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Snowmass Section  3.2.4.3


 ITER: An Integrated Research Facility


Motivation and Rationale. During the 1980s and early 1990s,  it became clear that tokamaks worldwide exhibited a common physics which pointed to common parameters for a facility that not only could study the new physics introduced by burning plasmas and the physics of true steady state plasmas but also could serve as a test-bed for the development of technologies needed for design, reliable operation, and optimization of a First Fusion Reactor (FFR). Such a facility that is capable of both physics and technological  research has come to be termed an integrated research facility. There are compelling arguments that the integrated facility approach is the fastest and cheapest route to the development of fusion energy because: (1) A research program utilizing a succession of less-capable facilities, often called the modular approach, ultimately has higher costs and takes a longer time to complete. And (2), data from less-capable facilities calls for a larger extrapolation to an FFR.  In particular, it is interactions between  many diverse physics/technology processes, whose relative importance is scale-dependent, that determine the state of a burning plasma.  Since the interactions are scale-dependent, a reactor-scale research facility is ultimately needed in either the integrated or modular approaches to attain the correct balance and minimize the extrapolation of results to an FFR. The International Thermonuclear Experimental Reactor (ITER) presented below is designed to serve as such an integrated, reactor-scale research facility at minimum cost, while avoiding delays waiting for data from  less-capable faciltiies.


In response to the need for an integrated research facility whose parameters were based on  common physics, the four ITER Parties (Europe, Japan, Russian Federation, and United States) launched the ITER Engineering Design Activities (ITER-EDA)  in 1992 with the programmatic objective to “demonstrate the scientific and technological feasibility of fusion energy for peaceful purposes.”  The resulting international cost sharing reduced the cost-per-Party to an affordable level. Even though the US withdrew from the ITER project in 1998, the remaining Parties developed  a new design originally called ITER-FEAT, but now known simply as ITER. This design has a cost that is roughly 50% of the intermediate 1998 EDA-FDR design. The new ITER design exploits advances in tokamak operations, plasma shaping facilitated by a pancake central solenoid, pellet fuelling, and several plasma heating systems to add flexibility and reduce the plasma size and the facility cost.  The Parties determined that attainment of Q=10 (with margin) would fulfill the overall programmatic objective. Moreover, the integrated facility with its  steady-state superconducting magnets, is capable of true steady-state operation, thus permitting investigation of burning plasma behavior for arbitrarily long time scales. If steady-state is chosen to be the operational mode of a FFR, this choice must rest on an unequivocal demonstration on  an integrated facility with >3%.  


In addition to exploring the science of burning plasmas, the ITER objectives also include carrying out a program aimed at the development of fusion technologies. From the basic design it is clear that a great deal of fusion technology needs to be integrated into ITER just to enable it to reach its physics objectives. Thus, superconducting magnets and actively cooled vessel, first wall and divertor target plates are required to achieve fully steady-state plasma conditions. A variety of heating and current drive systems are needed to access various plasma regimes with sufficient flexibility. And fueling and pumping systems are required to inject the fuel, remove the large fraction that is unburned and purify it for reinjection. The construction and operation of ITER must be carried out in a way that will demonstrate the safety advantage that fusion enjoys and will be indicative of fusion’s potential to mitigate the problem of long term storage of radioactive waste.

ITER will also serve as a testbed for developing fusion nuclear technology through its blanket testing program. The objective is to “test tritium breeding module concepts that would lead in a future reactor to tritium self-sufficiency, the extraction of high-grade heat, and electricity generation.”  The development of blanket modules with tritium breeding ratio (TBR) greater than unity, and which use environmentally attractive materials and coolants, is crucially important to fusion’s development as an energy source, ranking on par with the physics goal of achieving high fusion gain. The blanket module development program will begin with non-neutronic thermo-mechanicalb testing during the earliest phases of ITER’s operations. It will evolve in the high gain and high duty cycle phases of ITER’s operation to compare measured and calculated TBR’s, and to examine issues such as on-line tritium recovery and production and removal of high-grade heat. During the second decade of ITER’s operations, it is anticipated that ECCD will supress neoclassical tearing modes, and that ITER will reach N ≈ 2.7 which corresponds to 800 MW fusion power and a neutron fluux of 1 MW/m2.  Testing will continue and the net fluence for blanket module testing would be increased from ~0.1 to 3.0 MWa/m2 -- comparable to that of the  1998 ITER-EDA design.  Replacing the shield blanket with a breeding blanket during this period is not precluded.


ITER Design. A summary of the new ITER design is presented in the ITER Final Design Report [1]. Its major features are reported in the archive fusion literature [2-4]. Details are found in a series of reports described in [1].  A system code  identified a shallow cost minimum when optimized (at fixed Q=10) over design parameters such as aspect ratio, elongation, maximum toroidal field, poloidal flux consumption during burn, divertor geometry, and vertical stability requirements. The cost minimization rests on our understanding of the physics as embodied in the ITER Physics Basis [5] , results of $800M of manufacturing R&D summarized in [1], a consensus on safety requirements, and  a cost target of roughly $5B US.(2002). Fig. 1 and Table 1 present the main parameters of the new ITER design. 
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Fig. 1. ITER Main Design Features
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Table 1. ITER Parameters


Eighteen Nb3Sn superconducting magnet coils are the source for the toroidal magnetic field which is limited by material properties to be less than 13T at the magnet.  Ferritic inserts control field ripple to be less than 1% at the plasma boundary.  The poloidal field is determined by the requirement to shape a plasma carrying a full current as expressed by q95 ≈ 2.5 to an elongation  ≈ 2, while supporting a lower-single-null divertor. A limitation on elongation arises from the power necessary to control a vertical instability of the plasma  The six poloidal field coils outside the toroidal field system use NbTi superconducting material, while the central solenoid, which is the source of inductive current drive, has six pancake Nb3Sn coils operated at up to ±13T to maximize the flux swing. The pancake design means that each coil can carry a separate current and is an important flexilibity feature for plasma shaping, especially for increasing triangularity. There are also eighteen saddle coils arranged  in three rows of six that can compensate for field errors as well as generate feedback fields to control n=1,2  resistive kink or wall modes. Research in this area is not yet complete, and specifications for the saddle coils should be regarded as provisional.

Mechanically, the double-wall vacuum vessel is attached to thick toloidal field coil cases which rest on  gravity supports. The vacuum vessel, in turn, provides support for the blanket modules, port plugs, and divertor cassette assemblies. The first wall and pressurized water cooling system can accomodate neutron heat fluxes up to  1 MW/m2, which corresponds to 800 MW fusion power.  A lower single null (SN) divertor cassette assembly, developed in the EDA  fabrication R&D program, has long divertor legs to provide flexibility in divertor operation. All this is summarized in Fig. 2.
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Fig. 2  Present ITER Divertor Configuration

Plans for auxiliary heating and fuelling systems call for for 33 MW of 1 MeV negative ion neutral beams, 20 MW of 170 GHz gyrotrons for heating and current drive, and 20 MW of 80 MHz ion cyclotron heating.  Studies show that 20 MW of gyrotron ECCD power launched  through the upper ports will be just sufficient  to stabilize neoclassical tearing modes. The initial heating system provides 73 MW of auxiliary power. The design will support an additional 40 MW, the specifics of which will depend on initial experimental results. Gas-puff DT and/or impurity fuelling sources are  in the divertor chamber and  near top of the plasma.  A near-vertical pellet launch  capability will be located near the inside of the divertor cassette. Prospects for pellet launchers located in the central-solenoid core are under study. 

A major particle control issue concerns recovery of un-reacted tritium which gets trapped in cold carbon-hydrogen codeposition layers that are shielded from heat flux emanating from the main plasma. Graphite is the preferred divertor strike point material because it doesn’t melt and retains its shape during disruptions. But in TFTR and JET,  roughly 30% of the tritium introduced into the vacuum chamber remained lodged in carbon-hyrogen codeposition layers which formed in regions inacceessable to the heat flux from the main plasma.. Loss of tritium at the JET/TFTR rate wold limit ITER to several hundred full DT burn shots before the administrative limit to the in-vessel  tritium inventory would be exceeded. A cold-trap recovery strategy holds promise, but an experimental verification is just in the planning stage.  Succinctly, the stategy is to control the location of potential codeposition by design and then to recover codeposition material by heating and pumping codeposition regions periodically (e.g.during transformer recharge periods).  Should carbon ultimately be proven to be infeasible as a target material due to codeposition issues , a tungsten backup solution has been developed for ITER and can be adopted. Since the entire divertor  can be replaced in six months, a number of materials and designs for the divertor target plates can be tested during ITER’s lifetime. Initial ITER operational plans call for 2-3 years with non-activating proton plasma discharges Direct observation of codeposition regions should be possible. 


ITER Physics: Projections, Opportunities, and Steady-State.  This section will first discuss how our present knowledge of fusion plasma  physics supports the design of ITER through  physics-based projections for plasma performance. Second, we shall argue that ITER will provide exciting opportunties to carry out new experimental physics on plasmas in regimes inaccessible to present experiments and essential for reactor performance. And third, we will discuss how that design features either planned for ITER or available as modifications/pgrades will enable investigations of true steady-state tokamak plasmas with close to 100% bootstrap current, especially their -limits and confinement scaling. 


Initial Performance Projections.  There is much physics in common between burning plasmas and discharges in present devices. This suggests the use of nondimensional concepts and parameters to express physics so that the extrapolation principles are clear.  The simplest example of a nondimensional parameter is  -- the plasma energy density normalized magnetic pressure. Table 1 shows the the nominal ITER Burning plasma discharge with N = 1.8 lies safely below limits N ≈ 3.0 computed by ideal MHD stabiliy codes, such as PEST or GATO. 


More complicated is energy confinement for H-modes, where two proceeses are at work : First is the H-mode transport barrier at the plasma edge which determines properties of the pedestal region at the boundary. Experiments have determined that a threshold power flux through the separatrix is required to retain the H-mode barrier. The physics of the pedestal, which is the boundary condition for core transport model, remains unknown. The second process is core fine-scale turbulence which proceeds in a 5-dimensional phase space and governs energy transport in the core.  Transport models based on based general properties of this turbulence replicate experimental core temperature profiles quite well,  given the experimental edge temperature at the pedestal.  Therefore, energy confinement projections are expressed in terms of the pedestal temperature. Databases to empirically determine pedestal temperature are being collected. 


In the past, global confinement times have been projected via log-linear regression extrapolation from a confinement time data base. However, a complication in this process has resulted in an unphysical increase of transport losses with increasing  for the commonly used ITER Physics Basis IPB(y,2) scaling relation. Furthermore, this approach is being generalized to distinguish between  pedestal and core energy content. Work is in progress.


At present, the best way to project confinement is to extrapolate from discharges in present devices that have the same non-dimensional pressure N and collisionality * as the proposed  ITER plasma and thus need extrapolation only in the nondimensional gryoradius *. Scaling in * can be measured by comparing discharges at different toroidal field but at the same and *. This approach is termed Demonstration Discharges and is insensitive as to whether it is core physics or pedestal physics which is governing confinement.  Fig.3 and Table 3 give properties of two  JET ELMy H-mode discharges that project ignition for ITER. 
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Clearly, there is much to be learned regarding transport in tokamaks . Nonetheless, one can argue that Demonstation Discharge projections are good enough to assure that ITER will enter the burning plasma regime., defined by Q>10. 


Extrapolation of divertor performance faces similar issues. Acceptable dertached or semi-detached SOL plasmas are found experimentally in present devices and are successfully replicatred by divertor modeling codes --a major advance since ITER’s inception in 1992. But scaling of the  cross-field transport diffusivity remains unknown and introduces uncertainty into the projections for ITER. Fortunately, a range of values can be accommodated by the long divertor legs of the design and flexibility in gas and impurity puffing and pumping rates. Erosion of divertor strike points by ELMs will depend pedestal physics and MHD stability. Again, since two or more physics processes are work, the correct balance calls for a reactor-scale facility to produce definitive experimental results  directly useful in designing a FFR.


Inaccessable Physics.  Burning plasmas introduce new phenomena  into fusion plasma physics that are inaccesable to experimental investigations in machines presently available. Chapter 9 of the ITER Physics Basis identifies three classes of new physics.1) Physics of Energetic -particles, 2) Physics of self-heating and self-organization of 100% bootstrap current discharges. 3) Physics attributable to the scale of a facility required so that transport losses approximately balance thermonuclear  heating. Let us discuss examples of these in turn. 


1) A main objective of burning plasma physics is to ascertain the influence of a distribution of ​particles slowing down from their initial 3.5 MeV energy on the stability of Alfven Eigenmodes and on the giant sawtooth phenomena. Nonlinear -particle loss would diminish  heating of the core plasma. Present experiments have already triggered AE instabilities but the energy-distribution and concentrations of energetic ions differ from those of thermonuclear -particles. These investigations are also of class 3) in that the minimum unstable toroidal mode number nmin increases with machine size. from nmin ≈ 1-3 in present experiments to nmin ≈ 10 in ITER. The high ITER value opens the possibilty of turbulent AE modes in a reactor-scale device.  The relative concentration of -particles will be highly temperature dependent. One should note that adding extra ECH gyrotron power can maintain or otherwise control the core temperature without introducing an extra, non-thermonuclear source of energetic particles, thereby adding flexibility to AE investigations in burning plasmas. 


2)  A fundamental property of burning plasmas is that heating by -particles deposits most of their energy into electrons leasding to plasmas with Te≈Ti in contrast with present NBI-heated discharges with Ti>>Te. Since fusion reactivity is temperature dependent, thermal instability is possible, especially if internal transport barriers spontaneously form. Burning plasmas are essential to thermal control invesigations, although they can be modelled to some degree with feedback beween neutron rates and auxiliary gyrotron heating. Steady-state plasmas with 100% bootstrap current  and a thermonuclear energy source ( withj no current drive) are of particular interest because they are self-organized. With self-heating, they will determine their own current, temperature, and fusion power given the source of DT fuel, 4He ash removal, a toroidal field and a poloidal field to provide radial force balance. Whether the -value so determined lies below the MHD stability -limit is a major unanswered question for Advanced Tokamaks. 


3) In tokamak plasmas, many diverse plasma processes occur concurently and their mutal interactions depend on the scale of the plasma. Put another way, a burning plasma must have a normalized gyroradius * about a factor-of-5 smaller than that of contemporary devices. Since  many plasma processes, when expressed nondimensionally,  depend on *  in diffrent ways, their mutual interaction depends on the scale of the plasma. Examples are:Will the H-mode threshold power  exceed  transport loss power? Will the core density requirement for a specified fusion power exceed the SOL density needed to accomodate the resulting heat flux through the separatrix? What is confinement scaling with *?  Will energy delivered to the SOL plasma in a disruption thermal quench suffice to vaporize the divertor chamber walls? Investigation of these questions calls for a burning plasma expertiment. 


Burning plasmas or advanced tokamaks?  The integrated approach to fusion plasma physics recognizes that a single facility can, on one hand, assure that fundamental data on burning plasmas are realized while, on the other, have sufficient flexibilty to optimize reactor-scale plasmas as well as to robustly demonstrate true steady-state tokamak operations and document its limits. Entry into the burning plasma regime rests on conservative projections of plasma performance, and the data returned will require little extrapolation to a First Fusion Reactor. The ITER facility can accomodate all presently conceivable design features that an Advanced Tokamak with conventional aspect ratio and shaping should have. Table 2 lists the  features, modifications, and upgrades that we have been able to conceive of for an aspect ratio R/a≈3 tokamak. Since the ITER design is intrinsically steady-state, extenstion to arbitrarily long time scales.  Consequently,  one does  not have to choose between a burning plasma or an advanced tokamak facility.  ITER serves both needs. With appropriate modifcations, the ITER facility can accomodate them all. as a flexible advanced-tokamak research facility should. Again, steady-state data will need little, if any, extrapolation.  Consequently, one does not have to chose between a burning plasma and an advanced tokamak facility. ITER serves both needs. 

Table 2. Design Features and Modifications for Advanced Tokamak Operations on ITER

ITER Improvements  and

Design  Features
Advanced Tokamak ITER Physics
Comments

More gyrotrons (70 MW)
• ECCD Stabilization of NTMs

• Burn simulations

• Raises core temperature and     fusion reactivity

• High-bootstrap fraction with ECCD
Reliable 1 MW, 170 GHz , steady-state gyrotron sources needed

Pancake Solenoid
• Optimizes plasma shape
Elongation of base design



Postive ion NBI
• Angular momentum source

exploits plasma rotation
Control of resistive wall instabilities by rotation

Negative ion NBI
• Heats plasma center

 • Weak source of angular

momentum
Counter-rotation NBI 

physics

Ion cyclotron heating
•Fast wave current drive

•Localization of heating

•ITB trigger; high bootstrap

• TAE simulations
High Bootstrap electron 

heating

80 MHz minority proton

 system for burn and

 -particle simulations



Lower hybrid
• Efficient current drive

• NTM stabilization


Low-power coupling tests required before adoptation

Inside pellet launch
• Efficient control of core

density

• Innovative launch from 

inside solenoid
Core density control without

affecting SOL plasma

n=1 error-field and feedback coils
• Control of resistive wall 

    mode
Experimental Studies of 

feedback and rotation.

Low-power interior TAE

 mode antenna
• Measures TAE mode frequencies and damping decrements ; interpretation as disruption precursor
Low-power linear response to swept frequency excitation determines proximity to disruption

Cold trap divertor
• Recovers unburned tritium

 from walls
Assures greater than 95% tritium burnup

Long Divertor legs
• Flexibity in divertor 

 operation
Creation of detached 

divertor plasmas



Superconducting Coils
• Supports true steady-state operations of 5000 s or more
TF flatop is marginal for

 steady-state in present 

facilities

Heat flux margin for

first wall
• Permits fusion power levels

up to 1000MW  and N=2.7

(instead of 400 MW)


Long pulse operation 

at N=2.7


Conclusion. The ITER design fulfills the requirements for an integrated test facility, with constraints consistently  and carefully  applied to reflect conservative engineering practice. This Overview indicates that plasma physics projections find that Q>10 will be achieved with margin. Many phenomena involve interaction between several basic processes and we argue that only  reactor-scale experiments will find the correct balances.  Indeed, a reactor-scale facility will teach us much regarding basic processes in burning plasmas  and  is essential to the development of a steady-state capability for tokamaks. Since the steady-state tokamak is a self-organized system, it will be subject to constraints which  we do not know now and can not investigate in existing facilities. But these constraints will be essenential limitations for a steady-state reactor. An exciting world of reactor scale experiments awaits us. 
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