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On the road toward fusion energy, ITER is the first fusion facility which will have enough radioactive inventory to be potentially dangerous for the public and the environment. As such, ITER has a licensed nuclear facility status and its operator, ITER Organization, has to define technical, organizational and human provisions such as to prevent or adequately limit the risks of accidents as well as the disadvantages (exposure to ionizing radiation, environmental releases and waste) that the facility presents.

All the facilities which will be created after ITER, in order to develop fusion energy (DEMO...) then to use it (PROTO…), will clearly also be facilities for which the nuclear safety aspects will have to be taken into account. This paper describes the safety characteristics of fusion facilities, the state of progress of the ITER safety demonstration regarding these characteristics and their possible evolutions for the facilities succeeding ITER on the road to fusion energy.

Introduction

Due to the quantities of radioactive substances used, greater than never before, the ITER facility is the first fusion facility using magnetic confinement to require a construction license. Its construction license was issued by the French government in 2012, following a detailed examination of the provisions adopted by the operator to prevent or adequately mitigate the risks and disadvantages it presents. Assessment of these provisions was performed by the French "Institut de Radioprotection et de Sûreté Nucléaire" (IRSN) at the request of the French regulator "Autorité de Sûreté Nucléaire" (ASN).

All the facilities which will be created after ITER in order to develop fusion energy (DEMO...), then use it to produce electricity (PROTO…), will clearly also be facilities for which nuclear safety aspects will have to be taken into account.

This paper aims to present the main safety characteristics of fusion facilities, the state of progress of the ITER safety demonstration regarding these characteristics and their possible evolutions for the facilities succeeding ITER on the road to fusion energy.

Safety characteristics of fusion facilities 2.1 General context

The general safety concept of fusion facilities is based on the nuclear safety concepts of facilities with radioactive inventories, in particular of current power reactors using fission. However there are specific differences in their implementation due to the physical and technological characteristics of fusion installations.

The quantity of radioactive materials of a nuclear power plant (NPP) fission reactor is quite significant. This quantity for an equivalent fusion reactor is much smaller. Two types of radioactive substances are found in a nuclear fusion facility, the tritium and the activated materials. Their radiotoxicity is altogether lower by several orders of magnitude than in fission reactors.

Therefore, the theoretically possible maximum releases (around 1 kg of tritium for ITER) from a fusion facility would result in doses several orders of magnitude lower than those for hypothetical worst-case scenarios of a NPP fission reactor. However, the doses to the public would be in the order of one Sievert, making its evacuation necessary within a large perimeter around the installation. And thus, to prevent such releases, a fusion facility needs, just like a fission reactor, to implement a safety concept.

While fission facilities, based on operational experience, use proven technologies and qualified materials as well as validated calculation methods for their safety demonstration, there has only been minor operational experience available to design ITER, since it is the firstof-a-kind nuclear fusion facility. Also, the specific technologies required for fusion are out of the scope of fission engineering (very large vacuum vessels, high magnetic fields enfolding large volumes).

While the largest part of the inventory in a NPP fission facility is stored inside the fuel rods, the inventories of radioactive materials within a fusion facility are not concentrated locally but found in several large buildings (the tokamak building, the tritium building, the hot cell building and the radwaste building).

Tritium is mostly found in its gaseous state (T2), diffusing easily through seals and certain materials, but also in tritiated water (HTO), which is often corrosive for the equipment involved. So, tritium, which is fortunately not very radiotoxic, can be easily mobilized in case of an accident and be released into the environment.

As for the activated materials, they are mainly in a solid form and thus difficult to mobilize in case of an accident. The rest of them, being the active dust produced and accumulated in the vacuum vessel and the activated corrosion products accumulated in the cooling loops, can also be mobilized.

State of progress for ITER

Under French regulation, ITER is classified, same as nuclear power plants, in class 1 (out of 3) of the nuclear facilities classification for their importance of risks and disadvantages. The authorized operating domain is limited by a quantity of tritium in the whole facility less than or equal to 4 kg, a quantity of tritium in the vacuum vessel less than or equal to 1 kg and a mass of dust in the vacuum vessel less than or equal to 1,000 kg.

Thanks to the safety provisions implemented in ITER, the release in case of accident would result in doses to the public no less than about 5 millisieverts, making protective measures unnecessary (no sheltering, no evacuation).

Considerations for the future fusion facilities

The future fusion facilities should be self-sufficient in tritium. They should have a significantly longer operating time and a higher fusion power for electric power generation compared to ITER. This could increase the inventory of radioactive materials and thus involve more significant nuclear safety and radiation protection issues than the ITER facility. Nevertheless, the consequences of accidents should not lead in all cases to protective measures for the public, because that is what is more and more expected from the public and requested as well by the safety authorities in the future. The future fusion facilities should benefit from the safety demonstration of ITER and the lessons learned from its operation.

Hazards

Most of the hazards to be considered that may affect a fusion facility are well known. Among these classic hazards, it is necessary to underline the particular importance of explosion, because of the presence of hydrogen isotopes and dusts. In addition, some hazards specific to nuclear fusion facilities are to be considered, such as plasma physics events and magnetic system failures.

State of progress for ITER

The regulator and the IRSN have been involved from the very beginning of the ITER project and the licensing was done without delay on the project.The ITER construction license application was accompanied by a file containing a "preliminary safety report" describing the facility and outlining the provisions to manage hazards. The preliminary designs for the "tokamak building" equipment were consistent at this stage of the creation of a facility but they were incomplete for equipment in the "tritium building", the "hot cell building" and the "radwaste building". The regulator has requested a new, more comprehensive version of preliminary designs for the equipment in these three nuclear buildings. The design studies for the transfer cask system (which is intended to carry out highly radioactive equipment between the tokamak building and the hot cell building) are also requested.

While some equipment, and their associated safety requirements, were classic and well-known, others were unusual. For these, the safety requirements adopted by the operator were considered acceptable but the regulator requested the associated demonstration.

Considerations for the future fusion facilities

The future fusion facilities would have new equipment or new safety requirements due to evolutions of the concept (cooling with helium for example). The involvement of the regulator from the very beginning is advisable.

Confinement of radioactive materials

The confinement of radioactive materials in fusion facilities is, as for other nuclear facilities, relying on a set of physical barriers and dynamic systems.

Depending on the building, there are, mainly 2 static barriers, and sometimes 3 barriers. The static barriers are the usual ones (processes, cells, glove boxes, building) except in the tokamak building. Indeed, the first static barrier is the vacuum vessel and its extensions, and it is a very complex zone due to a large collection of systems (cooling, heating, diagnostic, fueling…) that penetrate the vacuum boundary.

Moreover, this first barrier is surrounded by equipment carrying high energy and they could challenge it. The main energies are the plasma energy, the magnetic energy, the thermal energy from the cooling systems, the energy released in the event of an explosion of hydrogen isotopes or a dust explosion, the cooling energy from the system that supplies liquid helium and the energy from activated materials.

So, this first barrier can be challenged by a full range of off-normal events or combination of off-normal events. Thus, a fully comprehensive set of load combinations have to be taken into account in the design of this first barrier. In addition, the code and standards developed for fission facilities are not adapted to certain materials or loads.

For the events which would lead to lose this first barrier, consequences into the environment are limited, thanks to the second barrier, which consists, in the tokamak building, of the rooms surrounding the tokamak, and the associated detritiation system. To design the different rooms of this building, here again, a full range of offnormal events or combination of off-normal events have to be defined for their design.

The concept of the dynamic system is mainly based on the use of scrubber columns to reduce the release of tritium to the environment. At this scale, the concept of this detritiation system is very new.

State of progress for ITER

The design of ITER containment systems relies on rooms with a rather substantial leaktightness. To be sure that the expected level of leaktightness has been reached, the regulator has requested first, to measure, at commissioning, the leak rate in these premises and then, to ensure that these leaktightness levels are maintained throughout operation.

The ITER detritiation systems clean the air with a 99 % efficiency, and 90 % in case of fire. The regulator has requested to demonstrate these expected efficiencies and to ensure that no accident situations may cause ambient conditions or chemical emissions that could significantly reduce these efficiencies.

The basemat of the tokamak complex is part of the second confinement barrier. The tokamak was initially supported vertically by 18 metallic columns embedded in this basement. This design has been considered by the regulator as not optimal, considering the flexion strains on these metallic columns induced by the cryostat thermal deformations and the needed margins. In 2014, a new design with a concrete crown has been approved.

Considerations for the future fusion facilities

For these facilities, the first barrier of the tokamak will be a little less complex. Indeed, to produce more tritium than the reactor consumes, the surface area covered by the tritium breeding blankets should be as large as possible. As a result, the vacuum vessel should have fewer penetrations.

Ionising radiation exposure

As no entrance is allowed within the tokamak building during plasma operation, the main potential sources of occupational radiation exposure are during maintenance activities. Exposure is minimized by classic shielding and access control but also by choosing reduced activation materials and using remote handling, such as the automated transfer casks.

State of progress for ITER

Operating the ITER facility is characterised by relatively short experimental campaigns separated by long maintenance periods. During design, the optimisation work had adopted individual internal dose targets close to zero, a mean individual dose of 2.5 mSv/year, with a maximum individual dose of 10 mSv over a year and an annual collective dose of 500 person.mSv. The regulator has considered that detailed projected assessments of operational doses will be necessary to demonstrate that these objectives would be reached.

As the automated transfer casks cannot be shielded, there must be no access to the zones concerned by the transfer of vacuum vessel internal components. The regulator has considered that the robust nature of the access control design for these no-go zones would have to be demonstrated.

Considerations for the future fusion facilities

Due to plasma operating times much longer than for ITER and to higher fusion power, the ionising radiation exposure risks for operators of future fusion facilities would be greater. Moreover, activation of tritium breeding blankets could be, depending on the type of blanket, an additional important source of radiations.

On the other hand, maintenance periods should be very short compared to ITER. Future facilities would also use, like ITER, a high level of robotized maintenance and reduced activation materials.

Residual heat removal

Same as in a fission nuclear facility, a residual heat generation in a fusion nuclear facility is not stopped completely after shutdown but will continue and decrease exponentially for the time after. This heat generation is due to the radioactive decay of the activated materials. Cooling systems evacuate this residual heat.

State of progress for ITER

For the ITER facility, there is relatively little residual heat to remove (11 MW at plasma shutdown and 0.6 MW after one day). The internal structures of the cryostat are at very low temperatures. In the event of failure of all the cooling systems, the temperature rise in the tokamak structures would be slow, especially since air in this situation would enter into the cryostat and slow down this rise in temperature. It would take about four months for the temperature of the divertor to, due to the residual heat, become high enough to cause failure of its cooling system and consequently cause water ingress into the vacuum vessel. There could then be a large proportion of dust sufficiently hot to be oxidized by water and produce a significant amount of hydrogen in the vacuum vessel. Then, a hydrogen or dust explosion in the vacuum vessel would release tritium and dust into the environment. However, due this 4-month length of time, the residual power dissipation is not considered as a safety function for ITER.

Considerations for the future fusion facilities

For future fusion facilities, the residual heat would be much greater than for the ITER facility, due to the longer operating times with plasma and a greater fusion power, even if the use of reduced activation materials will reduce this residual heat.

The safety consequences of a total loss of tokamak cooling systems need to be evaluated, in particular regarding the tritium breeding blankets. If the evaluation shows that the impact on safety is significant, the decay heat removal becomes a safety function. It is then necessary to design cooling systems for which the probability of loss is inversely proportional to the seriousness of the safety consequences of such loss.

As for the blanket sectors, due to their expected size in the future fusion facilities, their residual heat could be significant. Again, the safety consequences of a loss of their cooling systems need to be evaluated in order to determine if their residual power evacuation is or is not a safety function during their transfer from the vacuum vessel to the hot cells or when stored in these cells.

Disturbances of plasma

The plasma is subject to various types of instability. Small-scale instabilities lead to turbulences similar to that observed in a fluid. Large-scale instabilities affect the plasma as a whole resulting sometimes in plasma completely losing its magnetic confinement. This sudden plasma termination, called "disruption", can also happen after a loss of plasma control, following an event external to plasma (sudden increase of fueling, of heating…).

When a disruption occurs it causes physical phenomena (thermal shocks, electron beams, eddy currents, etc.) which have definite consequences (electromagnetic loads in the vacuum vessel internal components and in the vessel itself, production of dust from the first wall of the blanket) or lead to a risk of water leaks due to electron beams. The design of the vacuum vessel, which is the first confinement barrier, must take into account the electromagnetic loads that the most severe disruptions can produced. The definition of the most severe disruptions is thus of a great importance. It is done on the basis of theoretical studies and on feedback from existing and past tokamaks and taking into account margins.

State of progress for ITER

The regulator has considered that the most severe plasma malfunctions had to be completed by taking into account all the predictable cases such as loss of plasma control, plasma radial instabilities and efficiency of the fusion power termination system. The relevant studies have been recently received by the regulator.

Considerations for the future fusion facilities

To obtain a good control of plasma stability without any particular limitation in duration, the plasma control system in the future fusion facilities will be much more developed than for the ITER facility. Therefore, its possible types of malfunction will be more numerous and different from those considered for the ITER facility. Furthermore, cases of malfunction of the disruption mitigation systems, in particular the consequences of a spurious trip of these systems, should be taken into account.

Explosion

Dusts are produced during normal operation as a result of plasma-wall interaction and they accumulate in the vacuum vessel. A part of the tritium and deuterium introduced into the vacuum vessel to produce fusion reactions is adsorbed onto the first wall of the vacuum vessel internal components. In the event of water ingress into the vacuum vessel, hydrogen is produced by oxidation of dust by water.

Hydrogen isotopes can be easily ignited by a small ignition source. As for dusts, they can explode if there is a rather high ignition energy. The energy delivered as a result of the hydrogen isotopes combustion might be enough to ignite the dust. Thus, in case of water or air ingress into the vacuum vessel, an explosion of hydrogen or dusts could occur. Even if the quantities of dusts and tritium are limited, the vacuum vessel's design pressure being relatively small, these would affect the confinement of the vacuum vessel or its extensions.

Outside the vacuum vessel, the hydrogen isotopes and dusts are distributed in the rooms in small quantities, not enough to endanger the confinement in case of explosion. However, several rooms could contain significant quantities of hydrogen isotopes or dusts and, for these, explosion hazards have to be considered.

State of progress for ITER

Regarding the explosion hazard due to the presence of hydrogen isotopes and dust into the vacuum vessel, the operator initially considered that:

-in case of air ingress, the combustion of part of the hydrogen isotope inventory would, in the worst situation, lead to localized pressures of 200 kPa, thus not endangering the vacuum vessel integrity ;

-in case of water ingress, hydrogen isotopes and dusts would be transferred into the tank of the vacuum vessel pressure suppression system (VVPSS) and their explosion would not be significant enough to endanger the integrity of this tank.

This was not considered as acceptable by the regulator mainly because, for the air ingress, the mobilization and explosion of dust have not been taken into account and, for the water ingress, the quantity of hydrogen produced by oxidation of the dust has been under estimated.

New studies has been delivered by the operator and evaluated with the modification of the VVPSS. It is now considered that the analysis of the hazard of explosion into the vacuum vessel has been improved. However, due the complexity of the phenomena in question (desorption of tritium, possible localized concentration of hydrogen isotopes, mobilization of dusts), it is already considered insufficient to completely eliminate the risk of an explosion affecting the confinement of the vacuum vessel or the VVPSS.

Considerations for the future fusion facilities

On the basis of current knowledge, the limitations adopted by the ITER operator on the quantities of tritium (1 kg) and dust (1,000 kg) in the vacuum vessel could be reached after one or two years of operation, i.e. after 100-200 hours of operation with plasma. After that, thermal desorption operations would have to be performed to reduce the quantities of adsorbed tritium and cleaning operations to reduce the quantities of dust as well.

For future fusion facilities, where operating times with plasma are much longer, limitations identical to those adopted for the ITER facility would require frequent shutdowns, incompatible with the desired availability rates.

If the designers adopt the same limitations, they will need to put forward provisions to reduce adsorption of tritium on the structures and dust creation, or to reduce the time it takes to detritiate the vacuum vessel and remove dust.

The designers may also examine and adopt other choices regarding these limitations (on the quantities of tritium and dust in the vacuum vessel) and show that, with these new limitations, the consequences of accidents, in particular air ingress into the vacuum vessel followed by an explosion of hydrogen isotopes and dust, would be acceptable, given the design provisions adopted elsewhere.

Magnetic system failures

Due to the huge magnetic fields, the coils are superconducting. In the event of loss of superconductivity (for example in case of a leak of helium from the coils cooling system), the conductor status changes from superconducting to normal conducting. To avoid overheating, the stored magnetic energy is discharged from the coil by a fast discharge circuit. The current discharge involves electromagnetic loads in the vacuum vessel and its internal components.

If an electric arc happens (for example after an uncontrolled loss of superconductivity), a high current can propagate within and around the coil and cause damage.

In case of a short circuit, the induced forces in the coils are greater than forces in normal operation and local deformations may occur.

State of progress for ITER

The design of the fast discharge circuit provides a redundancy and relies on switches of different technology. It has been considered as robust.

The regulator requested that the estimated level of damage and of local deformation be confirmed in case of electric arc or short-circuit. The relevant studies have been received by the regulator.

Considerations for the future fusion facilities

For future fusion facilities, the magnetic energy of the toroidal field coils could be significantly higher than in those of the ITER facility. The design is still to be studied in order to avoid loss of integrity of the vacuum vessel in case of a magnetic system failure.

Aircraft crash

On this matter, international practice is that the safety of nuclear facilities, in particular regarding confinement of their radioactive materials, must be assured in case of a plausible aircraft crash. However, the application of this general principle is different from one country to another.

State of progress for ITER

For ITER facility, the probability of general aviation aircraft crash is higher than 10 -7 /year. In this case, the French regulation requests to design the nuclear buildings to withstand a CESSNA 210 or LEARJET 25 C crash. The ITER tokamak is protected by a cover slab.

Considerations for the future fusion facilities

For some future fusion facilities, designs may plan vertical penetrations to extract blanket sectors or halfsectors. So, for these, a cover slab to protect the tokamak could be difficult to set up. Moreover, the regulation may evolve, the general orientation nowadays being to adapt the provisions according to the consequences rather than to the probability.

Accidents

The identification of potential accidents in a nuclear facility is essential to determine the loads to be taken into account in the design of equipment and buildings, and to evaluate the consequences of these accidents.

It is a particularly difficult task for a nuclear fusion facility because a tokamak is a complex and dense zone in equipment stored large energy sources. As a consequence, this specific configuration implies that:

-many different kind of events can happen: plasma disruption, magnetic discharge, water, air or helium ingress into vacuum vessel or cryostat, explosion of hydrogen isotopes or dusts…. but also fire, earthquake etc.

-an event is likeky to directly or indirectly lead to one or several further events.

Moreover, as for other nuclear facilities, accidents:

-have to be divided into several categories according to their estimated occurrence, including the category of the excluded accidents. The accidents which lead to emergency conditions (widespread fire, etc) must be identified ;

-must be studied, taking into account the most penalizing failure of an important safety component required, independently of the initiating event in question ;

-must consider plausible combinations of initiating events and events more severe than those initially determined (extreme earthquake, extreme flooding, etc.

).

The identification of potential accidents that could happen in other buildings than the tokamak building cannot be overlooked because the quantities of radioactive substances released could be rather important.

State of progress for ITER

10 design-basis accidents and 12 beyond-design-basis accidents were studied by the ITER facility operator. Technical discussions during examination of the preliminary safety report led to the operator modifying certain accident scenarios and studying a few more.

The regulator has considered that the list of accidents leading to emergency conditions needs to be completed and that the excluded accidents (uncontrolled fire in a radioactive substances storage, a sudden drop of lift with a nuclear load or a major exposure of workers to ionizing radiation) have to be justified. Most of the studies have been received by the regulator.

Considerations for the future fusion facilities

For the future fusion facilities, the types of accidents to be considered would almost be identical to those adopted for the ITER facility. However, the likelihoods of occurrence and the consequences could be significantly different, in particular due to the greater quantities of radioactive materials or energy involved. Furthermore, given the increased complexity of such facilities, it is possible that other types of accident may need to be studied (drop of a sector or half-sector during its removal from the vacuum vessel…).

Releases under normal operation

As for all nuclear facilities, for a fusion nuclear facility the release limits requested for gaseous and liquid effluents have to be justified. It has to be demonstrated that these limit values have been evaluated on the basis of the best available techniques, under technically and economically acceptable conditions. And the radiological impact of the releases for the public and the environment has to be estimated.

For a nuclear fusion facility, the radiological impact of the releases during normal operation is largely due to discharge of tritium under gaseous form.

State of progress for ITER

The annual gaseous releases from the ITER facility should not exceed 2.5 g of tritium in years of heavy maintenance (long-term shutdown to change the divertor) and 0.6 g of tritium for other years.

During the years of heavy maintenance, tritium release will be mainly due to the degassing of internal components in the vacuum vessel during the long period when it is open and in the hot cells. The release estimates stated above assume that a thermal desorption operation will be performed before opening the vacuum vessel in order to greatly reduce the quantities of tritium present. For the years without heavy maintenance, two-thirds of the tritium release will come from the Tritium Recuperation System (TRS), whose role is to recover most of the tritium present in the activated dust and tritiated intermediate-level long-lived waste from the vacuum vessel internal components.

As for liquid effluents containing tritium, they will mainly come from very slightly tritiated liquid effluents produced by the air detritiation systems and from the treatment of water from the cooling systems. The tritium concentration in these effluents is too low for them to be treated by the Water Detritiation System (WDS), which recover tritium for reinjection into the fuelling system.

The maximum radiological impact due to radioactive liquid and gaseous effluents is assessed to be around 2.3 µSv/year.

Considerations for the future fusion facilities

Long-term shutdowns may not be needed for future fusion reactors, and this would be positive to reduce the gaseous release. However, on the other hand, there will be a greater quantity of tritium and a larger number of release paths and that is not in favour of limiting these releases. The new release paths are the breeding blanket cooling circuits, the waste detritiation equipment and the transfer operations of in-vessel components between the vacuum vessel and the hot cells.

Moreover, future facilities may contain numerous rooms fitted with air detritiation systems as well as large volumes of cooling water. A higher number of air detritiation systems and a greater volume of water detritiation systems are also not in favour of limiting releases of liquid effluents into the environment.

Waste

As for other nuclear facilities, measures must be taken at the design stage in order to limit the volume and the radiological, chemical and biological toxicity of the waste produced and then, by reusing and reprocessing the waste produced, to reduce the size of the repository dedicated to ultimate waste. Fusion facilities produce radioactive waste, particularly activated and/or contaminated by tritium. The specific features of waste in nuclear fusion facilities are that there is no high-level long-live waste and that part of it will contain significant quantities of tritium.

State of progress for ITER

Part of the waste from the ITER facility will contain quantities of tritium that will be too high for it to be directly sent to waste repositories in France. Thus, it is currently planned that they be stored for approximately 50 years, in the planned INTERMED facility, to reduce those quantities of tritium via radioactive decay.

Considerations for the future fusion facilities

Waste produced by the future fusion facilities is likely to be more tritiated than that produced by the ITER facility. This could bring designers to add specific detritiation equipment (thermal furnace, melting furnace, incinerator, etc.). Furthermore, tritium breeding blankets, depending on the type adopted, could be a source of waste different from that in the ITER facility. In any case, waste management for the future fusion reactors will highly depend on the host country's general policy in the matter (recycling, clearance, waste management routes, etc.).

Conclusion

There are specific differences in the implementation of the nuclear safety concepts between fusion facilities and other nuclear facilities.

The safety demonstration for the ITER facility, the first of its kind, still needs additional studies.

All the facilities which will be created after ITER will raise even more significant nuclear safety and radiation protection issues. If not properly addressed, they could be an obstacle (in terms of delay or additional cost) or a stop (no licensing) on the way to fusion energy. Whereas if perfectly mastered, it may turn out to be benefit for fusion power compared to other choices.