consists of three subtasks. Although they all are related and complimentary to each other the individual subtasks might require somewhat different models and codes. Therefore, the subtasks can be granted to different contractors.
2 Background and Objectives

1.1 Massive Runaway electrons can be produced in ITER during plasma disruptions and VDEs. It is known from present experiments and previous modelling that energy deposition by runaway electrons can be localized and their loss can result in very high energy density on the First Wall (FW) [1-4] leading to local severe damage of the wall and Be dust production. To optimize design of the FW, address safety and machine protection issues, and develop runaway mitigation or suppression techniques it is necessary to characterize runaway electrons including the magnitude of their current, total energy, their energy spectra, and losses. Although runaway electrons generated during plasma disruptions are observed and studied in the present experiments the runaway electrons in ITER shall be generated in different regime where avalanche phenomena is dominant. In addition, magnetic energy of runaway current in ITER will be significantly higher then their kinetic energy which is opposite to the present experiments where magnetic energy is less then their kinetic energy. The later could result in different pattern of runaway loss and different dynamic of current quench. Therefore, modelling and simulation of runaway electrons in ITER shall be carried out with the aim to characterize runaway electron parameters in ITER and optimize means for their mitigation. 

1.2 There are a number of results already published [5-8] of calculations of runaway electrons in tokamaks with high current such as ITER. However, these results have been done for generic equilibrium and generic ITER type parameters. None of these previous results, however, use a detailed realistic description of the ITER first wall and there is concern that a concentrated beam of high energy runaway electrons localized on the first wall could lead to power fluxes in excess of the design values of some in-vessel components.  The purpose of this task is to have detailed calculations for most recent ITER reference scenarios, using the most recent detailed first wall design. The other goal is to carry out sensitivity study of RE to expected range of plasma parameters in ITER.

1.3 The Tenderer, awarded and having signed the Contract shall be denominated as the Contractor.

1.4 The duration of the Service Contract will be 12 months from the date of the signature by the last of the contracting parties, with the option of extensions to be agreed and defined by both parties. The ITER Organization explicitly reserves the right to decide whether or not to extend the Contract.

3 Scope of Work

This task is to provide results of the modeling of runaway electrons produced during plasma disruptions in ITER.  There are several aspect of formation and loss of runaway electrons that are addressed by the Task. The first subtask shall be characterization of runaway electrons and sensitivity study of their parameters to the ITER plasma parameters. This analysis shall be done for reference ITER scenario and expected range of ITER parameters. Analysis of effect of magnetic perturbations that can be applied to plasma by ITER ELM coils on runaway generation and loss shall be the second subtask. The goal of this subtask is to find critical amplitude of the perturbation which can suppress or mitigate runaway formation. And finally the third subtask shall be devoted to the modeling of runaway electron suppression techniques by massive gas or pellet injection with the aim to optimize them.

4 Estimated Duration

Starting date:
Signing of contract 

Completion date: 
12 months from the date of signature 

5 Work Description 

The task consists of three subtasks described below in the general terms.

5.1. Kinetic modeling of runaway electrons. Sensitivity study.

The scope of this subtask includes modeling of runaway electrons produced during Current Quench phase of plasma disruption. Calculations shall be done with fixed plasma boundary under assumption that control system can control plasma equilibrium with slowly decaying runaway current. Model must have a proper kinetic treatment of runaway electrons (toroidally symmetrical) in order to evaluate energy spectra of RE and should include relevant to ITER seed sources for avalanche of RE such as tritium decay, Compton scattering of -rays from activated wall on background electrons, and Dreicer acceleration of thermal electrons. Time evolution of the RE current radial profile for these three seed generation mechanisms should be calculated. Energy loss of RE electrons due to Synchrotron radiation shall be included. Parameters of background plasmas such as electron and ion temperature profiles, electron and impurity density profiles and their time evolutions and others shall be input parameters and shall be varied to study sensitivity to electron density, electron temperature, and impurity concentration. Resistive current profile shall be calculated self consistently. Eddy currents in the Vacuum Vessel shall be included in the boundary condition for electric field.  

Model should include radial diffusion (i.e. across magnetic surfaces) of runaway electrons with model diffusion coefficient as parameters.

Two reference plasma scenarios shall be studied: 1) inductive scenario with 15 MA current and 2) steady state operation scenario with 9 MA current. IO shall provide reference parameters for these scenarios and reference plasma equilibria.  

The results of the calculations shall be energy spectrum of runaway electrons vs time, time evolution of current profile. Results of sensitivity study to plasma temperature and electron density as well as impurity concentration. Results of sensitivity study to radial diffusion coefficient of REs including effect of radial diffusion of current profile and RE energy spectrum.  

5.2. Study effect of External MHD perturbations on runaway formation during plasma disruption.

Runaway electrons can be produced only if plasma has a “good” magnetic field structure with closed magnetic surfaces which is believed to occur during Current Quench. At the same time it is shown experimentally that application of resonance magnetic perturbations suppresses formation of runaway electrons. The goal of this subtask is to carry out analysis of RE formation during plasma disruption with external perturbations produced by ITER RMP coils. 

Kink mode structure in the plasma shall be calculated self consistently in linear approximation with the boundary conditions that correspond to ITER RMP coils. Generation and loss of runaway electrons shall be modeled by orbit following MC technique. The later shall include proper kinetic treatment of avalanche phenomena and ITER relevant seed sources as described in Subtask 3.1.1. The model shall include 3D magnetic field structure as described above. It is desirable to add an artificial radial diffusion coefficient for RE to allow electrons to penetrate a few closed magnetic surfaces if they exist under external perturbations. Sensitivity study to the diffusion coefficient has to be carried out.  Critical perturbed magnetic field should be evaluated for following cases, (i) RMP is applied pre-emptively and find the critical field to avoid the RE generation, (ii) RMP is applied to the existing REs and find the necessary field to suppress the existing REs (as a function of time duration of application).

It is desirable to validate the model against relevant experimental results on RE suppression by pre-emptive RMP.

The background plasma parameters and profiles shall be input parameters. Plasma equilibrium shall be with fixed boundary assuming that control system sustain plasma equilibrium. Plasma current profile shall include resistive current in the background plasma. Eddy current in the Vacuum Vessel shall be included in the boundary condition for electric field. The calculation shall be done for the reference inductive scenario with plasma current 15 MA.  IO shall provide 2D axisymmetric wall model.

The result of calculations shall be runaway current produced during disruptions and RE energy spectrum as function of amplitude of external perturbations. The results shall be also distribution of RE loss over the first wall and energy spectrum of lost electrons. 

5.3. Mitigation of runaway electrons by Massive Gas and Pellet injection

It is known that increase of electron density above a critical one will result in suppression of RE formation. Massive Gas (MGI) or Pellet (MPI) injection are considered candidates for fast density increase in ITER. Modeling shall be carried out in order to optimize MGI or MPI for suppression of runaway electrons and mitigation of heat loads on the FW.

The model shall include a self consistent treatment of plasma disruption including 2D plasma equilibrium, eddy and halo currents in the conducting structures, a simplified model for avalanche of runaway electrons, 1D power and particle balance model for background plasma, radiation model for impurity radiation (including re-absorption of radiation if important), linear stability analysis during evolution of the plasma current. 

It is desirable to validate models in the present experimental results on runaway production and loss including critical minimum q for thermal quench and other uncertain parameters. 

An alternative to MGI can be massive pellets injection. In this case gas is delivered in form of multiple frozen H/impurity pellets. Simulation of MPI should include model for pellet evaporation by plasma and runaway electrons in particle balance equations.  

Three different seed RE generation mechanisms, Dreicer, Compton scattering, Tritium decay, should be included in the model.

Difference in number of particles assimilated to the plasma for different gas species shall be evaluated from the difference in particle numbers to trigger MHD crash (cooling up to q=2 surface). 

Fraction of radiation energy dissipated and remaining energy carried by particles during the mitigation phase should be evaluated.

Current quench time shall be evaluated when RE generation is suppressed for various gas species. Reduction of halo current should also be evaluated.

Application of MGI and MPI both in pre-emptive way (before thermal quench) and to already existing RE plasmas should be calculated to derive RE avoidance and/or suppression conditions.

The results of the modelling shall be time evolution of runaway current and current profile, self consistent background plasma parameters, impurity radiation, stability of the current profile during evolution of equilibrium. Position(s) of plasma wall contact points during VDE and evaluation of local heat loads produced by runaway electrons. It is very important to investigate possibilities of formation of X-point during plasma evolution and as the result potential significant change of RE deposition profile and their grazing angle to the wall during their loss. The other important result shall be fraction of magnetic energy transferred to the kinetic energy of REs during disruption and plasma VDE vs plasma parameters. The results of the modelling shall be used for optimization of MGI and MPI for suppression of REs.

The present task description defines only the framework of the Task – General Task Description. Details of each subtask will be developed through communications between the corresponding Contact Persons.

The subtasks described above might require different models and codes. Therefore, the contract can be shared among different contractors willing to carry out one of the subtasks.

Depending on the preliminary results and on the current needs for the ITER detailed design, some variation in the specification of detailed calculations may be required during the course of the task. Frequent communications between the IO-TRO and the C-TRO are therefore envisaged to discuss and agree on details of the calculations and priorities. 

6 Responsibilities (including customs and other logistics) 

ITER:
ITER will provide the needed information and access to the adequate ITER files for executing this work when needed following the implementation plan.

Contractor:

The Contractor appoints a responsible person, the Contractor’s Responsible (C‑R), who shall represent the Contractor for all matters related to the implementation of this Contract.

The contractor will provide results according to the scope of the work outlined above and will fulfil the implementation plan and conditions of present contract. 

7 List of deliverables and due dates (proposed or required by ITER)

In each subtask, the deliverables are reports describing the statement of each problem, input data and approximations used in the studies and the results obtained. Intermediate reports will be delivered at approximately 4 months, 8 months, and 12 months from the date of signature of the contract. Details on deliverables and priorities of the subtasks will be agreed between the PT/DA Responsible Officer and the ITER Organization Task Officer. 

Three progress meetings will be organized as required to exchange information and to review the intermediate results of the task.    

8 Acceptance Criteria (including rules and criteria)

Quality plan shall provide work breakdown and list of check points at which ITER should review status of the work and make a decision for its continuation. ITER will also participate in reviewing the results of test and analysis. 

The Contractor shall submit a draft of the deliverables foreseen in the Scope at completion of the work.

The IO‑TRO shall review the deliverables and reply, within the time specified in the 15 following days, a commented version of the deliverables.

The Contractor shall perform all the necessary modifications or iterations to the deliverables and submit a revised version. 

Contract will be considered completed after ITER has accepted the last deliverable.

9 Specific requirements and conditions

In response to this call for tender the following shall be provided:

· Schedule of deliverables

· Cost breakdown

· Payment schedule

· Profile of key personnel involved in execution of the work activity

The official language of the ITER project is English. Therefore all input and output documentation relevant for this Contract shall be in English. The Contractor shall ensure that all the professionals in charge of the Contract have an adequate knowledge of English, to allow easy communication and adequate drafting of technical documentation. This requirement also applies to the Contractor’s staff working at the ITER site or participating to meetings with the ITER Organization. 

Documentation developed shall be retained by the contractor for a minimum of 5 years and then may be discarded at the direction of the IO. The use of computer software to perform a safety basis task activity such as analysis and/or modelling, etc shall be reviewed and approved by the IO prior to its use, it should fulfil IO document on calculation code for safety analysis.

The work shall require the presence of the Contractor’s personnel at the site of the ITER Organization, Cadarache, 13108 St Paul-lez-Durance, France, for short time, for the purpose of meetings and data gathering. 

For all deliverables submitted in electronic format the Contractor shall ensure that the release of the software used to produce the deliverable shall be the same as that adopted by the ITER Organization.
10 Work Monitoring / Meeting Schedule

Contractor shall also propose a list of meetings with ITER for progress monitoring in agreement with schedule proposed in § 4. At least the following meetings should be foreseen.

	Scope of meeting
	Point of check/Deliverable
	Place of meeting

	Kick-off contract
	Work program


	Contractor site, ITER site, or video conference

	Progress meetings 
	Checking progress

Submission of first report
	Contractor site or ITER site or video conference

	Semi-final progress meeting
	Checking progress Submission of 2nd report
	Contractor site, ITER site, or video conference

	Closing contract meeting

Contract completion
	Checking final report
	ITER site or video conference


11 Quality Assurance (QA) requirement

Prior to commencement of any work, a Quality Plan must be provided to IO for approval. This is a separate document which comprises: 

1) a workplan with proposed timeschedule and agreed preliminary dates for progress meetings,

2) a statement of those involved in the activity and their approximate role and contribution in time,

3) a statement of what work will be subcontracted and who will responsible for checking this.

12 References / Terminology and Acronyms

In the following table denominations and definitions are given of all the actors, entities and documents referred to in this Specification, together with the acronyms used in this document.

	Denomination
	Definition
	Acronym

	ITER Organization 
	For this Contract the ITER Organization
	IO-

	ITER Organization Responsible Officer
	Person appointed by the ITER Organization with responsibility to manage all the technical aspects of this contract
	IO‑RO

	Contractor 
	Firm or group of firms organized in a legal entity to provide the scope of supply. 
	C‑

	Contractor’s Team 
	The Contractor plus all the sub‑contractors/consultants working under its responsibility and coordination for the performance of the contract
	C‑Team

	Contractor Responsible 
	The person appointed (in writing) by the legally authorised representative of the Contractor, empowered to act on behalf of the Contractor for all technical, administrative legal and financial matters relative to the performance of this contract
	C‑R

	ITER Organization Task Responsible Officer 
	Person delegated by the IO‑RO for all technical matters, but limited to one specific task order
	IO‑TRO

	Contractor Task Responsible Officer 
	Equivalent to the IO‑TRO in the Contractors team. 
	C‑TRO
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