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ABSTRACT 

Leading fusion energy research institutions are currently 
engaged in the Engineering Design Activity for the 
International Thermonuclear Experimental Reactor (ITER). 
A tokamak reactor design is evolving which emphasizes high 
system performance in a minimum overall reactor and 
building size. The resulting high component density dictates 
careful attention to ITER remote maintenance considerations 
in the development of the configuration. The complexity and 
scale of ITER remote maintenance tasks are well beyond the 
scope of today's experience and technology. This paper 
discusses the remote maintenance philosophy, describes the 
ITER configuration as it relates to maintenance, and describes 
the basic procedures and equipment required. Key enabling 
technology research and development needs are also 
addressed. 

INTRODUCTION 

In joint cooperation, the governments of the European 
Union, Japan, the Russian Federation, and the United States 
are designing the International Thermonuclear Experimental 
Reactor (ITER). A major fusion energy experiment based on 
tokamak hot magnetic confinement, ITER is approximately 
2 years into a 6-year design phase known as the Engineering 
Design Activity (EDA). Following joint approval toward the 
end of the EDA, the construction of ITER will commence at 
a location yet to be determined. Initial operation is currently 
scheduled for the year 2005. 

Shown in Fig. 1 is the reference configuration1 of major 
components proposed for ITER. The reactor is approximately 
30 m in diam by 22 m high and has a nominal power capacity 

Fig. 1. ITER core components configuration. 
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of 1.5 CW for up to 1000-s hum intervals. A torus-shaped 
vessel provides the primary vacuum boundary necessary for 
plasma operation and purity and also provides the containment 
houndry for the deuterium-tritium fuel. The plasma is shaped 
and controlled within the vacuum vessel by magnetic fields 
generated by the superconducting toroidal Held (TF) and 
poioidai field (PF) coils. The central solenoid heats the plasma 
by inducing an electrical current up to 24 MA in die plasma. 
ITER nuclear components (i.e.. the divenor and blanket/shield 
assemblies) are contained within die vacuum vessel and serve 
to remove heat and shield other reactor components from 
the intense neutron flux. An external vacuum vessel, known 
as the cryostat, provides an evacuated enclosure for the liquid 
helium-cooled superconducting magnetic field coils and is 
approximately 45 m in diam (see Fig. 2). Auxiliary reactor 
systems and services interface with the reactor's vacuum 
vessel through a series of ports that penetrate the wall of the 
cryostat. 

Table I summarizes the weights of major reactor 
components. It is obvious that ITER is a substantial 
extrapolation in physical size compared to present fusion 
research facilities and, in turn, presents major challenges in 
the remote handling area. 

Fig. 2. ITER facility elevation view. 

From the very early stages of ITER operation, the entire 
reactor and, to a lesser extent, the auxiliary systems will 
become sufficiently neutron activated to preclude human 
access for maintenance or modification to the reactor. From 
this time on, the maintenance and/or modification of 
components located within the cryostat must be performed 
remotely. This fundamental requirement presents many 
technical challenges and strongly affects the basic layout and 
configuration of the reactor and the facility. Table D presents 
an estimation of the range of radiation dose rates I d after 
shutdown. 

REMOTE MAINTENANCE REQUIREMENTS AND 
DESIGN APPROACH 

Two key design requirements for ITER are to (1) have a 
reactor thai is fully remotely maintainable widi provision for 

hands-on maintenance wherever possible and (2) maintain 
components widi short lives or high failure rates in a relatively 
quick manner with as little disturbance as possible to the 
reactor's internal and external environment. These 
requirements influence not only the design of the components 
but also their integration into the reactor. 

The approach to the design of ITER components differs 
according to die function of the component and its impact on 
the availability of the reactor. Components that require 
frequent maintenance are optimized in remote handling design 
to minimize maintenance downtime. Plasma facing 
components, which include upper areas of die divertor 
assembly and a 5-mm-thick beryllium coating bonded to die 
surfaces of the blanket/shield assemblies, are good examples 
of such components. The conditions under which they operate 
are severe and not yet well defined and, as a result, are 

Table I. Weight of major reactor components. 

Reactor component Number of pieces Approximate weight per piece (t) 
TF coil witfi vacuum vessel sector (15°) 

Central solenoid/bucking cylinder assembly 

Poioidai field coils 

Blanket/shield modules 

Divertor modules 

24 

1 

6 

120 

120 

700 
2500 

300 to 750 

30 to 65 

6 



Table II. Shutdown radiation dose rates at various 
locations. 

Position Dose rate (R/h) 

First wall and blanket 

Vacuum vessel 

Cryostat 

| 0 7 - 1 0 6 

10 6 - 10 5 

10 5 - 10 3 

susceptible to unforeseen damage. Maintenance of plasma 
facing components must therefore be anticipated and 
performed in a relatively short time. 

Major components of the reactor, however, such as the 
TF and PF coils and the vacuum vessel, will be installed on a 
near-permanent basis. Remote repair or replacement of these 
components must be achievable although, in this case, it is 
accepted that a major shutdown of the reactor will be required. 

Auxiliary systems such as some diagnostics systems may 
not be essential for operation and, if necessary, maintenance 
may be delayed until an appropriate time. This is especially 
true for components located in the ex-vessel region of the 
cryostat since they require an outage of at least several months 
to effect repairs. Warmup of the coils and opening of the 
cryostat with a subsequent closing and pump down and coil 
cool down are estimated to add an additional 4 months to the 
shutdown schedule. 

The design and availability of the maintenance equipment 
also depends on the nature of the component concerned. For 
example, the maintenance equipment design will be heavily 
influenced by the requirement for speed and reliability during 
the operational phase of the reactor and, in many cases, the 
equipment must be available during the construction phase. 

There are two important reasons to have remote handling 
equipment and tools available during the construction phase. 
First, this equipment will perform the hands-on assembly of 
many components and will test the maintenance equipment 
and repair procedures. Second, the initial assembly will 
provide a unique opportunity to test and verify important 
discrete steps of major maintenance procedures under true 
operating conditions. The extent of remote handling 
verification during initial assembly will partially depend on 
the limitations of mock-up test programs during die EDA 
and construction phases. 

REMOTE MAINTENANCE CLASSIFICATION OF 
COMPONENTS 

Based on their anticipated maintenance requirements, 
components are classified into four categories for the purpose 
of developing the design requirements related to remote 
maintenance. Examples of component classifications are 
listed in Table in with a summary of the general maintenance 
operations involved. Gass I components require relatively 
frequent maintenance because of short life or high failure 
rates. Gass 2 components may require a few changeouts 
during the life of ITER. Oass 3 components should have a 

Table III. Major component classification and maintenance operation. 

Classification Examples of components Maintenance operation 
Class 1: Frequent maintenance 

Class 2: Infrequent maintenance 

Class 4: No remote maintenance 

Plasma facing components 

Divertor 

Blanket/shield 

Class 3: Maintenance in the event of failure Magnetic field coils 

Vacuum vessel 

Power supplies 

In-vessel inspection and repair 
In-vessel replacement 
In-vessel inspection and repair 
In-vessel replacement 
Ex-vessel module replacement 

In-vessel inspection and repair 
In-vessel replacement 
Ex-vessel module replacement 

In-vessel inspection and repair 
Ex-vessel replacement 
In-vessel inspection and repair 
Ex-vessel sector replacement 

Hands-on access 



very low probability of replacement during the life of ITER. 
Class 4 components require no remote maintenance. 

Plasma facing components and the divertor modules are 
categorized as frequent maintenance (Class I) components 
due to the severe conditions of heat and radiation in which 
they operate. The blanket/shield assembly is categorized as 
an infrequent maintenance (Class 2) component based on 
damage risks and the potential changeout to a tritium-breeding 
blanket during the operating life of ITER. The 
superconducting magnets, categorized as Class 3 components, 
will be designed for the life of the reactor but must be 
replaceable due to the critical nature and reliability 
uncertainties of the technology. The vacuum vessel is also 
categorized as a Class 3 component since a section must be 
disassembled and removed with a TF coil. 

REMOTE HANDLING SYSTEMS AND 
MAINTENANCE TECHNIQUES 

Class 1 Components 

Maintenance of components located inside the vacuum 
vessel will be performed with a remote handling system 
consisting of a transporter (boom or rail-mounted vehicle) 
equipped with viewing systems and various end effectors, 
including a dexterous servomanipulator. This system is stored 
outside of the cryostat during reactor operation and is 
deployed during maintenance campaigns. It uses four main 
horizontal ports of the vacuum vessel for entry and component 
transfer. A rail-mounted vehicle concept is illustrated in 
Fig. 3. 

Special end effectors and remotely operated tools will 
be employed to maintain plasma facing components by 
replacement or in situ repair. Exact maintenance techniques 
are yet to be determined. Maintenance of the beryllium 
coating of the blanket/shield assemblies will likely be 
performed in situ. A candidate repair technique involves 

Fig. 3. Rail-mounted vehicle for in-vessel remote handling. 

rebuilding the eroded or damaged sections using a plasma 
spray deposition. This process would position and control a 
plasma spray gun as a special end effector of the in-vessel 
remote handling system. If developed for these purposes, the 
plasma spray process may also be used to repair surface 
damage to the di venor mounted vanes, which consist of solid 
beryllium plates brazed to the divertor module's upper 
structure. 

The divertor is divided into 24 sectors with 5 modules 
per sector. Significant divertor wear or damage requires the 
replacement of the affected modules. Divertor modules are 
handled and removed through the vacuum vessel pumping 
duct, as illustrated in Fig. 4. Replacement is performed using 
a specialized remote handling system entering the duct from 
outside of the cryostat. The operation requires the removal 
and reinstallation of the divertor's water cooling pipes that 
feed through the pumping duct The stainless steel pipes must 
be cut for removal and rewelded during the installation steps. 
The remote handling system and pipe cutting and welding 
equipment concepts are being developed at this time. 

Remote handling systems entering the reactor's vacuum 
vessel through either the main horizontal ports or the lower 
pumping ducts will do so through port extensions in the 
cryostat wall so cryostat vacuum and temperature can be 

Fig. 4. Divertor module removal path. 



maintained. This is an important consideration for Class I 
maintenance operations since opening the cryostat would add 
several months to the shutdown schedule, as previously 
discussed. In-vessel remote handling operations are 
performed under an inert gas atmosphere. 

Class 2 Components 

Remote handling devices and tools must also be used 
for the maintenance of semipennanent in-vessei components 
such as the blanket/shield assembly. Replacement of these 
components is planned as an infrequent or unscheduled event, 
and intervention into the cryostat region will be necessary, 
requiring it be brought to ambient pressure and temperature. 

in-vessel remote handling system using special cutting and 
welding processes and tools that must be developed. 

The blanket/shield modules are handled and removed 
through the vacuum vessel ports by a special ex-vessel remote 
handling system (Fig. 6) and are then transported in transfer 
casks to the appropriate facility. Tight clearance between the 
vertical port and modules requires stepped and tilted motion 
of the modules along constrained paths, as illustrated in 
Rg. 7. 

Transfer casks are used to prevent the spread of tritium 
and activated materials during transfer of components to the 
decontamination and repair or disposal facilities. This concept 

The blanket/shield assembly is divided into 24 sectors, 
and each sector is divided into two inboard modules and three 
outboard modules (Fig. 5). Modules are replaced through 
vertical ports in the vacuum vessel located between each TF 
coil. Each module is structurally attached to adjacent modules 
by a 100-mm-thick welded backing plate located on the 
vacuum vessel side of the modules. Thus, the stainless steel 
backing plate must be cut and rewelded as part of the 
replacement procedure. This operation is performed by the 
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Fig. 5. Blanket/shield assembly modules. Fig. 6. Blanket/shield module handling concepts. 



Fig. 7. Blanket/shield module paths for removal. 

minimizes the radioactive waste, simplifies the building/ 
reactor interface, and eases the contamination control 
problems during in-vessel component replacement 

Class 3 Components 

Major tokamak components such as the vacuum vessel 
and TF and PF coils are expected to last the life of ITER but 
must withstand repair or replacement by remote means should 
an unforeseen failure occur. Replacement would be performed 
using both in- and ex-vessel remote handling systems, special 
tools and fixtures, and the facility main crane. Replacing one 
of these "near-permanent" components would be a major 
undertaking, requiring full access into the cryostat and an 
extensive shutdown period. Multiple ex-vessel remote 
handling systems will be necessary for performing operations 
above, beside, below, and within the central bore of the 
tokamak for the case of TF coil replacement System concepts 
and procedures for performing these operations are in the 
early stages of development. 

Other ex-vessel subsystems within the cryostat (both 
Classes 2 and 3), such as fluid piping, coil power leads, 
diagnostics, and vacuum pumping systems will also require 
ex-vessel remote handling equipment for maintenance. The 
ex-vessel remote handling systems and tooling will be 
standardized as much as possible in maintaining all ex-vessel 
systems and components. 

REMOTE MAINTENANCE TECHNICAL 
CHALLENGES 

To develop a successful and cost-effective 
implementation of total remote maintenance for a facility of 
the scale of ITER, three fundamental requirements must 
always be met. First, appropriate remote handling, viewing, 
and inspection systems must be provided. Second, the facility 
must be designed with the necessary interfaces between the 
"device" or "process." the remote handling systems, and the 
hot cells for equipment repair and waste packaging. The 
necessary contamination barriers and zoning to assure 
contamination control must also be provided. Third, remote 
maintenance provisions on the "device" or "process" to be 
remotely maintained must be widiin the capabilities of the 
remote handling and viewing systems. 

There is no operating fusion device in the world today 
that adequately addresses all of these requirements to the 
extent that a totally remotely maintained facility has been 
realized. ITER will be the first opportunity for the world
wide fusion community to fully demonstrate total remote 
maintainability-a mandatory requirement for commercial 
viability of fusion energy. The EDA effort has begun to 
address these requirements, but much effort remains. 

ITER presents rather unique technical challenges in die 
application of remote maintenance. The most important of 
these challenges is one of scale in physical size and weight. 
Figure 2 and Table II show that many Class 3 items will be 
-20-m tall and weigh well over 1001. There is some level of 
experience in the nuclear fission reprocessing community in 
remote handling of items of this scale in size (though not 
weight),2 but these applications have not addressed the kind 
of compact and constrained equipment layouts nor the level 
of constraints on movement paths present in the ITER design. 
This challenge is also present for the Gass 2 blanket/shield 
modules. Remote handling operations with such large reactor 
components will demand a significant advance in both remote 
viewing techniques and sensor-based vector control of 
overhead crane equipment. 

A second unique challenge is in the control of large 
transporter/manipulation packages over very long reaches and 
severe loading constraints. Today's technology base does not 
support these requirements, and a full-scale demonstration 
of this technology is very important to ensure design success 
and to serve as a test bed to address the significant control 
issues. In addition, there is little operational or human factors 
experience in operations underneath the reactor, where 
overhead manipulation and equipment positioning are 
required. 



The ITER vacuum vessel and internals and service piping 
arc dependent on very extensive levels of remote cutting and 
welding technologies. There are on-going remote cutting and 
welding concept designs and demonstration programs in 
Japan, the European Union, and the United States, but 
extensive review, adaption, and testing related to the many 
additional challenges present in the ITER design are still 
needed. 

Significant technical hurdles remain in the area of 
radiation hardening, particularly related to remote handling 
system drives, controls, and viewing systems. Background 
in-vessel radiation levels are estimated at 3 x 106 R/h 1 d 
after shutdown and remain relatively constant for a 
considerable period. Although an approach of locating the 
majority of remote handling system electronics outside of 
the radiation fields can be followed, a significant portion must 
be present in this radiation field. This environmental 
constraint will severely affect the operating periods that the 
remote handling system can withstand between extensive 
servicing and replacement of components. 

CONCLUSION 

The ITER EDA and associated technology program is a 
unique opportunity and challenge in the area of remote 
handling technology. There is no operating fusion device in 
the world today that adequately addresses all of the 
requirements of remote maintenance to the extent that a totally 
remotely maintained engineering-scale facility can be 
extrapolated with certainty. Significant advancements in 
remote handling technology must be achieved for ITER and 
for the success of fusion energy as a viable energy source. 
Many technical challenges lie along the path to the fulfillment 
of these goals. 
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