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ABSTRACT 

the Tokanak Fusion Test Reactor (TFTR) is a large experimental fusion 
reactor which is being built at the Plasma Physics Laboratory of Princeton 
University. TFTR belongs to a class of experimental devices known as 
"Tokamak," and is intended to demonstrate thermonuclear breakeven where the 
power from the deuterium-tritium reaction is equal to the injected input 
power. 

This paper briefly presents the principles which characterize a tokamak 
and discusses the mechanical aspects of TFTR, particularly the toroidal field 
coils and the vacuum chamber, in the context of being key components common to 
all tokamaks- The mechanical loads on these items as well as other design 
requirements are considered and the solutions to these requirements as 
executed in TFTR are presented. 

Current high priority engineering efforts are the design and development 
of the plasma- limiter system and the vacuum*vessel protective armor. High 
heat loads and eddy-current forces are key considerations which are discussed 
in relation to the design of these components. 

Future technological developments beyond the scope of TFTR, which are 
necessary to bring the tokamak concept to a full fusion-power system, are also 
presented. Additional methods of plasma heating, current drive, and first 
wall designs are examples of items in this category. 

•This paper is an invited paper presented at the 1982 winter Annual Meeting of 
the American Society of Mechanical Engineers in Phoenix, Arizona, Hov. 14-19. 
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I• IHTRODOCTICW 

TFTR is an experiments, magnetic confinement device designed to 

demonstrate the fusion of deuterium and tritivm in reactorlike plasmas, and to 

reach thermonuclear breakeven where the power from the D-T reaction is equal 

to the injected input power. The principal scientific objective of TFTR, the 

study of reactorlike plasmas, is the same for the European JET, the Japanese 

JT-60, and the Soviet T-20, which are other large tokatnaks under 

construction. While the scientific objectives are the principal goals in 

such experiments, large technological benefits are obtained which will assist 

in the design of future reactors. This is due to the close resemblance of the 

confinement system with similar elements in both the physics experiment and 

the ultimate reactors* The engineering experience gained in designing the 

components for these experiments is a. large step towards designing the fusion 
2 power reactors of the future. 

The engineering design of TrTR was accomplished in a program of close 

cooperation between the staff of the Princeton Plasma Physics Laboratory and 

their Industrial partners, Sbasco Services, Inc. and Grumman Aerospace Corp. 

Preliminary design of TFTR started in 1976. At present, it is in the final 

phases of construction with initial operation planned for early 1983. 

II. THE TOKAMAK CONCEPT 

In a magnetic confinement system, strong magnetic fields contain the hot 

thermonuclear plasma and separate it from the vacuum chamber walla that would 

quench the reaction. Figure 1 shows a toroidal plasma as it would be formed 

in a tokamak device. Particle confinement is obtained by the combination of 
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two magnetic fields: the toroidal field Bg provided by the external current 

I- and the poloidal field B due to the plasma currant I . The poloidal field 

generated by the plasma current rather than an external coil system is the 

distinguishing feature of a tokaiuk. The plasma, a current carrying loop, 

experiences electrodynamic forces which tend to expand it. The kinetic gas 

pressure also increases this expansion force. Plasma radial equilibrium is 

accomplished by the addition of another magnetic field B v > the equilibrium 

field, perpendicular to the plane of the toroidal plasma. The plasma current 

is established inductively by another magnetic field, the ohmic heating 

field. Some tokamaks use iron cores through the eye of the plasma. TFTR uses 

an air core with the ohmic heating coils at the center of the machine. 

In addition to providing the poloidal field, the plasma current also 

heats the plasma. However, there is a limit to temperatures that can be 

obtained in this manner. In TFTR, additional heating is obtained by the 

injection of neutral beams. Energetic neutral deuterium ions are fired into 

the plasma and heit it by interacting with the plasma. 

III. DEGCRIPTION OF i'lTR 

Figure 2 shows the general arrangement of TFTR. The vacuum vessel is a 

toroidal chamber made of stainless steel* It provides a vacuum of 10 Torr 

prior to the injection of the gas which forms the plasma. Surrounding the 

vacuum vessel are 20 discrete magnets which form the toroidal field coil 

system and generate the toroidal field. The magnetic field from these coil3 

is 5 T at the center of the plasma. Although it is envisioned that a power 

reactor will use superconducting colls, TFTR has conventional water cooled 

copper colls. outside the toroidal field coils is an array of horizontal 
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colls which include the equilibrium coil system and the ohmic heating coil 

system. 

The equilibrium field is 0.5 T (5 kG) at the center of the plasma. The 

ohmic heating field is 0.3 T {3 kG) and provides a total flux swing of 13 Vsec 

for inducing the plasma currant. The equilibrium field coils and the ohmic 

heating field coils, like the toroidal field coils, are normal water cooled 

copper coils. Unlike the toroidal field coils, which are in a stainless steel 

case, they are uncased. These components aid their general relationship to 

each other are common to all tokamaks and will be similar in a power 

reactor. The one exception is possibly the ohmic heating coils which in a 

power reactor might be replaced by some other mechanism to drive the plasma 

current. 

Other components which are more specific to TPTR design and may be quite 

different in the power reactor are the substructure, the umbrella structure, 

and the shielding. The substructure is stainless steel and borated concrete 

1.8 m (6 ft.) thick. It supports the weight of the machine, provides the 

reaction for the vertical electromechanical forces on the lower pololdal field 

coils, and provides shielding for the diagnostic basement under the machine. 

The tatibreila structure of »ta.inleaa steel supports the upper poloidal field 

colls, and the shielding. The shielding consists of blocks of borated 

concrete 0.6 at (2 ft.) thick. It is located on top of the umbrella structure 

and also surrounds the machine. Additional shielding is provided by the 

building walls. 

The most interesting engineering problems are in the design of the 

toroidal field coils, the vacuum chamber, and the components inside the vacuum 

chamber. 
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TL. Toroidal field coils 

The toroidal field coll system produces a magnetic field of 5.2 T (52 kG) 

at a plasma radius of 2.48 n (8.1 ft.). This requires an rtumf of 64.5 x 10 

anpere-turns which la supplied by 20 coila, each consisting of 44 turns of 

conductor carrying 73.3 kA, The two major components of each coil assembly 

are the coil case and the coil conductor winding subassembly. 

Figure 3 is a section through the nose of the toroidal field coil and 

shows the relationship of the conductors and the case. The conductor is cold-

drawn copper, CDA 104, drawn to a minimum yield strength of 241 MPa 

(35,000 psi). Water cooling passages incorporated in the coil conductors 

maintain copper temperature?! within acceptable limits. The turn-to-turn 

insulation as well aa the ground wall insulation is dry glass tape, vacuum 

impregnated with epoicy resin. An epoxy resin potting compound is injected 

into the coll/case assembly to fill the voids between the coil and case. 

The coil case configuration is shown in Fig. 4. The case material is 

Nitronic - 33 with a minimum yield strength of 414 MPa (60,000 psi). The 

inner ring is 70 mm (2.75 in.) thick, the outer ring is 146 mm (5.75 in.) 

thick, and the side walls vary in thickness from 19 to 43 mm (0.75 to 1.7 in.) 

thick. The bolts are Inconei 718 25 mm (1 in.) in diameter. The purpose of 

the case is to help support the coil from the electromechanical forces on the 

winding and to transmit these forces to the inner support structure and the 

shear compression panels. 

The inner support structure is a vertical cylinder which has four 

horizontal stiffening rings and is located at the center of the machine. Each 

of the 20 toroidal field colli; contacts the inner support structure at these 

stiffening rings. The inner support structure is split into four vertical 

insulated elements to minimize the eddy currents caused by the time varying 
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magnetic field produced by the ohmic heating coils. There are teeth in the 

insulated surfaces to transfer mechanical stresses across these boundaries. 

The elements of the inner support structure are made of diffusion bonded 

titanium pieces. 

The shear compression panels are large boxliVe Nitronlc 33 stainless 

steel weldments> They fit between the toroidal field coils and are bolted to 

the aide covers of the toroidal field coil cases at the outer radius of the 

machine- These boxes> together with the toroidal field coils, form a ring 

around the machine. 

The forces on the coil windings come from the interaction of the coil 

current with the toroidal and poloidal fields. The interaction of the current 

with the toroidal field produces a force which ia out from the center of the 

coil and in the plane of the coil. The strength of the toroidal field varies 

inversely with distance from the center of the machine. Consequently, the 

forces on the coil are higher on those portions closer to the center of the 

machine. The result is a net force imbalance on the coil which tends to move 

the coil radially inward towards the center of the machine. This force is 

termed the "centering force," and on TFTR it is 27 MN (6,1 x 10 lbs). 

Another consequence of this loading is a changing bending moment in the coil 

and a horizontal shear stress on the relatively weak epoxy-fiberglass 

insulation between, the copper layers of the coil. The centering force is 

resisted by the hoop compression in both the inner support structure and the 

shear compression panels. The proper sharing of this load between these two 

elements is optimized to minimise the previously mentioned shear stress in the 

epoxy. The selection of titanium for the inner support structure was based on 

its high strength and low modulus in order to prevent this structure from 

becoming overly stiff with respect to the shear compression panels. 
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The Interaction of the coil current and the poloidal field produces 

forces perpendicular to the plane e>f the coil. These forces tend to rotate 

each coil about their horizontal axis. Both the inner support structure and 

the shear compression boxes also support the toroidal field coils against the 

overturning moment. The overturning moment on each coil is 9 MH.m (80 x 

10 In. lb.). The toroidal field coils are keyed to the inner support 

structure at the horizontal stiffening rings. For this loading condition the 

inner support .structure acts as a cylinder carrying torsion. The shear 

compression panels resist the action of the overturning moment by structurally 

connecting adjacent coils and applying a resisting shear and moment on each 

coil. Figure 5 shows the centering force and overturning moment on a coil and 

the force distribution on each case from the inner support structure and the 

shear compression panels. 

when superconducting coils are used for toroidal field coils in future 

machines, the design requirements will become more stringent. The coils will 

have to operate at low temperatures and will require cryogenic cooling and 

insulation. The coil rigidity requirements will be more severe to ensure that 

the conductor does not go normal due to displacements. These problems are now 

being addressed separately in the Large Coil Program. At Oak Ridge National 

laboratory the Large Coil Test Facility is testing and demonstrating the 

reliability of various designs of superconducting tokamalc toroidal field 

coils.4 

B. Vacuum vessel 

The prime purpose of the vacuum vessel is to provide the vacuum 

environment, typically 10~8 Torr, necessary for the establishment of the 

plasma. A principal requirement is that the vacuum vessel have a relatively 



8 

high toroidal resistance. This is to ensure that at start-up the induced 

current Is in the plasma and not the vessel. The choice for the designer is 

either a thin walled corrugated structure or the use of resistive element* 

such as bellows or ceramic breaks. The toroidal resistance of the TFTR vessel 

is 3.4 m-ohms. This is achieved by using 14 Inconel 625 bellows. The bellows 

are spaced between rigid vessel sections consisting of 12 mm (0.5 in.) thick 

3P4 LN walls reinforced by forged rings. There are 20 rigid sections. At six 

locations the space for the bellows was pre-empted by large neutral beam 

ports. The bellows are bridged by insulated structural rings to provide a 

structural load path between the rigid sections (see Fig. 6). 

Except for gravity loads, the vacuimt vessel is Belf-supporting. Flexible 

support connections permit radial notion of the vessel to allow for thermal 

expansion. This will occur during vacuum bakeout when the vessel will 

experience temperatures of 250*0 (482*F). In addition to the atmospheric 

pressure loads, the vessel experiences large dynamic forces during a plasma 

disruption. Th-j current in the plasma can be as high as 3 HA. Instabilities 

in the plasma can cause this current to disrupt in a time which is estimated 

to be 3 m-sec and result In large eddy currents in the vacuum vessel. The 

eddy currents are of two forms. The first is a toroidal current which flows 

around the torus, interacts with the equilibrium field, and produces 

electromagnetic forces on the vessel walls that act towards the center of the 

machine. This force is approximately 74 MI (330,000 lbs.) at each rigid 

section. The second current pattern is a saddlelike current that flows around 

the top and bottom of each section and interacts with both the toroidal and 

equilibrium fields. The major effect of this current is to produce a vertical 

shearing force of 623 kH (140,000 lbs.) at the end of each section where it 

joins the bellows. These shearing forces are up on one end of the rigid 
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section and down on the other and form a couple which acts to rotate each 

section about a horizontal radial axis. The loads react against each other 

through the Insulated rings that cover the bellows sections and act as a. 

structural connection between the rigid sections. Electromechanical forces 

from eddy currents also exist in the bellows. These act as a pressure and a 

torque on the bellows. Because of the short time duration of the forces and 

the complexity of the loading, dynamic finite element stress analysis was 

required to complete the design of the vacuum vessel. 

The response of the vacuum vessel to plasma disruption forces has become 

one of the key considerations in vessel design. For larger devices further 

physics investigation is required to understand more completely and describe 

the disruption phenomena. This must be supported by more sophisticated field 

analysis to determine the eddy currents and complex dynamic stress analysis to 

determine their effects. 

C. Current engineering efforts 

At the present time, in addition to final machine assembly, engineering 

efforts are directed at the design and development of plasma limiters and 

vacuum vessel protective armor to be installed for later phases of TFTR 

operations. Figure 7 shows the vacuum vessel with the full protective armor 

and limiter systems. The moveable limiters are at one location and are used 

for ohmic heated plasmas a.'d for neutral beam heated pre-strong compression 

plasmas. in th« case of neutral beam heated plasmas the plasma will ride on 

the moveable limiters for 0.1 sees and then will be compressed onto the 

a xi symmetric limiter. The axisymmetric limiter is mounted on the inner girth 

of the torus and extends 60° above and below the midplane. Not shown in 

Fig. 7 are the protective plates which are mounted on the outer girth of the 
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vacuum vessel and protect the walls and bellows from unattenuatecl neutral beam 

strikes and Bhine through. JO.30 shown in Pier. 7 are the Zirconium/Aluminum 

getters which are mounted over the bellows at the top and bottom of the 

vessel. In addition to their vacuum pumping function, they act as protection 

for the bellows. In regions where the bellows are not covered by the 

axisymrcetric Umiter. the protective plates, or the getters, they are covered 

by the bellows cover plates. For initial plasma operations only the moveable 

limiters and the bellows covers plates will be installed. These components 

are in the final stages of fabrication. Locations over the bellows, which 

will later be covered by the axisymmetric limiter and the protective plates, 

will be covered by temporary bellows cover plates. 

The bellows cover plates are made of 25 mm (1 in.) wide slats of 

stainless steel 304 Lti or Inconel X750 bolted to rails of stainless steel or 

Inconel. Inconel is used in the high heat flux regions eJ the inner and outer 

wall and stainless steel everywhere else. The geometry of narrow slats is 

used to minimize eddy currents and the forces on the cover plates during a 

plasma disruption. Because the cover plates cover the bellows and span rigid 

sections, there is an insulation between the slat and rail on one aide to 

ensure that the covers do not electrically "short out" the bellows. The 

insulating material used is inorganic Mnded mica mat. This was chosen over 

alumina because it is not as brittle and la compatible with high vacuums. It 

also has the additional feature that it will not leave carbon tracks should 

arcing occur as would an organic material such as leapton. peak heat loads on 

the bellow cover plates are 5 MW/m2 (43.4 BTS/min-in2) for 1.5 sees.6 

The moveable limiters consist of three articulated blades which are 

positioned by three actuators to accommodate a wide range of plasma sizes. 

The blades have a front face of TIC coated graphite tiles. The tiles are 
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mounted on a backing plate of Inconel 625 with tubes brazed to the plates for 

water cooling. The front face of the graphite tiles are contoured in an 

ellipse to minimize the peak heat load. Th« maximum, heat load on the blades 

for the ohmic heated plasna is 84 kW/«2 {0.73 BTO/rain-in2) for 1.5 seconds and 

70 MW/M (608 BTU/min-in ) for 0.1 seconds for the pre-strong compression 

plasma. The complete assembly is designed such that when the upper and lower 

blades are in the horizontal position, they can be easily detached from the 

vertical actuators. The three blades and the horizontal actuator along with 

the cooling lines are attached to the midplane port cover so that the whole 
•7 

assembly can be removed from the machine with the cover plate. 

The axisymmetric bumper limiter is in the preliminary stages of dpslgn. 

The limiter will consist of graphite tiles bolted to a water cooled Inconel 

backing plate. Heat loads on the limiter are from the plasma and neutral beam 
2 2 

shine through, and are 10 MW/m (86.8 BTU/min in. ) for 1.5 seconds. A major 

complication in the design is the presence of the bellows in the vacuum 

vessel. The axisymmetric litniter must not "short out" the bellows. The 

design should be such that there is no arcing between elements adjacent to the 

bellows, and should not appreciably alter the vacuum vessel toroidal 

resistance. The limiter must also withstand the electromechanical and heat 

loads which occur during a plasma disruption. The limiter must be able to be 

repaired and replaced using remote handling techniques-

The protective plates are similar to the bmnpev limiter in that it will 

have Tie coated graphite tiles, mounted on an Inconel backing plate, but will 

not be water cooled. The protective plates do hot receive any appreciable 

heat loads from the plasma, but there are regions where the shine through from 

two neutral beams overlap so that the peak heat load is 10 HW/m2 

2 (86.8 BTU/min-in ). the same as the bumper liraiter. The protective plates are 
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not in Intimate contact with the edge of the Dlasma ao that a higher tile 

temperature is acceptable here and water cooling is not requ4 red- Other 

requirements are similar to the bumper limiter. Tha protective plates are in 

the preliminary design stages* 

the design of limiters and protective armor has highlighted the lack of 

detailed knowledge in two areas: the conditions at the edge of thts plasma and 

previously mentioned plasma disruptions. Particle and enerjy f l \v in the 

plasma edge region can be described by a parameter known as the scrape-off 

distance. In TFTR this was estimated to be between 5 and 25 mm < 1/4 to 1 

in.). In large machines this is too broad a tolerance for practical design. 

In the case of plasma disruptions not only is the manner of current decay 

necessary to calculate eddy currents, but the question of where the thermal 

energy goes has to be addressed. Does it go uniformly to the wall or to a 

small area of the limitev? These questions are being addressed in current 

experiments and, hopefully, will be availab .o for the design of future 

machines. 

IV. ADDITIONAL DEVELOPMENTS REQUIRED TO ADVANCE THE TOKAMAK CONCEPT TO A 

POWER REACTOR 

Further development of the tokamak is required to bring the concept to an 

electric power producing reactor. Some of these developments are 

technological and some are in the basic physics of the concept. In the latter 

category are methods of additional plasma heating and current drive. In 

present tokamaks the plasma current is initiated and driven inductively by the 

ohmic heating field. Because there is a finite amount of volt seconds that 

can be stored in this fiel'l, the machine is limited to pulsed operation. In a 
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power plant continuous steady-state operation is desired, arid this requires 

some means of driving the current to overcome the small but present resistive 

losses. There are also limits to the plasma temperatures that can be achieved 

from ohmic heating by the plasma current. In fact, ignition temperature 

cannot be achieved by ohmic heating alone. Some of the methods proposed for 

additional heating also have possibilities for current drive. Neutral bsams, 

as on TFTR, can be used for current drive, but their efficiency goes down with 

higher energies. Also proposed are Relativistic Electron Beams (REB). 

Coupling power into the plasma with radio frequency waves such as in Electron 

Cyclotron Resonance Heating (ECRH), Ion Cyclotron Resonance Heating (ICRH), 

and Lower Hybrid (LH> is another method of heating and driving the current. 

These concepts need additional theoretical and experimental work to determine 

the effect on plasma stability and evaluate efficiencies of the system. The 

experiments will have to be large using tens of Mw of poirer. 

The problems of first wall and blanket design require developments that 

are more in the field of technology rather than in physics. The difficulty is 

in integrating all the functions of the first wall and blanket into a 

design. The first problem is n heat removal and the selection of the 

coolant. The principal candidates are water, helium, and liquid metals. 

Coupled with heat removal is tritium breeding. It is expected that tritium 

for fuel will be obtained from the reaction of a neutron on lithium, and this 

feature must be incorporated into the blanket. The first *;all will receive 

high heat loads and energetic particle bombardment with problems of erosion 

and possible redeposition of material. The blanket will also havn to be a 

radiation shield protecting the superconducting coils from radiation damage 

and heat deposition. All the previously mentioned problems are compounded by 

the eddy current farces during a plasma disruption and the need to have the 

first wall and blanket repaired and/or replaced by remote handling techniques. 
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Other developments are required in the area of impurity control and the 

removal of He exhaust. While work hat been done with magnetic divertorsr more 

has to be done with mechanically pumped limiters and other methods of impurity 

ctntrol. Additional work must be done on the integrated reactor design to 

address the problem of incorporating access and maintenance of all the 

components by remote handling. 

V. SUMMARY 

The engineering experience gained in designing and building tokamaks for 

plasma physics experiments yields technological benefits that aid in the 

progression towards the power producing fusion reactor. These benefits arise 

because the confinement systems in the experimental device and the reactor are 

very similar. However, there must be new developments before the design of 

the ultimate reactor can be realized. These developments are in the areas of 

the physics of the tokamak concept as well as in the technology of building 

these large devices. There is a danger in too much engineering enthusiasm in 

attacking the technological problems at the expense of the physics experiments 

which must take priority. This can be avoided by parallel efforts such as the 

Large Coil Program where the technological advances of designing 

superconducting toroidal field coils are separated from physics experiments so 

that the complications of one do not interfere with the goals of the other. 
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FIGURE CAPTIONS 

PIG. 1 Tokamak Magnetic Field Configuration 

FIG. 2 Guneral Arrangement of the TFTR 

FIG. 3 Typical section thru the nose of the TFTR toroidal field coil 

FIG. 4 Toroidal Field Coil Assembly 

FIG. 5 Forces and reactions on the toroidal field coil 

FIG. 6 The TFTR Vacuum Vessel 

FIG. 7 The TFTR Vacuum Vessel Iiimiter and Protective Armor 
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