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U U iubiact to raviiion or correction and th.rafor. do., no. r.pras.n, a 
final raport. 

From Engineering 
De.ign Center, ORNL; Princeton Plasma Physics Laboratory 

Date Published - February 1983 

prepared by the 
OAK RIDGE NATIONAL LABORATORY 

Oak Ridge. Tennessee 37830 
operated by 

UNION CARBIDE CORPORATION 
for the 

DEPARTMENT OF ENERGY 

m m m OF THIS OOCIIMENT IS mum 



CONTENTS 

ABSTRACT v 

1. SUPPRESSION OF ARC DAMAGE 1 

2. DISRUPTION CALCULATIONS 1 

3. STARTUP 3 

4. POSITION CONTROL 8 

5. COMPONENT ISSUES 11 

6. CONCLUSION 15 

REFERENCES 16 

iii 



ABSTRACT 
This report provides a summary of the electromagnetic studies, calculations, 

and conclusions in the evolution of the base design of FED/INTOR (Fusion 
Engineering Device/International Tokamak Reactor). The electromagnetic 
features include the startup, control, disruptions, and design of structures. 

An important factor in the design of large neutron-producing power facilities, 
compared with the present generation of experimental tokamaks, is the need for 
thick, pressurized, water-cooled vessel walls. These walls must be maintained in a 
neutron environment and are subject to very large disruption energies (several hun-
dred megajoules). 

The present fusion devices are basically designed with vacuum vessels that 
limit the toroidal eddy current to negligible values. "1 his reduces absorption of 
large energies and minimizes startup and control power requirements. Key 
features in the torus design are electrical insulating breaks, bellows, and thin resis-
tive structures. These features become impractical as advances are made toward a 
fusion power producing tokamak. The electromagnetic design feature changes 
from one of reducing the toroidal eddy currents from negligible values to one of 
providing good toroidal paths to withstand potentially large disruption currents, 
arcs, and forces. 

This report provides information concerning the evolution of the electromag-
netic studies on FED and the justification for the eddy current design feature. The 
report shows that a major design feature required is the provision of a low induc-
tion and resistive path for toroidal currents to flow in the structures in order to 
provide self-stabilization and to manage the disruption energy dissipation. 

v 



1. SUPPRESSION OF ARC DAMAGE 
The initial work associated with the Engineering Test Facility (ETF) vacuum vessel maintaina-

bility concluded that it was desirable to have removable segments with the vacuum seal or welds 
located where the maximum "hands-on" capability could be obtained. Various configurations were 
evaluated, and it was concluded that the bulk shield should be inside the toroidal field (TF) coils 
with the vacuum boundary just outside the shield. To meet the "hands-on" capability 24 h after 
shutdown, a shield of approximately 1 m was required, The sectors, spool, armor, and water-cooled 
first walls are described in Ref. 1. 

It was first assumed that resistive bellows sections could be inserted between segments. For 
this configuration, the basic eddy current paths around the torus were assumed to flow as shown in 
Fig. 1. The detailed calculations concluded that wide bellows plates would be needed. The disrup-
tion currents would produce excessive torques on the bellows, and tha machine major radius would 
be increased to provide for the bellows. This approach was abandoned ai an early date in favor of 
attempting to develop insulating breaks. 

Insulating break concepts were reviewed, but a satisfactory design was not obtained. It became 
evident that during a disruption there would be arc overs between segments that would be indepen-
dent of the placement of the insulators. Calculations concluded that sustained arcs would occur 
between each section with 7.5-cm-wide gaps between segments. A 6-MA plasma having a linear 
disruption of 20 ms would result in a sustained constricted arc unless a current path (electrical con-
nector) was provided across the segment gaps. To maintain a low voltage drop across the segment 
contacts in order to assure that any arc developed during disruption would extinguish, the connec-
tors had to be within 10 cm of the plasma wall surface. 

In calculating the erosion of a sustained constricted arc across segments, it was determined that 
the arc would conduct 1.2 X 104 coulombs, which would result in an erosion of 1.3 grams per seg-
ment per disruption. 

In FED/INTOR (Fusion Engineering Device/International Tokamak Reactor), with a plasma 
current of 6.5 MA and a disruption time of 10 ms, the limiter was modeled as ten 1.2-cm-thick 
copper blades. If these copper blades were not interconnected and did not arc over, the eddy 
currents were calculated to be 2.5 X 104 A. The resultant vertical force on the blade would be 
1.8 MN (400,000 lb). These forces are equal and opposed at each end of a section and would twist 
the blade about a radial axis. For the case in which constricted arcing occurs, the charge developed 
during a disruption would be 2.0 X 10s coulombs, so that a copper erosion rate of 2-20 grams per 
disruption per blade section would occur. 

After the initial reviews of bellows and of insulating breaks, it was determined that the 
FED/INTOR design should provide toroidal electrical low impedance paths for disruption eddy 
currents. This proved to be a satisfactory concept. It would provide a self-stabilization for fast 
plasma instabilities or transients and might reduce the number of disruptions. The design results in 
minimum forces on structures with essentially no arc damage. In addition, this low impedance path 
reduces the disruption damage by slowing the current decay phase of the disruption. The walls 
absorb more of the disrupted magnetic energy and reduce the induced voltages on poloidal coils and 
eddy current heating in superconducting structures due to a disruption. 

With a major disruption, hundreds of megajoules of thermal energy are released, and arcs of a 
diffused nature will occur in various locations around the structure. The electrical connections 
across the segments must be of sufficiently low impedance to provide a voltage drop less than that 
developed across a constricted arc. This will allow the arc to extinguish with little arc damage. 

2. DISRUPTION CALCULATIONS 
During a plasma disruption, the plasma current is quenched over a period of the order of 10 

ms. Since the plasma is electromagnetically coupled to the other conductors in the tokamak, the 
current decay induces fields and currents in the surrounding structure and magnets. The toroidal 
currents interact with the poloidal magnetic Held to cause J X B forces on the walls. Radial 
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Fig. 1. Major eddy currents. 

currents react with the high toroidal fields. These are minimized in the FED baseline concept and 
they are not an important design driver. 

One effect of the disruption is the first wall loading due to the thermal quench and the resul-
tant deposition of the thermal energy. The other effect, which is the subject of this paper, is the 
induction of electric potentials and currents in the tokamak structures due to the quenching of the 
plasma current. The plasma carries a net toroidal current, which produces a poloidal magnetic field 
as part of the magnetic confinement system. When this current is quenched, the magnetic flux 
through the surrounding surfaces changes, so that an electrical potential is induced in these sufaces. 
These induced potentials, in turn, drive eddy currents in the conducting surfaces, which interact 
with the magnetic fields to cause J X B forces on the structures. A disruption also induces poten-
tials in the poloidal field coils and can result in damage to the insulation on the coils and terminals. 
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The operation of superconducting coils requires a safe margin between the superconducting and nor-
mal states. Induced eddy currents require an increase in the safety margins needed tt. handle the 
I2R heating of cryogenic structures and increase the cooling system requirements. 

The computer models used for these studies are typically 100 mutually coupled toroidal cir-
cuits. The self and mutual inductances, the currents, and the voltages are calculated. Using the cal-
culated currents, the poloidal mpgnetic field and the electromagnetic forces are calculated as func-
tions of space and time. 

Equations representing the circuits, 

v, = Mtjlj + LJ, + R,I, 

(where L and M are the circuit self and mutual inductances, and v, /, and R are the voltage, 
current, and resistance), are solved by iteration, subject to a forcing function on the plasma current. 
The plasma current in the FED and INTOR design studies is assumed to quench linearly over 
10-20 ms. Using the calculated currents, the poloidal magnetic field and the electromagnetic forces 
on the structures are calculated as functions of space and time. The important disruption eddy 
currents and resultant forces calculated for the FED baseline configuration description in Ref. 1 are 
given in Ref. 2 and shown in Figs. 2-4. 

3. STARTUP 
Initiating the plasma was originally defined as producing a 60-kA plasma current in approxi-

mately 100 ms with a ramp rate of 600 kA/s. The method of initiating plasma startup in FED 
involves ionizing the fill gas and heating electrons to approximately 100 eV using electron cyclotron 
resonance heating (ECRH) prior to initiating a plasma current with the ohmic heating (OH) sys-
tem. To provide a backup to the ECRH-assisted startup, two methods of initiating a plasma are 
being considered. The first method involves increasing the rf pover with lower hybrid resonance 
heating (LHRH) or ion cyclotron resonance heating (ICRH); the second method uses control coils 
(blip coils) to provide a plasma loop voltage of 25-100 V for 100 ms. The second method was 
studied to determine some of the electric requirements for plasma current initiation from internal 
and external copper coils in the presence of cryostats and other major structures. Eddy current 
losses, induced voltages, and effects of bellows or highly insulating sections were determined as 
described in Refs. 3 and 4. 

The initial startup calculations are described in detail in Ref. 3. For this particular study, the 
circuits and structure used are defined in Fig. 5 and Table 1, and the segment plasma wall is 
assumed to be 1.0 cm thick. The analysis shows that there would be a 90-ms delay in the start of 
plasma current buildup using blip coils inside the TF coils with 137 V per turn. A total of 4.82 
MAT is required for the four startup coils. The summary of the voltages, currents, and energy 
losses is given in Figs. 6 and 7 and in Table 2. To obtain information on the startup energy as a 
function of the segment thickness or resistance, the total ampere turns and energy are plotted as a 
function of wall resistance, as shown in Fig. 8. 

The later stages of the FED design resulted in various configuration changes, including 
3-4-cm-thick segment walls to withstand the pressures of the cooling water system in the shield and 
a specification of 25 V per turn for the startup requirement. The configuration is described in 
detail in Ref. 1. 

To provide the plasma loop voltage (25 V) during the initial stages of startup, the two inboard 
equilibrium field coils EF1 and EF4, which are precharged, are discharged at a rate sufficient to 
produce slightly more than 25 volts per turn. The plasma voltage increases from 0 to 25 V in 400 
ms in the FED/INTOR baseline torus configuration. In conjunction with this pulsed voltage, the 
ECRH produces a plasma current of 25 kA in a 40-cm-radius plasma. The field null position dur-
ing this early initiation is provided by control coils located at the inner and outer circumferences at 
the top and bottom of the torus chamber. 
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Fig. 3. Forces on structures for 10-ms disruption. 
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Fig. 4. Currents for 10-ms disruption. 
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Fig. 5. Configuration and plaama field of the FED/INTOR baseline design. The labeis are defined in 
Table 1. 
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Table 1. Active and passive conductors 

Subelemcnts 
as labeled 
in Fig. 1 

Element 
number 

Element 
designation Material Thickness 

(cm) 

Resistance above or 
below midplane 2 R j 

(m tl) 

1 1 Plasma (20 cm rad.) 
2, 3. 47, 4 8 2 Bucking cylinder Tor TF coils Stainless steel 1.0 0.0101 
4, 5, 14, 15, 25, 26 3 T F dewar Stainless steel 1.0 0.124 
6, 7 4 Spool Stainless steel 1.5 0.250 
8 , 9 5 Inner wall Stainless steel 1.5 0.255 
10-13 6 Spool top, shell top Stainless steel 1.5, 1.0 0.402 
16-20 7 Plasma shell Stainless steel 1.0 0.328 
21, 22 8 Graphite Graphite 2.0 0.685 
23, 24 9 Water pipe Stainless steel 1.0 0.936 
27-30 10 Breeder blanket Stainless steel 1.0, 0.5 0.879 
31, 32 11 Outer shell Stainless steel 1.0 0.940 
33 12 OH coil Stainless copper 0 
34 13 EI coil Stainless coppcr 0 
35-37 14 ED coils Stainless copper 0 
38-40 15 EO coils Stainless copper 0 
41, 42 16 Blip coils Copper 0.00955 
43-46 17 O H dewar Stainless steel 1.0 0.0286 

This initial high voltage (25 V) provides the inductive and resistive voltage drops to increase 
the plasma current from 0 to approximately 25 kA with the rf assist. After the initiation of the 
plasma, the loop voltage is decreased to approximately 10 V, required to raise the plasma current 
during the first 6 s of startup. 

The startup values of currents and voltages calculated from the latest computer model are 
shown in Fig. 9. These calculations are shown for the case in which ECRH was not initiated until 
the voltage around the loop reached 8 V. For the present baseline startup sequence, the plasma 
current will start rising at an earlier time. 

4. POSITION CONTROL 
The inner shield module walls and first wall coolant panels connected internally were used in 

the computer model for calculating the control field penetration time. It is desirable for the outer 
structure (spool) and outer module walls to be arranged in such a manner as to provide an infinite 
toroidal resistance, but from practical consideration the toroidal resistance of structures near the 
control coils or between the control coils and the plasma need only be high in comparison with the 
internal toroidal resistance. It needs to be comparatively high because the external control field 
penetration is impeded by structures such as the torus spool circuits without their providing a com-
pensating self-stabilization of the plasma. The sector modules are electrically insulated from the 
spool and from each other, except where they are purposely interconnected. This insulation is pro-
vided by vacuum space and by sheets of insulating material between the spool floor and the bottom 
of the segments. 

The above description explains the mechanical features of the FED/INTOR torus design with 
respect to control field penetrations. This massive structure and multicircuit low resistance torus 
results in a field penetration time of 400 ms. Since 25 volts per turn is required for startup of FED 
and 100 V was initially required for INTOR, it was decided to limit the studies on the control 
voltage to a maximum of 100 volts per turn. It was also decided to complete the initial control 
studies using four control coils with a rating of approximately 3.5 X 10s ampere-turns. 
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Fig. 7. Active coil and plasma currents for data case I, 137-V applied voltage step. 

Table 2. Energy losses at end of blip pulae 

Element designation Loss (kJ) 

Plasma (20 cm radius) 17.4 
Bucking cylinder 199 
TF cryostat 1486 
Spool 327 
Inner wall 374 
Spool top, shell top 4520 
Plasma shell 408 
Graphite 21.1 
Water pipe 153 
Breeder blanket 145 
Outer shell 361 
OH coil 0 
EI coil 0 
ED coils 0 
EO coils 0 
Blip coils 8280 
OH cryostat 8.79 



II 

ORNL-DWG 8 2 - 2 4 3 1 FED 

120 

Ip=60 kA 
d l p / d t = 6 0 0 k A / s 

80 ^ 

0 . 5 1 .0 1 . 5 2 . 0 

V A C U U M V E S S E L R E S I S T A N C E ( m f l ) 

Fig. 8. Energy and ampere-turns to provide initial startup with blip colls. 

The first perturbation reviewed, as described in Ref. S, was a decrease in plasma current in a 
20-ms time frame. This was selected to model a minor disruption. The plasma current was 
decreased linearly 20, 40, and 60% in 20 ms and the control power was varied from 3 to 30 MW. 
The results showed that a 20% change in plasma current resulted in a S-cm change in the plasma 
major radius (R). This could be corrected in approximately the same time frame with a total of 30 
MW of control power for the four coils. The major portion of the remaining work was then com-
pleted using a limit of 8 MW for each of the four control coils. 

The next portion of the study simulated a feedback control system which had negligible delays 
and time lags in comparison with the time required for the fields to penetrate the torus structure, 
which is 400 ms. The gain for the control system was varied for various perturbations in plasma 
resistance. The results of these studies are shown in Figs. 9 and 10. The natural time constant of 
the plasma is 900 s. A step change in plasma examined for the case where T = 100 s represents a 
change in plasma resistance of 900%; T = 50 s represents a change of 1800%; and T = 25 s 
represents a change of 3600%. The system models a feedback control with a peak power of 8 MW 
for each of four coils, a maximum forcing voltage of 100 volts per turn, and a gain of 100. 

The last studies completed were made with variations in plasma major radius (R) and vertical 
position (Z). The plasma was moved 5 cm in times of 1, 5, and 10 ms. The eddy currents and con-
trol circuits return the plasma to the ccnter position as shown in Figs. 10-15. These data show 
what can be accomplished with a given control system. As plasma control technology develops, a 
specific criterion will be required for control systems. 

5. COMPONENT ISSUES 
The eddy current and control studies were completed assuming the bulk shielding could be 

laminated sufficiently so as to have a negligible effect on these features. It was determined that 
laminating each segment bulk shield into at least 10 radial laminations was sufficient to ignore the 
bulk shielding in these First-order studies. 
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The structural supports for the TF and poloidal field (PF) superconductors have excessive heat-
ing due to the 6-s startup eddy currents. The heating of these structures in the present FED base-
line due to disruptions is negligible in comparison with the heating during startup. The base design 
of the case structures is being reviewed to limit the heating to acceptable values. The supercon-
ducting dewar is being reviewed to provide a design with a higher impedance, especially in the 
toroidal direction near the inside legs of TF coils. 

6. CONCLUSION 
Designing a high conductivity wall torus that provides a good toroidal eddy current path near 

the plasma assists in providing plasma stabilty and will provide a satisfactory design for disruption-
induced currents and forces. The FED, as described in Ref. 1, will provide a design that will 
prevent excessive arc erosion. The startup power and voltage are secondary design drivers with 
respect to the electromagnetic features. A control system with 100 volts per turn and a peak power 
of 8 MW for each of four control coils is a conservative design for vertical and radial position con-
trol. This overall design provides a self-consistent and practical design of electromagnetics with 
respect to disruption, startup, and control. 
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